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1. Introduction 
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?-*#(&!L;J;!M>/W6(942)(/2&+!04K04)42'&'(/2!/7!_&a!@0Q)'&++(24W.(5-!&26!_Za![('04/A)W

.(5-#!

!

! M%4)4! /^(64)! &04! 'QK(@&++Q! 4^@4++42'! )/+[42')p! '%&'! ()b! '%4Q! %&[4! '%4! &Z(+('Q! '/!

(2@/0K/0&'4!&![&0(4'Q!/7!4+4942')!>%(+4!9&(2'&(2(23!'%4(0!3+&))!7/09&'(/2!043(/2#!M%4!

&Z(+('Q! '/! 9(^! >('%! &! 6([40)('Q! /7! /'%40! /^(64)! &'! [&0(/A)! @/2@42'0&'(/2)! @&A)4)!

)'0A@'A0&+! @%&234)! '/! '%4! 3+&))! 7/09(23!/^(64#!M%4! &6646!/^(64!K/'42'(&++Q!K0/[(64)!

'%4!&Z(+('Q!'/!'A24!&26!(2!'%4/0Q!@04&'4!&!9&'40(&+!>('%!'%4!64)(046!K%Q)(@&+!K0/K40'(4)#!!

! !M%404!()!&!Z&+&2@4!Z4'>442!'%4!94+'b!@0Q)'&++(]&'(/2!'42642@(4)b!&26!2A@+4&'(/2!

)('4)!'%&'!64'409(24!'%4!4&)4!/7![('0(7(@&'(/2#!L2!&66('(/2b!/24!9A)'!&+)/!@/2'426!>('%!

[/+&'(+('Qb! 94+'(23! '49K40&'A04)b! @/2@42'0&'(/2)b! &26! TA42@%! 0&'4)! (2! 64'409(2(23!

K/))(Z+4! 3+&))! 7/09&'(/2#! E&'40(&+)! '%&'! 7/09! 3//6! 3+&))4)! &04! '%/)4! '%&'! 4^%(Z('!

+(TA(6W+(Y4!Z4%&[(/A0!_(#4#b! '%4!)/+(6! ()!&!3//6!04K04)42'&'(/2!/7! '%4! +(TA(6a!>%(+4! (2!&!

)/+(6! 7/09#!.K4@(&'(/2!&26!@/224@'([('Q! @&2!Z4!64'409(246! (2! '%4! )/+(6!K%&)4b!>%(@%!

@&2!K0/[(64!(27/09&'(/2!043&06(23!'%4!K0/K40'(4)!(2!'%4!94+'#!!
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! J9/0K%/A)! /^(64)! &04! 'QK(@&++Q! @&'43/0(]46! (2'/! /24! /7! '>/! @&'43/0(4)b! &)! &!

)'0/23W+(TA(6! /0! &)! &! 70&3(+4W+(TA(6#! M%4)4! '409)! &04! &))(3246! /2! '%4! Z&)()! /7! '%4!

[()@/)('Q!Z4%&[(/A0! 7/0!/^(64)!&)! '%4! '49K40&'A04! ()!64@04&)46! 70/9!'%4!94+'! '/! '%4!

)/+(6! _Y2/>2! &)! J234++! K+/')b! :(3A04! "#"a#! L7! /^(64)! 6()K+&Q! J00%42(A)! Z4%&[(/A0!

_+(24&0W04+&'(/2)%(Kab! '%4Q! &04! @/2)(64046! )'0/23! +(TA(6)b! (26(@&'(23! 3//6! @&26(6&'4)!

7/0!3+&))! 7/09&'(/2#! .'0/23W+(TA(6)! _3//6!3+&))W7/0940)a!&04! )K4@(4)! '%&'!>(++! 4^%(Z('!

)(9(+&0! K0/K40'(4)! (2! '%4! )/+(6W)'&'4! &)! '%4Q! 6/! (2! '%4! +(TA(6W)'&'4b!>('%! @/9K&0&Z+4!

%4&'!@&K&@('(4)b!&!%(3%!643044!/7!)%/0'W0&234!/0640b!&26!&!'42642@Q!'/>&06)!@/[&+42'!

Z/26(23#-!:0&3(+4W+(TA(6)!/2!'%4!/'%40!%&26!&04!'%4!/KK/)('4!(2!2&'A04#!J)!'%4!94+'!()!

@//+46!'%4![()@/)('Q!4^%(Z(')!2/2W+(24&0!Z4%&[(/A0!04)A+'(23!(2!+&0340!@%&234)!(2!%4&'!

@&K&@('Qb! K//0+Q! 647(246! )%/0'W0&234! /0640b! &26! (/2(@! Z/26(23#! M%()! 2/2WJ00%42(A)!

Z4%&[(/A0!@&A)4)! '%4)4!9&'40(&+)! '/!Z4! +4))! 7&[/0&Z+4!&)! ('! ()!9/04!6(77(@A+'! '/!04+&'4!

'%4! )'0A@'A04WK0/K40'Q! 04+&'(/2)%(K)!Z4'>442! '%4! )/+(6!&26! +(TA(6#!M%()!Z4%&[(/A0! ()!

'QK(@&++Q! 7/A26! (2! >4&Y! (2'40W9/+4@A+&0! (2'40&@'(/2)! _)A@%! &)! %Q60/342! Z/26(23! /0!

[&2! 640! $&&+)! 7/0@4)a! /7'42! /@@A00(23! (2! /03&2(@WZ&)46! 3+&))4)#! E/640&'4+QW)'0/23!

+(TA(6)! 7&++! Z4'>442! '%4! '>/! 4^'0494)!942'(/246! &Z/[4! _4#3#b!E35b!J+-5<! &26!M(5-a#!

M%4)4! 9&'40(&+)! 6/! 2/'! 7/09! 3+&))4)! 34240&++Q! /2! '%4(0! />2! ZA'! @&2! Z4! &6646! '/!

)'0/23W+(TA(6)b! 42&Z+(23! &! 3+&))! '/! 7/09#! M%4)4! )K4@(4)! &04! /7'42! 04740046! '/! &)!

(2'40946(&'4!3+&))!7/09(23!/^(64)#!M/!@04&'4!&!3+&))!'QK(@&++Q!&!@/9Z(2&'(/2!/7!)'0/23b!

9/640&'4! &26! 70&3(+4! +(TA(6)! &04! 94+'46! '/34'%40! 7/++/>46! ZQ! &! TA42@%#! M%4! /^(64!

)K4@(4)! @/9Z(246! >(++! 4^%(Z('! 4('%40! 24'>/0Y! 7/09(23! /0! 24'>/0Y! 9/6(7Q(23!

@%&0&@'40()'(@)#!
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1.1.1. What is a Network Former 

M%4!'409(2/+/3Q!/7!&!24'>/0Y!7/0940!>&)!@/(246!ZQ!f&@%&0(&)42<!(2!"H<-b!&26!('!()!'%4!

9/)'!@/99/2!94'%/6!A)46!'/6&Q!7/0!64)@0(Z(23!3+&))!)'0A@'A04#!:/0!/^(64)b!&!24'>/0Y!

7/0940b!J952!9A)'!4^%(Z('!7/A0!)'0A@'A0&+!Z4%&[(/A0)#!

"# !5^Q342!&'/9)!&04!+(2Y46!'/!2/!9/04!'%&2!'>/!&'/9)!Jb!

-# !M%4!/^Q342!@//06(2&'(/2!&0/A26!J!()!)9&++!_(#4#b!<!/0!Cab!

<# !5^Q342!K/+Q%460&!)%&04!@/0240)!ZA'!2/'!4634)!/0!7&@4)b!

C# !J'!+4&)'!'%044!@/0240)!&04!)%&046!

! L7! '%4! /^(64! (2! TA4)'(/2! 944')! '%4)4! 04TA(04942')b! ('! K0/[(64)! &! )'0/23!

(26(@&'(/2! '%&'! ('!>(++! &@'! &)! &!24'>/0Y! 7/0940! (2! &! '%044W6(942)(/2&+! &00&Q#!MQK(@&+!

/^(64!7/0940)!(2@+A64!X-5<b!.(5-b!S-5F!&26!*45-#!*4240&++Qb!'%4)4!7/A0!@/26('(/2)!&04!

7(0)'! @/2)(64046!>%42! +//Y(23!&'! &! )Q)'49! '/!64'409(24!>%4'%40!/0!2/'! &! )K4@(4)! ()!

(2[/+[46! (2! '%4! 7/09&'(/2! /7! '%4! 24'>/0Y#!G4'>/0Y! 7/0940)! &04! @&'(/2)! '%&'! %&[4! &!

70&@'(/2&+!(/2(@!@%&0&@'40!24&0!FRw!>%42!7/09(23!&!Z/26!>('%!/^Q342#!

! L2'40946(&'4!24'>/0Y!7/0940)!)A@%!&)!J+-5<b!*&-5<b!&26!M(5-!6/!2/'!/Z4Q!'%4!

f&@%&0(&)42! 0A+4)#! =/>4[40b! >%42! &6646! '/! &! )'0/23! 3+&))! 7/0940! (2! 9/640&'4!

&9/A2')b!3+&))!7/09&'(/2!>(++!/@@A0!'QK(@&++Q!@&A)(23!&!)'0/2340!9&'40(&+b!&)!'%4Q!@&2!

&))()'! (2! (2@04&)(23! K/+Q940(]&'(/2! _(#4#b! (2%(Z('(23! '%4! 7/09&'(/2! /7! 2/2WZ0(63(23!

/^Q342)a#! M%4)4! /^(64)! Z4@/94! &2! (2'430&+! K&0'! /7! '%4! 3+&))W7/09(23! 24'>/0Yb!

(2@04&)(23! @/224@'([('Q#! =(3%40! +4[4+)! /7! (2'40946(&'4! /^(64)! _2/'! @/2)(64046! %404a!

9&Q! (2%(Z('!3+&))! 7/09&'(/2!&+'/34'%40b!&)! '%()!>(++! 'QK(@&++Q! (26A@4!@0Q)'&++(]&'(/2!/0!

)/+(6W)/+(6!K%&)4!)4K&0&'(/2!_(#4#b!@0Q)'&++(24!&26!&9/0K%/A)!K%&)4)a#!
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1.1.2. What is a Network Modifier? 

E/6(7(40)!&04! (/2(@!@&'(/2)! '%&'!&04!&6646!'/!&! 7/0940b! '%404ZQ! (2'0/6A@(23!&!@%&034!

6(774042'(&+#!.(2@4!'%4!)Q)'49!9A)'!9&(2'&(2!@%&034!24A'0&+('Q!'%4Q!@&A)4!'%4!7/0940)!

'/!@%&234b!9/6(7Q(23!'%4!3+&))!24'>/0Y#!L2!/'%40!>/06)b!@&'(/2)!'%&'!4^%(Z('![40Q!+/>!

4+4@'0/243&'([('Q! >(++! 2/'! &@'! &)! 7/0940)#! L2)'4&6b! '%4)4! %(3%+Q! (/2(@! /^(64! )K4@(4)!

@/2'0(ZA'4!(26(04@'+Q!'/!'%4!@/224@'([('Q#!M%4Q!&04!&6646!'/!K0/[(64!&!64)(046!K%Q)(@&+!

K0/K40'Qp!)A@%!&)!(2@04&)46!)'0423'%!/0!%(3%40!0470&@'([4!(26(@4)#!8/99/2!9/6(7(40)!

(2@+A64i! &+Y&+(! &26! &+Y&+(24! 4&0'%! 94'&+! /^(64)b! &)! >4++! &)! /^(64)! /7! '%4! %4&[(40!

4+4942')!)A@%!&)b!J3-5b!SZ5b!X(-5<!/0!J)-5<#!

1.2. Short Range Order of Common Glass 

Formers 

J![&0(4'Q!/7!)%/0'W0&234!)'0A@'A0&+!A2(')!&04!Y2/>2!'/!/@@A0!(2!&!>(64!0&234!/7!/^(64!

3+&))4)#! .(+(@&'4)b! Z/0&'4)b! [&2&6&'4)b! 3409&2&'4)! &04! 24'>/0Y! 7/0940)! /7! K&0'(@A+&0!

(9K/0'&2@4! &)! &04! (2'40946(&'4! 24'>/0Y! 7/09(23! &66('([4)b! +(Y4! &+A9(2&'4)! &26!

3&++&'4)#! :(3A04)! "#<! '/! "#P! 6()K+&Q! '%4! +/@&+! )'0A@'A0&+! ZA(+6(23! A2(')! >('%(2! '%4)4!

9&'40(&+)! _>('%! '%4! &))/@(&'46! &ZZ04[(&'(/2)a! '%&'! 9&Q! /@@A0! >('%! &2! &KK0/K0(&'4!

9/6(7(40#!

1.2.1. Silicates 

.(5-! ()! &2! &0@%4'QK&+! 3+&))! 7/0940! @/9K0()46! /7! )(+(@/2! @&'(/2)! (2'40@/224@'46!

@/[&+42'+Q!>('%!/^Q342!&2(/2)! '%0/A3%/A'! &!<D!>4Z!/7! .(W5W.(! Z/26)#! .(+(@&'4)!%&[4!

'%4!&Z(+('Q!'/!7/09!7([4!+/@&+!)'0A@'A04)!_&++!/7!>%(@%!&04!7/A0W@//06(2&'4a!&)!9/6(7(40)!

&04!&6646#!.(+(@&'4)!)('!(2!&!K)4A6/W'4'0&%460&+!&00&234942'!>('%!'%4!@/2@()4!2/'&'(/2b!
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U#! U! ()! A)46! &)! ('! 04K04)42')! &! TA&'402&0Q! )K4@(4)#! J! )AK40)@0(K'46! 2A9Z40! _^a! ()!

&6646!'/!(642'(7Q!'%4!2A9Z40!/7!Z0(63(23!/^Q342)!_X5ab!>%404ZQ!'%4!Z&+&2@4!_CW^a!()!

'%4!2A9Z40!/7!2/2WZ0(63(23!/^Q342)!_GX5a#!M%4!7([4!)(+(@&'4!)K4@(4)!(2@+A64!7/A0!X5)!

_UCab! '%044!X5)! _U<ab! '>/!X5)! _U-ab!/24!X5!_U"a!&26!&++!GX5)! _URa#-bC!c^@+A646! 70/9!

'%()! 6()@A))(/2! 6A4! '/! '%4(0! /Z)40[&'(/2! 'QK(@&++Q! /2+Q! (2! 4^'0494! @&)4)! _(#4#b! %(3%!

'49K40&'A04!&26h/0!%(3%!K04))A04ab! &04! '%/)4! )(+(@&'4)!>('%! 7([4W! &26!)(^W@//06(2&'4!

42[(0/2942')!_dFe.(!&26!dIe.(a#FbI!

!

?-*#(&!L;M;!.%/0'W0&234!/0640!)K4@(4)!7/A26!(2!)(+(@&'4W@/2'&(2(23!3+&))4)b!304Q!@(0@+4)!

&04!)(+(@/2!>%(+4!046!@(0@+4)!&04!/^Q342#!

!

1.2.2. Borate Speciation 

X/0&'4!3+&))!()!@/224@'46!(2'/!&!<D!&00&Q!/7!XW5WX!Z/26)!ZA'!6(7740)!70/9!'%4!)(+(@&'4)!

(2!'%&'!Z/0/2!()!'%044W@//06(2&'4!&26!@/2'&(2)!&!%(3%!70&@'(/2!/7!Z/0&'4!0(23)!_m;Rwb!

X<5<a!>%(+4!'%4!Z&+&2@4!()!@/9K0()46!/7!2/2W0(23!X5<!A2(')!_m<Rwa#;!X/0&'4)!4^%(Z('!



Introduction 

 

______________________________________________________________________ 
 

V. K. Michaelis 

9!

7([4! K/))(Z+4! )%/0'W0&234! /0640! )'0A@'A0&+! A2(')! &26! '>/! 6(774042'! @//06(2&'(/2!

42[(0/2942')#CbPbH! M%4! 0(23! &26! 2/2W0(23! )'0A@'A04)! (2! X-5<! &04! '%044W@//06(2&'4!

Z/0/2! _d<eXap! Z/'%! 4^%(Z('(23! '%044! Z0(63(23! /^Q342)! _X5a#! M%4)4! )'0A@'A04)! &04!

04740046!'/!&)!M<!A2(')!_M!04K04)42')!'0(3/2&+!&26!'%4!)AK40)@0(K'!3([4)!'%4!2A9Z40!/7!

Z0(63(23!/^Q342)a#!d<eX!>('%!'>/!X5)b!&26!/24!2/2WZ0(63(23!/^Q342!_GX5a!()!642/'46!

&)!M-b!>%(+4!d<eX!>('%!&!)(23+4!X5!&26!'>/!GX5)!()!&ZZ04[(&'46!&)!M"!&26!d<eX!>('%!'%044!

GX5)! ()! @&++46! &! MR! A2('#! J! 7/A0W@//06(2&'4! Z/0/2!>('%! 7/A0! X5)! &+)/! 4^()')b! >('%! &!

243&'([4!@%&034!64+/@&+(]46!/[40! '%4!Z/0&'4!A2('! _dCeXab!6A4! '/!Z/0/2!Z4(23! '0([&+42'b!

X<l#! 1(23! )'0A@'A04)! >(++! Z4! 6()@A))46! Z4+/>! &)! '%4Q! &04! 946(A9b! 2/'! )%/0'W0&234!

/064046!)'0A@'A04)#!M%4! +/@&+! )'0A@'A04! 7/0! '%4! '%044W@//06(2&'4! )K4@(4)!&04!K)4A6/W

'0(3/2&+!K+&2&0!>%(+4!'%4!7/A0W@//06(2&'4!Z/0/2!()!K)4A6/W'4'0&%460&+!_:(3A04!"#Ca#!

!

?-*#(&!L;N;!.%/0'W0&234!/0640!)K4@(4)!7/A26!7/0!Z/0&'4W@/2'&(2(23!3+&))4)b!Z+A4!@(0@+4)!

&04!Z/0/2!&26!046!@(0@+4)!&04!/^Q342#!

!
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1.2.3. Vanadate Speciation 

\-5F! ()! &! A2(TA4! 3+&))! 7/0940! &)! ('! ()! &! '0&2)('(/2!94'&+! /^(64! 3+&))! 7/0940! '%&'! ()!

6(77(@A+'!'/![('0(7Q#!L'!@/2'&(2)!&!6/AZ+Q!Z/A26!/^Q342!'%&'!6/4)!2/'!K&0'(@(K&'4!6(04@'+Q!

(2! 24'>/0Y! 7/09&'(/2! _2/2W@/[&+42'! (2'40&@'(/2)ab! A2+(Y4! '%4! )(+(@&'4)! >%404! &++!

/^Q342)!&04!@/[&+42'+Q!Z/A26#!M%4!)'0A@'A0&+!A2(')!&04!@/9K0()46!/7!\Flb!7/09(23!7([4!

+/@&+!)'0A@'A04)#!M%4!7([4!+/@&+!)'0A@'A04)!(2@+A64!&!7([4W@//06(2&'4!)K4@(4)!_\5Fh-a!&26!

7/A0b!7/A0W@//06(2&'4!K)4A6/W'4'0&%460&+![&2&6(A9!42[(0/2942')!_\55<h-ab!)(9(+&0!'/!

&! K%/)K%&'4! 30/AK! _S5Ca! (2! '409)! /7! )'0A@'A04#! \&2&6(A9! @&2! %&[4! &! [&0(4'Q! /7!

/^(6&'(/2! )'&'4)! _<lb! Cl! &26! Fla! (2! @0Q)'&++(24! )Q)'49)! ZA'! /^(64W3+&))4)! 'QK(@&++Q!

@/2'&(2!6(&9&324'(@!\Fl#"R!M%4!7/A0W@//06(2&'4![&2&6(A9!/^(64!)K4@(4)!@/9K0()4)!/24!

/^Q342! 6/AZ+QWZ/A26! '/! [&2&6(A9! &26! '%044! /^Q342)! '%&'! @&2! K&0'(@(K&'4! (2! &!

24'>/0Y! 7/09&'(/2! &)! 4('%40! X5)! /0! GX5)#! M%4! 7([4! K/))(Z+4! )'0A@'A04)! &04i! 7([4W

@//06(2&'4![&2&6(A9!_(2!&!)TA&04!KQ0&9(6!)'0A@'A04a""b"-!>('%!7([4!X5)!_dFe\ab!&26!7/A0!

K)4A6/W'4'0&%460&+![&2&6&'4)p!'%044!X5)!_U<ap!'>/!X5)!&26!/24!GX5!_U-ap!/24!X5!&26!

'>/!GX5)!_U"ap!&26!'%044!GX5)!_URa#!J)!(2!'%4!@&)4!7/0!)(+(@&'4)b!'%4!2/'&'(/2!U!()!A)46!

&26!'%4!)AK40)@0(K'!2A9Z40!04K04)42')!'%4!2A9Z40!/7!X5!)K4@(4)!_:(3A04!"#Fa#"Rb"<!
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?-*#(&! L;O;! .%/0'W0&234! /0640! )K4@(4)! 7/A26! (2! [&2&6&'4W@/2'&(2(23! 3+&))4)b! 30442!

@(0@+4)!&04![&2&6(A9!&26!046!@(0@+4)!&04!/^Q342#!

!

1.2.4. Aluminate and Gallate Speciation 

J+A9(2(A9!&26! 3&++(A9!/^(64)! &04! '04&'46! '/34'%40! &)! 3+&))Q!9&'40(&+)! 6A4! '/! '%4(0!

)(9(+&0!Z4%&[(/A0!&26!@//06(2&'(/2!42[(0/2942')#!c[42!'%/A3%!'%4Q!6/!2/'!@/27/09!

'/!'%4!0A+4)!)4'!/A'!ZQ!f&@%&0(&)42!_&26!&04!'%A)!2/'!3+&))!7/0940)!/2!'%4(0!/>2a!'%4Q!

&04! A)46! &)! &66('([4)! '/! 3//6! 3+&))! 7/0940)! Z4@&A)4! Z/'%! )K4@(4)! 'QK(@&++Q! (2@04&)4!

K/+Q940(]&'(/2#! M%4! +/@&+! @//06(2&'(/2! )A00/A26(23! '%4)4! @&'(/2)! ()! 7/A0b! )(9(+&0! '/!

'%&'!)442!(2! dCeX!>%404!7/A0!/^Q342)!&04!Z0(63(23!>('%!&!243&'([4!@%&034!64+/@&+(]46!

&0/A26! '%4! )K4@(4)#! M%4! )%/0'W%&26! 2/'&'(/2)! &04! dCeJ+! &26! dCe*&#! 840'&(2! 3+&))4)!

@/2'&(2! 42[(0/2942')! /7! 7([4W! &26! )(^W@//06(2&'4! 94'&+! @42'04)! _dFebdIeJ+h*&ap-b"C! '%4!

04)A+'(23! +/@&+! )'0A@'A04! ()! K)4A6/W'0(3/2&+! Z(KQ0&9(6&+! &26! K)4A6/W/@'&%460&+#!

*+&))4)! '%&'!4^%(Z('! '%4)4!%(3%40!@//06(2&'(/2!2A9Z40)!@&2!Z4! '%/A3%'!/7!&)!&! 7/A0W
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@//06(2&'4!Z0(63(23!)K4@(4)!_@/[&+42'a!>('%!4('%40!/24!/0!'>/!/^Q342)!@//06(2&'(23!&'!

&!+/2340!_(#4#b!9/04!(/2(@!Z/26(23a!(2'40&@'(/2!>%404ZQ!'%4!@%&034!()!9&(2'&(246!&)!W"b!

64+/@&+(]46!/[40!'%4!&+A9(2(A9!/0!3&++(A9!@&'(/2!_:(3A04!"#Ia#!!

!

?-*#(&! L;P;! .%/0'W0&234! /0640! )K4@(4)! 7/A26! (2! &+A9(2&'4W! &26! 3&++&'4W@/2'&(2(23!

3+&))4)b!+(3%'!Z+A4!&04!J+!_*&a!&26!046!&04!/^Q342!&'/9)#!

!

1.2.5. Germanate Speciation 

*409&2(A9!()!Z4+/>!)(+(@/2!>('%(2!30/AK!"C!/7! '%4!K40(/6(@! '&Z+4#!J)!&!04)A+'!/7! '%4!

)(9(+&0! @%&0&@'40()'(@)! )442! >('%(2! &! 30/AKb! )(9(+&0! TA&'402&0Q! _7/A0W@//06(2&'4a!

)'0A@'A04)!&)! '%/)4! )442! (2! )(+(@&'4)!&04!/Z)40[46#!M%4!2/'&'(/2)! 7/0!3409&2&'4)!&04!

)(9(+&0!'/!'%/)4!A)46!(2!)(+(@&'4)b!>('%!UC!642/'(23!7/A0!X5)b!U<!@/2)()'(23!/7!/24!GX5!

&26! '%044! X5)b! &26! )/! 7/0'%! A2'(+! UR! /@@A0)! >('%! 7/A0! GX5)! _:(3A04! "#;a#! =(3%40W

@//06(2&'4!_7([4!&26!)(^a!42[(0/2942')!@/A+6!&+)/!4^()'!Z4@&A)4!3409&2(A9!()!&!+&0340!

@&'(/2! _'%4! N3409&2&'4! &2/9&+QOb! 8%&K'40! Ia#! M%4! )(^W@//06(2&'4! 42[(0/2942'!

@/2'&(2)! )(^! X5)! &26! ()! &ZZ04[(&'46! &)! dIe*4#-b"F! M%4! 7([4W@//06(2&'4! 42[(0/2942'!

>/A+6! Z4! (2! &! K)4A6/W'0(3/2&+! Z(KQ0&9(6&+! )'0A@'A04! &)! )442! 7/0! '%4! &+A9(2A9!&26!

3&++(A9!)K4@(4)!&Z/[4!_:(3A04!"#Ia#!!
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!

?-*#(&!L;Q;!.%/0'W0&234!/0640!)K4@(4)!7/A26!7/0!3409&2&'4W@/2'&(2(23!3+&))4)b!KA0K+4!

&04!*4!&'/9)!&26!046!04K04)42'!5!&'/9)#!

!

1.3. How Local Structural Units Form 

:/0!&!3([42!24'>/0Y!7/0940b!/^Q342)!>(++!Z4!Z0(63(23!(2!&!'%044W6(942)(/2&+!&00&Q!_/0!

Z4! 6/AZ+Q! Z/A26! '/! '%4! @&'(/2! &)! (2! '%4! @&)4! /7! \-5F! &26! S-5Fa#! L2@/0K/0&'(/2! /7! &!

24'>/0Y! 9/6(7(40! >(++! (2'0/6A@4! 4^@4))! K/)('([4! @%&034b! @04&'(23! &2! (9Z&+&2@4#! M/!

9&(2'&(2!@%&034!24A'0&+('Q!>('%(2!'%4!24'>/0Yb!7/0940)!9A)'!Z04&Y!/^Q342!+(2Y&34)!'/!

4('%40! 7/09! GX5)! &26h/0! (2@04&)4! '%4(0! @//06(2&'(/2! 2A9Z40#! ! M%4! @%&234)! (2! '%4!

)'0A@'A04! >(++! &774@'! '%4! K%Q)(@&+! K0/K40'(4)! _(#4#b! 94+'(23! '49K40&'A04b! 642)('Q! &26!

0470&@'([4!(264^a#!8/2)(640(23!%/>!4&@%!@/9K42)&'4)!'%4!24>!@%&034b!/24!@&2!)44!'%&'!

.(5-! &26! X-5<! &04! '>/! 4^&9K+4)! /7! %/>! '%4! )'&0'(23! /^(64! ()! 9/6(7(46! ZQ! &+Y&+(!
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_9/6(7(40a!&66('(/2! _c^&9K+4!"#"!&26!c^&9K+4!"#-a#!t2/>(23! '%4!)'0A@'A0&+! @%&234)!

'%&'! 3/[402! '%4)4! K0/K40'(4)! K0/[4)! &! 6(77(@A+'! '&)Y! 6A4! '/! '%4! +&@Y! /7! +/23W0&234!

K40(/6(@!/0640#!

 

RS'8C%&! L;L;! G&-5! &6646! '/! RW.(5-! @&A)4)! U<! )K4@(&'(/2b! 64@04&)(23! 24'>/0Y!

K/+Q940(]&'(/2#!J)! '%4!G&l! &66)! '/! '%4!UC!A2(')b!U<! _Z4&0(23!&! )(23+4!GX5a! 7/09)! '/!

9&(2'&(2!@%&034!Z&+&2@4#!G/'4!'%4!G&l!_KA0K+4a!(/2)!&04!&6Ü&@42'!'/!&!GX5!_046a!'%&'!

&04!@/224@'46!'/!.(!_304Qa#!

!

!

RS'8C%&!L;J;!t-5!&6646!'/!RKX-5<!@&A)4)!dCeX!)K4@(&'(/2b!(2@04&)(23!K/+Q940(]&'(/2!(2!

'%4!24'>/0Y#!J66('(/2!/7!tl!@&A)4)!'%4!d<eX!'/!@%&234!'/!dCeX!_(2@04&)4!(2!@//06(2&'(/2!

2A9Z40a! >%404! '%4! 64+/@&+(]46! 243&'([4! @%&034! 24A'0&+(]4)! '%4! tl#! X/'%! tl! (/2)!

_KA0K+4a!(2'40&@'!>('%!dCeX!_Z+A4a!'%&'!&04!)A00/A2646!ZQ!5!_046a#!

!
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! X/0/2! ()! &2! 4^@4++42'! 3+&))! 7/0940! &26! X-5<! ()! &! 7&[/A046! /^(64! 6A4! '/! (')!

&ZA26&2@4!&26!+/>!94+'(23!K/(2'!_Y1!g!CFR/8a#"I!X/0&'4)!&04!A2(TA4!>%42!@/9K&046!

'/!/'%40! 7/0940)! )A@%!&)! '%4! )(+(@&'4)b! &)!Z/0/2!A26403/4)!&! @%&234! (2! @//06(2&'(/2!

42[(0/2942'!/[40!&!+&034!9/6(7(40!0&234!K0(/0!'/!'%4!7/09&'(/2!/7!GX5)#!M%()!A2(TA4!

Z4%&[(/A0!>(++!Z4!6()@A))46!7A0'%40!(2!+&'40!@%&K'40)#!!

1.4. Structure Determination Methods for 

Glasses 

D4'409(2(23! )%/0'W! &26! 946(A9W0&234! )'0A@'A04! (2! 3+&))4)! ()! &! 6(77(@A+'! '&)Y#!

M0&6('(/2&+! 94'%/6)! 49K+/Q46! 7/0! )'A6Q(23! @0Q)'&++(24! )/+(6)! )A@%! &)! ^W0&Q! &26!

24A'0/2!6(770&@'(/2!@&22/'!Z4!K407/0946!4&)(+Q!7/0!&9/0K%/A)!)/+(6)#!$%42!'%4Q!&04b!

/7'42!/2+Q!+(9('46!(27/09&'(/2!@&2!Z4!4^'0&@'46#!J9/0K%/A)!9&'40(&+)!'%&'!+&@Y!+/23W

0&234! K40(/6(@! /0640! 6/! 2/'! K0/[(64! >4++! 647(246! 6(770&@'(/2! K4&Y)#! M%()! /@@A0)! &)!

3+&))4)! @/9K0()46! /7! )%/0'W0&234! /0640! 6/!2/'! %&[4!>4++! 647(246!K40(/6(@! )'0A@'A04!

@&A)(23! 6(770&@'(/2! K4&Y)! '/! Z0/&642! &26! 4))42'(&++Q! @/&+4)@4! (2'/! &! Z0/&6b! +/>!

(2'42)('Q!6(770&@'(/2!K4&Y!)K&22(23!9&2Q!643044)#!5'%40!&04&)!>%404!^W0&Q!6(770&@'(/2!

)'0A33+4)! ()! +(3%'40! 4+4942')! _4#3#b!=b! ?(! &26!Xab! 6A4! '/! '%4! +/>!4+4@'0/2!642)('Q! &26!

6(774042'(&'(/2!Z4'>442!)(9(+&0!4+4942')!_4#3#b!E3b!J+!&26!.(a!>%42!9(^(23!/@@A0)#!M%4!

+&''40! )('A&'(/2! 4^()')! 6A4! '/! '%4! 4+4@'0/2! 42[(0/2942')! _"-! [)#! "<! [)#! "C! 4+4@'0/2)a!

Z4(23! )(9(+&0b! K/)('(/2! 9(^(23! @04&'4)! 6(77(@A+'(4)! (2! (642'(7Q(23! A2(TA4! K/)('(/2)#";!

5'%40! 94'%/6)! A)46! 7/0! )'A6Q(23! 6()/064046! 9&'40(&+)! (2@+A64! [(Z0&'(/2&+!

)K4@'0/)@/KQ! _L1b! 1&9&2ab! ^W0&Q! &Z)/0K'(/2! 7(24! )'0A@'A04! _cVJ:.ab! 9/+4@A+&0!

6Q2&9(@)!_EDa!&26!2A@+4&0!9&324'(@!04)/2&2@4!_GE1a#!
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1.4.1. Vibrational Spectroscopy  

\(Z0&'(/2&+! )K4@'0/)@/KQ! ()! Z&)46! /2! 94&)A0(23! &! @%&234! (2! 42403Q! &)! '%4! &'/9)!

[(Z0&'4b! @04&'(23! '0&2)('(/2)! (2! 42403Q! )'&'4)#! L1! &26! 1&9&2! )K4@'0/)@/KQ! K0/[(64!

[(Z0&'(/2&+! )K4@'0&!>%(@%! 4^%(Z('! &! )K4@'0&+! )(32&'A04! 70/9!&'/9(@! [(Z0&'(/2)! (2! '%4!

043(/2! /7! R! '/! CRRR! @9W"#"P! \(Z0&'(/2&+! )K4@'0/)@/KQ! ()! &2! &''0&@'([4! 94'%/6! (2!

8%49()'0Q! 6A4! '/! (')! (2%4042'! )42)('([('Q! '/! '%4! 04)K/2)4! /7!9/+4@A+&0! [(Z0&'(/2)#";!

M%()! 94'%/6! ()! (64&+! 7/0! /03&2(@! 9/+4@A+4)! >%(@%! 'QK(@&++Q! %&[4! 04)/2&2@4)! >%(@%!

)K&2!&! 0&234!/7!m!CRRR! @9W"! &26! '%()! )K4@'0/)@/KQ! ()! @/99/2+Q!A)46! '/!64'409(24!

@%&0&@'40()'(@!7A2@'(/2&+!30/AK)!)A@%!&)b!WG=-b!W5=b!W8G!&26!W85#!L2/03&2(@!9&'40(&+)!

&04!'QK(@&++Q!%4&[(40!'%&2!/03&2(@!9&'40(&+)!>('%!046A@46!)'(7724))!&26!+/2340!Z/26)!

@&A)(23!'%4![(Z0&'(/2&+!9/64!'/!64@04&)4!(2!42403Q!_+/>40!>&[4!2A9Z40a#!J)!'%4!9&))!

/7!'%4!&'/9)!()!(2[40)4+Q!04+&'46!'/!704TA42@Q!_àb!@9W"a!&26!'%4!)K0(23!@/2)'&2'!_Ya!()!

04+&'46!'/!'%4!)'(7724))!/7!'%4!Z/26b!(2/03&2(@![(Z0&'(/2)!&04!'QK(@&++Q!@/9K04))46!(2'/!

&! 2&00/>40! )K4@'0&+! 0&234b! (#4#b! R! '/! "RRR! @9W"#"R! :/0! 4^&9K+4b! '%()! 2&00/>! 043(/2!

@&A)4)! 6(77(@A+'(4)! >%42! 6(774042'(&'(/2! ()! 04TA(046! Z4'>442! XW5b! .(W5! &26! J+W5!

)'04'@%4)#! M%4! 04)/+A'(/2! /7! )('4)! _Z/26W)'04'@%4)a! &26! (642'(7(@&'(/2! /7! K&0'(@A+&0!

)K4@(4)! ()! /7'42! 6(77(@A+'b! &26! &! TA&2'('&'([4! &2&+Q)()! ()! 24&0ZQ! (9K/))(Z+4! (2! 9&2Q!

@&)4)#! :A0'%40! 60&>Z&@Y)! &))/@(&'46! >('%! 1&9&2! &26! (2/03&2(@! 9&'40(&+)! ()! '%&'!

7+A/04)@42@4!@&2!/@@A0b!@&A)(23!'%4!64'4@'/0!'/!Z4@/94!)&'A0&'46#";!M>/!&)K4@')!'%&'!

&04! &''0&@'([4! 7/0! '%()! 94'%/6! &04! '%4! )42)('([('Q! &26! &Z(+('Q! '/! (642'(7Q! %Q60/^Q+!

30/AK)!_(#4#b!W5=!&26!=-5ab!&26!'%4!K/))(Z(+('Q!/7!(642'(7Q(23!946(A9W0&234!/0640!)A@%!

&)! 0(23)! _0(23! Z04&'%(23! 9/64)a#! ?&0340! )'0A@'A0&+! A2(')! _)AK40)'0A@'A04)a! @&2! Z4!



Introduction 

 

______________________________________________________________________ 
 

V. K. Michaelis 

17!

(642'(7(46!A)(23!@%&0&@'40()'(@!)%(7')b!)A@%!&)!Z/0&'4!0(23)!_PRP!@9W"a!&26!/'%40!0(23)!

+(Y4!'0(Z/0&'4!_;;R!@9W"a#"H!

1.4.2. X-ray Absorption Spectroscopy 

VW0&Q!&Z)/0K'(/2!7(24!)'0A@'A04!)K4@'0/)@/KQ!A)4)!'%4!K%/'/4+4@'0(@!4774@'!70/9!^W0&Q)!

'/! (2'40&@'!>('%! &2! &'/9!/7! (2'404)'! '/! 04'0(4[4! +/@&+! )'0A@'A0&+! (27/09&'(/2#"P!M%404!

&04! '>/!)+(3%'+Q!6(774042'!94'%/6)!A)46! '/!)'A6Q!3+&))4)! '%&'!&04!A2640! '%4!)@/K4!/7!

VJGc.! _24&0! 4634a! &26! cVJ:.! _4^'42646a#";! M%4)4! '4@%2(TA4)! 94&)A04! '%4!

&Z)/0K'(/2! /7! ^W0&Q)! &)! '%4Q! (2'40&@'!>('%! '%4!9&'40(&+#! L7! '%4! 42403Q! /7! '%4! ^W0&Q! ()!

@/9K&0&Z+4!'/!'%4!42403Q!244646!'/!4Ü4@'!&2!4+4@'0/2b!&!04)K/2)4!()!04@/0646b!3([(23!

0()4! '/!&2!&Z)/0K'(/2!42403Qb! '%()! ()! 'QK(@&++Q!@&++46!&2!&Z)/0K'(/2!4634#"Rb";!X4@&A)4!

4&@%! 4+4942'! &26! +/@&+! )'0A@'A04! %&)! &! @%&0&@'40()'(@! N4634O! _(2! '%4/0Qab! )'0A@'A0&+!

(27/09&'(/2!@&2!Z4!4^'0&@'46!70/9!'%()!Z4%&[(/A0#!14+&'(23!'%4)4!6&'&!'/!'%4!)&9K+4b!

'%4!&'/9_)a!&26!+/@&+!42[(0/2942'_)a!@&2!Z4!64'409(246!Z&)46!/2!04@/0646!42403(4)#!

L'!()!9/)'!/7'42!A)46!'/!)'A6Q!(2'40&'/9(@!6()'&2@4)b!@//06(2&'(/2b!&26!@%49(@&+!2&'A04!

_)%/0'W0&234! /0640a! (2! %4&[(40! 4+4942')! _304&'40! 4+4@'0/2! 642)('Qa#! 840'&(2!

6()&6[&2'&34)!6/!4^()'b!(2@+A6(23!(2)42)('([('Q!'/!+(3%'!&'/9(@!)K4@(4)!&26!'%4!6(77(@A+'Q!

(2!7(''(23!'%4)4!)K4@'0&!TA&2'('&'([4+Q!&26!04+(&Z+Q#!.9&++!_+(3%'a!&'/9)!_?(!'/!.a!)A7740!

70/9!+/>!(2'42)('Q!Z&@Y!)@&''40b!>%(@%!()!6A4!'/!'%4(0!+/>!4+4@'0/2!642)('Q#";!c+4@'0/2!

4Ü4@'(/2! ()!&+)/!4&)(40!_(#4#b! +/>40!42403Q!04TA(046! '/!4Ü4@'!&2!4+4@'0/2a!>%(@%!@&A)4)!

'%4!)@&+4! 7/0!9&'40(&+)!Z4&0(23!9&2Q! +(3%'!&'/9)!_?(b!Xb!5b!.(b!4'@#a! '/!Z4!@/9K04))46!

>('%(2!&!)9&++!043(/2!_74>!4\a#!M%()!)9&++!043(/2!@/A+6!K/'42'(&++Q!@04&'4!6(77(@A+'Q!(2!

6()'(23A()%(23!Z4'>442!)(9(+&0!42[(0/2942')!_4#3#b!M-![)#!M"a!/0!)(9(+&0!)(]46!4+4942'!

@/9K/)('(/2)! _4#3#b! E3J+.(5^! &26! 8&M(\.(5^a#";! :A0'%409/04b! &@TA(0(23! TA&2'('&'([4!
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6&'&!@&2!Z4!@%&++423(23b!04TA(0(23!&! +&034!)4'!/7!@0Q)'&++(24!9&'40(&+)!&)!)'&26&06)!'/!

64'409(24!&@@A0&'4!&26!K04@()4![&+A4)!7/0!&!K0/K/)46!)'0A@'A0&+!9/64+#!!

1.4.3. Molecular Dynamic Calculations 

:/0!'%4!)'A6Q!/7!6Q2&9(@)!&26!+/@&+!)'0A@'A04)!3/[402(23!6Q2&9(@)b!TA&2'A9!&26!&ZW

(2('(/! Z&)46! 9/+4@A+&0! 6Q2&9(@! _EDa! @&+@A+&'(/2)! &04! /7'42! A)46#! M%()! 94'%/6!

42@/9K&))4)!&! +&034!)40(4)! _"RR{)a!/7!&'/9)! (2!&!3([42!)K&@4#!M%4)4!@+A)'40)!/7! (/2)!

&04!'QK(@&++Q!'04&'46!&'!4+4[&'46!'49K40&'A04)!_<bRRR!'/!CbRRR!ta!&26!&++/>46!'/!9/[4!

'%0/A3%/A'! )K&@4! (2! &! K0464'409(246! [/+A94! 0&26/9+Q! 34240&'(23! &! 6()/064046!

K%&)4!>%(+4! '%4! @/2[40342@4! 42403Q! ()! &@@/9K+()%46! (2! &Z/A'! "RbRRR! )'4K)! _[&0(4)!

>('%!)Q)'49!)(]4a#-R!J'!@40'&(2!K/(2')! (2! '(94!'%4! 7(@'('(/A)! '49K40&'A04! ()!64@04&)46!

_(2! +&034!)'4K)a!A2'(+! '%4!)Q)'49!()!N70/]42Ob! '%&'! ()b! ('!Z4@/94)!3+&))Q#!M%4!04)A+')!/7!

ED!@&+@A+&'(/2)! 04[4&+!6Q2&9(@! (27/09&'(/2!Z&)46!/2! '%4!/[40&++! 0&26/9!)'0A@'A04b!

>%(@%!(2!'A02!K0/[(64)!'%4/04'(@&+!(27/09&'(/2!/2!'%4!)Q)'49!/7!(2'404)'#!J6[&2'&34)!

/7!ED!)(9A+&'(/2)!&04!'%&'!+&034!)@&+4!)Q)'49)!@&2!Z4!@&+@A+&'46b!(2@+A6(23!(/2(@!&26!

94'&++(@! 3+&))4)b! '%&'! &04! 'QK(@&++Q! 6(77(@A+'! _24&0+Q! (9K/))(Z+4a! '/! )Q2'%4)(]4#! L'! &+)/!

K0/[(64)! &! 3//6! [()A&+! Z&)()! 7/0! @&'(/2! 9/Z(+('Q! >('%(2! &! 6()/064046! +&''(@4#! J! 74>!

60&>Z&@Y)!6/!4^()'b!/24!Z4(23!'%4!A204&+()'(@!TA42@%!0&'4)b! 'QK(@&++Q!/2!'%4!/0640!/7!

"R""! th)b! >%404&)! @/2[42'(/2&+! +&Z/0&'/0Q! &26! (26A)'0(&+! TA42@%! 0&'4)! &04! "R! '/!

"RbRRR! th)#! 8/9KA'&'(/2&+! @/64)! &04! &+)/! /K'(9(]46! 7/0! (/2(@! &26!94'&++(@! 3+&))4)b!

/7'42!%(2640(23!&'!'(94)!'%4!K0/K40!'04&'942'!/7!@/[&+42'!/^(64!)Q)'49)#"R!
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1.5. Nuclear Magnetic Resonance 

GA@+4&0! 9&324'(@! 04)/2&2@4! _GE1a! ()! /24! /7! '%4! 9/)'! >(64+Q! A)46! 94'%/6)! 7/0!

)'A6Q(23! +/@&+! )'0A@'A04!>('%(2!&9/0K%/A)!9&'40(&+)#! .42)('([('Q! @&2!Z4!&2! ())A4! 7/0!

@40'&(2!2A@+4(!(2!&!)Q)'49b!ZA'!'%4!)'0A@'A0&+!(27/09&'(/2!'%&'!@&2!Z4!3&'%4046!@&22/'!

Z4!9&'@%46!ZQ!'%4!/'%40!94'%/6)!6()@A))46!&Z/[4#!GE1!()!TA&2'('&'([4b!)42)('([4!'/!

'%4!+/@&+!42[(0/2942'!&26!()!)4+4@'([4!'/!&!K&0'(@A+&0!2A@+4A)!/7!(2'404)'#!L2!&66('(/2b!

9/6402! '4@%2/+/3Q! &26! KA+)4! )4TA42@4)! 64[4+/K46! (2! '%4! K&)'! -R! Q4&0)! 42&Z+4!

)4@/26&0Q! @//06(2&'(/2! _946(A9W0&234! /0640a! '/! Z4! K0/Z46b! K0/[(6(23! &! Z4''40!

A2640)'&26(23!/7!'%4)4!_6()/064046!)%/0'W0&234!/064046a!9&'40(&+)#!

! GE1!()!&!)K4@'0/)@/K(@!94'%/6!'%&'!A)4)!&!)'&'(@!9&324'(@!7(4+6!&26!&!0/'&'(23!

9&324'(@!7(4+6!'/!)'A6Q!+/@&+!42[(0/2942')!(2!&![&0(4'Q!/7!2A@+4(#!$('%(2!'%4!K40(/6(@!

'&Z+4!&+9/)'!4[40Q!4+4942'!%&)!&'!+4&)'!/24!()/'/K4!'%&'!@/2'&(2)!'%4!(2'0(2)(@!K%Q)(@&+!

K0/K40'Q!/7! 2A@+4&0! )K(2#!M%4!2A@+4&0! )K(2!2A9Z40! ()! 64'409(246!ZQ! '%4!2A9Z40!/7!

K0/'/2)!&26!24A'0/2)!>('%(2!'%4!2A@+4A)#!M%()!)K(2!()!642/'46!&)!Lb!'%4!)K(2!TA&2'A9!

2A9Z40! &26! @&2! [&0Q! 70/9! R! _2/'! GE1! &@'([4a! '/! LgHh-! 7/0! 2/2W(2'4340b! 2/2W

0&6(/&@'([4!2A@+4(#!!

! J++!GE1!&@'([4!2A@+4(!_LjRa!%&[4!&!9&324'(@!9/942'b!v#!M%()!@&2!Z4!64)@0(Z46!

ZQ!'%4!(2'40&@'(/2!Z4'>442!'%4!)K(2WTA&2'A9!2A9Z40b!Lb!&26!&2/'%40!(2'0(2)(@!2A@+4&0!

K0/K40'Qb!'%4!3Q0/9&324'(@!0&'(/!_âa#!!!

µ = !"I      (1.1) 

! :/0!4^&9K+4! (2!&! Lg"h-!)Q)'49!_4#3#b! "=ab! '%4!9&324'(@!9/942')! _(#4#b!2A@+4&0!

)K(2)a! >('%(2! &! )&9K+4! &04! (2'0/6A@46! (2'/! &! )'0/23!9&324'(@! 7(4+6! _X/ab! '%4)4! >(++!

/0(42'!'%49)4+[4)!>('%!04)K4@'!'/!X/!&26!K04@4))!&0/A26!&2!&^()!_>%(@%!>4!>(++!647(24!
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&)!'%4!]W&^()a!&'!&!@%&0&@'40()'(@!704TA42@Qb!Y2/>2!&)!'%4!f449&2!(2'40&@'(/2#!M%()!()!

'%4!)(9K+4)'!)K(2!)Q)'49!@/2)(64046!_(#4#b!()/+&'46!)K(2!)Q)'49!(2!&!)'&'(@!7(4+6!>('%!2/!

/'%40! (2'40&@'(/2)a#! M%4! K04@4))(23! )K(2)! @&2! /2+Q! '&Y4! &! @40'&(2! 2A9Z40! /7! )'&'4)!

_-Ll"a! 7/0! &! 3([42! 7(4+6#! .(2@4! '%4)4! )'&'4)! %&[4! 6(774042'! 42403(4)! '%()! 7/0@4)! '%4!

6434240&@Q!'/!Z4! +(7'46b!@&A)(23!4[42+Q!)K&@46!42403Q!)K(2W)'&'4)!_)44!Z4+/>b!"#<a#! L7!

>4!A)4!'%4!TA&2'A9!94@%&2(@&+!64)@0(K'(/2!/7!'%4!f449&2!(2'40&@'(/2!>4!@&2!647(24!

'%()!&)!'%4!f449&2!=&9(+'/2(&2b!ä]!&)!)%/>2!(2!4TA&'(/2!"#-#-"!

!

#z = -µ•Bo = -"!îzBo     (1.2) 

!

! M%4!9/)'!@/99/2+Q!)'A6(46!2A@+4A)b!"=b!%&)!&!)K(2!/7!"h-b!>%(@%!3([4)!0()4!'/!

'>/! 6434240&'4! )'&'4)! &26! &++/>)! 7/0! &! )(23+4! '0&2)('(/2! _"h-! '/! W"h-a#! M%4! 42403Q!

)K+(''(23! /7! '%4)4! +4[4+)! ()! 6(04@'+Q! K0/K/0'(/2&+! '/! '%4! 7(4+6! _:(3A04! "#Pa#! $%42!

TA&60AK/+&0!2A@+4(!)A@%!&)b!-<G&!_Lg<h-ab!";5!_LgFh-ab!CF.@!_Lg;h-a!&26!H<GZ!_LgHh-ab!

_>%(@%! 04)K4@'([4+Q! @/2'&(2! 7/A0b! )(^b! 4(3%'! &26! '42! 6434240&'4! 42403Q! +4[4+)ab! &04!

(2'0/6A@46! (2'/! &!9&324'(@! 7(4+6b!9A+'(K+4! )K+(''(23)!>(++! /@@A0! _(#4#b!9A+'(K+4! )(23+4W

TA&2'A9!'0&2)('(/2)a#!M%4!2A9Z40!/7!42403Q!+4[4+)!/7!&!3([42!2A@+4A)!()!3([42!ZQ!

!

Number of energy levels = 2I+1       (1.3) 

!
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!

?-*#(&!L;T;!f449&2!(2'40&@'(/2!/7!&2!Lg"h-!2A@+4A)!_4#3#b!"=b!"<8b!<"Sb!4'@#a!&)!'%4!

9&324'(@!7(4+6!)'0423'%!(2@04&)4)#!!

!

! M%4!9&324'(@!9/942'!K04@4))4)!&0/A26!'%4!9&324'(@!7(4+6!&'!)/94!0&'4b!>%(@%!

()!Y2/>2!&)!'%4!?&09/0!704TA42@Qb!à/#!

a/!!g!âX/h-r! ! ! ! ! UL;NV!

M%4! ?&09/0! 704TA42@Q! 7&++)! (2'/! '%4! 0&6(/704TA42@Q! 0&234! _E=]a! &26! ()! '%4047/04! &!

+/>!42403Q!94'%/6!>('%(2!'%4!4+4@'0/9&324'(@!)K4@'0A9#!M%4!)K+(''(23!@&A)46!ZQ!'%4!

f449&2!(2'40&@'(/2!@&2!Z4!4^K04))46!&)!&2!42403Q!'409b!oc#!M%4!42403Q!6(774042@4!()!

K0/K/0'(/2&+!'/!'%4!9&324'(@!7(4+6#!

$E = !"Bo      (1.5) 

! L2!'%4!&Z)42@4!/7!&!9&324'(@!7(4+6b!'%4!2A@+4&0!)K(2)!/@@AKQ!6434240&'4!42403Q!

+4[4+)#!M%4!f449&2!(2'40&@'(/2!(9K&0')!&!@%&234!(2!'%4!K/KA+&'(/2!6()'0(ZA'(/2!/7!'%4!

2A@+4&0!)K(2)b!Z&)46!/2!'>/!42403Q!+4[4+)!_Lg"h-a#!M%4!6(774042@4!(2!K/KA+&'(/2!>(++!Z4!

K0/K/0'(/2&+! '/! X/b!>%404! &! )'0/2340! 7(4+6! @&A)4)! &! 304&'40! K/KA+&'(/2! /7! '%4! +/>40!

+4[4+#! M%4! K/KA+&'(/2! 6(774042@4! Z4'>442! '%4! 42403Q! +4[4+)! @&2! Z4! 64)@0(Z46! ZQ! '%4!
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X/+']9&22!6()'0(ZA'(/2#!M%()!&++/>)! '%4!K0/Z&Z(+('Q!/7! '%4!04+&'([4!K/KA+&'(/2)! '/!Z4!

64'409(246!Z4'>442!'%4!'>/!42403Q!)'&'4)#!!

!

! 

N"1/ 2

N1/ 2
= e

"#E
kT

     
(1.6) 

! :/0! &2! Lg"h-! )K(2b! '%4! '/'&+! 2A9Z40! /7! )K(2)!9A)'! 4TA&+! '%4! )A9!/7! '%4! '>/!

42403Q! +4[4+)#!M%A)!G!g!G"h-!l!GW"h-b!&26!'%4!6(774042@4! ()!2!g!G"h-! W!GW"h-#!8/9Z(2(23!

'%4)4! 4TA&'(/2)b! '%4! [&+A4! /7! G"h-g! _Gl2ah-! &26! 7/0! GW"h-g_GW2ah-#! M%4! X/+']9&22!

4TA&'(/2!'%42!Z4@/94)i!

! 

N " n
N + n

= e
"#E
kT $n = N 1" e

"#E
kT

1+ e
"#E
kT

% 

& 

' 
' 
' 

( 

) 

* 
* 
*   

 (1.7) 

! !

! L2! GE1! ('! ()! &KK0/K0(&'4! '/! 9&Y4! '%4! %(3%! '49K40&'A04! &KK0/^(9&'(/2b!

ochYMnn"b! 04)A+'(23! (2! 2gG_och-YMab!>%404! oc! g! cW"h-Wc"h-gâãX/#Cb-"! M%4047/04! /24!

@&2! (2@04&)4! '%4! )42)('([('Q!ZQ! (2@04&)(23!<-! &26h/0!64@04&)(23! '49K40&'A04#!52+Q! &!

)9&++! K0/K/0'(/2! /7! )K(2)! >(++! @/2'0(ZA'4! '/! '%4! )(32&+b! /2! '%4! /0640! /7! "h"RRR! '/!

"h"RRRR#--!!

! M%()! K/KA+&'(/2! 6(774042@4! ()!>%&'! 42&Z+4)!GE1! '/! Z4! K407/0946! /2! &! 3([42!

2A@+4A)#!M%4!42403Q!6(774042@4_)a!Z4'>442!'%4!+4[4+)!()!)9&++b!@&A)(23!'%4!K/KA+&'(/2!

6(774042@4! '/!Z4! )9&++b! 04TA(0(23!9&2Q! )K(2)! 7/0! &! )(32&+! '/!Z4!/Z)40[46#!JKK+Q(23!&!

KA+)4!&'!&!)K4@(7(@!?&09/0! 704TA42@Q!@&A)4)!&!K40'A0Z&'(/2!/7! '%/)4!2A@+4&0!)K(2)!'/!

'%4!%(3%40!42403Q! +4[4+#!J7'40! '%4!KA+)4b! '%4)4!K0/9/'46!)K(2)!>(++!K04@4))!&Z/A'!X/!

34240&'(23! &!94&)A04&Z+4!9&324'(@! 7(4+6! &)! '%4! )Q)'49! 04+&^4)! Z&@Y! '/! 4TA(+(Z0(A9#!
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M%()! 24>! &+Z4('! )9&++! 34240&'46! 0/'&'(23! 9&324'(@! 9/942'b! (26A@4)! &2! 4+4@'0/W

9&324'(@!7(4+6!(2!'%4!04@4([40!@/(+!_v\b!'QK(@&++Qa!>%(@%!()!04@/0646!&)!&!7044!(26A@'(/2!

64@&Q#-"b-<!M%()!9&324'(@!7(4+6!'%&'!()!34240&'46!ZQ!'%4!K04@4))(23!9&324'(@!9/942')!

()!04+&'46!'/!&2!(26A@46!4+4@'0(@!7(4+6!&@@/06(23!'/!E&^>4++{)!4TA&'(/2)#-<!.'0/23!KA+)4)!

&26! %(3%40! 7(4+6)! &04! 7&[/A046! '/! K0/9/'4! 9/04! 2A@+4&0! )K(2)! (2'/! %(3%40! 42403Q!

+4[4+)#!M%()!04)A+')!(2!&!)'0/2340!&26!9/04!)42)('([4!)(32&+#!:/0!Lj"h-!2A@+4(!'%4!)&94!

&KK0/&@%!()!'&Y42b!ZA'!/24!9A)'!64&+!>('%!9/04!42403Q!+4[4+)!&26!6(774042'!K/KA+&'(/2!

6()'0(ZA'(/2)#!M%()!@/A+6!04)A+'!(2!74>40!N/Z)40[&Z+4O!)K(2)!&)!&![&0(4'Q!/7!'0&2)('(/2)!

Z4'>442! )K(2! K/KA+&'(/2)! @/A+6! /@@A0! (2@+A6(23! [&0(/A)! @/%4042@4)! 64@04&)(23!

)42)('([('Q! 4[42! 7A0'%40#! M%4! 9&324'(]&'(/2! '%&'! >4! 04@/06! ()! 3/[40246! ZQ! '>/!

04+&^&'(/2!0&'4)b!)K(2W+&''(@4!_Y"a!()!'%4!'(94!7/0!'%4!X/+']9&22!6()'0(ZA'(/2!'/!64[4+/K!

_'(94!04TA(046!Z4'>442!KA+)4)ab!&26!)K(2W)K(2!_Y3ab!>%(@%! ()! '%4!@/%4042@4! +(74W'(94!

_(#4#b!'%4!)(32&+!'%&'!()!64'4@'46a#!

1.6. Anisotropic Interactions in Solids 

JZ/[4!>4! (2'0/6A@46! '%4!f449&2! (2'40&@'(/2! _=]ab!>%(@%! @&A)4)!&2!42403Q! )K+(''(23!

>%42!9&324'(@!9/942')!&04!(2'0/6A@46!(2'/!&!9&324'(@!7(4+6#!M/!4^K04))!&2Q!)Q)'49!

/24!2446)!'/!@/2)(640!'%4!'/'&+!(2'402&+!2A@+4&0!4+4@'0/9&324'(@!(2'40&@'(/2!_=(2'402&+a!

'%&'!()!4^K40(42@46!>('%(2!&!)&9K+4#!M%4)4!(2'40&@'(/2)!(2@+A64!|W@/AK+(23!_=|ab!6(K/+&0!

@/AK+(23! _=Dab! @%49(@&+! )%(4+6(23! _=8.ab! t2(3%'! )%(7'! _=t.ab! K&0&9&324'(@! (2'40&@'(/2!

_=Sa! &26!TA&60AK/+&0! (2'40&@'(/2! _=U"b-a#! M%4!9&32('A64)! /7! '%4)4! (2'40&@'(/2)! [&0Q!

&26! 0&234! 70/9! &! 74>!=]! '/!E=]#! M%044! (2'402&+! (2'40&@'(/2)! '%&'! &04! /7! K&0'(@A+&0!

(9K/0'&2@4!'/!)/+(6!)'&'4!GE1!(2@+A64i!(a!@%49(@&+!)%(4+6(23b!((a!6(K/+&0!@/AK+(23!&26!
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(((a!TA&60AK/+&0!@/AK+(23#!M%4!&2()/'0/K(@!K/0'(/2)!/7!'%4)4!(2'40&@'(/2)!%&[4!2/!4774@'!

/2!'%4!/Z)40[46!704TA42@(4)!(2!+(TA(6)!&26!3&)4)!_(2!9/)'!@&)4)a#!1&K(6!0/'&'(/2!&26!

7044W9/'(/2! &[40&34)! '%4! @%49(@&+! )%(4+6(23! &2()/'0/KQ! _8.Ja! &26! 6(K/+4W6(K/+4!

(2'40&@'(/2!ZA'!Z4@/94)!)+(3%'+Q!9/04!@/9K+4^!7/0!'%4!TA&60AK/+&0!(2'40&@'(/2!&)!Y3!

_647(246! Z4+/>a! @&2! Z4@/94! [40Q! )%/0'b! K/'42'(&++Q! @&A)(23! '%4! )('4)! '/! Z4@/94!

N(2[()(Z+4O#!L2!)/94!@&)4)!('!@&2!Z4!4&)(40!'/!)'A6Q!TA&60AK/+&0!2A@+4(!(2!'%4!)/+(6!)'&'4!

&)!'%4!+&@Y!/7!9/'(/2!(2!'%4!)/+(6!@&2!+423'%42!Y3#!J!64)@0(K'(/2!/7!'%4)4!(2'40&@'(/2)!

7/++/>)i!

Hinternal = HJ + HD +HCS+ HKS + HP + HQ
1 + HQ

2   (1.8) 

1.6.1. Chemical Shielding Interaction 

! ! M%4! @%49(@&+! )%(4+6(23! (2'40&@'(/2! (2[/+[4)! '%4! +/@&+! 4+4@'0/2! 642)('Q!

>('%(2! &! )Q)'49! &26! '%4! 4774@'! ('! %&)! /2! '%4! 2A@+4A)#! M%4! (2'40&@'(/2! ()! 4^K04))46!

Z4+/>!>%404!z!()!'%4!)%(4+6(23!'42)/0#!!

! 

HCS = " I hI •# • Bo      (1.9) 

! M%4!)%(4+6(23!74+'!ZQ!&!2A@+4A)!()!Z&)46!/2!'%4(0!4+4@'0/2(@!42[(0/2942'b!3([(23!

0()4!'/!&!04)/2&2@4!704TA42@Q#!M/!A2640)'&26!)%(4+6(23b!+4'!A)!7/@A)!/2!&!Z&04!2A@+4A)!

_(#4#b! 2/! 4+4@'0/2)ab! '%()! >/A+6! %&[4! &! @%&0&@'40()'(@! ?&09/0! 704TA42@Q#-C! .(2@4! &!

2A@+4A)! ()! 2/'! 7044! /7! 4+4@'0/2)b! 4+4@'0/2(@! @/AK+(23!>('%! '%4! )A00/A26(23! 7(4+6! _X/a!

@&A)4)!&!24>!'0&2)('(/2!704TA42@Qb!å!_&+'%/A3%!)9&++a#!M%()!4774@'!@%&234)!'%4!7(4+6!&'!

'%4! 2A@+4A)b! >%(@%! ()! 647(246! &)! )%(4+6(23! _(#4#b! '%4! 4774@'! /2! '%4! 2A@+4A)! @&A)46! ZQ!

)A00/A26(23!4+4@'0/2)a#!

! 

" = 1#$( )
Bo %
2&

' 

( 
) 

* 

+ 
, 
! ! !

  (1.10)!
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! J)! '%4! 4+4@'0/2(@! (2'40&@'(/2! 7/0! &! 2A@+4A)! ()! '%044! 6(942)(/2&+b! /24! @&2!

64)@0(Z4! '%4!/0(42'&'(/2!/7! &!2A@+4A)! _>('%(2!&!X/a!A)(23!&!<!^!<! '42)/0#!M%()! '42)/0!

K0/[(64)!(27/09&'(/2!/7!'%4!4+4@'0/2(@!42[(0/2942'!/7!'%4!2A@+4A)!&26!X/#-F!

!

! 

" =

"11 "12 "13
"21 "22 "23
"31 "32 "33

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

="iso +"sym +"anti

  

 (1.11) 

!

M%()! K/'42'(&++Q! &++/>)! AK! '/! 2(24! (264K42642'! @/9K/242')! '/! Z4! A)46! (2! '%4!

64)@0(K'(/2! /7! '%4! @%49(@&+! )%(4+6(23! (2'40&@'(/2! >('%(2! '%4! )A00/A26(23! 7(4+6#! M%4!

'42)/0! ()! @/9K0()46! /7! '%044! @/2'0(ZA'(23! '409)b! ()/'0/K(@b! )Q994'0(@! &26! &2'(W

)Q994'0(@#!M%4!&2'(W)Q994'0(@!@/9K/242'!/7!'%4!'42)/0!%&)!2/!94&)A0&Z+4!4774@'!/2!

'%4! +(24)%&K4! &'! @/2[42'(/2&+! 7(4+6)#! X4@&A)4! /7! '%()! >4! @&2! 049/[4! ('! 70/9! /A0!

6()@A))(/2!_'%4!&2'(W)Q994'0(@!K/0'(/2!/7!'%4!'42)/0!&774@')!%(3%40!/0640!'409)b!)(2@4!

'%4! f449&2! (2'40&@'(/2! ()! &+>&Q)! +&0340! '%&2! &2Q! @/2'0(ZA'(/2! 70/9! )%(4+6(23! 7/0! &!

)Q)'49a#-Fb-I!

! 

" =

"11 "12 "13
"12 "22 "23
"13 "23 "33

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

="iso +"sym ! ! ! ! UL;LJV!

!

! M%4!()/'0/K(@!9&'0(^!K0/[(64)!'%4!K/)('(/2!/7!'%4!@42'04!/7!'%4!)K4@'0A9b!>%(+4!

'%4!)Q994'0(@! '42)/0!>(++!K0/[(64!'%4! +(24)%&K4!7/0!'%4!)Q)'49#! L7!>4!/K40&'4! (2!'%4!

K0(2@(K&+!&^()!)Q)'49b!SJ.!_@//06(2&'4!)Q)'49!(2!>%(@%!'%4!'42)/0!()!6(&3/2&+(]46a!>4!

@&2!7/09!&!6(&3/2&+!9&'0(^!>('%!'%044!6(&3/2&+!4+4942')b!'%4)4!&04!A)46!'/!647(24!'%4!
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@%49(@&+! )%(7'! '42)/0b! >%404! z""! ç! z--! ç! z<<#! M%4! 049&(2(23! '%044! 4+4942')! &04! '%4!

cA+40! &23+4)! _éb! è! &26! âa! '%&'! K0/[(64! '%4! 6(04@'(/2)! /7! '%4! SJ.! (2! '%4! 9/+4@A+&0!

70&94#-Fb-I!

! 

"PAS =

"11 0 0
0 "22 0
0 0 "33

# 

$ 

% 
% 
% 

& 

' 

( 
( 
(    

 (1.13) 

! $('%(2!&2!4^K40(942'&+! )@42&0(/!>4! 0&04+Q! 04740! '/! &@'A&+! )%(4+6(23)#! L2)'4&6!

/24! /7'42! A)4)! '%4! '409! @%49(@&+! )%(7'#! M%()! @04&'4)! '%4! @%49(@&+! )%(7'! @/2[42'(/2!

>%404! àA2Y2/>2! ()! '%4! 704TA42@Q! /7! Q/A0! )&9K+4! &26! à047! ()! '%4! 704TA42@Q! /7! Q/A0!

0474042@4#!

! 

"unknown =
# unknown $# ref

# ref

% 

& 
' 

( 

) 
* •106

   
(1.14) 

M%4!04+&'(/2)%(K!Z4'>442!@%49(@&+!)%(7'!&26!@%49(@&+!)%(4+6(23!()!)(9K+Q!!

! 

"unknown =
# ref $# unknown

1$# ref

% 

& 
' 

( 

) 
* •106

   
(1.15) 

M%()!()!7A0'%40!)(9K+(7(46!)(2@4!b.+6!ê!R!_7/0!9/)'!)Q)'49)a!&26!'%4!@%49(@&+!)%(7'!()!!

! 

"unknown = # ref $# unknown[ ] •106    (1.16) 

M%4047/04! '%4! )%(4+6(23! '42)/0! (2! 4TA&'(/2! "#"<! @&2! Z4! 04@&)'! (2! '409)! /7! @%49(@&+!

)%(7'!

! 

"PAS =

"11 0 0
0 "22 0
0 0 "33

# 

$ 

% 
% 
% 

& 

' 

( 
( 
(      

(1.17) 
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! XQ! @/2[42'(/2! '%4)4! '%044! @/9K/242')! &04! /064046! &)! `""! ë! `--! ë! `<<#! M%044!

A)47A+! K&0&94'40)! &04! 'QK(@&++Q! 04K/0'46i! &[40&34! )%(7'! _()/'0/K(@! )%(7'b! `()/ab! 7A++!

Z04&6'%!/7!'%4!&2()/'0/KQ!_)K&2b!ía!&26!'%4!ì)%&K4W7&@'/0{!/7!'%4!&2()/'0/KQ!_)Y4>b!îa#!!

! 

" iso = "11 +"22 +"33( ) /3    (1.18) 

        (1.19) 

! 

" =
3 #22 $# iso( )

%
         (1.20) 

! M%4!@%49(@&+!)%(7'!&2()/'0/KQ!(2'40&@'(/2!()!'QK(@&++Q!7/A26!'/!Z4!/2!'%4!/0640!

/7!&!74>!KK9!'/!"RR{)!/7!KK9#!J'!%(3%40!7(4+6)!'%()!(2'40&@'(/2!(2@04&)4)!+(24&0+Qb! (#4#b!

"R!KK9!8.J!7/0!"=!&'!"RR!E=]!()!"RR!=]![40)A)!"R!KK9!8.J!7/0!"=!&'!PRR!E=]!()!PRR!

=]#!M/!9(2(9(]4!'%()!(2'40&@'(/2!_(2!=]a!+/>40!X/!7(4+6)!&04!K04740046#!

! 

" = #11 $#33
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!

?-*#(&!L;W;!8%49(@&+! )%(7'! &2()/'0/K(@! (2'40&@'(/2i! _&a! K/>640!K&''402b! _Za! ()/'0/K(@!

)%(7'b!`()/!&26!'%4! '%044!@%49(@&+!)%(7'! '42)/0)!_@a!`<<b! _6a!`--!&26!_4a!`""#!M%4!)(9K+4!

9/+4@A+4!()!)%/>2!(2!6(774042'!/0(42'&'(/2)!>('%!04)K4@'!'/!'%4!9&324'(@!7(4+6#!M%4)4!
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'%044! /0(42'&'(/2)! 04K04)42'! '%4! K0(2@(K&+! '42)/0! @/9K/242')b! >%(+4! '%4! >%/+4!

K/>64046!)&9K+4!K&''402!()!)%/>2!(2!_&a#!J)!'%4!/0(42'&'(/2!/7!'%4!9/+4@A+4!()!2/>!&!

6()'0(ZA'(/2!>('%(2! '%4! 7(4+6! &!6(774042'! )%(4+6(23!>(++! Z4!/Z)40[46!3([(23! 0()4! '/! '%4!

&2()/'0/K(@!K/>640!)K4@'0A9#!

1.6.2. Dipolar Coupling Interaction 

M%4! 6(K/+&0! @/AK+(23! (2'40&@'(/2! (2! (')! )(9K+4)'! 7/09! @&2! Z4! [(4>46! &)! '>/! Z&0!

9&324')#! L7! '%4)4!&KK0/&@%!4&@%!/'%40!4('%40!&2!&''0&@'(/2!/0!04KA+)(/2!7/0@4!/@@A0)#!

$4!@&2!4^K04))! '%4! (2'40&@'(/2)!Z4'>442! '%4)4! '>/!9&324')!&)!9&324'(@!6(K/+4)!v"!

&26!v-!&)!

! 

U =
µo

4"
# 

$ 
% 

& 

' 
( 

µ1) µ2
r3

* 3
µ1) r( ) µ2 ) r( )

r5
+ 
, 
- 

. - 

/ 
0 
- 

1 - 
! ! ! ! _"#-"a!

>%404!0!()!'%4!6()'&2@4!Z4'>442!6(K/+4)b!B!()!'%4!42403Q!/7!'%4!(2'40&@'(23!6(K/+4)!&26!

v/!()!'%4![&@AA9!K4094&Z(+('Q!@/2)'&2'#!

! GA@+4&0! )K(2)! @/2'&(2! &2! (2'0(2)(@! 2A@+4&0!9&324'(@! 9/942'! _vb! &Z/[4a! '%&'!

>(++!K04@4))!&0/A26!&!)'0/23!9&324'(@!7(4+6#!M%4)4!2A@+4&0!)K(2)!_L!&26!.a!@&2!(2'40&@'!

'%0/A3%! )K&@4! _:(3A04! "#"Ra! ÜA)'! &)! (2! '%4! @&)4! /7! '%4! Z&0!9&324')b! @&A)(23! &! )9&++!

)K+(''(23!'/!'%4!f449&2!(2'40&@'(/2#!

!
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!

?-*#(&!L;LK;!M>/!)K(2W"h-!2A@+4(!(2'40&@'(23!>('%!/24!&2/'%40!(2!)K&@4b!)%/>(23!'%4!

4774@'!/7!'%4!6(K/+&0!(2'40&@'(/2#!

!

! M%()!)9&++!)K+(''(23!(2!42403Q!()!@&A)46!ZQ!'%4!6(K/+4W6(K/+4!(2'40&@'(/2!&26!()!

/Z)40[&Z+4! &)! &2! Z0/&642(23! (2! &! )K4@'0A9#! L7! '%()! (2'40&@'(/2! /@@A0)! Z4'>442! '%4!

)&94!2A@+4&0!)K(2)b!Lg.!_4#3#b!"=W"=!/0!;?(W;?(ab!'%()!()!Y2/>2!&)!&!%/9/2A@+4&0!6(K/+&0!

@/AK+(23b! >%404&)! &! %4'40/2A@+4&0! @/AK+(23! /@@A0)! >%42! Lï.! _4#3#b! "=W<"Sa#"<b-;! M%4!

6(K/+&0!(2'40&@'(/2!_=Da!()!)%/>2!(2!4TA&'(/2!"#--#!

!

  

! 

HD =
µo

4"
# 

$ 
% 

& 

' 
( 
) I) S!
r3

# 

$ 
% 

& 

' 
( 

* 

+ 
, 

- 

. 
/ A + B +C +D+ E + F{ }

! !
UL;JJV!

!

! $%404!âL!&26!â.!&04!'%4!3Q0/9&324'(@!0&'(/!'409)!7/0!2A@+4&0!)K(2)!L!&26!.#!M%4!

)(^!&+K%&Z4'(@!'409)!_JW:a!'%&'!@/2'0(ZA'4!'/!'%4!6(K/+&0!(2'40&@'(/2!&04!647(246!Z4+/>#!!
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!

! 

A = I1Z I2Z 3cos
2" #1( )

B = #
1
4
I1+I2# + I1#I2+[ ] 3cos2" #1( )

C = #
3
2
I1+I2Z + I1Z I2+[ ] sin" cos"( )exp(#i$)

D = #
3
2
I1#I2Z + I1Z I2#[ ] sin" cos"( )exp(+i$)

E = #
3
4
I1+I2+[ ]sin2" exp(#2i$)

F = #
3
4
I1#I2#[ ]sin2" exp(+2i$)

!

! ! UL;JMV!

!

! 57!'%4)4!)(^!'409)!>4!@&2!@/2[42(42'+Q!049/[4!7/A0!_8!'/!:a!&)!'%4)4!&04!'(94W

64K426&2'!'409)!Y2/>2!&)!'%4!2/2W)4@A+&0!K/0'(/2!/7!'%4!6(K/+&0!=&9(+'/2(&2#!M%4)4!

@/2'0(ZA'4!'/!'%4!04+&^&'(/2!Z4%&[(/A0!%/>4[40!'%4(0!4774@'!/2!'%4!)K4@'0A9!/0!42403Q!

)K+(''(23! ()! 243+(3(Z+4b! 42&Z+(23! A)! '/! 243+4@'! '%4)4! '409)#Cb-<! M%4! J! &26! X! '409)!

@/9K0()4!'%4!)4@A+&0!K/0'(/2!/7!'%4!6(K/+&0!(2'40&@'(/2b!>%(@%!&04!'(94W(264K42642'#!

M%4)4!@&22/'!Z4!)4'!'/!]40/!&26!@&2!@/2'0(ZA'4!'/!%/9/2A@+4&0!_J!&26!X!'409)a!&26!

%4'40/2A@+4&0!_J!'409!/2+Qa!6(K/+&0!(2'40&@'(/2)#!

1.6.2.1. Homonuclear Dipolar Coupling 

M%4!%/9/2A@+4&0!6(K/+&0! (2'40&@'(/2!/@@A0)!Z4'>442! '>/!)K(2)!/7! '%4!)&94!2A@+4&0!

)K4@(4)! _4#3#b! "=W"=! /0! ;?(W;?(a#! M%4! '>/! 9/)'! (9K/0'&2'! '409)! >('%(2! cL! &04! '%4!

6()'&2@4!_0W<a!&26!'%4!3Q0/9&324'(@!0&'(/b!â#!J)!)%/>2!(2!4TA&'(/2!"#--b!(7!â!Z4@/94)!

)9&++40! &26h/0! '%4! 6()'&2@4! Z4'>442! '%4! 2A@+4(! (2@04&)4b! '%4! /[40&++! 6(K/+&0!

(2'40&@'(/2!>(++! 64@04&)4#! M%4047/04! %(3%Wâ! 2A@+4(! _4#3#b! "=b! ;?(b! "H:! &26! <"Sa! @&A)4! &!

+&0340! @/2@402! 7/0! %/9/2A@+4&0! 6(K/+&0! (2'40&@'(/2)! '%&2! +/>40Wâ! 2A@+4(! _4#3#b! -FE3b!

PHq!&26!"RHJ3a#!X/'%! '%4!J!&26!X!'409)!%&[4!&! ì<@/)-ñW"{! '409b!>%(@%! 7A0'%40!@&2!Z4!
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A)46! '/! 049/[4!/0! &++4[(&'4! '%4!6(K/+&0! (2'40&@'(/2b! [(64! (270&#!=/>4[40b! '%4!XW'409!

@/9K+(@&'4)! '%()! 7/0! '%4! %/9/2A@+4&0! _ZA'! 2/'! '%4! %4'40/2A@+4&0a! @&)4! &)! ('! &+)/!

@/2'&(2)! '%4! ì7+(KW7+/K{! /K40&'/0#! M%()! ì7+(KW7+/K{! '409! &++/>)! '0&2)('(/2)! Z4'>442!

6(774042'! )K(2W)'&'4)! 7/0! @/AK+46! 2A@+4(#! :/0! 4^&9K+4b! (7! >4! %&[4! '>/! @/AK+46! )K(2)!

_Lg"h-ab!'%4!éé_"h-b"h-a!&26!èé!_W"h-b"h-a!+4[4+)!&04!+(2Y46b!>%(@%!@&2!7+(K!Z&@Y!&26!

7/0'%#!J)!'%()!&++/>)!7/0!'%4!@/AK+46!)K(2)!'/!@%&234W)'&'4)!/[40!'(94!_4#3#b!"h-!'/!W"h-!

/0! é! Wj! èa! 04&@%(23! &2! ()/'0/K(@! [&+A4! @&2! Z4! 6(77(@A+'! A)(23! @/2[42'(/2&+! &[40&3(23!

94'%/6)#!!

1.6.2.2. Heteronuclear Interaction 

.(2@4! '%4! %(3%4)'! K0/Z&Z(+('Q! /7! '%4! 7+(KW7+/K! K0/@4))! /@@A00(23! ()! >%42! 2/! 4^'402&+!

42403Q!()!04TA(046p!'%4!%4'40/2A@+4&0!6(K/+&0!@/AK+(23!(2'40&@'(/2!_(#4#b!Lï.a!()!+4))!/7!

&2!())A4!6A4!'/!'%4!4774@')!/7!'%4!X!'409!Z4@/9(23!243+(3(Z+4#!L2!'%4!%4'40/2A@+4&0!@&)4!

'%4!42403(4)!/7!)K(2)!L!&26!.!&04!6(774042'!_(#4#b!04TA(0(23!4^'402&+!42403Qab!K04[42'(23!

'%4! ì7+(KW7+/K{! /K40&'/0! '/! @%&234! (2! '%4! X! '409#! M%4! J! '409b! %/>4[40! >(++! @&A)4!

Z0/&642(23!64K426(23!/2!'%4!/0(42'&'(/2!/7!'%4!'>/!)K(2)!>('%!04)K4@'!'/!X/#!

! M%4! 6(K/+&0! =&9(+'/2(&2! K04)42')! /24! @0A@(&+! 74&'A04b! _&Z)42'! 70/9! &++! '%4!

/'%40! GE1! (2'40&@'(/2)a! >%(@%! ()! '%4! 04+&'(/2! Z4'>442! 6(K/+&0! @/AK+(23! &26! (2'40W

&'/9(@! 6()'&2@4#! M%()! /K42)! AK! '%4! /KK/0'A2('Q! '/! 64'409(24! &'/9(@! 6()'&2@4)!

Z4'>442!)K(2)#!

1.6.3. Quadrupolar Interaction 

M%4! TA&60AK/+&0! (2'40&@'(/2! ()! K04)42'! >('%(2! m;Cw! /7! GE1! &@'([4! 2A@+4(! (2! '%4!

K40(/6(@! '&Z+4b!94&2(23! '%4Q!K/))4))! &2! 4+4@'0(@! TA&60AK/+4!9/942'! _4Ua#!J++! )K(2W



Introduction 

 

______________________________________________________________________ 
 

V. K. Michaelis 

33!

&@'([4! 2A@+4(!>('%! L! j! "h-! %&[4! &! 2/2W)K%40(@&+! 2A@+4&0! @%&034! 6()'0(ZA'(/2! _:(3A04!

"#""a#!!

!

!

?-*#(&!L;LL;!5[40&++!@%&034!6()'0(ZA'(/2!@&A)46!ZQ!'%4!4+4@'0(@!9/2/K/+4b!6(K/+4!&26!

TA&60AK/+4!(2'40&@'(/2)!7/0!&!Lj"h-!2A@+4A)#!G/'4i!S%Q)(@()')!%&[4!)%/>2!'%&'!'%4!

4+4@'0(@!6(K/+4!()!]40/!&26!6/4)!2/'!4^()'#!

!

! M%()!(2'40&@'(/2!()!/Z)40[46!(2!)K4@'0&!>%42!'%4!4+4@'0(@!TA&60AK/+&0!9/942'!

_(2'0(2)(@! '/! '%4! 2A@+4A)b! 4Ua! (2'40&@')! >('%! '%4! 4+4@'0(@! 7(4+6! 30&6(42'! _9a! 70/9! '%4!

)A00/A26(23!&'/9(@!42[(0/2942'!@&A)(23!&!@%&234!(2!'%4!42403Q!+4[4+)#!!

! M%4! 4+4@'0(@! 7(4+6! 30&6(42'!9! ()! /7! (2'404)'! &)! ('! @&2! 04+&'4! (27/09&'(/2! /7! '%4!

+/@&+! 42[(0/2942'! (2! >%(@%! '%4! 2A@+4A)! ()! )('A&'46#! L7! >4! '%(2Y! /7! '%()! @%&034!

6()'0(ZA'(/2!(2!&2!4+4@'0/)'&'(@!K/'42'(&+!_ó_0aab!'%4!42403Q!>(++!Z4!647(246!ZQ!c!&26!'%4!

[/+A94! )A00/A26(23! '%4! 2A@+4A)! ()!Ad.e#!$4! @&2! 64)@0(Z4! '%4! 4+4@'0/)'&'(@! K/'42'(&+!

A)(23!&!M&Q+/0!4^K&2)(/2!_"#-Ia#C!
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! 

E = "(r) •V (r)d#$

V (r) =V (0) + i
%V
%i r=0 +

1
2!

ij
% 2V
%i% j

r=o + ...
i, j
&

i=x,y,z
&

Vi =
%V
%i

Vij =
% 2V
%i% j

! ! UL;JNV!!

$%404!\(Ü! ()! '%4!8&0'4)(&2! @/9K/242')! /7! '%4! 4+4@'0(@! 7(4+6! 30&6(42'! &'! '%4! /0(3(2b!,#!

=404b!,$()!&!)4@/26W0&2Y!)Q994'0(@&+!'42)/0#!$('%(2!'%4!SJ.!,!()!6(&3/2&+!>('%!ò\ffò!ë!

ò\qqò!ë!ò\VVòb!>('%!'%4!+&034)'!@/9K/242'!647(246!&)!\ff!!&26!\VVl\qql\ffgR#-Pb-H!!

!

! 

V =

VXX 0 0
0 VYY 0
0 0 VZZ

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 
!! ! ! ! UL;JOV!

!

! M%4!TA&60AK/+&0!(2'40&@'(/2!>('%(2!'%4!SJ.!()!647(246!Z4+/>!>%404!/K40&'/0!ô!

()!'%4!&23A+&0!)K(2!9/942'A9b!ôf! ()!'%4!fW@/9K/242'!/7!'%4!&23A+&0!9/942'A9!&26!

'%4!0&()(23!&26!+/>40(23!/K40&'/0)!&04!ôl!g!ôVl(ôq!&26!ôWgôVW(ôq#<R!

  

! 

! ˆ H Q =
CQ

4I(2I "1)
3ˆ I Z

2 " I(I +1) +
#
2

(ˆ I +
2 + ˆ I "

2)
$ 

% & 
' 

( ) !
!  (1.26) 

!

! M%()!(2'40&@'(/2!()!64)@0(Z46!ZQ!'%4!TA&60AK/+&0!@/AK+(23!@/2)'&2'!_8Ua!&26!'%4!

&)Q994'0Q!K&0&94'40!_ka!647(246!Z4+/>#!

!

     (1.27) 

! 

CQ =
eQVZZ
h
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!

! 

" =
VXX #VYY
VZZ

     (1.28) 

! L'!()!'%()!(2'40&@'(/2!Z4'>442!Aff!&26!'%4!TA&60AK/+&0!9/942'!_4Ua!'%&'!@&A)4)!

&2!4774@'!(2!'%4!)K4@'0A9!&)!64)@0(Z46!ZQ!8U!&26!k!_>%404!8U!@&2!'QK(@&++Q!0&234!70/9!

R!=]!'/!"RR{)!/7!E=]!&26!k!()!Z4'>442!R!&26!"a#!

! M%4! '%044! '42)/0! @/9K/242')b! \VVb! \qq! &26! \ff! 64)@0(Z4! '%4! 4+4@'0(@! 7(4+6!

30&6(42'! _&0()(23! 70/9! '%4! @%&034! 6()'0(ZA'(/2! /A')(64! '%4! &'/9a#! M%4! @/AK+(23!

Z4'>442! '%4! 4+4'0(@! 7(4+6! 30&6(42'! &26! '%4! TA&60AK/+4!9/942'!>(++!9&2(74)'! (2! '%4!

/Z)40[46!)K4@'0A9!&26!Z4!&@@/9K&2(46!ZQ!&!@%&0&@'40()'(@!)%&K4!Z&)46!/2!'%4!+/@&+!

)Q994'0Q!&'!'%4!2A@+4A)!_:(3A04!"#"-a#!
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!

?-*#(&!L;LJ;!.4@/26!/0640!TA&60AK/+&0!+(24)%&K4!/7!'%4!@42'0&+!'0&2)('(/2!&)!'%4!'%044!

c:*! '42)/0)! @%&234#! Li! 2/2W)K(22(23! &26! LLi!9&3(@! &23+4! )K(22(23! _6()@A))46!Z4+/>a!

>('%!_&a!kgRb!_Za!R#-b!_@a!R#Cb!_6a!R#Ib!_4a!R#Pb!_7a!"#R#!

!

1.6.3.1. Quadrupolar – Zeeman Interaction 

M%4!TA&60AK/+&0! (2'40&@'(/2!&@')!&)!&!K40'A0Z&'(/2!/7!'%4!f449&2!(2'40&@'(/2!_>%42!

(2!&!%(3%! 7(4+6!)@42&0(/ab! '%A)!42&Z+(23! '%4!TA&60AK/+&0!=&9(+'/2(&2!_=Ua! '/!Z4!)K+('!

(2'/!7(0)'W!&26!)4@/26W/0640!@/2'0(ZA'(/2)!_=U!g!=U"!l!=U-a#
4,26,30

!

! 

HQ =
eQh

4I(2I "1)
3
2

3ˆ I Z
2 " ˆ I 2[ ]Vo + ˆ I Z ˆ I + + ˆ I + ˆ I Z[ ]V_1 " ˆ I Z ˆ I " + ˆ I " ˆ I Z[ ]V1 + ˆ I +

2V"2 " ˆ I "
2V2

# 
$ 
% 

& 
' 
( 
!UL;JWV 

! 

HQ
1 =

eQh
4I(2I "1)

3
2

3ˆ I Z
2 " ˆ I 2[ ]Vo

 
   UL;MK) 
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! 

HQ
2 = "

2
#o

eQ
4I(2I "1)
$ 

% 
& 

' 

( 
) 

2

V1V"1
ˆ I Z (4 ˆ I 2 " 8ˆ I Z

2 "1) +V2V"2
ˆ I Z

2(2ˆ I 2 " 2ˆ I Z
2 "1){ }

 
UL;MLV 

$%404!å/!()!'%4!)K4@'0/94'40!704TA42@Qb!ABb!A"b!AK"b!A3!&26!AK3!&04! !

! 

V0 = 3 1
6
VZZ

V1 = "VXZ " iVYZ
V"1 =VXZ " iVYZ

V2 =
1
2
(VXX "VYY ) + iVXY

V"2 =
1
2
(VXX "VYY ) " iVXY

! ! ! ! ! !

$('%(2!'%4!SJ.!'%4!4+4942')!)(9K+(7Q!'/!\/!g!ö<h-!\ffb!\õ"!g!R!&26!\õ-!g!_\ff!kah-#C!!

!

! L'!()!(9K/0'&2'!'/!2/'4!'%&'!'%4!@42'0&+!'0&2)('(/2!_"h-!'/!W"h-a!()!A2&774@'46!ZQ!

'%4!7(0)'W/0640!(2'40&@'(/2!_('!/2+Q!4^K40(42@4)!'%4!)4@/26W/0640!&26!%(3%40!)Q994'0(@!

'409)a!&26!'%4!)&'4++('4!'0&2)('(/2)!_&++!'0&2)('(/2)!/'%40!'%&2!"h-!'/!W"h-a!&04!9/)'+Q!

&774@'46!ZQ!7(0)'!/0640!(2'40&@'(/2)b!>('%!)+(3%'!4774@')!70/9!%(3%40!/0640!'409)!_:(3A04!

"#"<a#!

!
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!

?-*#(&!L;LM;!M%4!f449&2lUA&60AK/+&0!(2'40&@'(/2!7/0!&!LgHh-!2A@+4A)!(++A)'0&'(23!'%4!

4774@')!/7! '%4!f449&2! (2'40&@'(/2!&26!'%4!")'!&26!-26!/0640!TA&60AK/+&0! (2'40&@'(/2)!

/2!'%4!2A@+4&0!42403Q!+4[4+)#!

!

! M%4! 7(0)'W/0640! (2'40&@'(/2! @&A)4)! '%4! 7/0940! 4[42+Q! )K&@46! 42403Q! +4[4+)!

04)A+'(23! 70/9!'%4!f449&2! (2'40&@'(/2!'/!Z4@/94!A24[42+Q!)K+('!@&A)(23!&!@%&234! (2!

'%4!K4&Y!)%&K4#!M%4!)&'4++('4!'0&2)('(/2)!4('%40!(2@04&)4!/0!64@04&)4!A2640!7(0)'!/0640b!

@04&'(23! &! 24>! 42403Q! 6(774042@4! Z4'>442! '%4! )(23+4WTA&2'A9! '0&2)('(/2)b! %/>4[40!

'%4! @42'0&+! '0&2)('(/2! ()! A2&774@'46! '/! 7(0)'! /0640#! M%4! 42403Q! 6(774042@4)! Z4'>442!

&2&+/3/A)! )K(2! )'&'4)! _(#4#b! õ<h-b! õFh-b! õ;h-! &26! õHh-a! )'&Q! '%4! )&94#! M%4! )4@/26W

/0640!(2'40&@'(/2!&774@')!&++!'%4!42403Q!+4[4+)b!&+'%/A3%!'%4!4774@'!()!304&'40!7/0!'%4!8Mb!

&)!('!()!A2&774@'46!'/!7(0)'W/0640!_:(3A04!"#"<a#!!!
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!

?-*#(&!L;LN;!_&a!K/>640!)K4@'0A9!/7!&++!2(24!)(23+4!TA&2'A9!'0&2)('(/2)!7/0!&2!LgHh-!

2A@+4A)b! _4#3#b! ;<*4! /0! H<GZa#! M%4! NmO! 04K04)42')! '%4! 8M! '%&'! ()! /77W)@&+4! 6A4! '/!

(2@04&)(23! '%4! )@&+(23! 7/0! '%4! )&'4++('4! '0&2)('(/2)#!c&@%!)&'4++('4! '0&2)('(/2! ()! +&Z4+46!

&@@/06(23+Qb!>('%!4&@%!)&'4++('4!@&A)46!ZQ!&!)(23+4!TA&2'A9!'0&2)('(/2!_(#4#b!Hh-nWj ;h-!

/0!WFh-!nWj!W;h-a!&26!_Za!c2+&034942'!/7!'%4!@42'0&+!'0&2)('(/2!_"h-!'/!W"h-a!70/9!'%4!

K/>640! )K4@'0A9! (2! _&ab! )%/>(23! '%4! 4774@'! /7! '%4! )4@/26W/0640! TA&60AK/+&0!

(2'40&@'(/2#!!

!

! D4'409(2(23!8Ub!k!&26!`()/!K&0&94'40)! 70/9!&!)K4@'0A9!@&2!Z4!6(77(@A+'!>%42!

'%4Q! )K&2! 9&2Q! Y=]! '/! E=]#! M%4! 9&32('A64! /7! '%4! TA&60AK/+&0! @/AK+(23! @&2! Z4!

4)'(9&'46!ZQ!94&)A0(23!'%4!'/'&+!Z04&6'%!/7!'%4!)K4@'0A9!_ga7A++!(2!=]ab!

! 

"# full = 1$ 2m%Q      (1.32) 

! 

"Q =
3CQ

2I(2I #1)     
 (1.33) 
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! >%404!9!()!'%4!)&'4++('4!'0&2)('(/2!/7!(2'404)'!õ<h-b!õFh-b!õ;h-!/0!õHh-!&26!àU!

()!'%4!TA&60AK/+&0!704TA42@Q!_:(3A04!"#"Fa#!!

!

 

?-*#(&! L;LO;! M%4! 7A++! )4K&0&'(/2! _o]7A++a! 94&)A046! (2! =]! ()! A)46! '/! @&+@A+&'4! '%4!

TA&60AK/+&0! @/AK+(23! (2'40&@'(/2)#!M%4!Z04&6'%!/7! '%4!)&'4++('4)! _o]K&0'(&+a!K0/[(64)!&!

>&Q!'/!94&)A04!'%4!&)Q994'0Q!K&0&94'40!&)!6()@A))46!Z4+/>#!

!

! M%4!&)Q994'0Q!K&0&94'40!@&2!Z4!94&)A046!70/9!'%4!Z04&6'%)!/7!'%4!)&'4++('4!

'0&2)('(/2)!&26!Z04&6'%)!/7!'%4!%/02)!A)(23b!!

! 

"# partial = "# full
1$%
2

& 

' ( 
) 

* + 
! ! ! ! UL;MNV!

! .(2@4! '%4! 8M! ()! Z0/&64246! ZQ! '%4! )4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2b!

64'409(2(23! '%4! ()/'0/K(@! )%(7'! 04TA(04)! &! +(''+4!9/04! 477/0'#! 524! 2446)! '/! '&Y4! (2'/!

&@@/A2'! '%4! 7(4+6! 64K42642@4! /7! '%4! )4@/26W/0640! (2'40&@'(/2! &26! '%4! (2%4042'!
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04+&'(/2)%(K! '/! '%4! ()/'0/K(@! )%(7'#! :0/9! '%4! )K4@'0A9b! /24! @&2! 4&)(+Q!64'409(24! '%4!

@42'04W/7W30&[('Q!)%(7'!_`@3)a!&26!Y2/>(23!'%4!8U!&26!kb!>4!@&2!64'409(24!'%4!()/'0/K(@!

)%(7'!_`()/a!

! 

" iso = "cgs
EXP +

1
30

1+
1
3
#2

$ 

% 
& 

' 

( 
) I(I +1) * 3

4
+ 

, - 
. 

/ 0 
3(CQ )

2

2I(2I *1)1 o ! !

UL;MOV!

! M%4!)4@/26W/0640!TA&60AK/+&0!Z0/&642(23!Z&)46!/2!'%4!TA&60AK/+&0!@/AK+(23!

@/2)'&2'! @&2! &+)/! Z4! @&+@A+&'46#! M%()! ()! A)47A+! (2! 64'409(2(23! >%&'! )/0'! /7!

@/2'0(ZA'(/2)! '/! +(24>(6'%)! &04! 4^K4@'46! 7/0! )Q)'49)! '%&'!%&[4! &! )9&++! TA&60AK/+&0!

(2'40&@'(/2b! )A@%! &)! 42@/A2'4046! (2! ;?(b! HX4! &26! "<<8)! GE1#!$4!>(++! &ZZ04[(&'4! '%4!

)4@/26W/0640! TA&60AK/+&0! 4774@'! &)! .5Uc! &26! à/! &)! '%4! ?&09/0! 704TA42@Q! _:(3A04!

"#"Ia#!

! 

SOQE =
1
30

I(I +1) " 3
4

# 

$ 
% 

& 

' 
( 1+

2
3
)

# 

$ 
% 

& 

' 
( 
*Q
2

* o

+ 

, 
- 

. 

/ 
0 ! ! ! UL;MPV!!
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!

?-*#(&!L;LP;!_&a!L)/'0/K(@!)%(7'!_`()/a!&26!_Za!7A++!)4@/26!/0640!TA&60AK/+&0!+(24)%&K4!

/7!'%4!@42'0&+!'0&2)('(/2#!G/'4!'%4!@42'04W/7W30&[('Q!(2!_Za!6/4)!2/'!@/004)K/26!'/!'%4!

()/'0/K(@!)%(7'#!

!

1.6.4. Solution versus Solid NMR 

J+'%/A3%!/24!/0!9/04!/7! '%4)4! &2()/'0/K(@! (2'40&@'(/2)! 4^()'! '%4Q! &04! 'QK(@&++Q! /2+Q!

/Z)40[46!(2!)/+(6)#!./+A'(/2!GE1!()!(642'(@&+!'/!)/+(6W)'&'4!GE1!(2!'409)!/7!'%4!'%4/0Q#!

=/>4[40b!'%4!(2%4042'!&2()/'0/K(@!(2'40&@'(/2)!'%&'!Z0/&642!)/+(6!)K4@'0&!'QK(@&++Q!6/!

2/'! /@@A0! (2! )/+A'(/2)! 6A4! '/! '%4!9/+4@A+4){! &Z(+('Q! '/! 0/'&'4! 7044+Q! >('%(2! &! +(TA(6!

K%&)4#<"!M%4!0&K(6!9/'(/2!(2!)/+A'(/2!&[40&34)!'%4)4!(2'40&@'(/2)!+4&[(23!Z4%(26!'%4!

()/'0/K(@!@/9K/242'b!>%(@%!()!'%4!()/'0/K(@!)%(7'#!=/>4[40b!>('%!&[40&3(23!/24!+/)4)!

[('&+!(27/09&'(/2!043&06(23!+/@&+!)'0A@'A04#!M%()!(27/09&'(/2!()!04'&(246!(2!)/+(6)!&26!

)/+(6W)'&'4! GE1! )K4@'0/)@/K()')! %&[4! /'%40! 94'%/6)! '/! 34'! N)/+A'(/2W+(Y4O! )K4@'0&!

>%(+4!9&^(9(](23!'%4!+/@&+!)'0A@'A0&+!(27/09&'(/2!70/9!&!)/+(6#!
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1.7. The “Magic” in Magic Angle Spinning 

./+(6! )K4@'0&! '0&6('(/2&++Q! >404! @/++4@'46! A2640! 2/2W)K(22(23! @/26('(/2)#! M%4!

K/>64046! )&9K+4)! &04! @/9K0()46! /7! 9(++(/2)! /7! '(2Q! ì@0Q)'&++('4){! 04K04)42'(23! '%4!

9&'40(&+! >('%! '%4(0! /0(42'&'(/2! (2! '%4! 7(4+6! Z4(23! &0Z('0&0Q#! c&@%! @0Q)'&++('4! %&)! &!

)+(3%'+Q!6(774042'!04)/2&2@4!704TA42@Q!Z&)46!/2!'%4!/0(42'&'(/2b!04)A+'(23!(2!&!K/>640!

)K4@'0A9!_K/>640!K&''402a#!M%()!K/>640!K&''402!>/A+6!@/2'&(2!&++!'%4!(27/09&'(/2!/2!

'%4!)Q)'49!>('%!&2Q!&26!&++!04+4[&2'!&2()/'0/K(@!(2'40&@'(/2)!&+04&6Q!942'(/246#!M%()!

94'%/6! ()! 7A2@'(/2&+! ZA'! )A7740)! 70/9!9A+'(K+4! (2'40&@'(/2)! '%&'! Z0/&642! '%4! )(32&+b!

@04&'(23! @%&++4234)! (2! 64'409(2(23! '%4!9&32('A64)! /7! 4&@%! (2'40&@'(/2#! L2! &66('(/2b!

9/)'! )/+(6)! %&[4! 9A+'(K+4! )('4)b! >%(@%! @&A)4! 7A0'%40! /[40+&Kb! (9K46(23! '%4!

64@/2[/+A'(/2!/7!'%4!(26([(6A&+!&2()/'0/K(@!@/2'0(ZA'(/2)#!D())/+[(23!'%4)4!(2!)/+A'(/2!

()! 2/'! &! K/))(Z+4! 0/A'4! 4('%40! 7/0! 64'409(2(23! ()/'0/K(@! @%49(@&+! )%(7'! &)! 9&2Q!

(2/03&2(@!)/+(6)!>(++!64@/9K/)4b!@%&234!)'0A@'A0&++Q!>%42!(2'0/6A@46!(2'/!&!)/+[42'b!

/0!&04! (2)/+AZ+4#!J!94'%/6!>/A+6!2446! '/!Z4!64[4+/K46! (2!/0640! '/!/[40@/94! '%4)4!

(2%4042'!60&>Z&@Y)b!/'%40!'%&2!)/+A'(/2!)'&'4!GE1!>%404!/2+Q!'%4!()/'0/K(@!)%(7'!@&2!

Z4!/Z)40[46#!

! L2!'%4!+&'4!"HFR{)!J2604><-!&26!?/>4<-b<<!(264K42642'+Q!)A334)'46!&!30/A26W

Z04&Y(23! @/2@4K'! >('%! '%4(0! (2'0/6A@'(/2! /7! &! 24>! '//+! 7/0! '%4! )/+(6! )'&'4!

)K4@'0/)@/K()'#!M%4(0!@/2@4K'!>&)!'/!0/'&'4!&!)/+(6!K/>640!&'!&! 7(^46!&23+4!&'!&!%(3%!

0&'4!_'QK(@&++Q!%A26046)!'/!'%/A)&26)!/7!%40']a#!M%4Q!04&+(]46!'%&'!9&2Q!/7!'%4!+&0340!

&2()/'0/K(@! (2'40&@'(/2)! %&6! &! @/99/2! )K&'(&+! '409! '%&'! 4^()'46!>%42! '%4! K/>640!

>&)!K+&@46!(2!&!7(4+6b!2&94+Q!S-_@/)ña#!
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! 

P2(cos" ) =
3cos2" #1

2
    (1.37) 

J+'%/A3%!ñ!>('%(2! '%4!9&324'(@! 7(4+6! @&2! [&0Q! 70/9!RR! _K40K426(@A+&0! '/!X/a! '/! HR/!

_K&0&++4+! '/!X/ab! /2+Q! /24! &23+4! _FC#;</a! @&A)4)! '%()! '409! '/!Z4! ]40/!A2640! )K(22(23!

@/26('(/2)#! L2! '%4/0Qb! (7!/24!>404!&Z+4! '/!)K(2! '%4!)&9K+4! (27(2('4+Q!TA(@Y+Qb!9&2Q!/7!

'%4!&2()/'0/K(@! '409)!>/A+6!Z4! ]40/#!M%()!>&)! '%4! @04&'(/2!/7!9&3(@! &23+4! )K(22(23!

_EJ.a!&26!()!'%4!9/)'!@/99/2!&KK+(@&'(/2!7/0!)/+(6!)'&'4!GE1!'/6&Q#!!

! .K(22(23! (27(2('4+Q! TA(@Y+Q! ()! /Z[(/A)+Q! (9K/))(Z+4#! M%4047/04! EJ.! /7'42!

046A@4)! '%4)4! (2'40&@'(/2)! &26! &'! '(94)! @&2! 049/[4! '%49! @/9K+4'4+Q! 64K426(23! /2!

'%4(0! 9&32('A64#! *4240&++Qb! '%4! )K(22(23! 704TA42@Q! %&)! '/! Z4! (2! '%4! /0640! /7! '%4!

(2'40&@'(/2! _/0! 7&)'40a! 7/0! '%4! (2'40&@'(/2! 4774@'! '/! Z4! 049/[46#! :/0! 4^&9K+4b! -R;SZ!

_Lg"h-a! Z4&0(23!9&'40(&+! A2640! 2/2W)K(22(23! @/26('(/2)! %&)! &! )K&2! /7! CR! Y=]! &'! &!

9&324'(@!7(4+6!/7!"C!M#!M%4!)&9K+4!)%/A+6!Z4!)K(22(23!&'!&!704TA42@Q!jCR!Y=]b!7/0!/24!

'/!/Z)40[4!&!N)/+A'(/2W+(Y4!)K4@'0A9Ob!>%(@%!()!'%4!()/'0/K(@!K4&Y!_:(3A04!"#";a#!
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!

?-*#(&!L;LQ;!8%49(@&+!)%(7'!&2()/'0/KQ!(2'40&@'(/2b!_&a!2/2W)K(22(23b!_ZW6a!(2@04&)(23!

)K(22(23!)K446)b!_4a!(27(2('4!)K(22(23!&'!'%4!9&3(@!&23+4!&26!_7a!EJ.!0/'/0!&'!'%4!9&3(@!

&23+4! >('%! 04)K4@'! '/! '%4! 9&324'(@! 7(4+6#! .+/>! )K(22(23! 9&(2'&(2)! '%4! /[40&++! +(24!

)%&K4! /7! '%4! 2/2W)K(22(23! )K4@'0A9! %/>4[40! @/9K04))4)! '%4! )(32&+! (2'/! 2&00/>40!

K4&Y)b! (2@04&)(23! )(32&+! '/! 2/()4#! L2@04&)(23! '%4! )K(22(23! 704TA42@Q! @&A)4)! '%4!

)K(22(23!)(64!Z&26)!'/!Z4!049/[46!&26!+4&[4)!Z4%(26!'%4!()/'0/K(@!04)/2&2@4!_4a#!

!

! .K(22(23! 2/'! /2+Q! (9K0/[4)! 04)/+A'(/2! ZA'! K0/[(64)! &2/'%40! )(32(7(@&2'!

@/2'0(ZA'(/2!'/!)/+(6W)'&'4!GE1!ZQ!(9K0/[(23!)42)('([('Q#!M%4!)K(22(23!@&A)4)!&!Z0/&6!

)K4@'0A9!'/!Z4!@/9K04))46!(2'/!&!)40(4)!/7!)9&++40!+(24)!'%404ZQ!7/@A)(23!'%4!(2'42)('Q!

(2'/!)9&++40!K&@Y4')#!B)(23!&!@/9Z(2&'(/2!/7!2/2W)K(22(23!&26!EJ.b!'%4!4^'0&@'(/2!/7!

[&0(/A)! (2'40&@'(/2)! @&2! Z4! K407/0946#! :/0! 4^&9K+4b! '%4! ()/'0/K(@! )%(7'! @&2! Z4!
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64'409(246!ZQ!@/++4@'(23!EJ.!6&'&!&'![&0(/A)!)K(22(23!0&'4)#!M%4![&0(/A)!0&'4)!42&Z+4!

'%4!(642'(7(@&'(/2!/7!)K(22(23!)(64!Z&26)!_))Za!&26!'%4!'0A4!()/'0/K(@!)%(7'!_>%(@%!>(++!

2/'!@%&234!K/)('(/2!>('%!)K(22(23!704TA42@Qb!A2+4))!'49K40&'A04!64K42642'a#!!

! M%4! TA&60AK/+&0! (2'40&@'(/2! ()! 64K42642'! /2! '>/! 6(774042'! )K&'(&+! '409)!

S-_@/)ña!&26!SC_@/)ña#!M%4!S-!'409!()!049/[46!ZQ!EJ.b!>%404&)!'%4!SC_@/)ña!'409!()!

/2+Q!K&0'(&++Q!&[40&346!_:(3A04!"#"Pa#!

! 

P4 (cos" ) =
1
8
(35cos4 " # 30cos2" + 3)   (1.38) 

! M%4!)K(22(23!&^()!04TA(046!7/0!'%()!'409!'/!Z4!&[40&346!@&2!Z4!4('%40b!ñ!g!<R#IR!

/0! ;R#"R#C! M%4! EJ.! &23+4! 6/4)! 2/'! 049/[4! '%()! (2'40&@'(/2! @/9K+4'4+Qb! ZA'! 6/4)!

%/>4[40!64@04&)4!'%4!9&32('A64!ZQ!&KK0/^(9&'4+Q!IRw!_:(3A04!"#";a#!

!

?-*#(&!L;LT;!J23A+&0!64K42642@4!/7!'%4!S-!&26!SC!'409)p!SC!()!/7!@/2@402!/2+Q!7/0!'%4!

)4@/26W/0640!TA&60AK/+&0!(2'40&@'(/2#!

!
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! :(3A04!"#"H!)%/>)!%/>!'%4!Z04&6'%!/7!'%4!8M!@%&234)!Z4'>442!&!2/2W)K(22(23!

&26!)K(22(23!TA&60AK/+&0!2A@+4A)#! L'! ()!@+4&0! '%&'! '%4!Z04&6'%!@%&234)!60&)'(@&++Q!&)!

>4!K&0'(&++Q!&[40&34!'%4!SC!'409#!M%4!@42'04W/7W30&[('Q!&+)/!@%&234)#!M%4!2/2W)K(22(23!

)K4@'0A9!_:(3A04!"#"Ha!()!&KK0/^(9&'4+Q!)K+('!CRhIR!&'!R!KK9!>%404&)!'%4!+47'W4634!/7!

'%4!EJ.!)K4@'0A9!()!+/@&'46!&'!'%&'!K/)('(/2#!EJ.!42&Z+4)!A)!'/!94&)A04!/0!4)'(9&'4!

9/04! &@@A0&'4+Q! '%4! ()/'0/K(@! @%49(@&+! )%(7'! 7/0! TA&60AK/+&0! 2A@+4(#! J+'%/A3%! '%4!

)4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2! )'(++! 4^()')b! '%404! &04! '>/! K0/Z4! 64)(32)! '%&'!

&++/>!('!'/!Z4!049/[46#!M%()!()!&@%(4[46!A)(23!6/AZ+4!&23+4!)K(22(23!_DJ.a!/0!6/AZ+4!

0/'&'(/2!_D51a!K0/Z4)!'%&'!@&2!)K(2!&!)&9K+4!&'!'>/!6(774042'!&23+4)b!&[40&3(23!Z/'%!

'%4! S-! &26! SC! '409)#! DJ.! (2[/+[4)! &! '>/W6(942)(/2&+! 4^K40(942'! >%404! >4! %&[4!

4[/+A'(/2! /7! '>/! 6(774042'! &23+4)#! M%()! )>('@%(23! /7! &23+4)! &++/>)! 7/0! &2! ()/'0/K(@!

6(942)(/2!'/!Z4!&@%(4[46#!D51!49K+/Q)!&!6/AZ+4!0/'/0!64[(@4!'%&'!)K(2)!'%4!)&9K+4!&'!

Z/'%!&23+4)!)(9A+'&24/A)+Qb!42&Z+(23!'%4!S-!&26!SC!'409)!'/!Z4!&[40&346b!04)A+'(23!(2!

&2! ()/'0/K(@! )K4@'0A9#C!D51!K0/Z4)!%/>4[40!%&[4! +(9('46!)K(22(23! 704TA42@(4)!6A4!

'%4(0!(2%4042'!64)(32!_'%4Q!%&[4!&!+&034!/A'40!0/'/0!'%&'!+(9(')!'%4!)K(22(23!)K446a#!

8/9940@(&+! EJ.! K0/Z4)! %&[4! )K(22(23! )K446)! AK! '/! ;R! Y=]! &26! %&[4! (9K0/[46!

)(32(7(@&2'+Q!(2!'%4!K&)'!'42!Q4&0)!>%42!'%4!+(9('!>&)!/2!'%4!/0640!/7!<R!Y=]#!M%()!%&)!

&++/>46! 9&Ü/0! &6[&2@4942')! '/! Z4! 9&64! (2! '%4! )/+(6)! @/99A2('Q! >%404! >/0Y!

@/2'(2A4)#! 14@42'+Q! _>('%(2! '%4! K&)'! 7/A0! Q4&0)a! &! %/94ZA(+'! K0/Z4! >('%(2! J3/!

.&9/)/2)!GE1!30/AK!>&)!04@/0646! '/!)K(2!&'!"RR!Y=]b! '%404ZQ!K&[(23! '%4!>&Q! 7/0!

7A'A04!&6[&2@4942')!(2!GE1#!
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!

?-*#(&! L;LW;! c774@'! /7! EJ.! /2! '%4! Z04&6'%! /7! '%4! )4@/26W/0640! TA&60AK/+&0!

(2'40&@'(/2p!_&a!EJ.!&26!_Za!2/2W)K(22(23#!

!

1.8. NMR in Glasses 

M%4!&2()/'0/K(@!(2'40&@'(/2)!64)@0(Z46!&Z/[4!/@@A0!(2!Z/'%!@0Q)'&++(24!&26!&9/0K%/A)!

_6()/064046a!)/+(6)#!=/>4[40b!6A4!'/!'%4!(2%4042'!2&'A04!/7!'%4!6()/064046!)/+(6!_+&@Y!

/7! +/23W0&234!K40(/6(@!/0640ab!>4!6/!2/'!/Z)40[4! '%4!6()'(2@'!GE1!K/>640!K&''402)!

64K(@'46!&Z/[4#!M%4!(2%4042'!6()/0640!@&A)4)!&!0&234!/7!&2()/'0/K(@!(2'40&@'(/2)b!>('%!

&! )+(3%'+Q! 6(774042'! K/>640! K&''402! 7/0! 4&@%! K/>64046! ì@0Q)'&++('4{! _:(3A04! "#-Ra#!

*+&))4)! 'QK(@&++Q! 6()K+&Q! &! )'&'()'(@&+! 6()'0(ZA'(/2! /7! )('4)#! M%()! 6()'0(ZA'(/2! /@@A0)!

Z4@&A)4!3+&))4)!&04!@/9K0()46!/7!"bRRR{)!/7!)+(3%'![&0(&'(/2)!/7!)/94!+/@&+!)'0A@'A04#!L2!

/'%40!>/06)!@0Q)'&++(24!)K4@(4)!&04!&!)(23+4!647(246!A2('! '%&'! ()!K40(/6(@&++Q!/064046!

>%404&)!3+&))4)!@/2'&(2!9&2Q!)(9(+&0!A2(')!%/>4[40!4&@%!4^%(Z('(23!)+(3%'+Q!6(774042'!

6()'/0'(/2)!(2!'%4(0!K/+Q%460/2#!M%()!6()'0(ZA'(/2!()!/7'42!/Z)40[46!&)!&!*&A))(&2!K4&Y!
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)%&K4!6A4!'/!'%4!0&234!/7!Z/26!&23+4)!&26!Z/26!+423'%)! (2!'%4!&9/0K%/A)!9&'40(&+#!

.'0A@'A0&+!(27/09&'(/2!7/0!'%4)4!)Q)'49)!@&2!)'(++!Z4!3&'%4046!043&06(23!'%4!@%49(@&+!

)%(7'b! TA&60AK/+&0! (2'40&@'(/2! &26! /'%40! K/'42'(&+! (2'40&@'(/2)#! XQ! @/9Z(2(23! EJ.!

94'%/6)! &26! [&0(/A)!9&324'(@! 7(4+6)b! _04@&++b! @%49(@&+! )%(4+6(23! &2()/'0/KQ! _(2! =]a!

(2@04&)4)! >('%! 9&324'(@! 7(4+6b! >%404&)! '%4! )4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2!

64@04&)4)! >('%! 7(4+6a! +/@&+! )K4@(&'(/2! @&2! Z4! '4&)46! /A'! (7! /24! %&)! @/9K4'(23!

(2'40&@'(/2)#! M%()! ()! &! @/99/2! &KK0/&@%! 7/0! @0Q)'&++(24! 9&'40(&+)! >%404! '%4!

(2'40&@'(/2)!@&2!Z4!9/04!4&)(+Q!647(246#!L2!@40'&(2!(2)'&2@4)b!04)/2&2@4!+(24)%&K4)!6/!

2/'! 4^%(Z('! &! *&A))(&2! 6()'0(ZA'(/2b! &26! (2)'4&6! &! Z0/&6! K4&Y!>('%! &! +/>! 704TA42@Q!

&)Q994'0(@! '&(+! /@@A0)#! M%()! ()! Y2/>2! &)! &! 8]Ü]4Y! 6()'0(ZA'(/2<C! &26! ()! @&A)46! ZQ! &!

6()'0(ZA'(/2!/7!TA&60AK/+4! (2'40&@'(/2)!>('%(2! '%4!)Q)'49!_/7'42!/Z)40[46!>%42! '%4!

TA&60AK/+&0!9/942'!()!+&034a#!

 

?-*#(&!L;JK;! J2! 4^&9K+4! /7! &! @42'0&+! '0&2)('(/2! 7/0! &! _&a! @0Q)'&++(24! &26! &! _Za! 3+&))!

)&9K+4#
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2. Synthesis and 
Methods 
2.1. Glass and Crystalline Formation 

J++! )/+(6!9&'40(&+)! K04)42'46! (2! '%()! '%4)()!>404! 7/0946! 70/9! '0&6('(/2&+! )/+(6W)'&'4!

)Q2'%4)()! 94'%/6)#! .'&0'(23! 9&'40(&+)! )A@%! &)! /^(64)b! %Q60/^(64)! &26! @&0Z/2&'4!

K/>640)!>404!9(^46! (2! )'/(@%(/94'0(@! TA&2'('(4)! A)(23! &2! &3&'4!9/0'&0! &26! K4)'+4!

_>('%/A'!'%4!A)4!/7!+(TA(6!)/+[42')a!7/++/>46!ZQ!&![&0(4'Q!/7!%4&'!'04&'942')!A2(TA4!'/!

4&@%! 9&'40(&+#! 8/99/2! %4&'! '04&'942')! 7/0! )'&0'(23! 9&'40(&+)! (2@+A64! &!

64@&0Z/2&'(/2!K0/@4))b!Z4'>442!FRR!&26!;FR/8!&26!64%Q60&'(/2!/0!04W@0Q)'&++(]&'(/2!

K0/@4))! Z4'>442! CRR! &26! HRR/8#! .&9K+4)! >404! )AZ)4TA42'+Q! >4(3%46! '/! @/27(09!

K0/K40! 64@&0Z/2&'(/2! &26! '/! 42)A04! '%&'! 2/! /'%40! @/9K/242')! %&[4! 4[&K/0&'46#!

S/>640)!/0!94+')!>404!04W30/A26!'/!42)A04!%/9/3424('Qb!'%42!K+&@46!(2'/!@0A@(Z+4)!

/7!K+&'(2A9h3/+6_Fwa!/0!&+A9(2&!_J+-5<a#!M04&'942')!7/++/>!/24!/7!'>/!&KK0/&@%4)b!

4('%40! @0Q)'&++(24! )Q2'%4)()! /0! &9/0K%/A)! TA42@%(23#! 80Q)'&++(24! )&9K+4)! >404!

'04&'46!&'!'49K40&'A04)!ÜA)'!Z4+/>!'%4(0!04)K4@'([4!94+'(23!'49K40&'A04)!&26!&++/>46!

'/!)('! (2!'%4!7A02&@4!7/0!/24!'/!)4[42!6&Q)#!DA0(23!'%&'!'(94b!@40'&(2!%4&'!'04&'942')!

_)Q)'49&'(@&++Q! +/>40(23! '%4! '49K40&'A04a! 9&Q! Z4! &KK+(46#! M%4! @0Q)'&+)! >404! 04W

30/A26!&26!K+&@46!Z&@Y!(2'/!'%4!7A02&@4!7/0!-C!'/!CP!%/A0)b!K0/9/'(23!&2!(2@04&)4!(2!

@0Q)'&++(24!KA0('Qb! 7/++/>46!ZQ! )+/>! @//+(23! _4('%40! (2! '%4! 7A02&@4! /0! )(9K+Q!ZQ! &(0a#!

M%4! &9/0K%/A)! )&9K+4)! &04! %4&'46! A2'(+! '%4! 94+'(23! '49K40&'A04)! >404! 04&@%46!

_Z/0&'4)!&26!Z/0/[&2&6&'4)!mPFR!'/!""FR/8b!Z/0/)(+(@&'4)b! )(+(@&'4)!&26!3409&2&'4)!



Synthesis and Methods 

 

______________________________________________________________________ 
 

V. K. Michaelis 

51!

m"-FR! '/! "FFR/8ab! &26! )&9K+4)! >404! +47'! '/! 9(^! %/9/3424/A)+Q! 7/0! -R! '/! "PR!

9(2A'4)#! M%4!94+'!>&)! '%42! TA42@%46! 0&K(6+Q! ZQ! 6(KK(23! '%4! @0A@(Z+4! (2! 64(/2(]46!

>&'40#!5'%40!94'%/6)!A)46!'/!7/09!3+&))4)!70/9!94+')!(2@+A646!K+&'4WTA42@%(23!_@/+6!

)'44+!K+&'4)a!/0!0/++40WTA42@%(23!_'>/!+&034!)K(22(23!)'44+!@Q+(2640)a#!S+&'4WTA42@%(23!

(2[/+[4)! &! +&034! )'44+! K+&'4! >('%! &! +&034! )A07&@4! &04&b! &)! '%()! ()! A)46! '/! (26A@4!

[('0(7(@&'(/2!&)!'%4!94+'!>&)!K/A046!/2'/!'%4!K+&'4#!L2!)/94!(2)'&2@4)!&!)4@/26!K+&'4!()!

A)46#! L'!>(++!Z4!K+&@46!/2!'/K!/7!'%4!K/A046!94+'b! (2@04&)(23!'%4!@//+(23!477(@(42@Q!/7!

'%4!94+'#!1/++40WTA42@%(23!42'&(+)!K/A0(23! '%4!94+'!Z4'>442!)'44+!@Q+(2640)! '%&'!&04!

0/'&'(23#!M%4!+&034!)A07&@4!&04&!&26!2&00/>!)K&@4!Z4'>442!0/++40)!&++/>)!7/0![40Q!7&)'!

@//+(23b!ZQWK&))(23!'%4!/2)4'!/7!@0Q)'&++(]&'(/2#!M%4)4!+&''40!'>/!94'%/6)!&04!'QK(@&++Q!

A)46!7/0!6(77(@A+'!3+&))4)!_4#3#b!Z/0/[&2&6&'4)!&26!%(3%W1!@/9K/)('(/2)a#!M>/!7A02&@4!

/K'(/2)!&04!K/))(Z+4p! 7/0!9/640&'4! '49K40&'A04)! _M!n!""RR/8a!&!M%409/+Q24Ö!"<RR!

Z/^! 7A02&@4!>&)! @%/)42b! 7/0! 4+4[&'46! '49K40&'A04)! _M!n!";RR/8a!&26! )K4@(7(46!%4&'!

'04&'942')!&!D4+'4@%Ö![40'(@&+W'AZ4!7A02&@4!>&)!04TA(046#!

2.2. Structure Determination of Crystals 

and Glasses 

M%044!GE1!)K4@'0/94'40)!>404!A)46!7/0!'%4!)'A6Q!/7!'%4!9&'40(&+)!K04)42'46!(2!'%()!

'%4)()b!49K+/Q(23!&![&0(4'Q!/7!KA+)4!94'%/6)!_)4@'(/2!-#<a#!M%4!N>/0Y!%/0)4O!_>%404ZQ!

PRw!/7!'%4!9&'40(&+)!64)@0(Z46!>404!)'A6(46a! ()! '%4!\&0(&2!BGLMqLG5\J!IRR!_"C#"!Ma!

)K4@'0/94'40#! M%4)4! 4^K40(942')! 49K+/Q46! &! [&0(4'Q! /7! K0/Z4)b! 4&@%! >('%! A2(TA4!

74&'A04)!'%&'!>404!(26([(6A&++Q!)4+4@'46!Z&)46!/2!'%4!K0/K40'Q!A2640!(2[4)'(3&'(/2#!J++!

4^K40(942')!6/24!/2!'%()!)K4@'0/94'40!A)46!<#-!99!6/AZ+4!&26!'0(K+4!04)/2&2@4b!F!
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99!6/AZ+4! 04)/2&2@4!&26!"#I!99!'0(K+4! 04)/2&2@4!\&0(&2W8%49&324'(@!&26!\&0(&2!

EJ.! K0/Z4)#! M%4! F!99! 4^K40(942')! >404! K407/0946! A)(23! F!99! /#6#! _"IR! v?! 7(++!

[/+A94a!f05-!/0!.(<GC!0/'/0)!>('%!9&^(9A9!)K(22(23!704TA42@Q!/7!"-#C!Y=]#!M%4!<#-!

99!K0/Z4)!A)4!f05-!<#-!99!/#6#!0/'/0)b!>('%![&0Q(23!7(++![/+A94)!_""b!--!&26!<I!v?ab!

&26!&!9&^(9A9!)K(22(23! 704TA42@Q!/7!-C!Y=]!_""!s!--!v?ab!>%(+4! '%4!<I!v?!0/'/0)!

>404!+(9('46!'/!"I!Y=]#!M%4!"#I!99!K0/Z4!A)4)!f05-!0/'/0)!>('%!&!)&9K+4![/+A94!/7!m!

P!v?!_m!P!'/!"F!93a!&26!9&^(9A9!)K(22(23!704TA42@Q!/7!CR!Y=]#!

! M%4!X0AY40!J[&2@4!LL!HRR!_-"#"Ma!)K4@'0/94'40!&'!'%4!G&'(/2&+!B+'0&%(3%W:(4+6!

GE1!:&@(+('Q!7/0!./+(6)!&'!'%4!G18!(2!5''&>&b!8&2&6&b!>&)!A)46!7/0!&++!A+'0&%(3%W7(4+6!

4^K40(942')#!M%4!4^K40(942')!>404!K407/0946!A)(23!6/AZ+4!04)/2&2@4!EJ.!K0/Z4)!

>('%! )'&'/0! )(]4)!/7!"#-!99b!-#F!99b!C!99!&26!;!99#!1/'/0)!&04! @/2)'0A@'46! 70/9!

f05-!&26!%&[4!9&^(9A9!)K(22(23! 704TA42@(4)!/7!IF!Y=]b!<F!Y=]b!"P!Y=]!&26!;!Y=]!

_A)(23! &! '%(@Y! >&++46! 0/'/0a! 04)K4@'([4+Q#! 840'&(2! 2/2W)K(22(23! 4^K40(942')! >404!

@&00(46!/A'!>('%!&!;99!EJ.!K0/Z4!&26!'%(2!>&++46!0/'/0)b!K0/[(6(23!&!+&0340!)&9K+4!

[/+A94!_m!6/AZ+4a#!

! M%4! 9/640&'4W7(4+6! X0AY40! JEV! FRR! _""#;! Ma! )K4@'0/94'40! >&)! A)46! '/!

&@TA(04! @40'&(2! )K4@'0&! '%&'! @/A+6!2/'!Z4! 04@/0646!/2! '%4!\&0(&2! )K4@'0/94'40#!M%4!

(2'40946(&'4!704TA42@Q!_L#:#a!7/0!'%4!L2/[&!)K4@'0/94'40!()!&'!;<*4!?&09/0!704TA42@Q#!

M%4)4!4^K40(942')! (2[/+[46! '>/!)/+A'(/2!Z&)46!K0/Z4)! _&!"R!99!Z0/&6Z&26!K0/Z4!

&26! &! F! 99! (2[40)4! K0/Z4a! &26! &! F! 99! %/94WZA(+'! 2/2W)K(22(23! +/>! 3&99&!

Z0/&6Z&26! )/+(6)! K0/Z4!>('%! 04K+&@4&Z+4! @/(+)b! 64)(3246! )K4@(7(@&++Q! 7/0! '%4! K0/Ü4@'!

/A'+(246!(2!8%&K'40!I#<F!
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2.3. Description of NMR Pulse Sequences  

5[40! '%4!K&)'!IR!Q4&0)! '%404!%&)!Z442!)(32(7(@&2'!>/0Y! (2! '%4!64[4+/K942'!/7!KA+)4!

)4TA42@4)! 7/0! '%4! 9&2(KA+&'(/2! /7! )K(2)#! SA+)4! )4TA42@4)! &04! A)46! '/! 9&2(KA+&'4!

)K(2)!(2!&![&0(4'Q!/7!>&Q)b!%/>4[40!(2!(')!9/)'!Z&)(@!7/09b!&!1:!KA+)4!()!'A0246!/2!7/0!

)/94!K40(/6!/7!'(94b!'%42!)%A'!/77b!&++/>(23!'%4!@/++4@'(/2!/7!&2!GE1!)(32&+#!14@&++!(2!

8%&K'40! "b! >%42! &! )&9K+4! ()! (2'0/6A@46! (2'/! &! )'0/23! 9&324'(@! 7(4+6! '%4! 9&324'(@!

9/942')!>(++! /0(42'&'4! &26! K04@4))! &Z/A'! X/#! :/0! &2!GE1! )(32&+! '/! Z4! 04@/0646b! &!

KA+)4!>(++!Z4!&KK+(46!'/!'(K!'%4!K04@4))(23!)K(2)!&>&Q!70/9!'%4!]W&^()!(2'/!'%4!^Q!K+&24#!

L7!'%4!&KK+(46!KA+)4!@&A)4)!'%4!)K(2)!'/!0/'&'4!ZQ!HR/!'%42!'%()!()!'40946!&!rh-!KA+)4#!

M%4!)K(2)!>(++!2/>!64K%&)4!(2!'%4!^Q!K+&24!_04+&^&'(/2!'(94b!Y3a!&26!4[42'A&++Q!04'A02!

'/! K04@4))(23! &+/23! '%4! ]W&^()! _04+&^&'(/2! '(94b!Y"a#-<! M%4! '0&2)[40)4!9&324'()&'(/2!

(26A@4)!&![40Q!)9&++![/+'&34!(2'/!&!@/(+b!>%(@%!()!04@/0646!/[40!)/94!K40(/6!/7!'(94b!

@/99/2+Q! Y2/>2! &)! &! 7044! (26A@'(/2! 64@&Q! _:LDa#Cb--! M%()! )4@'(/2! >(++! /A'+(24! Y4Q!

74&'A04)!&26!KA+)4!)4TA42@4)!A)46!>('%(2!'%()!'%4)()!'/!)'A6Q!&![&0(4'Q!/7!9&'40(&+)#!

2.3.1. Bloch Sequence 

M%4! X+/@%! 64@&Q! _)(23+4! KA+)4a! )4TA42@4b! 2&946! 7/0! :4+(^! X+/@%b<Ib<;! ()! &! Z&)(@! &26!

>(64+QWA)46!94'%/6#!M%4! )4TA42@4! _:(3A04!-#"&a! ()! @/9K0()46!/7! &! )(23+4!rh-! _HRRa!

KA+)4#!M%4!KA+)4!+423'%!@&2!Z4!&6ÜA)'46!'/!K+&@4!&2Q!&9/A2'!/7!9&324'(]&'(/2!(2'/!'%4!

/Z)40[&Z+4!K+&24b! 'QK(@&++Q!"R/!'/!HR/#!M%4!07WKA+)4!>(++!@&A)4!'%4!]W9&324'(]&'(/2!'/!

Z4!'(KK46!'/>&06)!'%4!^Q!K+&24b!42&Z+(23!'%4!04@4([40!'/!64'4@'!&!)(32&+#!
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!

?-*#(&!J;L;!.@%49&'(@!_&a!X+/@%!&26!_Za!c@%/!KA+)4!)4TA42@4)#!

!

2.3.2. Echo Sequence 

M%4!24^'!KA+)4!)4TA42@4b!64[4+/K46!(2!"HFR!ZQ!c0>(2!=&%2b<P!(2@+A646!'%4!&66('(/2!/7!

&!)4@/26!KA+)4!7/++/>(23!'%4!X+/@%!KA+)4#!M%4!=&%2W4@%/!)4TA42@4!_/0!)K(2W4@%/ab!()!&!

rh-! KA+)4b! 7/++/>46! ZQ! &! 64+&Q! _'"ab! '%42! &! )4@/26! KA+)4! _'QK(@&++Q! ra! 7/++/>46! ZQ!

&@TA()('(/2!&7'40!)/94!64+&Qb!'-!_:(3A04!-#"Za#!M%4!7(0)'!KA+)4!K+&@4)!'%4!9&324'(]&'(/2!

(2'/! '%4! ^Q! K+&24#! J)! '%4! )K(2! @/%4042@4! 64K%&)4)! _&7'40! )/94! '(94b! '"! _v)aab! '%4!

)4@/26!KA+)4!7+(K)!'%4!)K(2!@/%4042@4!7/0@(23!'%4!9&324'(]&'(/2!'/!047/@A)!>%42!'-g'"!

&26!'%4!6&'&!&04!64'4@'46#!!M%()!)4TA42@4!()!/7'42!04TA(046!7/0!)'A6Q(23!+/>Wâ!2A@+4(!'/!

&++4[(&'4! Z&)4+(24! (9K4074@'(/2)! &26! &0'(7&@')b! )(2@4! '%4)4! )K4@(4)! /7'42! )A7740! 70/9!
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K0/Z4! 0(23(23#! M%4! 4@%/! ()! &+)/! A)46!>%42! )/94! @/9K/242'! (2! '%4! K0/Z4! _&! )'&'/0b!

)@04>)! /0! 0/'/0a! &04! @/2)'0A@'46! 70/9!9&'40(&+)! '%&'! @/2'&(2! '%4! )&94! 4+4942'! /7!

(2'404)'#!M%4)4!@/9K/242')! 'QK(@&++Q!%&[4!Z0/&6!04)/2&2@4)b!>%(@%!@&2!Z4!049/[46!

/0! 9(2(9(]46! ZQ! A)(23! &2! 4@%/#! M%()! )4TA42@4! ()! &+)/! @/99/2+Q! 49K+/Q46! 7/0! Y3!

04+&^&'(/2! 94&)A04942')! 6A4! '/! '%4! 049/[&+! /7! &2Q! (2%/9/3424/A)! Z0/&642(23!

@&A)46! ZQ! '%4! 9&324'(@! 7(4+6#-<! L2! )/+(6)b! &! @/99/2!9/6(7(@&'(/2! '/! '%4! 4@%/! ()! '/!

&KK+Q!&!rh-!KA+)4! (2)'4&6!/7! '%4!r!KA+)4#!M%()! )4TA42@4!&+)/!64K426)!/2!&!6(774042'!

K%&)4! )%(7'! 7/0! '%4! '>/! KA+)4)#! M%()! 3([4)! Z4''40! +(24)%&K4)! /7! Z0/&6! @42'0&+!

'0&2)('(/2)#! M%()! +&''40! )4TA42@4! ()! 04740046! '/! &)! &! )/+(6W4@%/! /0! TA&60AK/+&0W

4@%/#--b<HbCR!

2.3.3. Inversion Recovery 

M%4!(2[40)(/2!04@/[40Q!)4TA42@4!()!49K+/Q46!'/!)'A6Q!Y"!_)K(2W+&''(@4a!04+&^&'(/2!7/0!

&! K&0'(@A+&0! 2A@+4A)#! M%()! 94'%/6! ()! )(9(+&0! '/! '%4! =&%2W4@%/b! (2@/0K/0&'(23! '>/!

KA+)4)!&26!&!)(23+4![&0(46!64+&Q#!=/>4[40b!'%4!KA+)4)!&04!04[40)46!>('%!'%4!rh-WKA+)4!

7/++/>(23!'%4!(2('(&+!r!KA+)4!_rW'&Wrh-a#!M%4!rWKA+)4!7+(K)!'%4!9&324'(]&'(/2!_&+/23!lfa!

/2'/! Ñf! _)K(2)! (2[40'46a#! J! 64+&Q! 7/++/>)! _'&ab! &++/>(23! &! @40'&(2! &9/A2'! /7!

+/23('A6(2&+! 04+&^&'(/2! '/! /@@A0#! M%4! rh-! KA+)4! @&A)4)! '%4! 9&324'(]&'(/2! (2! ]! '/!

K04@4))!(2!'%4!'0&2)[40)4!_^Qa!K+&24b!42&Z+(23!&!)(32&+!'/!Z4!/Z)40[46#!M%4!)4TA42@4!()!

04K4&'46! 2A940/A)! '(94)! A)(23! )4[40&+! '&! [&+A4)! _:(3A04! -#-&a#! J)! '&! (2@04&)4)b! '%4!

/Z)40[46!04)/2&2@4!(2'42)('Q!>(++!@%&234!A2'(+!7A++!04+&^&'(/2!/@@A0)#!M%4)4!(2'42)('(4)!

@&2!Z4!94&)A046!&)!&!7A2@'(/2!/7!'%4!64+&Q!'(94b!'QK(@&++Q!)%/>(23!&!)(23+4!4^K/242'(&+!

04)K/2)4#! :(''(23! '%()! 04)K/2)4! &++/>)! '%4! 4^'0&@'(/2! /7! '%4! )K(2W+&''(@4! 04+&^&'(/2!

@/2)'&2'b!Y"!d-.!.&'+_!S"!h!"iY"e#!
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! J!60&>Z&@Y!/7!'%()!)4TA42@4!()!'%&'!7A++!(2[40)(/2!/7!'%4!9&324'(]&'(/2!9A)'!Z4!

K04@4646! ZQ! &! 64+&Qb! 5"! ë! F! ^! Y"! '/! 42)A04! '%&'! )'4&6QW)'&'4! 4TA(+(Z0(A9! %&)! Z442!

04&@%46!_04TA(0(23!&2!46A@&'46!3A4))b!>%(@%!()!6(77(@A+'!7/0!+/23!Y"!)Q)'49)a#-<bC"!

!

?-*#(&!J;J;!SA+)4! )4TA42@4! )@%49&'(@! 7/0! _&a! (2[40)(/2! 04@/[40Q! &26! _Za! )&'A0&'(/2!

04@/[40Q#!

!

2.3.4. Saturation Recovery 

J!94'%/6!'%&'!@&2!ZQWK&))!'%4! ())A4!/7!Z43(22(23! 70/9!4TA(+(Z0(A9!()! '%4!)&'A0&'(/2!

04@/[40Q!4^K40(942'!_:(3A04!-#-Za#!M%()!(2[/+[4)!&!'0&(2!/7!rh-!KA+)4)b!>%(@%!)&'A0&'4!

'%4!)K(2!K/KA+&'(/2)!_(#4#b!)'4&6QW)'&'4a#!M%()!@/9Z!/7!rh-!KA+)4)!()!'%42!7/++/>46!ZQ!&!
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64+&Q!'&b!&26!&2!/Z)40[&'(/2!KA+)4b!_HR/a2Ñ!'&!Ñ!HR/#!M%4!64+&Q!()![&0(46!/[40!&!0&234!/7!

[&+A4)!A2'(+!&!@/2)()'42'!9&^(9A9!()!/Z'&(246!_&)!(2!'%4!(2[40)(/2!04@/[40Q!94'%/6a#!!

J@TA()('(/2! )%/A+6! @/9942@4! (9946(&'4+Q! &7'40! '%4! )4@/26! rh-! KA+)4b! '/! &[/(6!

K/'42'(&+!+/))!/7!)(32&+#!S0/@4))(23!'%4!)K4@'0&+!(2'42)('(4)![40)A)!'%4!64+&Q!'(94!'&!>(++!

04[4&+! &2!4^K/242'(&+! 04@/[40Q! 70/9!>%(@%! Y"! @&2!Z4!64'409(246#!M%4!&6[&2'&34!/7!

'%()! )4TA42@4! ()! '%&'! '%4! 04K4'('(/2! 0&'4! /7! '%4! 4^K40(942'! @&2! Z4! +4))! '%&2! F! ^!Y"!

_A2+(Y4! (2[40)(/2!04@/[40Qa!6A4!'/!'%4!HR/!KA+)4!@/9Z!)&'A0&'(23!'%4!)K(2)b!&26! ('! ()!

A)47A+!7/0!)K4@(4)!>('%!+/23!Y"!04+&^&'(/2#!J!60&>Z&@Y!()!'%&'!'%4!)4K&0&'(/2!Z4'>442!

'%4!)&'A0&'(23!KA+)4)!9A)'!Z4!+4))!'%&2!Y"b!ZA'!+/2340!'%&2!Y3!'/!(9K464!)K(2W+/@Y(23#!

2.3.5. Carr-Purcell-Meiboom-Gill 

J!9/6(7(@&'(/2!/7!'%4!)K(2W4@%/!KA+)4!)4TA42@4b!Y2/>2!&)!'%4!8&00WSA0@4++WE4(Z//9W

*(++! _8SE*a! )4TA42@4b! A'(+(]4)! &! )K(2W4@%/! 7/++/>46! ZQ! &! '0&(2! /7! 4@%/W&@TA()('(/2!

KA+)4)! _:(3A04! -#<&a#! J+'%/A3%! '%()! ()! @/99/2+Q! @&++46! '%4! U8SE*! )4TA42@4! /0!

)K(Y4+4'! 4^K40(942'! 7/0! TA&60AK/+&0! 2A@+4(b! ('! %&)! '%4! )&94! Z&)()! &)! '%4! 9/04!

'0&6('(/2&+! 8SE*#C-WCC! M%4! :LD! )(32&+! 64@&Q)! (2! &! )Q)'49&'(@! 4^K/242'(&+! 94'%/6!

>%404ZQ!Y3!@&2!Z4!94&)A046!70/9!'%4!/Z)40[46!4@%/4)!>('%(2#!M%4!)4TA42@4!Z4%&[4)!

(642'(@&++Q! '/! '%4!4@%/b!%/>4[40! '%4!)40(4)!/7!4@%/W&@TA()('(/2!)'4K)!Y44K!047/@A)(23!

'%4!9&324'(]&'(/2!>('%(2!'%4!^Q!K+&24!A2'(+!&++!/7!'%4!'0&2)[40)4!9&324'(]&'(/2!()!3/24!

_(#4#b! )K(2W)K(2!04+&^&'(/2a#!UA&60AK/+&0!)/+(6)!)A7740! 70/9! +/>!04@4K'([('Q!6A4! '/! '%4!

04)/2&2@4! Z4(23! 6()K40)46! /[40! &! +&034! )K4@'0&+! 0&234#! 8SE*! @&A)4)! '%4! /[40&++!

42[4+/K4!/7!'%4!K/>640!K&''402!_2/09&++Q!64'409(246!70/9!&2!4@%/!/0!)(23+4!KA+)4ab!

'/!Z4@/94!&!)40(4)!/7!2&00/>!)K(Y4+4')!_2&00/>!+(24)a!'%&'!&04!4[42+Q!)4K&0&'46#!M%4)4!

)K(Y4+4')!9&(2'&(2!'%4!)&94!/[40&++!K/>640!K&''402!_/Z)40[46!70/9!&2!4@%/a!ZA'!7/0@4!
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'%4! )(32&+! (2'42)('Q! (2'/! )%&0K40! +(24)b! (2@04&)(23! )42)('([('Qb! (9K0/[(23! .hG! &26!

64@04&)(23!&@TA()('(/2!'(94)#!M%4!3&(2!(2!)(32&+W'/W2/()4!()!60&9&'(@!7/0!+/>Wâ!)K4@(4)!

/0! )Q)'49)! >('%! +&034! TA&60AK/+&0! @/AK+(23! @/2)'&2')! >%404! )42)('([('Q! ()!

+&@Y(23#C<bCFbCI!

!

?-*#(&! J;M;! .@%49&'(@! 7/0! _&a! 8&00WSA0@4++WE4(Z//9W*(++b! 8SE*! &26! _Za! 4^@%&234!

)K4@'0/)@/KQb!cV.q!KA+)4!)4TA42@4)#!

!

2.3.6. EXchange SpectroscopY 

M>/! 6(942)(/2&+! 4^@%&234! )K4@'0/)@/KQb! cV.qC;! ()! &! 94'%/6! '%&'! @&2! Z4! A)46! '/!

64'409(24!K/)('(/2&+!4^@%&234!_(#4#b!6Q2&9(@)a!Z4'>442!)('4)b!A)A&++Q! (2!'%4!0&234!/7!

v)!'/!)#!L'!(2[/+[4)!'%044!rh-!)4TA42@4)!&26!&!9(^(23!'(94b!'9(^!Z4'>442!'%4!-26!&26!<06!

rh-!KA+)4)#!M%4!7(0)'!'>/!KA+)4)!&++/>!'%4!)K(2)!'/!N'&+YO!'/!4&@%!/'%40b!)4''(23!AK!&26!
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(642'(7Q(23! '%4(0! (2('(&+! K/)('(/2)! /0! 42[(0/2942')! _:(3A04! -#<Za#! J7'40! '%4! )4@/26!

KA+)4! '0&2)740)! '%4! 9&324'(]&'(/2! Z&@Y! /2'/! '%4! Ñf! &^()b! &! 9(^(23! '(94! &++/>)! '%4!

)K4@(4)! /7! (2'404)'! '/! 4^@%&234! K/)('(/2)! 70/9! /24! )('4! '/! &2/'%40#! M%4! '%(06! KA+)4!

'0&2)740)! '%()! 9(^(23! '(94! @/%4042@4! &26! 04@/06)! '%4! 24>! 42[(0/2942'! 7/0! '%4)4!

)K(2)#!.(2@4!'%()!()!&!'>/W6(942)(/2&+!'4@%2(TA4b!/24!2446)!'/!@/2)(640!'%4(0!4[/+A'(/2!

'(94! _'%&'! ()! '%4! 2A9Z40! /7! )+(@4)! 647(2(23! '%4! )4@/26! 6(942)(/2b! 'QK(@&++Q! 0/'/0!

)Q2@%0/2()46! >%42! A)(23! EJ.a#! J! 6(&3/2&+! 04)K/2)4! ()! /Z)40[46! (2! '%4! )K4@'0A9!

>%42! '%404! ()! 2/!9(^(23! _(#4#b! )(23+4!KA+)4! 4^K40(942'! ()! /Z)40[46a#! L7! )('4! 4^@%&234!

&26h/0!9(^(23!/@@A0)!&!@0/))!K4&Y!>(++!64[4+/K!>('%(2!'%4!'>/W6(942)(/2&+!)K4@'0A9!

&26! >(++! 6()K+&Q! >%(@%! )('4)! &04! 4^@%&23(23#! :/0! 3+&))4)! '%4! 6(&3/2&+! >(++! Z43(2! '/!

)K04&6!(2'/!&!@(0@A+&0!)%&K4!&)!'%4!6()/064046!)/+(6!6/4)!2/'!%&[4!6()@04'4!N()/+&'46O!

)('4)! (2! 9/)'! @&)4)#! M%4! 9(^(23! '(94! @&2! Z4! [&0(46! 70/9! ]40/! _2/W9(^(23a! '/! Y"!

64K426(23!/2! '%4! )Q)'49!&26! 'QK4!/7!6Q2&9(@)!K04)42'#! L'! ()!Z4)'! &KK+(46!>%42! '%4!

4^@%&234!0&'4)!&04!/2!'%4!)&94!/0640!&)!'%4!04+&^&'(/2!'(94!Y"!/0!)+/>40#-IbCP!

2.3.7. Rotational Echo DOuble Resonance 

L2! /0640! '/! )'A6Q! K0/^(9('Q! &26! )K&'(&+! &00&234942'! /7! &! )Q)'49b! /24! @&2! /7'42!

49K+/Q! '%4! 1/'&'(/2&+! c@%/! D5AZ+4! 14)/2&2@4! _1cD51a! 94'%/6#CHbFR! M%()! 6/AZ+4!

04)/2&2@4! 4^K40(942'! 64K426)! /2! '%4! 9&2(KA+&'(/2! /7! '%4! 6(K/+&0! @/AK+(23!

(2'40&@'(/2! K04)42'! Z4'>442! '>/! 2A@+4&0! )K(2)! L! &26! .#! M%()! (2'40&@'(/2! ()! 049/[46!

A2640!EJ.!&26!9&Q!Z4!04W(2'0/6A@46!A)(23!'%4!1cD51!)4TA42@4!_:(3A04!-#Ca#Cb-I!!

1cD51! ()! @/++4@'46! A2640! EJ.! @/26('(/2)! >('%! &! =&%2W4@%/! KA+)4! )4TA42@4! /2! Lb!

&@TA(0(23!&! )K4@'0A9!>('%/A'! '%4!4^()'42@4!/7!6(K/+&0! (2'40&@'(/2)#!M%4!.!K/0'(/2!/7!

'%4! )4TA42@4! @/2'&(2)! '>/! r! KA+)4)b! /24! '(946! '/! Z4! &'!ú! &! 0/'/0! @Q@+4b! M1h-! &26!
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&2/'%40!&'! &! 7A++! 0/'/0! @Q@+4b!M1#!M%4! )4@/26! )K4@'0A9! ()! @/++4@'46!ZQ! 04W(2'0/6A@(23!

'%4!6(K/+&0!(2'40&@'(/2!A)(23!(2'409(''42'!.!KA+)4)#!M%4)4!rWKA+)4)!@&A)4!'%4!24'W)K(2!

9&324'(]&'(/2! '/! Z4! (2[40'46! >%404ZQ! L! &26! .! )K(2)! Z4@/94! &2'(WK&0&++4+! _:(3A04!

-#CZa#!M%()! 7+(KK(23!4774@'([4+Q!04W(2'0/6A@4)!'%4!6(K/+&0! (2'40&@'(/2!'%&'!>&)! (2('(&++Q!

049/[46!ZQ!'%4!EJ.b!04)A+'(23!(2!'>/!)K4@'0&b!/24!>('%!2/!6(K/+&0!(2'40&@'(/2!&26!/24!

>('%!'%4!(2'40&@'(/2!04W(2'0/6A@46#!M%4!6(774042@4!Z4'>442!'%4)4!)K4@'0&!@&2!Z4!A)46!

(2!@/2ÜA2@'(/2!>('%!/'%40)!(2!&!)40(4)!/7!94&)A04942')!'/!4)'&Z+()%!&!04+&'(/2)%(K!7/0!

'%4!)'0423'%!/7!'%4!6(K/+&0!(2'40&@'(/2!Z4'>442!L!&26!.b!&26!4^'426!'%()!04+&'(/2)%(K!'/!

(2@+A64!6()'&2@4!_4TA&'(/2!-#"a#!L7!6()/0640!4^()')b!Z/26!+423'%)!@&22/'!Z4!64'409(246!

&26!'%()!'4@%2(TA4!()!A)46!7/0!K0/^(9('Q!&26!K/'42'(&++Q!)+/>W0&234!9/Z(+('Q#!
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!

! ?-*#(&!J;N;!_&a!1cD51!KA+)4!)4TA42@4b!>%404!L!()!'%4!/Z)40[46!2A@+4A)!&26!.!()!

2A@+4A)!>%404!04@/AK+(23!/@@A0)!6A0(23!'%4!0/'/0!)Q2@%0/2(]46!K40(/6!_1#S#a#!B2640!

EJ.b! '%4!6(K/+&0! (2'40&@'(/2!Z4'>442! L! &26! .! _Za! ()! &[40&346!/A'b! ZA'! &KK+Q(23! &!rW

KA+)4!/2!@%&224+!.!@&A)4)!'%4!24'!6(K/+4![4@'/0!'/!@%&234b!04(2'0/6A@(23!'%4!6(K/+&0!

(2'40&@'(/2#!J! '>/W)K(2!9/64+!_30442g.!&26!304QgLa!@&2!Z4!K0/Z46!'/!64'409(24!'%4!

&[40&34!(2'40&@'(/2!Z4'>442!L!&26!.#!

!

   ! UJ;LV!

!

2.3.8. Multiple-Quantum Magic Angle Spinning 

M%4! 9A+'(K+4WTA&2'A9! 9&3(@! &23+4! )K(22(23! _EUEJ.a! )4TA42@4! >&)! 64[4+/K46!

&KK0/^(9&'4+Q!"F!Q4&0)!&3/b!04[/+A'(/2(](23!'%4!)'A6Q!/7!TA&60AK/+&0!2A@+4(#!EUEJ.!
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()!&!'>/!6(942)(/2&+!94'%/6!ZQ!>%(@%!&2!N()/'0/K(@O!)K4@'0A9!7/0!TA&60AK/+&0!2A@+4(!

@&2!Z4!/Z'&(246!>('%!&!)(9K+4!EJ.!K0/Z4#!M%()!)4TA42@4!A)4)!'%4!7&@'!'%&'!)Q994'0(@!

'0&2)('(/2)! _(#4#b! "h-! '/! W"h-b! <h-! '/! W<h-b! 4'@#a! &04! A2&774@'46! '/! 7(0)'W/0640! ZQ! '%4!

TA&60AK/+&0! (2'40&@'(/2#! J+)/b! '%4! )4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2)! &04!

@/004+&'46! (2! )/94! 9&2240! Z4'>442! '%4)4! )Q994'0(@! '0&2)('(/2)#! B2640! EJ.!

@/26('(/2)b! &++! )Q994'0(@! '0&2)('(/2)! &04! /2+Q! &774@'46! ZQ! '%4! )4@/26W/0640!

TA&60AK/+&0!(2'40&@'(/2!&26!&!@/004+&'(/2!(2!TA&60AK/+&0!704TA42@(4)!4^()')!Z4'>442!

&! '0(K+4WTA&2'A9! _<h-! '/! W<h-a! &26! )(23+4WTA&2'A9! '0&2)('(/2! _"h-! '/! W"h-a#! J!

)K4@'0A9! ()!@/9K0()46!/7!&2! ()/'0/K(@!&26!&2()/'0/K(@!K&0'!>%404ZQ! '%4!&2()/'0/K(@!

K/0'(/2! @&A)4)! Z0/&642(23! &26! @&2! Z4! K/'42'(&++Q! 049/[46#! M%4! "U! &26! <U!

@/%4042@4)! 4[/+[4! &'! 6(774042'! '(94! (2'40[&+)b! '%404ZQ! &! '(94! 4^()')! >%404! '%4!

&2()/'0/K(@!(2'40&@'(/2)!@&2!Z4!049/[46b!&26!&2!()/'0/K(@!)K4@'0A9!@&2!Z4!94&)A046#!

=&+7W(2'4340!TA&60AK/+&0!2A@+4(!@&2!Z4!)'A6(46!A)(23!'%()!94'%/6b!'QK(@&++Q!A)(23!'>/!

KA+)4)!&26!'>/!64+&Q)#!M%4!7(0)'!KA+)4!_K"a!@&A)4)!'0(K+4!TA&2'A9!_FUb!;U!&26!HU!&04!

K/))(Z+4! &)! >4++a! K/KA+&'(/2! '0&2)740! _<h-! '/! W<h-a! &26! 4[/+[4)! 6A0(23! '"#! M%4!

&KK+(@&'(/2!/7!&!-26!KA+)4!&26!'%4!'0&2)740!/7!<U!'/!"U!&04!244646!(2!/0640!'/!/Z)40[4!

'%4!@/%4042@4#!J7'40!&!)4@/26!64+&Qb!'-!_'-gYu'"b!>%404!Y!64K426)!/2!'%4!)K(2!TA&2'A9!

2A9Z40!&26!@/%4042@4!K&'%>&Qa!'%4!'/K!/7!'%4!4@%/!@&2!Z4!@/++4@'46b!'%()!>(++!Z4!&2!

()/'0/K(@!@/9K/242'!_(#4#b!2/!Z0/&642(23!/Z)40[46!70/9!'%4!)4@/26!/0640!TA&60AK/+&0!

(2'40&@'(/2a#!M%4!@/2)4TA42@4!()!'%&'!'%4!>%/+4!4@%/!()!@/9K0()46!/7!Z/'%!@/9K/242')!

>('%!'%4!'/K)!Z4(23!()/'0/K(@#!M/!/Z'&(2!&2!()/'0/K(@!)K4@'0A9b!>4!@/++4@'!&!-D!6&'&!)4'!

>('%!&!)40(4)!/7!4^K40(942')b!>%(@%!&04!@&00(46!/A'!&'!6(774042'!4[/+A'(/2!'(94)!>('%!

'%4!4@%/!9&^(9A9!@/2'&(2(23!2/!)4@/26!/0640!&2()/'0/KQ#!M%4)4!'/K)!@&2!Z4!)4+4@'46!
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'/!@04&'4!&!'>/W6(942)(/2&+!)K4@'0A9!>%404!7"!()!'%4!()/'0/K(@!6(942)(/2!&26!7-!()!'%4!

)'&26&06!EJ.!6(942)(/2#!

! J![&0(4'Q!/7!)4TA42@4)!&26!9/6(7(@&'(/2)!4^()'!/2!'%4!EUEJ.!4^K40(942'!'%&'!

>(++! 2/'! Z4! 6()@A))46! %404#! =/>4[40b! /24! @/99/2+Q! &KK+(46! )4TA42@4! ()! '%4! '%044!

KA+)4! )%(7'46W4@%/! )4TA42@4b! (2! >%(@%! '%044! KA+)4)! &04! &KK+(46! (2! '/'&+b! '>/! /7! '%4!

KA+)4)!&04!%&06!_%(3%!K/>40a!KA+)4)!'%&'!'0&2)740!'%4!)K(2!9&324'(]&'(/2!'/!&!%(3%40!

/0640! TA&2'A9! @/%4042@4! &26! '/! )(23+4! TA&2'A9! @/%4042@4#! M%4! '%(06! KA+)4! _)/7'!

)4+4@'([4! r! 047/@A)(23! KA+)4a! @04&'4)! &! KA04! &Z)/0K'(/2! +(24)%&K4! >('%! 2/! K%&)4!

@/004@'(/2!04TA(046#Cb-IbF"!
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?-*#(&! J;O;! EUEJ.! KA+)4! )4TA42@4! >('%! '>/! %&06! KA+)4! _K"! s! K-a! &26! &! )/7'!

047/@A)(23! '%(06!KA+)4!_K<a#!M%4!&))/@(&'46!@/%4042@4! '&Z+4!>('%!64K(@'46!047/@A)(23!

'(94)! _9(00/0! (9&34)a! )%/>!%/>! '%4! )4@/26!/0640!TA&60AK/+&0!Z0/&642(23! _.5UXa!

(2'40&@'(/2!@&2!Z4!049/[46#!M%4!YW[&+A4)!&04!)%/>2!7/0!&!'0(K+4WTA&2'A9!'0&2)('(/2#!

!
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2.4. Quantum Chemical Calculations 

UA&2'A9!@%49(@&+!@&+@A+&'(/2!94'%/6)!&04!A)46!'/!)'A6Q!'%4!'%4/04'(@&+!(2'40&@'(/2)!

(2%4042'! '/! @%49(@&+! )'0A@'A04! &26! '/! @/27(09! 4^K40(942'&+! 04)A+')! 7/0! Z/'%!

&9/0K%/A)! &26! @0Q)'&++(24! 9&'40(&+)#! M%4! K&0'(@A+&0! (2'40&@'(/2)! /7! (2'404)'! &04!

@%49(@&+! )%(4+6(23)! &26! 4+4@'0(@! 7(4+6! 30&6(42')b! &)! '%4)4! @&2! Z4! A)46! '/! @/224@'!

94&)A04942')!'/!)'0A@'A04!&26! +/@&+!42[(0/2942'#!J)!/A0! (2'404)'! +(4)! (2!@&+@A+&'(23!

GE1! (2'40&@'(/2)b! 642)('Q! 7A2@'(/2&+! '%4/0Q! _D:Ma! ()! A)46! (2! '%044! K0/30&9)!

*&A))(&2R<b!8J.McS!&26!$LcG-Y#!

!! D42)('Q! 7A2@'(/2&+! '%4/0Q! @&+@A+&'4)! '%4! 42403Q! &26! K0/K40'(4)! /7! &! 9&2QW

4+4@'0/2! )Q)'49! ZQ! A)(23! 7A2@'(/2&+)! /7! 4+4@'0/2! 642)('Q! _@/004+&'(/2W4^@%&234!

7A2@'(/2&+a! A2+(Y4! &ZW(2('(/! 94'%/6)b! >%(@%! @&+@A+&'4)! '%49! 70/9! '%4! 7A++! >&[4W

7A2@'(/2#-RbF-!!$4!A)4!'%4)4!@&+@A+&'(/2)!(2!'A02!'/!4^'0&@'!c:*)!&26!)%(4+6(23)!70/9!&2!

42403Q! 9(2(9(]46! )'0A@'A04! &26! @/9K&04! '%4)4! @&+@A+&'46! 04)A+')! >('%! '%/)4!

94&)A046! 4^K40(942'&++Q#! 5'%40! +4[4+)! /7! '%4/0Q! &04! &[&(+&Z+4! )A@%! &)! 9/+4@A+&0!

94@%&2(@)!_4#3#b!J9Z40ab!)49(W49K(0(@&+!_4#3#b!JE"b!SE<a!&26!&ZW(2('(/!_4#3#b!=&0'044W

:/@Ya#!D:M!K0/[(64)!A)!>('%!&!94'%/6!'%&'!()!9/04!&6[&2@46!&26!477(@(42'!7/0!)'A6Q(23!

+&0340! )/+(6! Z&)46! @+A)'40)b! &26! ()!9/04! 04+(&Z+4! &26! &@@A0&'4! '%&2! '%4! N)(9K+4O! &ZW

(2('(/!=&0'044W:/@Y!94'%/6#!D:MF<! ()!9/04! 477(@(42'! &'! +&0340! )@&+4! @&+@A+&'(/2)! '%&2!

&ZW(2('(/!Z4@&A)4!('!&++/>)!'%4!9&2QW4+4@'0/2!K0/Z+49!'/!Z4!'04&'46!&)!/24!(2[/+[(23!

(264K42642'!K&0'(@+4)b! (2)'4&6!/7! 04TA(0(23! &! 7A++!GW4+4@'0/2!>&[47A2@'(/2#!M%()! &+)/!

04K+&@4)! '%4!4^K+(@('! 4+4@'0/2!4^@%&234!&26!04KA+)(/2! '409)! _7/A26!>('%(2!&ZW(2('(/a!

ZQ!3+/Z&+!4^@%&234!&26!@/004+&'(/2!'409)b!>%(@%!04)A+')!(2!@/2)(640&Z+4!)&[(23)#!M%()!

&++/>)!D:M!'/!)@&+4!G-!Ñ!G<!>%404&)!&ZW(2('(/!_=:a!)@&+4)!mG<!W!GC#!
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2.4.1. Gaussian03 

*&A))(&2R<! ()! &! @/9940@(&++Q! &[&(+&Z+4! 4+4@'0/2(@W)'0A@'A04!9/64+(23! K0/30&9!>('%!

'%4!@&K&@('Q!'/!K407/09!42403Q!9(2(9(]&'(/2)b!34/94'0Q!/K'(9(]&'(/2)!&26!@&+@A+&'4!

GE1! (2'40&@'(/2)#FC!J! [&0(4'Q! /7! +4[4+)! /7! '%4/0(4)! &04! &[&(+&Z+4! (2@+A6(23!9/+4@A+&0!

94@%&2(@)b! )49(W49K(0(@&+b! &ZW(2('(/! &26! D:M#! :/0! @&+@A+&'(23! GE1! (2'40&@'(/2)! >4!

34240&++Q! A)4! X<?qSbFF! >%(@%! ()! &! %QZ0(6WD:M!94'%/6! (2! @/9Z(2&'(/2!>('%! %(3%40W

+4[4+! Z&)()! )4')! &)! '%4)4! &04! 7/A26! '/! Z4! '%4! 9/)'! &@@A0&'4! (2! 04K0/6A@(23!

4^K40(942'&+!'0426)!(2!GE1#!:(0)'b!'%4!@+A)'40)!7/0!&9/0K%/A)!9/64+)!&04!@&+@A+&'46!

&'!+/>40!Z&)()!)4')!_(#4#b!<W-"3!&26!IW<"3uaFIbF;!7/0!34/94'0Q!/K'(9(]&'(/2)#!*+&))4)!&04!

6()/064046!)'0A@'A04)!ZQ!647(2('(/2p!'%4047/04!'%4!)&94!)'0A@'A04!7/0!/24!K/+Q%460/2!

'/!'%4!24^'!()!2/'!4^K4@'46b!'%()!@&2!&++/>!7/0!+/>40!+4[4+!/K'(9(]&'(/2)#!=/>4[40b!/24!

)%/A+6! '&Y4! @&04!>('%! '%()! )'&'4942'! &)! '%()! ()!2/'! &+>&Q)! '%4! @&)4! &26!%(3%40W+4[4+!

@&+@A+&'(/2)!&04!04TA(046!&'!'(94)!7/0!/K'(9(](23!K0(/0!'/!9/[(23!7/0>&06!'/!'%4!24^'!

)'4K#! :/0! 04+(&Z+4! GE1! @&+@A+&'(/2)! _4#3#b! c:*)! &26! )%(4+6(23)a! '%4! +/>40! +4[4+!

/K'(9(]46!@+A)'40)! _4^&@'! @+A)'40)!>(++!Z4!647(246! +&'40a!&04! )AZ9(''46! 7/0!%(3%W+4[4+!

'0(K+4W]4'&!Z&)()!)4'!GE1!@&+@A+&'(/2)!_(#4#b!IW<""3ll_6bKa!&26!&A3W@@WS\Mfa#FPWI<!M%4!

N6bKO!'409)!_&+)/!Y2/>2!&)b!NuuOa!&04!K/+&0(]&'(/2!7A2@'(/2)!'%&'!&04!&6646!'/!'%4!Z&)()!

)4'!_4#3#b!IW<""3a!>%(+4!'%4!NllO!04K04)42'!6(77A)4!7A2@'(/2)#!!X&)()!)4')!%&[4!ZQ!647&A+'!

)b!K!/0!6!7A2@'(/2)!&KK0/K0(&'4!'/!'%4!&'/9b!ZA'!(2@+A6(23!&66('(/2&+!7A2@'(/2)!30&2'!&!

+&0340!Z&)()!)4'!)K&@4b!7/0!(9K0/[46!64)@0(K'(/2!/7!'%4!)Q)'49#!S0/K40'(4)!640([46!70/9!

'%4!4+4@'0/2(@!)'0A@'A04)!/7!'%4!9/64+!_4#3#b!L1b!1&9&2b!GE1b!4'@#a!64K426!/2!%(3%W+4[4+!

@&+@A+&'(/2)#! S/+&0(]&'(/2! 7A2@'(/2)! 30&2'! '%4! )Q)'49! 304&'40! 4+4@'0/2(@!

7+4^(Z(+('Q#-RbF-bIC!D(77A)4! 7A2@'(/2)!&04!&6646!'/!&++/>!7/0!9/04!)K&'(&+! 7+4^(Z(+('Q!24&0!
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'%4!4634)!/7!'%4!@/9KA'&'(/2&+!)K&@4!K04[42'(23!A22&'A0&+!Z04&Y)#-RbF-bIF!M%4!+(9('(23!

7&@'/0!7/0!&!@%/)42!Z&)()!)4'!()!'%4!'0&64W/77!(2!'%4!@&+@A+&'46!04)A+'!&26!@/9KA'&'(/2&+!

@/)'!/2!'%4!)40[40)#!X<?qS!()!'QK(@&++Q!@%/)42!&)!('!&++/>)!A)!'/!@&+@A+&'4!&!%(3%W+4[4+!

Z&)()! )4'! (2! &! 04&)/2&Z+4! K40(/6! /7! '(94!>('%! &@@A0&'4! 04)A+')#-R! M%4)4! @&+@A+&'(/2)!

'QK(@&++Q!@/27(09!4^K40(942'&+!'0426)!%/>4[40!/7'42!K//0+Q!9&'@%!'%4!4^K40(942'&++Q!

64'409(246![&+A4)!7/0!)/+(6)#!

2.4.2. CASTEP 

8J.McS!()!&!24>40!@/9KA'&'(/2&+!K0/30&9!'%&'!%&)!04@42'+Q!Z442!@/9940@(&+(]46!7/0!

TA&2'A9!@%49(@&+! @&+@A+&'(/2)#II!$4!%&[4!A)46!8J.McS! '/!9/64+!GE1! (2'40&@'(/2)!

_c:*)!&26!)%(4+6(23)a!(2!@0Q)'&++(24!9&'40(&+)#!L'!()!&''0&@'([4!Z4@&A)4!('!>&)!64)(3246!

)K4@(7(@&++Q! '/! 9/64+! )/+(6)! '%&'! 4^%(Z('! +/23W0&234! K40(/6(@('Q#! M%4! '%4/0Q!

(9K+4942'46! 7/0! /A0! @&+@A+&'(/2)!>&)!D:MWZ&)46! &26! '04&')! '%4! +/>W+Q(23! 4+4@'0/2)!

_@/04a! [(&! K)4A6/K/'42'(&+)#! 8J.McS! ()! &+)/! 477(@(42'! &)! ('! %&)! (2@/0K/0&'46! &! K%&)4!

7&@'/0!&26!9&Y4)!A)4!/7!@4++!K40(/6(@('Q#!M%()!)(9K+(7(4)!'%4!@&+@A+&'(/2!)(2@4!'%4!K%&)4!

7&@'/0! @&2! Z4! 64)@0(Z46! &)! &! K+&24W>&[4b! &26! &)! &! +(24&0! @/9Z(2&'(/2! /7! 04@(K0/@&+!

+&''(@4! [4@'/0)! /0! &)! /0'%/3/2&+! >&[4W[4@'/0)#I;! S&0&94'40)! 7/0! 8J.McS! (2@+A646!

(9K+4942'(23! '%4! S4064>b! XA0Y4! &26! c02]40%/7! _SXca! 7A2@'(/2&+! A2640! '%4!

34240&+(]46! 30&6(42'! &KK0/^(9&'(/2! _**Ja#IPbIH! M%044! Z&)()! )4'! +4[4+)! >404! A)46!

(2@+A6(23! 946(A9b! 7(24! &26! A+'0&7(24#! .%(4+6(23)! >404! @&+@A+&'46! A)(23! '%4! 3&A34!

(2@+A646! K0/Ü4@'/0W&A3942'46! >&[4!94'%/6! _*LSJ$a! &26! )@&+&0! 04+&'([()'(@! 4774@')!

>404! (2@+A646!A)(23! '%4!]40/'%W/0640! 043A+&0!&KK0/^(9&'(/2! _f51Ja;R! (9K+4942'46!

>('%(2! 8J.McS#;"b;-! :/0! %4&[(40! 4+4942')! K)4A6/K/'42'(&+)! &04! A)46! '/! 9/64+! '%4!

@%49(@&++Q!9/)'!(240'!@/04!4+4@'0/2)!&26!%4+K!&@@/A2'!7/0!04+&'([()'(@!4774@')#!J)!GE1!
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(2'40&@'(/2)!&04!9/)'!)42)('([4!'/!'%4(0! +/@&+!)'0A@'A04!&26!'%4!)%(4+6(23)!&774@'46!ZQ!

'%4! 4+4@'0/2! 42[(0/2942')! >4! /7'42! (2@/0K/0&'4! f51J! (2'/! GE1! @&+@A+&'(/2)! /7!

%4&[(40!&'/9)#-RbF-!

2.4.3. WIEN2k 

$LcG-Y!()!&!)/7'>&04!K0/30&9!'%&'!49K+/Q)!D:MWZ&)46!'%4/0Q!'/!@&+@A+&'4!&![&0(4'Q!

/7! (2'40&@'(/2)#!$4! A)4! '%()! K0/30&9! '/! @&+@A+&'4! GE1! K&0&94'40)! _c:*)! /2+Qa! 7/0!

@0Q)'&++(24! )Q)'49)#!M%4! )&94!94'%/6!A)46! 7/0!8J.McS!>&)! 49K+/Q46! 7/0!$LcG-Yp!

S4064>b! XA0Y4! &26! c02]40%/7! _SXca! 7A2@'(/2&+! A2640! '%4! 34240&+(]46! 30&6(42'!

&KK0/^(9&'(/2!_**Ja#IPbIH!M%4!K40(/6(@!Z/A26&0Q!)K&@4!@%/)42!7/0!9/)'!@&+@A+&'(/2)!

[&0(46!Z4'>442!"FbRRR!&26!"RRbRRR!YK/(2')b!647(2(23!'%4!30(6W)K&@4!7/0!'%4!K40(/6(@!

Z/A26&0Q! @/26('(/2! _(#4#b! &! )AK40@4++a#! M%4)4! >404! (2@04&)46! A2'(+! &2! &KK0/K0(&'4!

@/2[40342@4!>&)!&@%(4[46!_(#4#b!@%&234)!(2!TA&60AK/+&0!@/AK+(23)!>404!/2+Q!/Z)40[46!

(2!'%4!'%(06!64@(9&+!K+&@4b!VV#^^Sa#;<!M%4!42403Q!@/2[40342@4!@0('40(/2!>&)!)4'!'/!"RWC!

'/! "RWI#! 1tEJV! 64'409(24)! '%4! 9&'0(^! )(]4! @/2[40342@4! >%404! tEJV! ()! '%4! K+&24!

>&[4!@A'W/77!&26!1!()!'%4!)9&++4)'!/7!&++!&'/9(@!)K%404!0&6((b!/24!'QK(@&++Q!A)4)!&![&+A4!

Z4'>442! F! '/! "R#;<! :/0! /A0! @&+@A+&'(/2)! '%()! >&)! )4'! Z4'>442! ;! '/! H#! $LcG-Y!

@&+@A+&'(/2)! K0/[(646! '%4! Z4)'! &3044942'! >('%! 4^K40(942'&+! 04)A+')#! M%()! @&2! Z4!

4^K+&(246! ZQ! (')! &Z(+('Q! '/! @/9Z(24! &2! &++! 4+4@'0/2! )'0A@'A04! @&+@A+&'(/2! _(#4#b! 2/!

K)4A6/K/'42'(&+)a! &26! K40(/6(@! Z/A26&0Q! @/26('(/2)! 7/0! )/+(6)#! B27/0'A2&'4+Q! '%4!

&Z(+('Q!'/!@&+@A+&'4!)%(4+6(23)!%&)!2/'!Z442!(9K+4942'46!&'!'%()!'(94#!
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2.5. Powder X-Ray Diffraction 

S/>640! ^W0&Q! 6(770&@'(/2! ()! 49K+/Q46! '/! )'A6Q! Z/'%! @0Q)'&++(24! &26! &9/0K%/A)!

9&'40(&+)#! *+&))! )&9K+4)! @&2! Z4! [40(7(46! A)(23! ^W0&Q! 6(770&@'(/2! '/! (26(@&'4! '%4!

K04)42@4! /7! @0Q)'&++(24! K%&)4)#! L2! &66('(/2! ('! @&2! K0/[(64! 4[(642@4! /7! &2Q! K/))(Z+4!

@0Q)'&++(24! (2@+A)(/2)! /0! (9KA0('(4)! '%&'! &04! (2[()(Z+4! '/! '%4! 4Q4! /0! K/+&0(]46! +(3%'!

9(@0/)@/K4#! J9/0K%/A)!9&'40(&+)! >(++! 04)49Z+4! Z0/&6! 74&'A04+4))! K4&Y)! (26(@&'(23!

@/9K+4'4![('0(7(@&'(/2#! L7!&!)9&++!@0Q)'&++(24! (9KA0('Q!4^()')b!)%&0K!6(770&@'(/2!K4&Y_)a!

>(++!Z4!K04)42'#!

! 80Q)'&++(24! 0474042@4! 9&'40(&+)! 9&Q! 2446! '/! Z4! )Q2'%4)(]46! 6A0(23! @40'&(2!

)'&34)! /7! '%4! )'A6Q! '/! (2'40K04'! &9/0K%/A)! )'0A@'A04#! M%4)4! @0Q)'&+)! &04! '%42!

@%&0&@'40(]46! ZQ! ^W0&Q! 6(770&@'(/2! '/! (642'(7Q! KA0('Q#! .&9K+4)! &04! 30/A26! (2'/! &! 7(24!

K/>640!&26!9/A2'46!/2!TA&0']!)+(64)!A)(23!304&)4#!M%4!)&9K+4)!>404!&))4))46!A)(23!

&!SJGJ+Q'(@&+!V{S40'!S0/!X0&33WX042'&2/!K/>640!^W0&Q!6(770&@'/94'40!49K+/Q(23!&!8A!

té!0&6(&'(/2!)/A0@4b!&2!V{84+40&'/0!64'4@'/0!&26!&!G(W7(+'40!6(770&@'46!Z4&9#!D&'&!>404!

'QK(@&++Q! @/++4@'46! &'! 0//9! '49K40&'A04! A)(23! &! -ñ! 0&234! /7! "R/! '/! HR/! &'! R#R"I;/!

(2@04942')!>('%!&!IFW;F)!)'4K!'(94#!M%4)4!K&0&94'40)!@&2!@%&234b!64K426(23!/2!'%4!

9&'40(&+)!&26!'%4!TA4)'(/2)!2446(23!'/!Z4!&2)>4046#!

2.6. Simulation Software 

GE1!6&'&!04TA(04!7A0'%40!'04&'942'!'/!4^'0&@'!(27/09&'(/2!043&06(23!'%4!(2'40&@'(/2)!

'%&'!&04!@/2'0(ZA'(23!'/!'%4!/Z)40[46!)K4@'0&!&26!'%4(0!04)K4@'([4!K&0&94'40)#!M%()!()!

/7'42!6/24!A)(23!&![&0(4'Q!/7! )/7'>&04!&KK+(@&'(/2)! '%&'!&++/>!&!A)40! '/!&2&+Q]4!&26!
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)(9A+&'4! 4^K40(942'&+! 6&'&#! M%404! &04! 7/A0! )A@%! 94'%/6)! '%&'! &04! /7! (2'404)'! &26!

(2@+A64i!$./+(6)Öb!.MJ1.Öb!.K(2$/0Y)Ö!&26!.LES.5GÖ#!

2.6.1. WSolids® 

$./+(6)! ()! &! 704TA42@Q! Z&)46! )/7'>&04! K0/30&9! '%&'! ()! A)46! '/! )(9A+&'4! @/99/2!

)/+(6W)'&'4!GE1!(2'40&@'(/2)#!M%()!)/7'>&04!@&2!Z4!A)46!>('%!Z/'%!X0AY40!&26!\&0(&2!

6&'&! '/! [()A&+(]4! &26! &2&+Q]4! /24W6(942)(/2&+! )K4@'0&#;C! L'! ()! >0(''42! (2! 8ll! &26!

/K40&'4)!/2!&2Q!$(26/>)Ö!9&@%(24!49K+/Q(23!&!9A+'(K+4!6/@A942'!(2'407&@4!_EDLab!

>%(@%!&++/>)!7/0!9A+'(K+4!)@0442)#!M%()!()!&!2A940(@&+!)(9A+&'(/2!K0/30&9!>%404!'%4!

A)40!(2KA')!'%4!)A)K4@'46!GE1!(2'40&@'(/2)b!42&Z+(23!'%4!K&0&94'40)!'/!Z4!4^'0&@'46#!

2.6.2. STARS® 

.MJ1.Ö!()!&!'(94W6/9&(2!642)('Q!9&'0(@!K0/30&9!'%&'!@&2!)(9A+&'4!GE1!(2'40&@'(/2)!

&26!@&2!Z4!A)46!7/0!&2&+Q)()!/2!)K4@'0&!'%&'!&04!@/++4@'46!/2!\&0(&2Ö!)K4@'0/94'40)#!

M%()!K0/30&9!()!Z&)46!/2!'%4!J+6409&2!&+3/0('%9!&26!/K'(9(]46!A)(23!'%4!ELGBLMù!

K0/30&9b! >%(@%! 42&Z+4)! 7&)'! &26! 477(@(42'! )(9A+&'(/2)! /7! 8.J! &26! TA&60AK/+&0!

(2'40&@'(/2)#!L2!&66('(/2b!('!%&)!'%4!&Z(+('Q!'/!7('![&0(/A)!(2'40&@'(/2)!/2!6(774042'!)('4)!

&26! 42&Z+4)! TA&2'('&'([4! 04)A+')! '/! Z4! /Z'&(246! 70/9! '%4! )(9A+&'(/2)#;FW;H! J! Y4Q!

74&'A04!/7!.MJ1.Ö!()!(')!&Z(+('Q!'/!)(9A+&'4!)K4@'0&!A2640!EJ.!@/26('(/2)!&26!(642'(7Q!

'%4!&0'(7&@')!'%&'!9&Q!64[4+/K!(7!'%4!9&3(@!&23+4!()!K//0+Q!)4'#!

2.6.3. SpinWorks® 

.K(2$/0Y)Ö! ()! &! K0/@4))(23! )/7'>&04! '%&'! @&2! :/A0(40! '0&2)7/09! &! [&0(4'Q! /7!

)K4@'0/)@/K(@! 6&'&! 7/09&')#! :/0! )/+(6)! ('! K0/[(64)! &! 94'%/6! 7/0! K4&Y! 7(''(23b!

(2'430&'(23!&26!('40&'([4!&2&+Q)()!/7!+&0340!6&'&!)4')#!L'!&+)/!%&)!'%4!&Z(+('Q!'/!K0/@4))!
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-D! 4^K40(942')! )A@%! &)! EUEJ.#! J+'%/A3%! EJ.! &26! TA&60AK/+&0! 2A@+4(! &04! 2/'!

)AKK/0'46!(2!'%4!)(9A+&'(/2!@/64b!('!()!A)47A+!>%42!'%4!+(24!)%&K4!()!*&A))(&2!_(#4#b!2/!

.5Uc!()!/Z)40[46a!&)!/2+Q!'%4!8M!()!/7!@/2@402!7/0!K4&Y!7(''(23!/0!94&)A0(23!@%49(@&+!

)%(7')#!M%()!)/7'>&04!%&)!Z442!64[4+/K46!&26!64)(3246!ZQ!D0#!t(0Y!E&0&'!(2!%/A)4!&'!

'%4!B2([40)('Q!/7!E&2('/Z&#PR!

2.6.4. SIMPSON® 

.LES.5G!_.LEA+&'(/2!S0/30&9!7/0!.5+(6W)'&'4!GE1!)K4@'0/)@/KQa!'04&')!@&+@A+&'(/2)!

Z&)46!/2!&!N[(0'A&+!)K4@'0/94'40O!'%&'!A'(+(]4)!&2!(2KA'!7(+4!@/2'&(2(23!'%4!K&0'(@A+&0!

(2'40&@'(/2)!/7!@/2@402!'/34'%40!>('%!'%4!4^K40(942'&+!K&0&94'40)!_X/b!)K(22(23!0&'4b!

KA+)4!>(6'%b! 4'@#a#! 524! )4+4@')! '%4! 2A@+4&0! )K(2)! /7! (2'404)'! &26! '%4! (2'40&@'(/2)! 7/0!

)(9A+&'(/2)#!.(9A+&'(/2)!&04!Z&)46!/2!'%4!?(/A[(++4W[/2WG4A9&22!4TA&'(/2!/7!9/'(/2b!

&26!49K+/Q!&! )40(4)!/7!642)('Q!9&'0(@4)! '/!64)@0(Z4! '%4! )K(2! )Q)'49#P"!M%4! 04)A+'! ()!

64+([4046!(2!&![&0(4'Q!/7!7/09&')!(2@+A6(23!0&>!&26!&!:LD!/K'(/2!'%&'!>(++!(++A)'0&'4!'%4!

@&+@A+&'46! )K4@'0A9#! =/>4[40b! )(2@4! '%()! ()! Z&)46! /2! &! 642)('Q! 9&'0(^! )Q)'49! &26!

TA&60AK/+&0!2A@+4(!&04!64)@0(Z46!ZQ!+&034!9&'0(@4)b!'%4!@&+@A+&'(/2)!@&2!Z4@/94!TA('4!

@/9K+4^!_(#4#b!'(94W@/2)A9(23a!>%42!9&2Q!TA&60AK/+&0!)K(2)!&04!(2'0/6A@46#!
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3. Binary Borates 

X-5<!()!&2!4^@4++42'!3+&))!7/0940!'%&'!@&2!(2@/0K/0&'4!&![&0(4'Q!/7!24'>/0Y!9/6(7(40)#!

\('04/A)! X-5<! _RWX-5<a! ()! &! A2(TA4! )'0A@'A04! '%&'! ()! @/9K/)46! /7! &! )40(4)! /7! '%044W

@//06(2&'4!Z/0/2!_d<eXa!>('%!Z0(63(23!/^Q342)b!7/09(23!Z/'%!0(23!_d<eX1a!&26!2/2W0(23!

_d<eXG1a!M<!A2(')! _:(3A04!<#"a#!M%4!K0/K40'(4)!&04! 'A246!ZQ! '%4!&66('(/2!/7!&!9/6(7(40!

_4#3#b! ?(-5ab!>%(@%!>(++! @&A)4! '%4! 7/09&'(/2! /7! 7/A0W@//06(2&'4! Z/0/2! &26! 4[42'A&++Q!

+4&6!'/!2/2WZ0(63(23!/^Q342)!_GX5a!/2!'%4!'%044W@//06(2&'4!A2(')!_:(3A04!"#<a#!$%42!

&! )(23+4! 24'>/0Y! 9/6(7(40! ()! &6646! '/! X-5<b! '%4! 04)A+'(23! @/9K/)('(/2! ()! '40946! &!

H(>&.I!H-.&'+#! !X(2&0Q!Z/0&'4)! (2! '%4! 7/09!/7!3+&))4)b! @0Q)'&+)!&26!9(240&+)!&04![&)'#!

M%4!9(240&+!X/0&^b!G&-XC5;!"R=-5b!()!&!@/99/2!&66('([4!(2!3+&))4)!7/0!(')!7+A^!_+/>40!

>/0Y(23! '49K40&'A04a! &Z(+('Q#-! 5'%40! A)4)! (2@+A64! 7+&94W04'&06&2')b! &30(@A+'A0&+!

9(@0/W2A'0(42')!&26!&![&0(4'Q!/7!@40&9(@!&KK+(@&'(/2)#P-WPC!80Q)'&++(24!+('%(A9!Z/0&'4)!

%&[4!(/2(@!@/26A@'(23!&Z(+('Q#!\Q@/0Öb!&!K/0/A)!)(+(@&'4!A)46!(2!7(+'0&'(/2!&KK+(@&'(/2)b!

()!7/0946!70/9!&!K%&)4W)4K&0&'46!Z/0/)(+(@&'4!>%(@%!()!>&)%46!'/!049/[4!'%4!Z/0&'4!

K%&)4#-b"R!
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!

?-*#(&!M;L;!X-5<!)'0A@'A0&+!A2(')!_&a!0(23!@/9K0()46!/7!M<!A2(')!&26!_Za! d<eX!2/2W0(23!

M<!A2(')#!X/0/2!_Z+A4a!&26!/^Q342!_046ap!4^@4))!/^Q342)!&26!Z/0/2!>404!049/[46!7/0!

@+&0('Q#!!

!

!GE1!()!&2!(64&+!94&2)!/7!64'409(2(23!Z/0/2!)K4@(&'(/2b!&)!Z/'%!d<eX!&26!dCeX!

)K4@(4)!@&2!Z4!04)/+[46!&26!TA&2'(7(46!&'!9/640&'4!7(4+6!)'0423'%b!Z4@&A)4!'%4Q!%&[4!&!

+&034! @%49(@&+! )%(7'! 6(774042@4! _m"F! '/! -R! KK9a#! :A0'%409/04b! '%4! TA&60AK/+&0!

@/AK+(23!@/2)'&2')!7/0!Z/'%!)K4@(4)!&04!6(774042'b!K0/[(6(23!&2!&66('(/2&+!'//+!7/0!+/@&+!

)'0A@'A04!4+A@(6&'(/2#PbHbPFWH"!

J+Y&+(!)K4@(&'(/2!@&2!&+)/!Z4!(27/09&'([4b!ZA'!('!()!2/'!&)!@/99/2+Q!)'A6(46#!L2!

'%()! )4@'(/2b! >4! >(++! 6()@A))! &! [&0(4'Q! /7! '4@%2(TA4)! A)46! '/! /Z'&(2! TA&+('&'([4! &26!

TA&2'('&'([4! (27/09&'(/2! 043&06(23! 24'>/0YW7/09(23! )K4@(4)! _Xa! &26! &+Y&+(!9/6(7(40!

@&'(/2)!_?(b!G&b!tb!1Z!&26!8)a!K0/Z46!ZQ!GE1#!c9K%&)()!()!K+&@46!/2!64[4+/K(23!%(3%40!

04)/+A'(/2!94'%/6)b!'%4!0/+4!/7!'%4!&+Y&+(!9/6(7(40)!(2!Z/0&'4!3+&))4)!&26!24>!94'%/6)!

7/0!K0/Z(23!)+/>!@&'(/2!9/Z(+('Q#!
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3.1 Crystalline Lithium Borates 

X-5<! ()!&2!4^@4++42'!3+&))! 7/0940!&26![40Q!6(77(@A+'! '/! @0Q)'&++(]4!/2! (')!/>2b!ZA'! '%4!

&66('(/2! /7! &+Y&+(! /^(64! 42&Z+4)! &! [&0(4'Q! /7! @0Q)'&+! )'0A@'A04)! '/! Z4! 7/0946#! M%044!

)'0A@'A04)! /7! K&0'(@A+&0! (2'404)'b! (2@+A64! +('%(A9!94'&Wb! KQ0/W! &26! /0'%/Z/0&'4b!>('%!

+('%(A9! '/! Z/0/2! 0&'(/)! /7! "i"b! -i"! &26! <i"! 04)K4@'([4+Q#! M%4)4! @0Q)'&+! @/9K/)('(/2)!

_@&A)4! X! '/a! @/2'&(2! GX5! 42[(0/2942')#! ""X! EJ.! GE1! >&)! A)46! '/! [40(7Q! '%4!

@0Q)'&++(24! )K4@(4)! '%0/A3%! 94&)A04942'! /7! '%4! @%49(@&+! )%(7')! &26! TA&60AK/+&0!

(2'40&@'(/2)b! >%(@%! >(++! &+)/! Z4! A)46! &)! &! Z&)()! 7/0! @%&0&@'40(]&'(/2! /7! &9/0K%/A)!

9&'40(&+)!7A0'%40!/2#!!M%4!+('%(A9!42[(0/2942'_)a!>404!)'A6(46!A)(23!Ih;?(!EJ.!GE1b!

>%404!;?(!()!'%4!K04740046!GE1!2A@+4A)!/7!'%4!'>/!6A4!'/!(')!%(3%!3Q0/9&324'(@!0&'(/!

_"R#<H! 0&6hM! )ab! %(3%! 2&'A0&+! &ZA26&2@4! _H<wa! &26! 04+&'([4+Q! )9&++! TA&60AK/+&0!

(2'40&@'(/2!_'QK(@&++Q!/2!'%4!/0640!/7!&!74>!"RR!Y=]a#!M%4!/'%40!GE1!&@'([4!2A@+4A)b!

I?(b!&+)/!%&)!&!)9&++!TA&60AK/+&0!(2'40&@'(/2!ZA'!)A7740)!70/9!&!+/>!2&'A0&+!&ZA26&2@4!

_m;wa!&26!&!+/>!3Q0/9&324'(@!0&'(/!_<#H<!0&6hM!)ab!+(9('(23!(')!04@4K'([('Q!7/0!)'A6(4)!

(2!GE1#!14+&^&'(/2!/7!I?(!(2!2/2WK&0&9&324'(@!9&'40(&+)!()!&+)/!+4))!477(@(42'b!@&A)(23!

7A0'%40! 6(77(@A+'Q#! J)! )A@%b! 9&2Q! )'A6(4)! A)4! I?(! EJ.! GE1! 7/0! )K4@'0&+! 04)/+A'(/2b!

>%(+4!)&@0(7(@(23!)(32&+W'/W2/()4!&26!)42)('([('Q#! !J2!&+'402&'([4!94'%/6! (2[/+[(23!I?(!

420(@%942'!>(++!Z4!6()@A))46!Z4+/>!'%&'!&++/>)!7/0!Z4''40!)42)('([('Qb!3//6!04)/+A'(/2!

&26!4&)4!/7!&@TA()('(/2!7/0!Z/'%!@0Q)'&++(24!&26!&9/0K%/A)!)Q)'49)#!
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3.1.1. Materials and Methods 

3.1.1.1. Synthesis 

M%044!)4')!/7! @0Q)'&++(24! +('%(A9!Z/0&'4)!&26! 7([4! )4')!/7!&9/0K%/A)! +('%(A9!Z/0&'4)!

>404!)Q2'%4)(]46!A)(23! 'QK(@&+!)/+(6W)'&'4!@%49()'0Q#!.'/@%(/94'0(@!&9/A2')!/7!X-5<!

_70/9!64%Q60&'46!Z/0(@!&@(6i!-=<X5<!!!X-5<!l!<=-5a!&26!+('%(A9!@&0Z/2&'4!_?(-85<a!

>404!9(^46!'/34'%40#!c&@%!9&'40(&+!>&)!9&64!(2!6AK+(@&'4i!2&'A0&++Q!&ZA26&2'!_G#J#a!

)&9K+4)! >404! )Q2'%4)(]46! 70/9! 043A+&0! ?(-85<b! >%(+4! '%4! ;?(W64K+4'46! _Da! )&9K+4)!

>404!)Q2'%4)(]46!A)(23!()/'/K(@&++Q!420(@%46!I?(-85<!_I?(!W!HFw!h!;?(!W!Fwa#!80Q)'&++(24!

Z/0&'4)! >404! )Q2'%4)(]46! ZQ! %4&'(23! '%4! )&9K+4)! (2! K+&'(2A9h3/+6_Fwa! @0A@(Z+4)!

Z4'>442!IRR!'/!PRR/8!>('%!K40(/6(@!30(26(23!/[40!CP!%/A0)#!J9/0K%/A)!Z/0&'4)!>404!

)Q2'%4)(]46!ZQ!%4&'(23!'%4!K/>640)! (2!K+&'(2A9h3/+6_Fwa!@0A@(Z+4)!&'!HRR/8!7/0!-R!

9(2A'4)! &26! '%42! TA42@%(23! (2! 64(/2(]46! =-5! _64(/2(]46! >&'40! K04[42')! 9(240&+!

64K/)(')!/2!'%4!Z/''/9!/7!'%4!@0A@(Z+4)a#!

! 80Q)'&++(24! +('%(A9!94'&Z/0&'4!A26403/4)!@/9K04))(/2! 70/9!&!<D! 70&94>/0Y!

'/!&!-D!)%44'!>%42!('!()!K&@Y46!/0!@/9K04))46!_(#4#b!ZQ!K+&@(23!(2'/!&!)&9K+4!0/'/0a#H!

M%()!@&2!Z4!/Z)40[46!(2!'%4!""X!)K4@'0A9!>%404!'%4!K/>640!K&''402!@/2'&(2)!0/A2646!

@/0240)! 04)49Z+(23! &! 6()/064046! )'0A@'A04! _2/'! )%/>2a#! E(^(23! '%4! @0Q)'&++(24!

94'&Z/0&'4!_G#J#!&26!Da!>('%!TA(@YW)4'!4K/^Q!%4+K)!(2!9(2(9(](23!'%()!@/9K04))(/2p!

'%4!)&9K+4!()!&++/>46!'/!%&0642b!'%42!)&2646!'/!&!7(24!K/>640#!!

3.1.1.2. Powder X-Ray Diffraction 

80Q)'&++(24! @/9K/)('(/2)! >404! @/27(0946! A)(23! &! SJG&+Q'(@&+! V{S40'! S0/! X0&33W

X042'&2/! K/>640! VW0&Q! 6(770&@'/94'40#! M%4! 0&6(&'(/2! )/A0@4! >&)! 8AWté! >('%! &2!
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V{84+40&'/0! 64'4@'/0! &26! &! G(W7(+'40! 6(770&@'46! Z4&9#! D&'&! >404! &@TA(046! &'! 0//9!

'49K40&'A04! _-"/8a! /[40! &! -ñ! 0&234! /7! "F5! Ñ! ;F5!>('%! &! R#RR;F5! )'4K! )(]4#! S/>640!

@0Q)'&++(24!)&9K+4)!>404!9/A2'46!/2!&!]40/WZ&@Y30/A26!TA&0']!)&9K+4!%/+640!A)(23!

304&)4#!D(770&@'(/2!K&''402)!>404!9&'@%46!A)(23!'%4!SJG&+Q'(@&+!V{S40'!=(3%)@/04!S+A)!

)/7'>&04Ö!'/!@/27(09!+('%(A9!Z/0&'4!K%&)4)#!

3.1.1.3. Nuclear Magnetic Resonance  

EJ.!GE1!)K4@'0&!>404!&@TA(046!A)(23!&!<#-!99!6/AZ+4! 04)/2&2@4! _=h:WVa!\&0(&2W

8%49&324'(@)! K0/Z4! /2! &! \&0(&2! BGLMqLG5\J! )K4@'0/94'40! 4TA(KK46! >('%! &! "C#"! M!

9&324'!_5^7/06a#!S/>64046!)&9K+4)!0&23(23!70/9!-R!'/!<F!93!>404!K&@Y46!(2'/!<#-!

99!/#6#!_--!µ?!7(++![/+A94a!f05-!0/'/0)!&26!)KA2!70/9!I#RRR!_õ!R#RR"a!'/!-R#RRR!_õ!

R#RRFa!Y=]#!""X!>&)!0474042@46!A)(23!Z/0(@!&@(6!_R#"!Ea!&'!"H#I!KK9!>%(+4!Ih;?(!A)46!

&TA4/A)!+('%(A9!@%+/0(64!_H#;!E!s!"!Eb!04)K4@'([4+Qa#CbH-!

3.1.1.3.1. Boron-11& Lithium-6/7 MAS NMR 

""X!EJ.!GE1!)K4@'0&!>404!&@TA(046!/2!&++!'%4!)&9K+4)!A)(23!&!X+/@%!)4TA42@4!>('%!&!

KA+)4!>(6'%! /7! R#;!µ)! _m";/! '(K! &23+4a#! .K4@'0&!>404! &@TA(046!>('%! "I! '/! CbRRR! @/W

&6646! '0&2)(42')! &26! 04@Q@+4! 64+&Q)! Z4'>442! "R! '/! "bRRR! )4@/26)#! ! ;?(! EJ.! GE1!

)K4@'0&! >404! /Z'&(246! A)(23! C! '/! "bICR! @/W&6646! '0&2)(42')! &26! 04@Q@+4! 64+&Q)!

Z4'>442! "F! '/! <bRRR! )#! M%4! X+/@%! )4TA42@4!>&)! A)46!>('%! &! KA+)4!>(6'%! /7! R#F!µ)!

_m"<R! '(K! &23+4a#! I?(! EJ.! GE1! )K4@'0&! >404! &@TA(046! >('%! C! '/! IC! @/W&6646!

'0&2)(42')b!&26!04@Q@+4!64+&Q)!Z4'>442!IR!'/!"FbRRR!)4@/26)#!M%4!KA+)4!>(6'%!>&)!R#F!

v)!>('%!&KK0/K0(&'4!K/>40!'/!9&'@%!'%4!"<R!'(K!&23+4!A)46!(2!'%4!;?(!4^K40(942')#!!
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3.1.1.3.2. Lithium-6/7 Orthoborate Resolution and S/N 

I?(![40)A)!;?(!04)/+A'(/2!_&26!.hG!K40!)K(2a!6&'&!>404!&@TA(046!A)(23!&!)K(22(23!)K446!

/7! I! Y=]b! C! @/W&6646! '0&2)(42')b! >('%! <IR! '/! "FbRRR! )4@/26! 04@Q@+4! 64+&Q)! &26!

&KK0/K0(&'4!K/>40!+4[4+)!'/!/Z'&(2!&2!à07!/7!<I!Y=]#!!

3.1.1.3.3. Lithium Spin-Lattice Relaxation 

;?(!04+&^&'(/2!94&)A04942')!49K+/Q46!'%4!)&'A0&'(/2!04@/[40Q!KA+)4!)4TA42@4!>('%!&!

-CWKA+)4! @/9Z! '/! 42)A04! @/9K+4'4! )&'A0&'(/2! /7! '%4! @0Q)'&++(24! )&9K+4)#! .&9K+4!

0/'&'(/2!>&)!9&(2'&(246!&'!"I#RRR!±!R#RR-!Y=]b!>('%!04@Q@+4!64+&Q)!/7!")#!M%4!KA+)4)!

>404!/K'(9(]46!&'!<#;F!µ)!_)/+(6!HR/a!>('%!-R!9)!64+&Q)!Z4'>442!KA+)4)!&26!ûW64+&Q)!

[&0Q(23!70/9!"!'/!-RbRRR!)4@/26)#!I?(!04+&^&'(/2!94&)A04942')!>404!&+)/!K407/0946!

/2! '%4! 2&'A0&+! &ZA26&2'! &26! 64K+4'46! /0'%/Z/0&'4! )&9K+4)! A)(23! (642'(@&+!

K&0&94'40)#!!

3.1.2. Results 

3.1.2.1. Boron-11MAS NMR 

""X!EJ.!GE1!7/0!'%4!'%044!)4')!/7!+('%(A9!Z/0&'4!K%&)4)!_E4'&!_?(X5-ab!SQ0/!_?(CX-5Fa!

&26!50'%/!_?(<X5<aab!&++/>!A)!'/!64'409(24!_(a!>%4'%40!dCeX!>&)!K04)42'!&)!&2!(9KA0('Q!

_'%4)4! )&9K+4)! )%/A+6! @/2'&(2! 2/! 7/A0W@//06(2&'4! Z/0/2! &@@/06(23! '/! '%4(0! @0Q)'&+!

)'0A@'A04)a! &26! _((a! 4[(642@4! '%&'! 64K+4'(23! '%4! )&9K+4! /7! ;?(! @&A)46! 2/! /Z)40[&Z+4!

)K4@'0/)@/K(@!@%&234!_(#4#b!'%4!G#!J#!&26!D!""X!)K4@'0&!>404!(642'(@&+a#!.K4@'0&!7/0!'%4!

+('%(A9!Z/0&'4! 3+&))4)! @/27(0946!&KK0/K0(&'4! @/9K/)('(/2)!Z&)46!/2! '%4! 70&@'(/2!/7!

7/A0W@//06(2&'4!Z/0/2!_*Ca!>%42!@/9K&046!'/!K04[(/A)!)'A6(4)#HRbH<!!
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! ""X! EJ.! GE1! 7/0! '%4! '%044! )&9K+4)! _'%044! G#J#! &26! '%044! Da! 04[4&+46! d<eX!

)K4@'0A9!_:(3A04!<#-a!/7!KA04!/0'%/Z/0&'4!)K4@(4)#!M%4!94'&W!&26!KQ0/Z/0&'4!)449!'/!

%&[4!&2!(9KA0('Qb!&+'%/A3%!K/>640!^W0&Q!6(770&@'(/2!(26(@&'4)!&!)(23+4!KA04!@0Q)'&++(24!

K%&)4! 7/0! Z/'%! )K4@(4)#! M%4! @42'0&+! '0&2)('(/2!/7! '%4! /0'%/Z/0&'4!%&)! &! TA&60AK/+&0!

@/AK+(23!/7!-#I!õ!R#"!E=]!&)!)442!(2!)(9(+&0!&+Y&+(!Z/0&'4!@0Q)'&+)#H!c&@%!d<eX!04)/2&2@4!

6()K+&Q)! &! )Q)'49&'(@! (2@04&)4! _%(3%40! 704TA42@Qa! &)! /24! 3/4)! 70/9!M-! _94'&a! '/! MR!

_/0'%/a! )K4@(4)b! @/27(09(23! '%4! Z/0&'4! &))(32942')#! M%4! &)Q994'0Q! K&0&94'40b! kb!

K0/[(64)!(27/09&'(/2!/2!'%4!+/@&+!)Q994'0Q!7/0!4&@%!Z/0&'4b!&)!'%4!Z/0/2!)('4!@%&234)!

70/9!K)4A6/W8-[! _94'&!s!KQ0/a! '/!K)4A6/WD<%! _/0'%/a#!k! ()!]40/! 7/0! '%4!/0'%/Z/0&'4b!

>%(@%!(26(@&'4)!'%&'!'%4!X!A2('!%&)!&^(&+!)Q994'0Q!_\^^!&26!\QQ!&04!>('%(2!'%4!K+&24!/7!

'%4!X5<!A2('b!>%(+4!'%4!\]]!()!/0'%/3/2&+!'/!'%()!K+&24a#!M%4!)%(7'!()!@&A)46!ZQ!Z0(63(23W

/^Q342)! _X5a! Z04&Y(23! 6/>2! &26! 7/09(23! 2/2WZ0(63(23! /^Q342)! _GX5a#H! M%4!

KQ0/Z/0&'4! ()!%Q30/)@/K(@!&26!04&6(+Q!K(@Y)!AK!>&'40!6A0(23!K&@Y(23!/7! '%4!)&9K+4#!

M%4! ""X!EJ.!GE1! )K4@'0A9! 7/0!KQ0/Z/0&'4! )A334)')! &2! (9KA0('Q! /7!X_5=a<b! /0! '%()!

K&0'(@A+&0!@0Q)'&+!@/2'&(2)!'>/!d<eX!04)/2&2@4)!_'%4!&'/9(@!@//06(2&'4)!&04!2/'!Y2/>2!

7/0! '%()! @0Q)'&+ab! &+'%/A3%! K/>640! ^W0&Q! 6(770&@'(/2! (26(@&'46! &! @+4&2! K%&)4!>('%! 2/!

4[(642@4!/7!(9KA0('(4)#!
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!

?-*#(&!M;J;! ""X!EJ.!GE1!/7! '%4!94'&Z/0&'4! _M-ab!KQ0/Z/0&'4! ! _M"a!&26!/0'%/Z/0&'4!

_MRa#!M%4!/0'%/Z/0&'4! ()!&!KA04!K%&)4!>('%!2/!4[(642@4!/7! (9KA0('Q#!M%4!KQ0/Z/0&'4!

)449)!'/!@/2'&(2!&2!(9KA0('Q!/0!9/04!'%&2!&!)(23+4!Z/0/2!)('4!&)!'%4!)%&K4!/7!'%4!8M!

6/4)!2/'!@/27/09!'/!'0&6('(/2&+!M"!A2(')#!M%4!94'&Z/0&'4!()!KA04!%/>4[40!&774@'46!ZQ!

(9K4074@'!@0Q)'&+!K&@Y(23b!>%(@%!04)A+')!(2!&!K//0+Q!647(246!K/>640!K&''402#!

3.1.2.2. Lithium-7 MAS NMR 

3.1.2.2.1. Lithium Metaborate 

M%4!@0Q)'&++(24!94'&Z/0&'4!@/2'&(2)!&!)(23+4!+('%(A9!42[(0/2942'#HC!M%4!TA&60AK/+&0!

@/AK+(23! @/2)'&2'! ()! ;R! õ! "R! Y=]! _Z/'%! G#J#! &26! D! 94&)A046! 70/9! '%4! )K(22(23!

)(64Z&26!_))Za!9&2(7/+6ab!>('%!`()/!g!R#"!KK9!_G#J#a!&26!R#CH!KK9!_Da!&26!7A++W>(6'%!

&'!%&+7!9&^(9A9!(2'42)('Q!_:$=Ea!/7!"R<R!=]!_G#J#a!&26!"FR!=]!_Dab!:(3A04!<#<#!
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?-*#(&! M;M;! 842'0&+! '0&2)('(/2! /7! ;?(! EJ.! GE1! /7! '%4! _&a! 94'&b! _Za! KQ0/! &26! _@a!

/0'%/Z/0&'4!@0Q)'&+)#!_G#J#a!G&'A0&+!&ZA26&2@4!)&9K+4)!&26!_Da!64K+4'46!)&9K+4)#!

!

3.1.2.2.2. Lithium Pyroborate 

M%4!KQ0/Z/0&'4!@0Q)'&++(24!&'/9(@!K/)('(/2)!&04!2/'!Y2/>2#!S/>640!^W0&Q!6(770&@'(/2!

>&)!A)46!7/0!K%&)4!(642'(7(@&'(/2!&26!'%4!)K&@4!30/AK!7/0!?(CX-5F!%&)!Z442!K04[(/A)+Q!

64'409(246! '/! Z4! /0'%/0%/9Z(@b! SZ-"&#HF! J@@/06(23! '/! '%4! L2'402&'(/2&+! M&Z+4)! 7/0!

80Q)'&++/30&K%QHIb! '%4! KQ0/Z/0&'4! @/2'&(2)! '>/! '/! 4(3%'! @0Q)'&++/30&K%(@&++Q! 6()'(2@'!

+('%(A9!)('4)#!M%4!`()/!()!R#I!_G#J#a!&26!R#FH!&26!R#--!KK9!_Dab!04[4&+(23!'>/!9&^(9&!

>('%! &2! &KK0/^(9&'4! "i"! 0&'(/#! M%()! )A334)')! '>/! 6()'(2@'! +('%(A9! 42[(0/2942')! 7/0!

'%()!)'0A@'A04#!M%4!TA&60AK/+&0! (2'40&@'(/2)!>404!-RR!õ!"R!Y=]!_G#J#a!&26!"PR!õ!"R!

Y=]! _Dab! 64'409(246! ZQ!94&)A0(23! '%4! 4^'42'! /7! '%4! ))Z!9&2(7/+6! _:(3A04! <#Ia#! M%4!

6(774042@4!(2!'%4!TA&60AK/+&0!@/AK+(23)!()!2/'!)(32(7(@&2'#!M%4!@&A)4!/7!'%()!6(774042@4!

()!'%/A3%'!'/!/@@A0!6A4!'/!'%4!64@04&)4!(2!)(32&+!70/9!64K+4'(23!;?(!_(#4#b!74>40!;?(!)K(2)!
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(2!'%4!64K+4'46!)&9K+4!@&A)4!+/>40!.hG!(7!(642'(@&+!2A9Z40!/7!&@TA()('(/2)!&04!A)46a#!

?/2340! &@TA()('(/2! '(94)! >/A+6! Z4! 04TA(046! '/! /Z)40[4! '%4! '/'&+! Z04&6'%! /7! '%4!

)&'4++('4)#!

3.1.2.2.3. Lithium Orthoborate 

50'%/Z/0&'4!@/2'&(2)! '%044!6(774042'! +('%(A9!42[(0/2942')!ZA'!&!)(23+4!04)/2&2@4! ()!

/Z)40[46!&'!R#I!KK9!7/0!'%4!G#J#!)&9K+4#!M%4!D!)&9K+4!Q(4+6)!'>/!)('4)!_R#P"!KK9!&26!

R#<! KK9a! (2! '%4! 0&'(/! /7!m-i"#! 14)/+A'(/2! /7! '%4! '%044! )('4)! ()! %&9K4046! 6A4! '/! '%4!

2&00/>! @%49(@&+! )%(7'! 043(/2!%/>4[40! '%4! (2'430&'46! (2'42)('(4)! )AKK/0'! '%4! @0Q)'&+!

)'0A@'A04!/7!'%044!6()'(2@'!+('%(A9!)('4)!_:(3A04!<#<!&26!M&Z+4!<#"a#H;!M%4!:$=E!()!&+)/!

60&)'(@&++Q!046A@46!70/9!"-HR!=]!_G#J#a!'/!-<R!=]!_Dab!>%(+4!@/9K&0&Z+4!TA&60AK/+&0!

@/AK+(23)!/7!"FR!õ!"R!Y=]!_G#J#a!&26!"CR!õ!"R!Y=]!_Da!&04!64'409(246!_70/9!'%4!))Z!

9&2(7/+6a#!!

X'>%&!M;L;!;?(!EJ.!GE1!K&0&94'40)!7/0!G#J#!&26!D!@0Q)'&++(24!+('%(A9!Z/0&'4)!

1'8C%&!

Y-/0!!

";=;!UCC8V!

UZ!K;LV!

?G[)!

";=;!U[\V!!

UZ!LKV!

F]!!

";=;!U^[\V!

UZLKV!

Y-/0!!

4!UCC8V!

UZ!K;KOV!

?G[)!

4!U[\V!!

UZ!LKV!

F]!!

4!U^[\V!

UZLKV!

)&,'! R#"R! "R<R! ;R! R#CH! "FR! ;R!

E@(0! R#IR! ""HR! -"R!

R#FH!s!

R#--!

"HR! "PR!

_(,<0! R#IR! "-HR! "FR! R#P"!s!R#<! -<R! "CR!

!
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3.1.3. Discussion 

3.1.3.1. Lithium-7 MAS NMR 

M%4! '%044! G#J#! _H<w! ;?(a! )&9K+4)! 04[4&+46! &! @42'0&+! '0&2)('(/2! _8Mb! Wú! Ñ! lúa!

@%&0&@'40()'(@!/7!&! )(23+4! 04)/2&2@4b!>('%!2/!)('4! 04)/+A'(/2! _:(3A04!<#<a#!M%4!>(6'%)!

_:$=Ea! /7! '%4! @42'0&+! '0&2)('(/2! &04! Z4'>442! C! &26! F! KK9! _"bRRR! &26! "b<RR! =]a#!

M%4)4! 94&)A046! Z04&6'%)! >404! /Z'&(246! A)(23! &! )K(22(23! 704TA42@Q! /7! -R! Y=]b!

Z4+(4[46!'/!&[40&34!/A'!9/)'!/7!'%4!&2()/'0/K(@!(2'40&@'(/2)!>('%!'%4!4^@4K'(/2!/7!'%4!

)4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2#! B27/0'A2&'4+Qb! '%4)4! 94&)A046! Z04&6'%)!

&+9/)'! )K&2! '%4! Y2/>2! @%49(@&+! )%(7'! 043(/2! 7/0! +('%(A9! /^(64)b! K04[42'(23! '%4!

04)/+A'(/2!/7!9A+'(K+4!+('%(A9!)('4)#H-!!

M%4!&2()/'0/K(@!(2'40&@'(/2)!'%&'!>/A+6!&774@'!'%4!/Z)40[46!+(24>(6'%!(2@+A64i!

04+&^&'(/2! _Y3ab! 7(4+6! (2%/9/3424('(4)b! 6(K/+&0! @/AK+(23)b! 8.J! &26! TA&60AK/+&0!

(2'40&@'(/2)#!?('%(A9!/^(64)!%&[4!)9&++!TA&60AK/+&0!@/AK+(23)!_n!<RR!Y=]a"<bPCbHRbHC!)/!

'%4! Z0/&642(23! 04)A+'(23! 70/9! '%4! )4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2! ()! 0&'%40!

)9&++! _n! "R! =]b! 4T2#! <"aHP! >%42! A)(23!9/640&'4+Q! %(3%! 7(4+6)! _4#3#b! "C! Ma#! M%4! 8.J!

(2'40&@'(/2! ()! )9&++! 7/0! +('%(A9! )K4@(4)! &26! >(++! 2/'! @/2'0(ZA'4! )(32(7(@&2'+Q! '/! '%4!

/Z)40[46!+(24>(6'%!A2640!EJ.#PC!M%4!04+&^&'(/2!'(94)!_Y"!&26!Y3\a! (26(@&'4!+/23!Y3j)!

_>('%! @/2'0(ZA'(/2)! (2! Z04&6'%! /2! '%4! /0640! /7! m"RR! '/! <RR! =]ab! >%(@%! '%4047/04b!

@/2'0(ZA'4![40Q!+(''+4!'/!'%4!Z04&6'%!/7!'%4!8M!7/0!'%4!G#J#!)&9K+4)#!DA4!'/!'%4!2&00/>!

Z04&6'%)!/7!'%4)4!+(24)%&K4)b!)%(99(23!_m!H!=]ab!7+A@'A&'(/2)!(2!)K(22(23!0&'4!_n!F!=]a!

&26!K0/K40!9&3(@!&23+4!&6ÜA)'942'!_n!"R!=]a!&04!(9K/0'&2'!K/(2')!'/!@/2)(640!>%42!

9(2(9(](23! +(24>(6'%)#! J@@4K'(23! '%4)4! )'&'4942')! &26! 94&)A0(23! '%4! (2'40&@'(/2)!

&Z/[4!K0/[(64)!@+4&0!4[(642@4!7/0!&!9&Ü/0!@/2'0(ZA'(/2!70/9!'%4!%/9/2A@+4&0!6(K/+&0!
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@/AK+(23! (2'40&@'(/2#!D(K/+&0! @/AK+(23!/7'42! @&A)4)! &!Z0/&6!A204)/+[46! +(24)%&K4!&)!

)442! (2!:(3A04!<#<#"<bPCbHP!M/!@/27(09!/A0!%QK/'%4)()b! '%4!6(K/+&0!@/AK+(23! (2'40&@'(/2!

9A)'!Z4!9(2(9(]46!/0!049/[46#!M%4!)'0423'%!/7!'%4!%/9/2A@+4&0!6(K/+&0!(2'40&@'(/2!

>(++! 64@04&)4! (7! /24! +/>40)! '%4! /@@A0042@4! /7! 24(3%Z/A0(23! ;?(! &'/9)#! M%()! ()!

&@@/9K+()%46!ZQ!64K+4'(23!'%4!)&9K+4)!_G#J#!Ñ!H<w![)#!D!W!Fwa![(&!I?(!'/!64@04&)4!'%4!

;?(W;?(! (2'40&@'(/2)b! >%(+4! 9&(2'&(2(23! '%4! @0Q)'&+! )'0A@'A04! _(#4#b! ZQ! 6(+A'(23! '%4! ;?(!

)K(2)b!A)(23!HFw!I?(-85<a#!5A0!>/0Y!/2! '%4!64K+4'46! ;?(!Z/0&'4)! _Fw!;?(a! 4^%(Z('46!

%(3%40! 04)/+A'(/2! K0/[(6(23! 4[(642@4! '%&'! '%4! 9&(2! Z0/&642(23! 74&'A04! (2! '%4)4!

Z/0&'4)! ()! (2! 7&@'! '%4! 6(K/+&0! @/AK+(23! (2'40&@'(/2#! D4K+4'(/2! &+)/! 42&Z+46! 9A+'(K+4!

+('%(A9! )('4)! '/! Z4! 04)/+[46! 7/0! Z/'%! '%4! KQ0/W! &26! /0'%/Z/0&'4! )K4@(4)b! K0/[(6(23!

4[(642@4! '%&'! &'! +4&)'! '>/! +('%(A9! )('4)! &04! K04)42'! (2! '%4! A2Y2/>2! KQ0/Z/0&'4!

)'0A@'A04#! M%4! 477(@(42@Q! /7! ()/'/K(@! 64K+4'(/2! >&)! '4)'46! 7A0'%40! A)(23! [&0(&Z+4!

)K(22(23!0&'4)!_I!Y=]!'/!-R!Y=]a!7/0!'%4!64K+4'46!)&9K+4)#!M%4!)K4@'0A9!&@TA(046!&'!

-R!Y=]!6(6!2&00/>!)+(3%'+Q!_nF!=]ab!(26(@&'(23!'%4!()/'/K(@!64K+4'(/2!94'%/6!&[40&34)!

'%4!6(K/+&0!(2'40&@'(/2!4[42!&'!)+/>!)K(22(23#!M%4!@%&234!(2!+(24>(6'%!ZQ!F!=]!@/A+6!

Z4!6A4!'/!04)(6A&+!6(K/+&0!@/AK+(23!ZA'!()!9/)'!+(Y4+Q!6A4!'/!)&9K+4!%4&'(23b!K/))(Z+Q!

@&A)(23!&2!(2@04&)4!(2!+('%(A9!9/Z(+('Q#!M%4!049&(2(23!Z04&6'%!>(++!Z4!'%4!)A9!/7!'%4!

(2'40&@'(/2)! (26(@&'46! &Z/[4b! Y3! &26! '%4! 7(4+6! (2%/9/342('Q#! M%4! 64K+4'(/2! 94'%/6!

)449)! '/! Z4! (64&+! 7/0! 94&)A0(23! ;?(! ()/'0/K(@! @%49(@&+! )%(7'! &26! TA&60AK/+&0!

(27/09&'(/2! >('%/A'! &! @/2'0(ZA'(/2! 70/9! '%4! 6(K/+&0! (2'40&@'(/2#! J66('(/2&++Qb!

&@@A0&'4!TA&60AK/+&0!@/AK+(23!@/2)'&2')!@&2!Z4!94&)A046!6A4! '/! '%4!&Z(+('Q! '/! )K(2!

)+/>+Qb! 42&Z+(23! &! [40Q!>4++! 647(246! ))Z!9&2(7/+6#! M%4! )&'4++('4! '0&2)('(/2)! _.Ma! &04!

&774@'46!ZQ!7(0)'W/0640!TA&60AK/+&0!(2'40&@'(/2)b!>('%!Z0/&642(23!70/9!_"R{)!'/!"RR{)!
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Y=]a#!B2640!EJ.b!'%4!)&94!9&2(7/+6!'%&'!9&Y4)!AK!'%4!)&'4++('4!'0&2)('(/2)!64[4+/K)!

(2'/!)K(22(23!)(64Z&26)b!@/2@42'0&'(23!'%4!)(32&+!(2'/!&!)40(4)!/7!)%&0K!+(24)b!K0/[(6(23!

'%4!&Z(+('Q!'/!/Z)40[4!'%4!Z0/&6!.M#!M%4047/04b! '/!94&)A04!'%4!TA&60AK/+&0!@/AK+(23!

@/2)'&2'b!2/2W)K(22(23!()!9/04!&@@A0&'4!ZA'!9/04!6(77(@A+'b!>%(+4!)+/>!EJ.!K0/[(64)!

&64TA&'4!94&)A04942')!'%&'!&04!9A@%!4&)(40!'/!&@@/9K+()%#!M%4!6(K/+&0! (2'40&@'(/2!

7/0!'%4)4!Z/0&'4!@0Q)'&+)!&@@/A2')!7/0!PFR!'/!""RR!=]!/7!'%4!Z0/&642(23!/2!'%4!@42'0&+!

'0&2)('(/2!4[42!&'!7&)'!)K(22(23!0&'4)!_m-<!Y=]a!7/0!2/2W()/'/K4!64K+4'46!)&9K+4)#!!

3.1.3.2. Lithium-6 vs. Lithium-7 MAS NMR 

J2&+Q)()!/7!'%4!G#J#!)&9K+4)!>&)!@&00(46!/A'!A)(23!I?(!EJ.!GE1#!M%4!I?(!04)A+')!@&2!Z4!

@/9K&046!>('%!'%4!64K+4'46!;?(!04)A+')!'/!64'409(24!'%4!4774@'([424))!/7!'%()!94'%/6#!

M%4! 04)/+A'(/2! &26! )K446! &''&(246! A)(23! ()/'/K(@! 64K+4'(/2! )449)! '/! Z4! &! 3//6!

&+'402&'([4! '/! '0&6('(/2&+! I?(!EJ.!GE1b! &++4[(&'(23! +/2340! 04+&^&'(/2! '(94)b! +/>!G#J#!

&26!6(77(@A+'Q!(2!4^'0&@'(23!'%4!TA&60AK/+&0!(2'40&@'(/2!_&)!74>!))Z)!&04!)442!>('%!I?(a#!

M%4!+('%(A9!94'&Z/0&'4!)&9K+4!_(2!4K/^Qa!>&)!2/'!)'A6(46!ZQ!I?(!EJ.!GE1!Z4@&A)4!('!

>&)! &+04&6Q! 6(+A'46! _70/9! 4K/^Q! '04&'942'a! )(32(7(@&2'+Qb! '%404ZQ! 046A@(23! '%4! I?(!

)(32&+#! J66('(/2&++Q! '%404! ()! /2+Q! /24! @0Q)'&++/30&K%(@! )('4! )/! 7A0'%40! 04)/+A'(/2!

42%&2@4942'! ()!2/'!04TA(046#!?('%(A9!KQ0/Z/0&'4!6&'&!>404!&@TA(046!7/0!'%044!6&Q)!

_>('%! +/23! 04@Q@+4! 64+&Q)ab! ZA'! 2/! /Z)40[&Z+4! )(32&+! >&)! 64'4@'46#! $4! Z4+(4[4! '%4!

04+&^&'(/2! K0/@4))! ()! (2477(@(42'! _>('%! Y"{)! +/2340! '%&2! <RRR! )a! &26! '%4047/04! '%4!

)Q)'49!>&)!)&'A0&'46b!04)A+'(23!(2!2/!)(32&+!Z4(23!/Z)40[46#!!M%4!/0'%/Z/0&'4!)&9K+4!

04[4&+46!Z4''40!04)/+A'(/2!_'>/!)(32&+)!(2!&!0&'(/!/7!m-i"a!A)(23!I?(!EJ.!GE1!_:(3A04!

<#Cab! &+'%/A3%! '%4Q! 04TA(046! '%044! 6&Q)! /7! &@TA()('(/2! &26! 6(6! 2/'! 04[4&+! 42/A3%!

(27/09&'(/2!'/!4^'0&@'!&2Q!TA&60AK/+&0!@/AK+(23!@/2)'&2')#!!
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! M%4!+/>40!04@4K'([('Q!_6(77(@A+'!'/!/Z'&(2!&!)(32&+!6A4!'/!'%4!2A@+4A)!Z4(23!+/>W

â!&26!+/>!2&'A0&+!&ZA26&2@4a! 7/0!I?(!GE1b!@/9Z(246!>('%!'%4! +/23!04+&^&'(/2!'(94)!

(2'0(2)(@!'/!'%4)4!@/9K/A26)!24@4))('&'4)!+/23!&@TA()('(/2!'(94)!7/0!Z/'%!@0Q)'&+)!&26!

3+&))4)#! M%4! I?(! EJ.! GE1! )K4@'0&! /7! '%4! 64K+4'46! )&9K+4! _HFwWI?(a! >/A+6! Z4! &!

2&'A0&+! @%/(@4! &)! '%4! )K(2W&@'([4! 2A@+4(! _I?(a! &04! 2/>! &ZA26&2'! _HFwa#! J+'%/A3%!

9A+'(K+4! 7(4+6! 4^K40(942')! &04! 2/'! /7'42! 04TA(046! 7/0! +('%(A9! GE1b! '%4! 704TA42@Q!

6(774042@4! Z4'>442! Ih;?(! &++/>)! /24! '/! 6/! '%()! &0'(7(@(&++Q#! .K4@(7(@&++Qb! '%4!

3Q0/9&324'(@!0&'(/!/7!I?(! ()!&Z/A'!CRw!'%&'!/7!;?(b!)/!/24!@&2!A)4!&!)(23+4!9&324'!'/!

@/27(09!K&0&94'40)! ZQ! &@TA(0(23! )(32&+)! 70/9!Z/'%! 2A@+4(#! M%()! @&2! Z4! A)47A+!>%42!

64&+(23! >('%! @/9K4'(23! (2'40&@'(/2)! )A@%! &)! 8.J! &26! 8U#! Ih;?(! EJ.! GE1! A)(23!

64K+4'46! )&9K+4)! )%/>46! )(9(+&0! 04)/+A'(/2! ZA'! 64'409(2(23! >%(@%! )&9K+4! @&2! Z4!

&@TA(046!9/)'!477(@(42'+Q!>('%!043&06)!'/!.hG!&26!&@TA()('(/2!'(94!K40!&@'([4!)K(2! ()!

04TA(046!'/!7A0'%40![&+(6&'4!()/'/K(@!64K+4'(/2#!

!



Borates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

86!

!

?-*#(&!M;N;!Ih;?(!EJ.!GE1!/7!'%4!/0'%/Z/0&'4!)&9K+4p!_&a!;?(!EJ.!GE1!/7!G#J#b!_Za!I?(!

EJ.!GE1!/7!G#J#!&26!_@a!;?(!EJ.!GE1!/7!D!)&9K+4)#!

!

3.1.3.3. Lithium-7 Spin Counting 

M%4! /0'%/Z/0&'4! )&9K+4! ()! (64&+! 7/0! )K(2! @/A2'(23#! L'! ()! '%4! 9/)'! +('%(&'46! )K4@(4)!

_@/2'&(2(23!'%044!?(! 7/0!4[40Q!Xab!%&)!&! 7&[/A0&Z+4!04+&^&'(/2!0&'4!_6()@A))46!Z4+/>a!

&26! 6()K+&Q)!9A+'(K+4! +('%(A9! )('4! 04)/+A'(/2#! M%4! 7/A0! @/9Z(2&'(/2)! /7! (2'404)'! 7/0!

GE1! &04i! ;?(WH<w! _G#J#ab! ;?(WFw! _Dab! I?(WHFw! _Da! &26! I?(W;w! _G#J#a#! M%4! GE1!

&@TA()('(/2! /7! '%4)4! 7/A0! )&9K+4)! >&)! @&047A++Q! @/2'0/++46b! A)(23! (642'(@&+! KA+)4!

6A0&'(/2)hK/>40b!2A9Z40!/7!)@&2)b!&KK0/K0(&'4!04+&^&'(/2!64+&Q)b!)K(22(23!704TA42@Q!

&26! )&9K+4! 9&))4)#! M%()! K0/[(646! 7/A0! )K4@'0&! '%&'! @&2! Z4! 0&'46! 7/0! )42)('([('Qb!

04)/+A'(/2! &26! )(32&+! /Z'&(246! (2! '%4! )&94! &9/A2'! /7! '(94! K40! GE1! )K(2W&@'([4!

2A@+4A)#!!



Borates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

87!

M%4! )'0/234)'! )(32&+)!>404! /Z)40[46! A)(23! ;?(!EJ.!GE1!/2! '%4!G#J#! )&9K+4!

&26!I?(!EJ.!GE1!/2!'%4!D!)&9K+4!_&)!/24!@/A+6!4^K4@'!6A4!'/!4&@%!@/2'&(2(23!H<w!

&26!HFw!GE1!&@'([4!)K(2b!04)K4@'([4+Qa#! L7!>4!@/2)(640!'%4!&@TA()('(/2!'(94b!'%4!;?(W

Fw!64K+4'46!)&9K+4!_;?(!EJ.!GE1a!()!'%4!9/04!/Z[(/A)!@%/(@4!>('%!&!04@Q@+4!64+&Q!

/2! '%4!/0640!/7!<RRR!)#!M%4!)4@/26!@%/(@4! ()! '%4! I?(WHFw!64K+4'46!)&9K+4! _I?(!EJ.!

GE1ab!&+'%/A3%!('!()!Z4''40!04)/+[46!Z4'>442!'%4!'>/!)('4)b!'%4!04@Q@+4!64+&Q)!&04!/24!

/7! '%4!>/0)'b! Z4(23! (2! '%4! /0640! /7! %/A0)b! 6"! j! "FbRRR! )! _6"! j! C! %0)#a#! M%4! ;?(WH<w!

2&'A0&+!&ZA26&2'!_;?(a!()!'%(06b!>%(+4!'%4!+4&)'!7&[/A0&Z+4!()!'%4!;w!I?(!_G#J#a!)&9K+4!

_M&Z+4!<#-a#!M%4!.hG!()!Z&)46!/2!'%4!9&^(9A9!)(32&+!)'0423'%!04@/0646!6([(646!ZQ!'%4!

2A9Z40!/7!)K(2!&@'([4!2A@+4(!K04)42'!>('%(2!'%4!)&9K+4#!M%4)4!>404!64'409(246!70/9!

'%4! )&9K+4! 9&))4)b! >/0Y(23! 6/>2! '/! '%4! 2A9Z40! /7! &'/9)! Z&)46! /2! J[/3&60/{)!

2A9Z40#!M%4!04)/+A'(/2! ()!0&'46!ZQ!'%4!643044!/7!)4K&0&'(/2!7/0!'%4!'>/!04)/2&2@4)p!

&++!)&9K+4)!)%/>46!'>/!04)/+[46!K4&Y)!>('%!'%4!4^@4K'(/2!/7!'%4!G#J#!;?(!)K4@'0A9#!

!

X'>%&!M;J;!I?(!&26!;?(!EJ.!GE1!)K(2W@/A2'(23!7/0!G#J#!&26!D#!+('%(A9!/0'%/Z/0&'4!

@0Q)'&+#!

1'8C%&! 1`"!
a!5-!/C-+/!

b!LKJL!
)'//!U*V! 4&%'@!U/V! .&/0+'+$&/!

5-M6_Mc"=cQ5-! LONK! dM;T! K;KJOW! MHKKK! L!

5-M6_Mc4cQ5-! PJK! dK;JK! K;KJOW! MHKKK! J!

5-M6_Mc"=cP5-! JJK! dK;LJ! K;KJJP! LOHKKK! J!

5-M6_Mc4cP5-! OLQO! dM;W! K;KJJP! LOHKKK! J!

!
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3.1.3.4. Lithium-7 Relaxation 

;?(! 04+&^&'(/2!>&)! )'A6(46!/2! '%4!G#J#! &26!D! )&9K+4)!A)(23! '%4! )&'A0&'(/2! 04@/[40Q!

94'%/6#!S4&Y! (2'42)('(4)!>404! 7(''46!'/!&!Z(W4^K/242'(&+! 7A2@'(/2!&)!)%/>2!(2!:(3A04!

<#F! _)(23+4! 4^K/242'(&+! 7(')! 3&[4! &! K//0! 04K04)42'&'(/2! /7! '%4! 6&'&a#! X(W4^K/242'(&+!

Z4%&[(/A0! @&2! Z4! 4^K+&(246! ZQ! '>/! 6(774042'! 04)K/2)4)! _&! )+/>! &26! 7&)'a! /@@A00(23!

>('%(2!'%4)4!@0Q)'&+)!_M&Z+4!<#<a#!M%4!Z(W4^K/242'(&+!04+&^&'(/2!)442!(2!'%4)4!@0Q)'&+)!

@&2! Z4! 4^K+&(246! ZQ! '%044! K/'42'(&+! K&'%>&Q)b! &#a! +('%(A9! 6Q2&9(@)b! Z#a! 9A+'(K+4!

04+&^&'(/2! 94@%&2()9)! /0! @#a! [&0(/A)! @/%4042@4! '0&2)740! K&'%>&Q)#! L7! '>/! 9/'(/2!

K&'%>&Q)!>404!(2[/+[46b!'%()!@/A+6!Z4!)442!(2!'%4!+('%(A9!6Q2&9(@)b!&+'%/A3%!'%()!()!

%(3%+Q! A2+(Y4+Q! &)! +('%(A9! 9/Z(+('Q! (2! Z/0&'4)! ()! Y2/>2! '/! Z4! (/2(@! %/KK(23#PC!

:A0'%409/04b! )(2@4! 9A+'(K+4! )('4)! &04! /Z)40[46! 7/0! '>/! /7! '%4! 64K+4'46! )&9K+4)b!

+('%(A9!%/KK(23!&'!0//9!'49K40&'A04!@&22/'!Z4!/@@A00(23!Z4@&A)4!/24!>/A+6!4^K4@'!

'/! /Z)40[4! @/&+4)@42@4! /7! '%4)4! K4&Y)! (2! '%()! (2)'&2@4#! \&0(&Z+4! '49K40&'A04!

)&'A0&'(/2! 04@/[40Q! 9&Q! Z4! &Z+4! '/! 04[4&+! 9/04! (2! '%()! 043&06p! %/>4[40b! 7/0! /A0!

KA0K/)4)!%404!'%4)4!&04!2/'!24@4))&0Q#!X/'%!TA&60AK/+&0!&26!6(K/+&0!(2'40&@'(/2)!&04!

)'0/23! (2! ;?(!9&'40(&+)! &26!>/A+6! 6()K+&Q! '%4! '>/! 04+&^&'(/2!94@%&2()9)! (2[/+[46#!

M%4!04+&^&'(/2!6&'&!04[4&+![40Q!)(9(+&0!Y"j)!7/0!Z/'%!'%4!G#J#!&26!D!)&9K+4)b!K0/[(6(23!

4[(642@4! '%&'! '%4! TA&60AK/+&0! 94@%&2()9! 6/9(2&'4)#! L7! '%4! 04+&^&'(/2! 94@%&2()9!

(2[/+[46! &! )(32(7(@&2'! @/2'0(ZA'(/2! 70/9! '%4! 6(K/+&0! (2'40&@'(/2b! '%4! )K(2W+&''(@4!

04+&^&'(/2! '(94)! )%/A+6! (2@04&)4! 7/0! '%4! D! )&9K+4)#PC! M%4047/04b! '%4! /Z)40[&'(/2! /7!

)+/>! &26! 7&)'! 04+&^&'(/2! K0/@4))4)! ()! Z4)'! 4^K+&(246! ZQ! [&0(/A)! @/%4042@4)!

_'0&2)('(/2)a!'%&'!@&2!'&Y4!K+&@4!>%42!)'A6Q(23!TA&60AK/+&0!2A@+4(b!Lg<h-#!!
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.&'A0&'(/2! 04@/[40Q! /2! '%4! 64K+4'46! /0'%/Z/0&'4! _HFw! I?(a! )&9K+4! A)(23! I?(!

EJ.!GE1!04[4&+46!)(9(+&0!Z(W4^K/242'(&+!04+&^&'(/2!>('%!&!Y"!+/2340!'%&2!IR!9(2A'4)#!!

M%4! ;?(! [&+A4! 7/0! '%4! )&94! )&9K+4!>&)!m! F!9(2A'4)! _Y"!g! <-R! )ab! /[40! &2! /0640! /7!

9&32('A64! +4))#! J2/'%40! Z4247('! /7! ()/'/K(@! 64K+4'(/2! K04)42')! (')4+7! >%42! &!

@/2'0(ZA'(/2!70/9!6(K/+&0!04+&^&'(/2!4^()')!/0!()!'%/A3%'!'/!4^()'!&)!/24!@&2!)'A6Q!(')!

Z4%&[(/A0! /2! '%4! +('%(&'46! 9&'40(&+! ZQ! &@TA(0(23! Z/'%! &! G#J#! )&9K+4! _>%404! '%4!

(2'40&@'(/2!()!K04)42'a!&26!&!D!)&9K+4!_>%404!'%4!(2'40&@'(/2!()!9(2(9(]46a#!L7!6(K/+&0!

04+&^&'(/2!9&64! &! )(32(7(@&2'! @/2'0(ZA'(/2! '/! '%4! 04+&^&'(/2! (2! '%4! G#J#! )&9K+4b! '%4!

04+&^&'(/2!'(94!/7!'%4!D!)&9K+4!)%/A+6!(2@04&)4#!J+'%/A3%!'%4!94'&W!&26!/0'%/Z/0&'4!

)449!'/!%&[4!)(9(+&0!Y"d"e![&+A4)b!'%4!+&@Y!/7!&!KQ0/Z/0&'4!@0Q)'&+!)'0A@'A04!K04[42')!A)!

70/9! )&Q(23! 9/04! 043&06(23! '%4! 6(774042@4)! /Z)40[46! (2! Y"! 94&)A04942')! 7/0! '%4!

'%044!@0Q)'&+)#!

 

?-*#(&!M;O;!Q?(!EJ.!GE1!)&'A0&'(/2!04@/[40Q!6&'&!7(''46!A)(23!&!Z(W4^K/242'(&+!@A0[4!

7/0!G#J#!+('%(A9!/0'%/Z/0&'4#!!

!
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X'>%&!M;M;!;?(!EJ.!GE1!Z(W4^K/242'(&+!)K(2W+&''(@4!04+&^&'(/2!K&0&94'40)!7/0!G#J#!&26!

D!)&9K+4)!!

F(@/,'%! ";=;!c!XLULV!U/V! ";=;!c!XLUJV!U/V! 4!c!XLULV!U/V! 4!c!XLUJV!U/V!

)&,'! HR!õ!"R! HRR!õ!CR! "<R!õ!"F! "RIR!õ!"PR!

E@(0! CR!õ!I! F"R!õ!;R! "R!õ!F! I-F!õ!CR!

_(,<0! HR!õ!"R! -FR!õ!-R! HR!õ!"R! <"R!õ!<F!

!

3.1.3.5. Lithium-7 in Borate Glasses 

M%4! 64@04&)4! (2! Z0/&642(23! (2'40&@'(/2)! A)(23! ()/'/K(@! 64K+4'(/2! >&)! )A@@4))7A++Q!

&@%(4[46!(2!@0Q)'&++(24!9&'40(&+)#!L2!&2!477/0'!'/!(9K0/[4!04)/+A'(/2!(2!3+&))!)K4@(&'(/2b!

+('%(A9!Z/0&'4!3+&))4)!>404!&+)/!&''49K'46#!:/0!&9/0K%/A)!9&'40(&+)b!'%4!6()'0(ZA'(/2!

/7!)('4)!(2'0/6A@4)!&!24>!Z0/&642(23!94@%&2()9#!:/0!4^&9K+4b!&!@0Q)'&++(24!9&'40(&+!

>('%!/24!6()'(2@'!+('%(A9!)('4!%&)!'%4!)&94!+/@&+!34/94'0Q!&26!(2'40&@'(/2)!'%0/A3%/A'!

'%4!K40(/6(@! @4++#!*+&))4)! &04! @/9K0()46!/7!9&2Q! +('%(A9!@&'(/2)! &++! 4^%(Z('(23! )9&++!

6(774042@4)! (2! +/@&+! 34/94'0Q! _Z/26! +423'%! &26! Z/26! &23+4ab! @&A)(23! &! )'&'()'(@&+!

6()'0(ZA'(/2!/7!42[(0/2942')#!?('%(A9!Z/0&'4)!&04!&2!(64&+!)Q)'49!7/0!'%()!'4)'!&)!/24!

@&2!9/6(7Q! )K4@(&'(/2! (2! '%4! 3+&))! Z&)46! /2! +('%(A9! @/2@42'0&'(/2#! S/))(Z+4! +('%(A9!

42[(0/2942')!(2@+A64!dCeXb!M<b!M-!&26!M"!)K4@(&'(/2#!:([4!+('%(A9!Z/0&'4)!_Z/'%!G#J#!&26!

Da!>404!)4+4@'46b!)K&22(23!'%4!@/9K/)('(/2&+!0&234!1gR#"!'/!-!_1!g!?(-5hX-5<a#!M%4)4!

@/9K/)('(/2)! >404! @%/)42! &)! '%4Q! @/2'&(2! '%4! 7/A0! 6()'(2@'! Z/0&'4! 42[(0/2942')!

942'(/246!&Z/[4#!

!

:(3A04! <#I! )%/>)! '%&'! '%4! /[40&++! Z04&6'%! /7! '%4! 04)/2&2@4)! 7/0! '%4)4! Z/0&'4)!

64@04&)4)! 6A4! '/! &! 046A@'(/2! (2! %/9/2A@+4&0! 6(K/+&0! @/AK+(23! '%&'! /@@A0)! AK/2!
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()/'/K(@! 64K+4'(/2#! M%4! ()/'0/K(@! @%49(@&+! )%(7'! &26! TA&60AK/+&0! @/AK+(23! @/2)'&2'!

04)A+')!7/0!'%4)4!3+&))4)!&04!3([42!(2!M&Z+4!<#C#!B27/0'A2&'4+Qb!'%4!)9&++!@%49(@&+!)%(7'!

0&234!&26!6()'0(ZA'(/2!/7!)('4)!9&)Y)!&2Q!4[(642@4!/7!9A+'(K+4!+('%(A9!)('4)b!&+'%/A3%!

+('%(A9!9/'(/2!9&Q!@/2'0(ZA'4!&+)/!&'! 0//9! '49K40&'A04#! L7! '%()!>404! '%4! @&)4b! '>/!

6()'(2@'! +('%(A9! )('4)! @/A+6! @/&+4)@4! (2'/! /24b! '%404ZQ! (2%(Z('(23! 04)/+A'(/2#! ?/>40!

'49K40&'A04! 4^K40(942')! _n! WCR/8a! 9(3%'! )/+[4! '%()! ())A4b! >('%! '%4! &Z(+('Q! '/! )+/>!

6/>2!'%4!+('%(A9!9/Z(+('Q#!M%4!64K+4'(/2!'4@%2(TA4!(2!3+&))4)!6/4)!K0/[(64!2&00/>40!

+(24W>(6'%)b!&++/>(23!&!9/04!&@@A0&'4!()/'0/K(@!@%49(@&+!)%(7'!'/!Z4!04@/0646b!&26!9&Q!

K0/[(64! 64'&(+)! (2! 9A+'(W@/9K/242'! 3+&))4)! &'! %(3%40! 7(4+6)! @/9Z(246! >('%! +/>40!

'49K40&'A04)#! M%4! %(3%40! 7(4+6! 42&Z+4)! &2! (2@04&)4! (2! )K4@'0&+! 04)/+A'(/2b! '%A)!

K0/[(6(23!Z4''40! )('4! 04)/+A'(/2#!=(3%40! 7(4+6)! @&2!&+)/!K04[42'! 7A0'%40! 04)/+A'(/2!&)!

'%4!6()'0(ZA'(/2!/7!)('4)!>(++!&+)/!Z0/&642!6A4!'/!'%4![&0(&2@4! (2!34/94'0Qp! 7(26(23!&!

Z&+&2@4!>/A+6!Z4!/K'(9&+#!

!
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!

?-*#(&!M;P;!;?(!EJ.!GE1!/7!?(X!1g-#R!3+&))!)%/>(23!_'/Ka!64K+4'46!)K4@'0A9!&26!

_Z/''/9a!2&'A0&+!&ZA26&2'!)K4@'0A9!>('%!'%4!7A++!Z04&6'%!/7!'%4!)K(22(23!)(64Z&26!

9&2(7/+6#!

X'>%&!M;N;!;?(!EJ.!GE1!G#J#!&26!D!GE1!K&0&94'40)!7/0!3+&))!)&9K+4)!

1'8C%&H!

.!

Y-/0!!

";=;!UCC8V!

UZK;LV!

?G[)!!

";=;!U[\V!

UZLKV!

F]!!

";=;!U^[\V!

UZLKV!

Y-/0!!

4!UCC8V!

UZK;KLV!

?G[)!!

4!U[\V!!

UZLKV!

F]!!!

4!U^[\V!

UZLKV!

K;L! WR#C! <FR! "FR! WR#C<! -;R! "FR!

K;O! WR#-! F;R! ---! WR#"I! <RR! --R!

K;T! R#"! IHR! ---! R#"R! -PR! -RR!

L! R#"! ;HR! --R! R#"<! -PR! -RR!

J! R#F! ""RR! -"I! R#FI! -RR! "HR!
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3.1.4. Summary 

?('%(A9W@/2'&(2(23!@0Q)'&++(24!K%&)4)!&26!3+&))4)!>404!)'A6(46!(2!&2!477/0'!'/!/Z'&(2!

9A+'(K+4!)('4!04)/+A'(/2!A)(23! ()/'/K(@!6(+A'(/2)#!c20(@%(23!'%4!)&9K+4)!>('%!HFw!I?(!

@&A)4)!'%4!6(K/+&0!(2'40&@'(/2!'/!Z4!4))42'(&++Q!049/[46!_)(9(+&0!'/!'%4!>&Q!-=!()!A)46!

'/!04K+&@4!"=!(2!/03&2(@!)/+(6)a!7/0!Z/'%!@0Q)'&++(24!&26!3+&))Q!9&'40(&+)#! L2!&66('(/2b!

'%()! 9&Q! &+)/! K0/[4! '/! Z4! A)47A+! (2! )'A6(4)! >%404! '%4! 04+&^&'(/2! 94@%&2()9! ()!

A2@40'&(2! _(#4#b! >%4'%40! ('! ()! K046/9(2&2'+Q! TA&60AK/+&0! /0! 6(K/+&0a! &26! @&2! Z4!

64'409(246! (2! &2! 4&)Q! &26! (24^K42)([4! _nü"Rh3a! 9&2240#! M%4! (642'(7(@&'(/2! /7!

6(774042'!+('%(A9!42[(0/2942')!)'(++!)449!'/!4+A64!A)!(2!&9/0K%/A)!/^(64)#!=/>4[40b!

)(9(+&0!+(24W2&00/>(23!&6[&2'&34)!&04!)442#!L)/'/K(@!6(+A'(/2!K0/[(64)!&2!&+'402&'([4!

'/! '%4! A)4! /7! 4^K42)([4! 7&)'! EJ.! K0/Z4)! &26! @(0@A9[42')! @/9K+4^! 64@/AK+(23!

)4TA42@4)! _4#3#b! DA9Z/b! 4DA9Z/b! 4'@#ab! >%(@%! @&2! Z4! 6(77(@A+'! '/! /K'(9(]4! 7/0!

TA&60AK/+&0!2A@+4(!'%&'!@/2'&(2!+/23!64+&Q!'(94)#C!

3.2. Amorphous Alkali Borates 

J+Y&+(!Z/0&'4!3+&))4)!%&[4!Z442!4^'42)([4+Q!)'A6(46!6A4!'/!'%4(0!K/'42'(&+!(9K/0'&2@4!

&)! 7&)'! (/2! @/26A@'/0)HHW"R-! &26! &+Y&+(! Z/0/)(+(@&'4)! &)! 9/64+! )Q)'49)! 7/0! %(3%+Q!

6A0&Z+4!2A@+4&0!>&)'4W7/09)#"R<b"RC!524!/7! '%4!9/)'![&+A&Z+4! '4@%2(TA4)! 7/0!K0/Z(23!

)%/0'W0&234!)'0A@'A04!(2!3+&))4)!()!GE1!)K4@'0/)@/KQ#"b"RFW"R;!""X!GE1!%&)!Z442!A)46!

7/0!64@&64)! '/!TA&2'(7Q! '%4! 'QK4)!/7!Z/0&'4!K/+Q%460&! (2!Z/0&'4!3+&))4)"bPFb"RPb"RH!&26!

%&)! K+&Q46! &2! (9K/0'&2'! 0/+4! (2! 64[4+/K(23! )'0A@'A0&+! 9/64+)! /7! Z/0&'4WZ&)46!

3+&))4)#Hb""RW""<! ?4))! >(64+Q! )'A6(46! &04! '%4! &+Y&+(! 9/6(7(40! @&'(/2)#! M%()! ()! K&0'+Q!

Z4@&A)4! '%4! +/>! 7(4+6! )'0423'%)! @%&0&@'40()'(@! /7! 24'>/0Y!9/6(7(40)! 04)A+'! (2! %(3%+Q!
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6()/064046! &26! (0043A+&0! +/@&+! 42[(0/2942')#! M%()! +4&6)! '/! +&034! 6()'0(ZA'(/2)! (2!

@%49(@&+!)%(7')!&26!TA&60AK/+4!K&0&94'40)b!04)A+'(23!(2!GE1!K4&Y)!'%&'!&04!34240&++Q!

Z0/&6!&26!74&'A04+4))b!9&Y(23!K04@()4!&))(32942')!6(77(@A+'#!M%4!%4&[(40!&+Y&+(!@&'(/2)!

_tb!1Zb!8)a!%&[4!&+)/!'0&6('(/2&++Q!Z442!@/2)(64046!ì6(77(@A+'{!2A@+4(!'/!K0/Z4!Z4@&A)4!/7!

'%4(0!A27&[/A0&Z+4!GE1!@%&0&@'40()'(@)#!<Ht!_H<#<w!G#J#b!U!/7!F#PF!79-!&26!"!/7!"#-F!†!

"R;!0&6hM!)a!%&)!&![40Q!+/>!3Q0/9&324'(@!0&'(/b!&26!%42@4!)A7740)!70/9!+/>!)42)('([('Q!

&26!K0&@'(@&+!&@TA()('(/2!K0/Z+49)#""C!P;1Z!_-;#<w!G#J#b!U!/7!"<#<F!79-!&26!"!/7!P#;P!†!

"R;! 0&6hM! )a! @&2! %&[4! [40Q! +&034! TA&60AK/+4! @/AK+(23)! 7/0! +/>W)Q994'0Q! )('4)b!

04)A+'(23! (2!4^'0494+Q!Z0/&6!K4&Y)b! (7!/Z)40[&Z+4!&'!&++#! "<<8)! _"RRw!G#J#b!U!/7! WR#<C!

79-b! &26! "! /7! <#F<!†!"R;! 0&6hM! )a! ()! %(3%+Q! K/+&0()&Z+4! &26! '%A)! 3([4)! 0()4! '/! &! [40Q!

Z0/&6!0&234!/7!@%49(@&+!)%(7')b!>%(@%!@&2!Z4!6(77(@A+'!'/!6()42'&23+4!70/9!'%4!)K(22(23!

)(64Z&26)! /7! '%4! )&'4++('4! '0&2)('(/2)#! =/>4[40b! (9K0/[4942')! (2! GE1!

(2)'0A942'&'(/2! %&[4! 9&64! ('! 9A@%! 4&)(40! '/! /Z)40[4! '%4)4! 2A@+4(! (2! &9/0K%/A)!

9&'40(&+)#! M%4! A)4! /7! %(3%40! 9&324'(@! 7(4+6)! 046A@4)! '%4! 4774@'! /7! TA&60AK/+4!

(2'40&@'(/2)! /2! )K4@'0&+! &KK4&0&2@4#""FW"";! :&)'40W)K(22(23! EJ.! K0/Z4)! 7&@(+('&'4!

)4K&0&'(/2! /7! @42'0&+! K4&Y)! 70/9! )&'4++('4! '0&2)('(/2)#! E/04/[40b! '%4! @%49(@&+! )%(7'!

0&234)! /7! )/94! /7! '%4)4! 2A@+4(! _4#3#b! "<<8)! &26! P;1Za! &04! )A77(@(42'+Q! +&034! '/! Z4!

)42)('([4! '/! )AZ'+4! )'0A@'A0&+! @%&234)#! \&+A&Z+4! GE1! )'A6(4)! /7! &+Y&+(! @&'(/2)b!

(2@+A6(23!'%/)4!ZQ!c@Y40'"""b""PW"-R!&26!.'4ZZ(2)"-"b"--b!&++/>!'%4!64'409(2&'(/2!/7!'%4!

@//06(2&'(/2!42[(0/2942'#!8/99/2!'/!&++!'%4)4!)'A6(4)!()!'%&'!)'0A@'A0&+!(27/09&'(/2!

()!(2740046!70/9!)K4@'0&+!@%&234)!&)!&!7A2@'(/2!/7!@&'(/2!@/2@42'0&'(/2#!

! $4! 04K/0'! '%4! 6(04@'! GE1! /Z)40[&'(/2! /7! &+Y&+(! @&'(/2)! (2! 7([4! Z(2&0Q! &+Y&+(W

Z/0&'4! 3+&))! )Q)'49)! >('%! &2! 49K%&)()! /2! "<<8)! @/9K/)('(/2! 64K42642@4#! .K4@'0&+!



Borates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

95!

@%&234)! &04! (2'40K04'46! (2! '409)! /7! @%&234)! (2! '%4! &+Y&+(! @//06(2&'(/2! )K%404#! L2!

&66('(/2!'/!K0/[(6(23!&!)Q)'49&'(@!@/9K&0()/2!/7!'%4!30/AK!L!9/6(7(40)b!>4!4^'426!'%4!

Y2/>2!043(94!/7!)'A6Q!'/!3+&))4)!>('%!%(3%40!&+Y&+(!@/2'42'#! !

3.2.1. Materials and Methods 

3.2.1.1. Synthesis 

.'/(@%(/94'0(@!&9/A2')!/7!&+Y&+(!@&0Z/2&'4!_E-85<b!E!g!?(b!G&b!tb!1Z!s!8)a!>404!9(^46!

>('%!6(Z/0/2!'0(/^(64!&26!%4&'46!(2!&!K+&'(2A9h3/+6_Fwa!@0A@(Z+4!70/9!CFR°8!W!;RR°8!

7/0!64@&0Z/2&'(/2#!M%4!64@&0Z/2&'46!)&9K+4)!>404!%4&'46!Z4'>442!HRR!W!"RFR/8!'/!

/Z'&(2!'%4!94+'!K%&)4#!M%4!94+'!K%&)4!>&)!9&(2'&(246!&'!'%4)4!'49K40&'A04)!7/0!-R!'/!

-F! 9(2A'4)b! 42)A0(23! %/9/342/A)! 9(^(23#! UA42@%(23! /7! '%4! 94+'! ()! &@%(4[46! ZQ!

(9940)(23! '%4! @0A@(Z+4! (2! 64(/2(]46! >&'40! _/0! +(TA(6! 2('0/342a! 7/09(23! &! @+4&0b!

ZAZZ+4W7044b!%/9/342/A)!3+&))#!J!74>!%(3%40W&+Y&+(W@/2'42'!3+&))4)!04TA(046!'%4!7&)'40!

TA42@%!0&'4!&77/0646!ZQ!'%4!A)4!/7!+(TA(6!2('0/342#!*+&))4)!>404!@%4@Y46![()A&++Q!7/0!

@0Q)'&++(2('Q!A)(23!&!K/+&0(]46!+(3%'!9(@0/)@/K4#!

3.2.1.2. Nuclear Magnetic Resonance 

GE1!4^K40(942')!>404!@/26A@'46!/2!&!\&0(&2!BGLMqLG5\J!IRR!)K4@'0/94'40!>('%!&!

<#-! 99! 6/AZ+4! 04)/2&2@4! EJ.! K0/Z4! _""Xb! Ib;?(b! -<G&b! P;1Zb! "<<8)a! &26! &! F#R! 99!

6/AZ+4W04)/2&2@4!EJ.!K0/Z4!_<Hta#!.K4@'0&+!&@TA()('(/2!64'&(+)!&04!3([42!(2!M&Z+4!<#F#!

.&9K+4)!>404!30/A26!'/!&!7(24!K/>640!>('%!&2!&3&'4!9/0'&0!&26!K4)'+4b!&26!K&@Y46!

(2'/!--!v?!_<#-!99a!/0!HR!v?!](0@/2(&!0/'/0)!_F!99a#!.&9K+4!&9/A2')!>404!-RWFR!93!

_<#-!99a!&26!m";R!93!_F!99a#!=(3%W@4)(A9!Z/0&'4)!_1!j!R#Ia!&04!0&'%40!%Q30/)@/K(@b!

04TA(0(23! '%4! )&9K+4)! '/! Z4! 30/A26! &26! K&@Y46! A)(23! &! 3+/[4! Z/^! _60QWG-!



Borates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

96!

42[(0/2942'a#!J++!)K4@'0&!>404!&@TA(046!&'!043A+&'46!'49K40&'A04)#!""X!K/KA+&'(/2)!/7!

'%4!@42'0&+!'0&2)('(/2!>404!@/004@'46!7/0!)&'4++('4!'0&2)('(/2!@/2'0(ZA'(/2)!&)!64)@0(Z46!

ZQ!E&))(/'!4'!&+#"-<!

! =(3%! 7(4+6! -"#"! M! 6&'&! _<Ht! &26! P;1Za! >404! &@TA(046! /2! &! X0AY40! J[&2@4! LL!

)K4@'0/94'40!4TA(KK46!>('%!&!-#F!&26!C!99!6/AZ+4W04)/2&2@4!K0/Z4#!J!HR/WûW"PR/Wû!

_à07! /7! P<! Y=]a! =&%2W4@%/! )4TA42@4! >&)! 49K+/Q46! >('%! '%4! (2'40KA+)4! 64+&Q)!

)Q2@%0/2(]46!>('%!)K(22(23!0&'4)!/7!<R!&26!";!Y=]#!!

X'>%&!M;O;!GE1!4^K40(942'&+!K&0&94'40)!7/0!&+Y&+(!Z/0&'4!3+&))4)!

"#$%&#/!
e5!

U)[\V!
1&D#&+$&!

e.!
U^[\V!

e.?!f!E#%/&!
G-2,<!

4&%'@!
U1V!

F0%%&$,&2!
X('+/-&+,/!

.&3&(&+$&!
EE)!

LL6! "H-#C! X+/@%! "I! FR!Y=]b!R#F!v)! "RW"F! <-WIC!

R#"E!=<X5<!

_"H#Ia!

P5-! PP#-! X+/@%! "I! FR!Y=]b!"!v)! IR! <-!

H#;!E!?(8+!

_R#Ra!

Q5-! -<<#R! X+/@%! "I! C"#I!Y=]b!R#I!v)! -RW<R! <-!

H#;!E!?(8+!

_R#Ra!

JM"'! "FP#I! X+/@%! ";! FR!Y=]b!R#P!v)! FW"F! IC!

"!E!G&8+!

_R#Ra!

MW:!
-;#H!

C-#R!

c@%/!

"R!

";#-C"!

-F!Y=]b!F!v)!

<<#<!Y=]b!<#P!v)!

"WF!

FW"R!

"-Y!

IY!Ñ!"RY!

"!E!t8+!

_R#Ra!

TQ.>!
"HI#-!

-HC#F!

c@%/!

"P!

<R!

I-#F!Y=]b!-!v)!

P<#<!Y=]b!"#F!v)!

F!

"W-!

-Y!

"FY!W!"HY!

"!E!1Z8+!

_R#Ra!

LMMF/! ;P#I! c@%/! "PW"H! <"#-F!Y=]b!Cv)! IR! IC!

R#F!E!8)8+!

_R#Ra!

!
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3.2.2. Results 

3.2.2.1. Boron-11 MAS NMR 

""X!EJ.!GE1!)K4@'0&!>404!&@TA(046!&26!&2&+Q]46!(2!/0640!'/!64'409(24!'%4!70&@'(/2!

/7! 7/A0W@//06(2&'4!Z/0/2!_*Ca#!:(3A04!<#P!)%/>)!'%4!)K4@'0&+!04)/+A'(/2!/7! '%4!'%044W

@//06(2&'4! Z/0/2! _F! '/! -R! KK9a! &26! '%4! 7/A0W@//06(2&'4! Z/0/2! _WC! '/! C! KK9a#! M%4!

Z04&6'%! /7! '%4! d<eX! 047+4@')! &! )(]&Z+4! TA&60AK/+4! @/AK+(23! @/2)'&2'b! MQ! #! -#I! E=]b!

'QK(@&+! /7! '%044W@//06(2&'4! Z/0/2)! (2! Z/0&'4)#Hb"RF! M%4! '4'0&%460&+! Z/0/2! K4&Y! _MQ! ê!

CRR!Y=]a!()!9A@%!2&00/>40!Z4@&A)4!/7!(')!%(3%!)('4!)Q994'0Q#!L2!@/2'0&)'!'/!'%4!X5<!

043(/2!>%404!'%4!&KK&042'!6/AZ+4'! +(24)%&K4!()!6A4!'/!'%4!)4@/26W/0640!TA&60AK/+4!

4774@'b!'%4!'>/!K4&Y)!(2!'%4!X5C!043(/2!7/0!0AZ(6(A9!&26!@4)(A9!Z/0&'4)!&04!6A4!'/!'>/!

6()'(2@'!X5C!)K4@(4)!&0()(23!70/9!946(A9W0&234!/0640#P;!.A@%!&2!/Z)40[&'(/2!()!@+4&0+Q!

9&64!7/0!0AZ(6(A9!&26!@4)(A9!70/9!1gR#R<!'/!R#;#!:/0!@/9K&0()/2b!:(3A04!<#;!)%/>)!

'%4!64@/2[/+A'(/2!/7!'%4!)K4@'0A9!7/0!KA04!X-5<!(2'/!0(23!&26!2/2W0(23!M<!A2(')#!

!

!

?-*#(&! M;Q;! \('04/A)! X-5<! @/2'&(2)! '>/! )('4)b! _'/Ka! 4^K40(942'&+! &26! _Z/''/9a!

)(9A+&'(/2!/7!0(23!_"R!'/!"P!KK9a!&26!2/2W0(23!_I!'/!"C!KK9a!M<!A2(')#!
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! :(3A04! <#P! (++A)'0&'4)! '%&'! '%4! X5C! 70&@'(/2b! *C_! (2@04&)4)! +(24&0+Q! >('%! 1! '/!

24&0+Q!1gR#F#!!J)!()!>4++!Y2/>2bHbP;b"RP!d<eX!@/2[40')!'/!dCeX!(2!/0640!'/!9&(2'&(2!@%&034!

Z&+&2@4! >('%! '%4! &66('(/2! /7! K/)('([4! @&'(/2)#! JZ/[4! &Z/A'! 1gR#CPH! '>/! K0/@4))4)!

)40[4!'/!@%&034W@/9K42)&'4!'%4!&+Y&+(! (/2)i! 7/09&'(/2!/7!'4'0&%460&+!Z/0/2!&26!2/2W

Z0(63(23! /^Q342)! _GX5)a! /2! '0(3/2&+! Z/0/2)#! M%4! 64[(&'(/2! 70/9! '%4! )'0&(3%'! +(24!

_&Z/[4! 1gR#Fa! @&2! Z4! (2'40K04'46! &)! '%4! /2)4'! /7! GX5)#! M%()! 64[(&'(/2! ()! +4))!

K0/2/A2@46! 7/0! '%4! +(3%'40! _?(! &26! G&a! &+Y&+()! '%&2! 7/0! '%4! %4&[(40! _tb! 1Z! &26! 8)a!

&+Y&+()b!(9K+Q(23!'%&'!'%4!+&''40!K04740!GX5!/[40!X5C!&'!%(3%40!&+Y&+(!@/2'42'#!*C![&+A4)!

@%&234! )(32(7(@&2'+Q! &Z/[4! 1gR#CPb! >%404! +('%(A9! )449)! '/! K04740! '%4! K04)42@4! /7!

7/A0W@//06(2&'4!)K4@(4)!/Z)40[46!&)!&!)+/>!64@04&)4! (2!*C!>('%!1#!M%4! +&0340!&+Y&+()!

_G&b! tb! 1Zb! s! 8)a! 6()K+&Q! 74>40! dCeX! '%&2! +('%(A9! Z4Q/26! 1gR#CPb! (26(@&'(23! &!

K0474042@4!7/0!GX5)#!!

!

?-*#(&!M;T;!""X!EJ.!GE1!)K4@'0&!/7!_&a!1gR#-!&+Y&+(!Z/0&'4!3+&))4)!>('%!1gR#-!&26!_Za!

Z/0/2!*C!70&@'(/2)#!
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3.2.2.2. Alkali Environments 

3.2.2.2.1. Lithium MAS NMR 

I?(!_Og"b!Q!/7!WR#RPRP!79-b!G#J#!/7!I#Fwa!&26!;?(!_Og<h-b!Q!/7!WC#R"!79-b!G#J#!/7!H<#Fwa!

2A@+4(!>404!(2[4)'(3&'46#!J)!4^K4@'46b!'%4!/Z)40[46!@%&234)!(2!)%(4+6(23!/7!'%4!2A@+4(!

&04! '%4! )&94! 7/0! Z/'%! ()/'/K4)b! 04[4&+(23! &! )AZ'+4! )%(7'! '/! %(3%40! 704TA42@Q! &)! 1!

(2@04&)4)!_M&Z+4!<#Ia#!M%4!I?(!)K4@'0&!@/2)()'!/7!&!)(23+4b!2&00/>!K4&Y! 7/0!&++!3+&))4)!

_:(3A04!<#Ha#!M%4!)&'4++('4!'0&2)('(/2)!/7!;?(!&KK4&0!&)!&!)(64Z&26!9&2(7/+6!4^'426(23!

/[40!IRR!KK9!_:(3A04!<#Ia#!M%4!4^'42'!/7! '%4! )&'4++('4! '0&2)('(/2!42[4+/K4!&++/>)!&2!

4)'(9&'(/2!/7!'%4!;?(!MQ!/7!"HR!õ!"R!Y=]#!M%()!)9&++![&+A4!>/A+6!K0/6A@4!&!243+(3(Z+4!

)4@/26W/0640! )%(7'! _n"R! =]a! /7! '%4! @42'0&+! '0&2)('(/2b! %42@4! '%4! K4&Y! 9&^(9&! &04!

'&Y42! &)! '%4! ()/'0/K(@! )%(7')! _:(3A04! <#"Ra#! M%4! @42'0&+! '0&2)('(/2! /7! ;?(! )%/>)! &!

)/94>%&'! +&0340! 7A++! >(6'%! &'! %&+7! 9&^(9A9! '%&2! I?(! 6A4! '/! 9/04! 4^'42)([4!

%/9/2A@+4&0! 6(K/+&0! (2'40&@'(/2)! &'! H-#Fw! 2&'A0&+! &ZA26&2@4#! =/>4[40! '%4! K4&Y!

)%(7'!>('%!+('%(A9!@/2@42'0&'(/2!()!(642'(@&+!'/!'%&'!/7!I?(#!!!

!

?-*#(&!M;W;!I?(!EJ.!GE1!)K4@'0&!/7!1gR#-b!R#Fb!&26!R#;!+('%(A9!Z/0&'4!3+&))4)#!
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!

?-*#(&!M;LK;! ;?(!EJ.!GE1!/7! +('%(A9!Z/0&'4!3+&))!>('%! _&a!1gR#;b! _Za!1gR#F!&26! _@a!

1gR#-#! M%4! [40'(@&+! +(24! ()! K0/[(646! &)! &! [()A&+! 3A(64b! (26(@&'(23! &! )%(7'! '/! %(3%40!

704TA42@Q!&)!&+Y&+(!@/2@42'0&'(/2!(2@04&)4)#!

3.2.2.2.2. Sodium-23 MAS NMR 

:(3A04!<#""!6()K+&Q)!'QK(@&+!-<G&!EJ.!GE1!)K4@'0&!7/0!'%4!)/6(A9!Z/0&'4!3+&))4)#!M%4!

)Q994'0(@&+! K4&Y! )%&K4)! (26(@&'4! '%&'! 6()'0(ZA'(/2)! (2! '%4! TA&60AK/+&0! @/AK+(23!

@/2)'&2')! 6/! 2/'! 6/9(2&'4! '%4! @%49(@&+! )%(7'! 6()'0(ZA'(/2#! G4[40'%4+4))b! '%4!

TA&60AK/+&0! K&0&94'40)! &04! Y2/>2! '/! Z4! '//! +&034! '/! K409('! '%4! K4&Y! 9&^(9&! '/!

04+(&Z+Q!&KK0/^(9&'4!'%4!()/'0/K(@!@%49(@&+!)%(7')#""H!J!+(Y4+Q![&0(&'(/2!/7!VQ!70/9!"#F!

'/!-#F!E=]""H!_SU!g!8U!_"lk-h<a"h-a!04)A+')!(2!TA&60AK/+4!@/AK+(23)!@&A)(23!&![&0(&'(/2!

/7!@&#!"!KK9!(2!'%4!)4@/26W/0640!TA&60AK/+4!(26A@46!)%(7'#!G4[40'%4+4))b!'%4!7&@'!'%&'!

'%4!K4&Y!)%&K4)!&26!>(6'%)!@%&234!+(''+4!>('%!&+Y&+(!+/&6(23!)A334)')!'%&'!'%4!)%(7'!(2!

'%4!K4&Y!9&^(9A9!04K04)42')!'%4!'0A4!;%&>N+!(2!'%4!()/'0/K(@!@%49(@&+!)%(7'#!M%4!-<G&!

K4&Y)! )%(7'! '/! %(3%40! 704TA42@Q! >('%! (2@04&)(23! )/6(A9! @/2'42'! _M&Z+4! <#Iab! &)!
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K04[(/A)+Q! /Z)40[46"""b""Pb""H! 7/0! +/>! &+Y&+(! +/&6(23)#! L2! &66('(/2b!>4! %&[4!94&)A046!

)%(7')!&'!%(3%40!G&W+/&6(23)!&26!7(26!'%&'!'%()!'0426!@/2'(2A4)#!

!

?-*#(&!M;LL;!-<G&!EJ.!GE1!/7!)/6(A9!Z/0&'4!3+&))!>('%!_&a!1gR#;b!_Za!1gR#F!&26!_@a!

1gR#-#! M%4! [40'(@&+! +(24! ()! K0/[(646! &)! &! [()A&+! 3A(64b! (26(@&'(23! &! )%(7'! '/! %(3%40!

704TA42@Q!&)!&+Y&+(!@/2@42'0&'(/2!(2@04&)4)#!

3.2.2.2.3. Potassium-39 MAS NMR 

<Ht! K/))4))4)! &! 9/640&'4! TA&60AK/+4! 9/942'! _Q! /7! F#;F! 79-a! ZA'! &! [40Q! +/>!

3Q0/9&324'(@! 0&'(/! _â! /7! "#-FR! $! "R;! 0&6hM)a"-C! 9&Y(23! ('! 2/'/0(/A)+Q! 6(77(@A+'! '/!

&@TA(04! )K4@'0&! 4[42! (2! @0Q)'&++(24! )&9K+4)#! DA4! '/! '%4! +/>! )42)('([('Qb! &! +&0340!

)&9K+4W)K(22(23! 0/'/0! >&)! A)46#! M%()! @%/(@4! 42'&(+)! &! '0&64! /77! (2! '%4! 9&^(9A9!

)K(22(23! )K446b! 9&Y(23! ('! (9K/))(Z+4! '/! 04)/+[4! '%4! Z0/&6! @42'0&+! K4&Y! 70/9! '%4!

)K(22(23!)(64Z&26)#!8/2)4TA42'+Qb! '%4!)K4@'0&!@/2)()'!/7!&!Z0/&6!&)Q994'0(@&+!K4&Y!

&'/K!&!Z0/&640!A26(774042'(&'46!)(32&+!_:(3A04!<#"-a#!M%()b!(2!@/224@'(/2!>('%!'%4!+&034!
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TA&60AK/+4! (2'40&@'(/2! _MQ! /7! -#F! õ! R#F! E=]a! 4)'(9&'46! 70/9! '%4! )4@/26W/0640!

Z0/&642(23! /7! '%4! @42'0&+! '0&2)('(/2b! 9&Y4)! ('! 24&0+Q! (9K/))(Z+4! '/! 94&)A04! '%4!

()/'0/K(@!@%49(@&+!)%(7'!70/9!'%4!EJ.!)K4@'0A9#!G4[40'%4+4))b!&!6(04@'!@/9K&0()/2!/7!

'%4! )K4@'0&! 04[4&+)! &! )%(7'! /7! '%4! @42'0&+! K4&Y! '/! %(3%40! 704TA42@Q! >('%! K/'&))(A9!

+/&6(23#! J+'%/A3%! '%4! )%(7'! &KK4&0)! )AZ'+4! &3&(2)'! '%4! Z&@Y60/K! /7! CRR! KK9! Z0/&6!

K4&Y)b!'%4!K4&Y!9&^(9A9!)%(7')!24&0+Q!CR!KK9!_-<G&!)%(7')!ZQ!/2+Q!"R!KK9!/[40!'%4!

)&94!@/9K/)('(/2a!70/9!1gR#-!'/!R#;!_M&Z+4!<#Ia#!G/'4!'%&'!&!@0Q)'&++(24!(9KA0('Q!'//!

)9&++! '/! Z4! 64'4@'46! /K'(@&++Q! /[40+&K)! >('%! '%4! 1gR#;! K4&Yb! ZA'! Z4@&A)4! /7! (')!

)%&0K24))b!('!6/4)!2/'!(2'407404!>('%!'%4!&2&+Q)()#!
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!

?-*#(&!M;LJ;! <Ht!EJ.!GE1!/7! K/'&))(A9!Z/0&'4! 3+&))! _&a!1gR#;b! _Za!1gR#CP! &26! _@a!

1gR#-#!B+'0&%(3%W7(4+6!6&'&!_-"!Ma! 7/0! _6a!1gR#FC!04[4&+)!%(3%40!.hG!&26!&!2&00/>40!

8M!>('%!)/94!&)Q994'0Q!'/!+/>40!704TA42@Q!_"C!Ma#!
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3.2.2.2.4. Rubidium-87 MAS NMR 

P;1Z!%&)! &!9/640&'4+Q! %(3%! âb! ZA'! )A7740)! 70/9![40Q! +&034!MQ! [&+A4)!>%(@%b! +(Y4! <Htb!

9&Y4! ('! (9K/))(Z+4! '/! 04)/+[4! '%4! @42'0&+! K4&Y! 70/9! '%4! )K(22(23! )(64Z&26)! &'!

@/2[42'(/2&+! 9&324'(@! 7(4+6)! &26! )K(22(23! )K446)#! $%(+4! )/94! @/99/2! 0AZ(6(A9!

)&+')! %&[4! )9&++! MQj)! _4#3#b! 1Z8+b! 1Z8+5Cb! 1ZG5<b! 1Z.5C! &26! 1Z805Ca! "-Fb"-I! >4! %&[4!

&@TA(046!'%4!P;1Z!)K4@'0A9!/7!'%4!9/04!04+4[&2'!éW1ZX<5F!&26!7/A26!&!MQg"F#<!õ!R#<!

E=]! &26! kgR#FF! õ! R#"! _:(3A04! <#"-a#! 5Z)40[46! +(24>(6'%)! &'! "C#"! &26! -"#"! M!>404!

(2@/2)()'42'! >('%! '%4! 0&234! /7! TA&60AK/+4! @/AK+(23! @/2)'&2')! &[&(+&Z+4! 7/0! )(9K+4!

0AZ(6(A9! )&+')! _8U! /7! -#<! Ñ! H#C! E=]a#"-Fb"-I! L2! /0640! '/! [40(7Q! '%&'! 9A@%! +&0340!

TA&60AK/+4! @/AK+(23)! @/A+6! Z4! K04)42'! '/! 4^K+&(2! '%4! /Z)40[46! )K4@'0&b! 0AZ(6(A9!

'0(Z/0&'4!@0Q)'&+!>&)!)Q2'%4)(]46!'/!K0/Z4!'%4!9&32('A64!/7!'%4!TA&60AK/+4!@/AK+(23!

(2!Z/0/2!/^(64!9&'40(&+)#!J!P;1Z!GE1!)K4@'0A9!/7!0AZ(6(A9!6(Z/0&'4!@0Q)'&+!>&)!&+)/!

&@TA(046#! J+'%/A3%! '%4! K04)42@4! /7! 7/A0! @0Q)'&++/30&K%(@&++Q! 6()'(2@'! )('4)! +(9(')!

K04@()4! 4^'0&@'(/2! /7! &++! K&0&94'40)b! '%4! 8U{)! &04! /7! '%4! )&94! 9&32('A64! &)! '%4!

'0(Z/0&'4! @0Q)'&+#! ! J'! "C#"! M! >4! 4)'(9&'4! '%&'! )K(22(23! )K446)! (2! 4^@4))! /7! IR! Y=]!

>/A+6! Z4! 04TA(046! '/! /Z'&(2! 04&)/2&Z+4! 04)/+A'(/2! /7! '%4! ()/'0/K(@! K4&Y! 70/9! '%4!

)4@/26W/0640! TA&60AK/+&0! Z0/&64246! @42'0&+! '0&2)('(/2! &26! )K(22(23! )(64Z&26)#! L2!

0AZ(6(A9! Z/0&'4! 3+&))4)b! 6(774042'(&'(/2! Z4'>442! '%4! @42'04! Z&26! &26! '%4! )K(22(23!

)(64Z&26)! ()! [40Q! )AZ'+4! _:(3A04! <#"<ab! 4[42! &'! -"#"! Mb! '%4! %(3%4)'! @/9940@(&++Q!

&[&(+&Z+4!9&324'(@!7(4+6!&'!'%4!'(94!/7!'%()!)'A6Q#!DA4!'/!&++!/7!'%4)4!())A4)!>('%!P;1Z!

EJ.!GE1b!>4!&04!'%4!7(0)'!'/!04K/0'!0AZ(6(A9!GE1!/2!&2!/^(64!3+&))#!=/>4[40b!&)!(2!

'%4! @&)4! >('%! <Htb! &! 6(04@'! )K4@'0&+! @/9K&0()/2! )%/>)! &! @+4&0! K4&Y! )%(7'! '/! %(3%40!

704TA42@(4)!>('%! (2@04&)46!0AZ(6(A9!+/&6(23!_M&Z+4!<#Ia#!.K4@'0&!@/++4@'46!&'!%(3%40!
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7(4+6!&04!2&00/>40!6A4!'/!'%4!(9K0/[46!)AKK04))(/2!/7!'%4!)4@/26W/0640!TA&60AK/+4!

Z0/&642(23!ZQ!'%4!f449&2!(2'40&@'(/2p!ZA'!'%4!)%(7'!(2!'%4!K4&Y!9&^(9A9!()!(642'(@&+!

'/!'%&'!/Z)40[46!(2!6&'&!@/++4@'46!&'!+/>40!7(4+6#!!

!

?-*#(&!M;LM;! P;1Z!EJ.!GE1!/7! 0AZ(6(A9!Z/0&'4!3+&))! _&a!1gR#;b! _Za!1gR#CP!&26! _@a!

1gR#-#!B+'0&%(3%W7(4+6!6&'&!_-"!Ma! 7/0! _6a!1gR#FC!04[4&+)!%(3%40!.hG!&26!&!2&00/>40!

8M!'%&2!&'!+/>40!7(4+6!_"C!Ma#!
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!

X'>%&!M;P;!842'04!/7!30&[('Q!@%49(@&+!)%(7')!_`@3)a!7/0!&++!&+Y&+(!Z/0&'4!3+&))4)!@/++4@'46!

&'!"C#"!M#!

.!

U)J_`6J_MV!

Q5-!$;*;/;!

UCC8V!!

Z!K;KO!

JM"'!$;*;/;!

UCC8V!!

Z!K;O!

MW:!$;*;/;!

UCC8V!!

Z!LK!

TQ.>!$;*;/;!

UCC8V!!

Z!LK!

LMMF/!$;*;/;!

UCC8V!!

Z!O!

K;KM! 2#6#! W"I#I! 2#6#! 2#6#! W-F!

K;L! WR#I-! 2#6#! 2#6#! WF-! W"C!

K;J! WR#FI! W"I! WCP! WFR! H!

K;M! WR#F! 2#6#! 2#6#! 2#6#! <H!

K;N! WR#F-! W"R#<! 2#6#! WH&! F"!

K;O! WR#C"! 2#6! W-I! <Z! PHZ!

K;Q! WR#-"! WF#;! WH! "I! "--!

K;T! 2#6#! W"#C! 2#6#! -R! ""F!

K;W! R#R-! 2#6#! 2#6#! 2#6#! "-"!

L;L! 2#6#! 2#6#! 2#6#! 2#6#! "-"!

J;O! R#FI! 2#6#! 2#6#! 2#6#! 2#6#!

_&a!1gR#CP!&26!_Za!1gR#FCb!2#6#b!2/'!64'409(246!

3.2.2.2.5. Cesium-133 MAS NMR 

"<<8)!_O!g!;h-a!%&)!&!)9&++!TA&60AK/+4!9/942'!&26!&!9/640&'4!âb!9&Y(23!GE1!)K4@'0&!

04+&'([4+Q! 4&)Q! '/! &@TA(04! 7/0! '%()! 04@4K'([4! 2A@+4A)#! "<<8)! &+)/! %&)! &! +&034! @%49(@&+!

)%(7'!0&234b!>('%!@/004)K/26(23+Q!%(3%!)42)('([('Q!'/!)9&++!@%&234)!(2!+/@&+!)'0A@'A04#!

J@@/06(23+Qb! '%4! Z0/&6! GE1! K4&Y)! )%/>2! (2! :(3A04! <#"C! &04! 6/9(2&'46! ZQ! &!
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6()'0(ZA'(/2!/7!@%49(@&+!)%(7')#!M%4!)K(22(23!)(64Z&26!42[4+/K4!Q(4+6)!&2!4)'(9&'46!MQ!

/7!FCR!õ!-R!Y=]#!M%()!)9&++!MQ!@/004)K/26)!'/!&!)4@/26W/0640!TA&60AK/+4!)%(7'!/7!""!õ!

-!=]b!%42@4!'%4!K4&Y!9&^(9&!&04!'&Y42!&)!'%4!()/'0/K(@!@%49(@&+!)%(7')#!J9/23!&++!'%4!

&+Y&+(!@&'(/2)b!"<<8)!)%/>)!'%4!)'0/234)'!@%49(@&+!)%(7'!@/004+&'(/2!>('%!@/2@42'0&'(/2b!

>('%!&! )%(7'! '/!%(3%! 704TA42@Q!/7!"--!KK9! (2@04&)(23!AK/2! '%4!@4)(A9!@/2'42'! 70/9!

1gR#R<!'/!R#I!_M&Z+4!<#Ia#!JZ/[4!1gR#;!'%4!"<<8)!)%(7')!K+&'4&A!&'!"-"!õ!F!KK9#!

 

?-*#(&!M;LN;!"<<8)!EJ.!GE1!/7!@4)(A9!Z/0&'4!3+&))4)b!_&a!1gR#-b!_Za!1gR#FCb!_@a!1gR#;b!

_6a!1gR#H!&26!_4a!1g"#"#!
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3.2.3. Discussion 

3.2.3.1. Boron Speciation 

M%4!7/A0W@//06(2&'4!Z/0/2!K/KA+&'(/2!()!(264K42642'!/7!'%4!'QK4!/7!&+Y&+(!AK!'/!&Z/A'!

1gR#CPb!&)!K04[(/A)+Q!6/@A942'46#P;b"-;!X4Q/26!'%()!&+Y&+(! +/&6(23b!'%4!%4&[(40W&+Y&+(!

Z/0&'4!3+&))4)!K0474042'(&++Q!34240&'4!'0(3/2&+!Z/0/2!42[(0/2942')!>('%!2/2WZ0(63(23!

/^Q342)b!>%404&)!+('%(A9!Z/0&'4)!@/2'(2A4!'/!7/09!&!%(3%40!K0/K/0'(/2!/7!'4'0&%460&+!

Z/0/2!(2!04)K/2)4!'/!(2@04&)(23!9/6(7(40!@/2'42'#""R!L2!7&@'b!'%4!6&'&!&'!1gR#;!@+4&0+Q!

(26(@&'4!'%&'!'%4!Z&+&2@4!/7!'4'0&%460&+!Z/0/2!&26!GX5)!()!)'0/23+Q!64K42642'!/2!'%4!

2&'A04! /7! '%4! &+Y&+(! 9/6(7(40! &'! %(3%! &+Y&+(! @/2'42'#! =4&[(40! &+Y&+(! (/2)! &KK4&0! '/!

)'&Z(+(]4! GX5)b! >%404&)! +(3%'40! &+Y&+()! Ñ! K&0'(@A+&0+Q! +('%(A9! Ñ! &KK4&0! '/! )'&Z(+(]4!

'4'0&%460&+!Z/0/2#!M%4)4! 04)A+')!&04! (2!TA&+('&'([4!&3044942'!>('%! 04@42'!9/+4@A+&0!

6Q2&9(@! )(9A+&'(/2)! /7! @4)(A9! &26! +('%(A9! Z/0&'4! 3+&))4)! >%(@%! 04[4&+! )9&++40!

2A9Z40)! /7! GX5WZ4&0(23! Z/0/2)! 7/0! +('%(A9! Z/0&'4)#"-Pb"-H! M%()! K0474042@4! 9&Q! Z4!

04+&'46!'/!'%4!)(]4!/7!'%4!(/2)i!'%4!)A9!/7!'%4![&2!640!$&&+)!0&6((!/7!?(l!&26!5-W!04&6(+Q!

K409(')! /24! +('%(A9! '/! (2'40&@'! >('%! '>/! Z0(63(23! /^Q342)! /7! &! )(23+4! '4'0&%460/2b!

>('%! 04&)/2&Z+4! Z/26! &23+4)#! M%4! +&0340! &+Y&+()! &04! '//! Z(3! '/! 7('! Z4'>442! /^Q342)!

&))/@(&'46!>('%!&!)(23+4!'4'0&%460/2b!&26!9&Q!K04740!'/!(2'40&@'!>('%!/^Q342)!>('%!&!

+&0340!K&0'(&+!243&'([4!@%&034b! )A@%!&)!&!2/2WZ0(63(23!/^Q342#! L2!/'%40!>/06)b!9A@%!

)9&++40!+('%(A9!@&'(/2)!@/A+6!7('!NZ4''40O!Z4'>442!'>/!_&26!'%044a!/^Q342)!/2!&!)(23+4!

4634!_/0!7&@4a!/7!&!X5Ch-!'4'0&%460/2!'%&2!+&0340!@&'(/2)#!J2!&+'402&'([4!@/2)(640&'(/2!

()!&''49K'(23! '/!&@@/A2'! 7/0! '%4!4+4@'0/K/)('([4!@%&0&@'40!/7!?(l!&26!8)l#!8)l! ()!9/04!

4+4@'0/K/)('([4!'%&2!?(l!@&A)(23!'%4!64+/@&+(]46!243&'([4!@%&034!/2!&! dCeX!K/+Q%460/2!

'/!Z4@/94!9/04!+/@&+(]46b!K/))(Z+Q!7/0@(23!GX5)!'/!7/09!_(#4#b! +/@&+(](23!'%4!243&'([4!
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@%&034! /2'/! &! )(23+4! /^Q342a#! ?(l! Z4(23! +4))! 4+4@'0/K/)('([4! @&2! 4&)(+Q! &@@/99/6&'4!

'%4!64+/@&+(]46!243&'([4! @%&034!/2! '%4!X5CW! K/+Q%460&b! &++/>(23! &!%(3%40! 70&@'(/2!/7!

dCeX#!

! ! ! GX5)!g!1!Ñ!*C!! ! ! ! UM;LV!

! 8/2)()'42'!>('%!4&0+(40!>/0Y!/2!&+Y&+(!Z/0&'4)P;b"-;b!9A+'(K+4!'4'0&%460&+!Z/0/2!

)('4)! &04! /Z)40[46! 7/0! 0AZ(6(A9! &26! @4)(A9! Z/0&'4! 3+&))4)#! =/>4[40b! )4+4@'46!

K/'&))(A9! &26! )/6(A9! Z/0&'4! 3+&))4)! _4#3#b! 1gR#-a! &+)/! 4^%(Z('! &2! &)Q994'0(@!

'4'0&%460&+! Z/0/2! +(24)%&K4b! &26! &! K4&Y! Z04&6'%! @/9K&0&Z+4! '/! '%4! %4&[(40! &+Y&+()!

_:(3A04! <#Pa#! M%4)4! /Z)40[&'(/2)! %&[4! Z442! (2'40K04'46! (2! '409)! /7! 946(A9W0&234!

/0640! K40)()'(23! '%0/A3%/A'! '%4! 42'(04! 3+&))W7/09(23! 0&234! /7! &+Y&+(! Z/0&'4)#! M%4!

/Z)40[&'(/2!/7!9A+'(K+4!X5C!)('4)! (2!)/6(A9b!K/'&))(A9b!0AZ(6(A9!&26!@4)(A9!Z/0&'4!

3+&))4)! K04)42')! '%4! K/))(Z(+('Q! '%&'! 946(A9W0&234! /0640! ()! '%4! 0A+4! (2! +/>W&+Y&+(!

Z/0&'4!3+&))4)b!2/'!'%4!4^@4K'(/2#!M%4!7&@'!'%&'!2/!)A@%!4[(642@4!()!)442!(2!'%4!+('%(A9!

Z/0&'4)!9&Q!Z4! &''0(ZA'&Z+4! '/!9/Z(+('Q! /7! ?(l! &'! 0//9! '49K40&'A04! 04)A+'(23! (2! '%4!

/Z)40[&'(/2! /7! &2! &[40&34! K4&Y! K/)('(/2! 7/0! &++! K/))(Z+4! )('4)! /0! ('! 9&Q! 04+&'4! '/! &!

A2(TA4! 0/+4! 7/0! '%()! )9&++! &+Y&+(! (2! 24'>/0YW7/09(23! 3+&))4)#! J2/'%40! K+&A)(Z+4!

&03A942'! ()! '%&'! +('%(A9!9&Q! Z4%&[4! 60&)'(@&++Q! 6(774042'+Q! 70/9! '%4! %4&[(40! &+Y&+(!

/^(64)b! @&A)(23! &! A2(TA4! Z/0&'4! 24'>/0Y! '%&'! @/2'&(2)! Z0(63(23! dCeX! )K4@(4)! 7/0!

4^&9K+4#!J!9/04!K+&A)(Z+4!4^K+&2&'(/2!7/0!'%()!@&2!Z4!646A@46!70/9!'%4!.%&22/2!0&6((!

&26!&+Y&+(!@//06(2&'(/2!42[(0/2942')#!J+Y&+(!@&'(/2)!_G&l!'/!8)la!@&2!&@@/99/6&'4!AK!

'/! "-! 24(3%Z/A0)! >('%(2! '%4! 7(0)'! @//06(2&'(/2! )K%404#! ?('%(A9! ()! +(9('46! '/! &!

9&^(9A9!/7! 4(3%'!&26!9/)'! @0Q)'&++(24! )K4@(4)!/@@A0!>('%! @//06(2&'(/2!2A9Z40)!/7!

7/A0!'/!)(^#"<R!!
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3.2.3.2. Alkali Environment  

J++!/7!'%4!&+Y&+(!2A@+4(!)'A6(46!%404![(&!EJ.!GE1!6()K+&Q!&!)%(7'!'/!%(3%40!704TA42@Q!

>('%!(2@04&)(23!&+Y&+(!/^(64!@/2@42'0&'(/2#!L'!()!>4++!Y2/>2!'%&'!%(3%W704TA42@Q!)%(7')!

&@@/9K&2Q! &! 046A@'(/2! (2! @&'(/2! @//06(2&'(/2! 2A9Z40! 7/0! (/2(@! )/+(6)#! 8/99/2!

4^&9K+4)! /7! '%()! 4774@'! (2@+A64! 24'>/0Y! 7/0940)! -H.(! "<"b! -;J+! "<"b! <"S! ""Cb! ""X! Hb! &26!

24'>/0Y!9/6(7(40)! I?(! "-"b! -<G&! "<-b! -FE3! "<<b"<C! &26! "<<8)! "<F#! $%(+4! ('! ()! 6(77(@A+'! '/!

(642'(7Q! K04@()4+Q! '%4! 6()@04'4! @//06(2&'(/2! 2A9Z40)! 7/0! &+Y&+(! 9/6(7(40)! (2! /^(64!

3+&))4)b!'%4!'0426!'/!%(3%!704TA42@Q!(26(@&'4)!'%&'!'%4!&[40&34!@//06(2&'(/2!2A9Z40!Ñ!

&26! %42@4b! '%4! N)(]4O! /7! '%4! )('4! Ñ! 64@04&)4)! >('%! %(3%40! +/&6(23)#! J'! +/>! &+Y&+(!

+/&6(23)!_(#4#b!1!n!R#Fa!'%()!@&2!Z4!4^K+&(246!ZQ!'%4!(2@04&)(23!@/2@42'0&'(/2!/7!&2(/2(@!

'4'0&%460&+!Z/0/2!A2(')!K0/[(6(23!K&0'(&++Q!@%&0346!/^Q342)!7/0!+/@&+!@%&034!Z&+&2@4#!

L26446b! 6/AZ+4W04)/2&2@4! GE1! 94'%/6)! %&[4! )%/>2! '%&'! 8)l! K0474042'(&++Q!

&))/@(&'4)! >('%! '4'0&%460&+! Z/0/2! &'! +/>! &+Y&+(! @/2@42'0&'(/2)#PF! $('%! '%4! /2)4'! /7!

&KK04@(&Z+4! '0(3/2&+! Z/0/2)! K/))4))(23! 2/2WZ0(63(23! /^Q342)! _(#4#b! 1! j! R#Fab! '%4!

243&'([4! @%&034! +/@&+(]46!/2!2/2WZ0(63(23!/^Q342)! (2'40&@')!9/04! )'0/23+Q!>('%! '%4!

9/6(7(40! @&'(/2)#! .(9K+4!Z/26![&+42@4!&03A942')!6(@'&'4! '%&'! '%()! 04)A+')! (2! )%/0'40!

&26!74>40!&+Y&+(W/^Q342!Z/26)b!%42@4!64@04&)(23!'%4!@//06(2&'(/2!)K%404b!@/2)()'42'!

>('%!'%4!GE1!6&'&#!

! M%4!'/'&+!0&234)!/7!'%4!@%49(@&+!)%(7'![&0(&'(/2)!6(7740!304&'+Q!&9/23!'%4!2A@+4(!

)'A6(46#!M/! 7&@(+('&'4!&!6(04@'! @/9K&0()/2!/7! '%4! @%&234)! (2! @%49(@&+! )%(7')b!>4!%&[4!

2/09&+(]46!'%4!6&'&!ZQ!&@@/A2'(23!7/0!'%4![&)'+Q!6(774042'!@%49(@&+!)%(7'!0&234)!/7!'%4!

&+Y&+(! 2A@+4(#! $4! %&[4! 04W0474042@46! &++! )%(7')! >('%! 04)K4@'! '/! '%4! 1gR#-! 3+&))4)!

_Z4@&A)4!6&'&!7/0!&++!7([4!)40(4)!>404!&[&(+&Z+4!&'!'%()!@/9K/)('(/2ab!&26!6([(646!ZQ!'%4!
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Y2/>2!@%49(@&+! )%(7'! 0&234)! _:(3A04!<#"Fa""Cb"<I! '/! 34240&'4! .+:&'(R+!@%49(@&+! )%(7')#!

J+'%/A3%! '%4!Y2/>2! 0&234)!/7! @%49(@&+! )%(7')! 7/0!9/04!6(77(@A+'! 2A@+4(! )A@%! &)! P;1Z!

&26!<Ht!&04!+(Y4+Q!A26404)'(9&'46!ZQ!'%4!+(9('46!+('40&'A04b!'%()!&KK0/&@%!K0/[(64)!&!

@/2[42(42'! 4)'(9&'4! /7! '%4! 04+&'([4! @%&234)! (2! K4&Y! K/)('(/2! 7/0! &++! &+Y&+(! Z/0&'4!

3+&))4)! _:(3A04! <#"Fa#! \()A&+(](23! '%4! 6&'&! (2! '%()! >&Q! 04[4&+)! '%&'! '%4! 04+&'([4!

@%49(@&+!)%(7'!@%&234)!&04!TA&+('&'([4+Q!+&0340!7/0!'%4!%4&[(40!&+Y&+(!@&'(/2)!'%&2!'%4Q!

&04!7/0!+('%(A9#!M%()!()!@/2)()'42'!>('%!'%4!A2(TA4!Z4%&[(/A0!/7!+('%(A9!(2!34240&'(23!

'4'0&%460&+! Z/0/2! &'! @/9K/)('(/2)! >%404! '%4! %4&[(40! &+Y&+()! 34240&'4! +&034!

K0/K/0'(/2)!/7!2/2WZ0(63(23!/^Q342)!_R(5+!)E=.&a#!M4'0&%460&+!Z/0/2!A2(')!K/))4))!&!

)(23+4!243&'([4!@%&034!6()'0(ZA'46!/[40!&++! 7/A0!Z0(63(23!/^Q342)b!@/27400(23!&! +/>40!

K&0'(&+! 243&'([4! @%&034! /2! '%4! /^Q342)! '%&2! '%4! 9/04! +/@&+(]46! @%&034! /2! 2/2W

Z0(63(23! /^Q342)#!=42@4b!>('%! '%4! Z&+&2@4! )%(7'46! '/>&06! '4'0&%460&+! Z/0/2)! (2! '%4!

+('%(A9!Z/0&'4)b!'%4!)(]4!/7!'%4!?(l!)('4!>/A+6!Z4!4^K4@'46!'/!Z4!+&0340!&26!@%&234!+4))!

)%&0K+Q!'%&2!7/0!'%4!%4&[(40!&+Y&+()b!>%404!'%4!Z&+&2@4!()!)%(7'46!'/>&06!2/2WZ0(63(23!

/^Q342)#! 8+/)40! (2)K4@'(/2! /7! '%4! 04+&'([4! @%49(@&+! )%(7')! )%/>! '%&'! '%4! 643044! /7!

@/9K/)('(/2W64K42642'!)%(7')!@/004+&'4)!>('%!'%4!)(]4!/7!'%4!@&'(/2#!J3&(2b!'%()!34240&+!

'0426! &KK4&0)! '/! 7/++/>! '%4! @&'(/2W64K42642'! 6()K40)(/2! (2! '%4! *C! 6&'&b! &+'%/A3%!

4^K40(942'&+!A2@40'&(2'Q!/Z)@A04)! &!64'&(+46! @/9K&0()/2!/7! '%4!Z4%&[(/A0! &9/23)'!

)/6(A9b!K/'&))(A9b!0AZ(6(A9!&26!@4)(A9!3+&))4)#!!

!
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!

?-*#(&!M;LO;!_&a!t2/>2!@%49(@&+!)%(7'!)@&+4)!7/0!&+Y&+(!/^(64!)K4@(4)!&26!_Za!04+&'([4!

@%49(@&+! )%(7'! &)! &! 7A2@'(/2! /7! &+Y&+(! @/9K/)('(/2#! G/'4! &66('(/2&+! G&! &26! 8)! 6&'&!

>('%(2!'%4!30&K%!&04!70/9!0474042@4)!-<G&_(!&26!(((a""P!&26!"<<8)_((a""H#!
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!

! M%4!"<<8)!EJ.!GE1!6&'&!4^%(Z('!&!K+&'4&A!(2!'%4(0!@%49(@&+!)%(7'!&Z/[4!1gR#;b!

(9K+Q(23!'%&'!'%4!8)l!)('4)!04&@%!&!+(9('(23!)(]4#!J'!'%()!@/9K/)('(/2b!<Fw!/7!'%4!Z/0/2)!

&04!K04)42'!&)!'4'0&%460&+!Z/0/2b!04TA(0(23!'%&'!&Z/A'!%&+7!/7!'%4!049&(2(23!_'0(3/2&+a!

Z/0/2)!9A)'!K/))4))!&'!+4&)'!/24!2/2WZ0(63(23!/^Q342!7/0!@%&034!Z&+&2@4#!L2@04&)(23!

'%4! @4)(A9! @/2'42'! 7A0'%40! 046A@4)! *C! 9&03(2&++Q! _)44! :(3A04! <#Pa! &26! 34240&'4)!

&66('(/2&+! '0(3/2&+! Z/0/2)!>('%! /24! /0!9/04! 2/2WZ0(63(23! /^Q342)#! L'! ()! 6(77(@A+'! '/!

0&'(/2&+(]4!'%()!&)Q9K'/'(@!Z4%&[(/A0!(2!'409)!/7!'%4!&[&(+&Z+4!&2(/2(@!A2(')b!4^@4K'!'/!

)A334)'!'%&'!&2!(2'0(2)(@!+/>40!+(9('!'/!'%4!8)l!@//06(2&'(/2!2A9Z40!()!04&@%46!&'!'%()!

@/9K/)('(/2#! $4! >404! A2&Z+4! '/! K04K&04! KA04WK%&)4! 3+&))4)! 7/0! '%4! /'%40! &+Y&+(!

Z/0&'4)! (2! '%()! @/9K/)('(/2&+! 0&234! >('%! &! [(4>! '/! 64'409(2(23! >%4'%40! &! )(9(+&0!

K+&'4&A!&+)/!/@@A0)!7/0!'%4)4!9&'40(&+)#!

3.2.4. Summary 

D(04@'!GE1!/Z)40[&'(/2!/7!&+Y&+(!94'&+!9/6(7(40!@&'(/2)!(2!Z/0&'4!3+&))4)!K0/[(64)!&!

[&+A&Z+4!@/9K+4942'!'/!GE1!)'A6(4)!/7!24'>/0Y!@&'(/2)#!L2!'%()!>&Qb!>4!&04!&Z+4!'/!

9/2('/0! '%4! @//06(2&'(/2! 42[(0/2942')! /7! '%4! 24'>/0Y! 9/6(7Q(23! &+Y&+(! @&'(/2)! (2!

&+Y&+(! Z/0&'4! 3+&))4)! &26! (2740! &! 64@04&)4! (2! '%4! @//06(2&'(/2! 2A9Z40! >('%! &+Y&+(!

+/&6(23#! J! @/9K04%42)([4! @/9K&0()/2! /7! &++! &+Y&+()! (2! K&0&++4+! K0/[(64)! [&+A&Z+4!

(2)(3%'! (2'/! '%4! 6(774042'! Z4%&[(/A0! /7! +('%(A9! [()W¢W[()! '%4! /'%40b! %4&[(40! &+Y&+(#!

E/04/[40b!)(32(7(@&2'+Q!4^'426(23!'%4!Y2/>2!0&234!/7!'%4!@4)(A9!Z/0&'4!3+&))4)!'/!F<!

9/+w! 70/9! <<! 9/+w""P! 04[4&+)! '%&'! '%4! 4&0+Q! '0426! /7! &! +(24&0! @%&234! (2! '%4! 8)l!

@//06(2&'(/2!42[(0/2942'!6/4)!2/'!@/2'(2A4!ZA'!04&@%4)!&!9(2(9A9!)(]4!&'!C"!9/+w#!

J'! 4+4[&'46! +/&6(23)! '%4! %4&[(40! @&'(/2)! )%/>! &! )'0/23! K0474042@4! 7/0! '%4! /2)4'! /7!
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GX5)! >%404&)! +('%(A9! 9&(2'&(2)! &! %(3%40! *Cb! 42&Z+(23! &! %(3%40! 643044! /7!

K/+Q940(]&'(/2! 7/0! '%4)4!3+&))4)! _304&'40!643044!/7! @/224@'([('Qa#!M%4!&KK+(@&'(/2!/7!

9/640&'4+QW%(3%!7(4+6)!_"C#"!Ma!&26!A+'0&%(3%W7(4+6)!_-"#"!Ma!(2!@/9Z(2&'(/2!>('%![40Q!

7&)'!)&9K+4!)K(22(23!&04!A)46!'/!/Z'&(2!'%4!7(0)'!EJ.!)K4@'0&!/7!P;1Z!(2!&2!/^(64!3+&))#!!

3.3. Lithium and Cesium Mobility in Borate 

Glasses 

8&'(/2!9/Z(+('Q!()!&!K0/K40'Q!>('%!)(32(7(@&2@4!(2!)4[40&+!&04&)#!524!()!'%4!K/))(Z(+('Q!

/7! &+'402&'([4! 42403Q! )/A0@4)! (2@+A6(23! )/+(6! (/2(@W@/26A@'(23! 9&'40(&+)#! J2/'%40!

(2[/+[4)! '%4! 243&'([4! (9K+(@&'(/2! /7! 0&6(/&@'([4! @&'(/2! 9/Z(+('Q! (2! 2A@+4&0! >&)'4!

9&'40(&+)b!K/))(Z+Q! +4&6(23!'/!42%&2@46! +4&@%(23! (2'/!'%4!42[(0/2942'#!J+'%/A3%!'%4!

)4@/26!'/K(@! ()!2/'!&)!>4++!Y2/>2b!0&6(/&@'([4!64@&Q!K0/6A@4)!42403Q!(2!'%4!7/09!/7!

%4&'b!>%(@%!@&2!K0/9/'4!@&'(/2!9/Z(+('Q!&26!K/'42'(&++Q!+4&6!'/!6430&6&'(/2!/7!>&)'4W

@/2'&(2(23!9&'40(&+)#! M%4!6()'(2@'! )'0A@'A0&+! 6(774042@4)! '%&'! 4^()'! Z4'>442! '%4! +(3%'!

&26! %4&[Q! &+Y&+(! Z/0&'4)! K0/[(64! &2! (64&+! )Q)'49! 7/0! )'A6Qb! +&Q(23! &! 7/A26&'(/2! 7/0!

A2640)'&26(23!9/04!@/9K+4^!)Q)'49)!(2!'%4!7A'A04#!

! "<Fh"<;8)!()!&!@/99/2!0&6(/&@'([4!()/'/K4!7/A26!>('%(2!%(3%W+4[4+!+(TA(6!>&)'4!

_=?$a! &26! ()! '%/A3%'! '/! Z4! (99/Z(+4#! J+'%/A3%! '%()! ()! +(Y4+Q! [&+(6! 7/0!9&'40(&+)! &'!

0//9!'49K40&'A04b!'%4!&9/A2'!/7!'%409&+!42403Q!K0/6A@46!6A0(23!64@&Q!@&2!04&@%!&!

74>!%A26046!643044)b!K0/9/'(23!9/Z(+('Q#!M%()!@/A+6!6430&64!'%4!)Q)'49!/0!K0/9/'4!

'%4!/2)4'!/7!@0Q)'&++(]&'(/2b!@04&'(23!&!)40(/A)!@/2@402!043&06(23!>&'40!)AKK+(4)!&26!

34240&+! %4&+'%! (7! '%4! @0Q)'&++(]46! K0/6A@')! &04! >&'40! )/+AZ+4! /0! 42'40! '%4!

42[(0/2942'#"<;b"<P!M/!Z4''40!A2640)'&26!'%4!2&'A04!&26!4^'42'!/7!9/Z(+('Q!&))/@(&'46!
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>('%! +(3%'! &26! %4&[Q! &+Y&+(! @&'(/2)b! +('%(A9! &26! @4)(A9! Z/0&'4)! >404! )'A6(46! ZQ!

K0/Z(23! '%4! 4774@')! /2! '%4! GE1! K0/K40'(4)! '%&'! 04)A+'! 70/9!9/640&'4! '49K40&'A04!

(2@04&)4)#!

3.3.1. Relaxation Theory and Glass 

14+&^&'(/2! 94&)A04942')! &04! @/99/2+Q! 49K+/Q46! (2! GE1! '/! K0/Z4! 9/+4@A+&0!

9/'(/2#"<Hb"CR! J! @/99/2! 94&)A04942'! _)4@'(/2! <#"a! ()! '%&'! /7! +/23('A6(2&+! _)K(2W

+&''(@4a!04+&^&'(/2!_Y"ab!>%(@%!()!@&A)46!ZQ!'%4!(2'40&@'(/2!Z4'>442!&!2A@+4A)!_4#3#b!;?(!

/0! "<<8)a! &26! (')! )A00/A26(23)! _(#4#b! '%4! 24(3%Z/A0(23! 24'>/0Yb! '%4! +&''(@4a#HHb"C"W"CF!

J+'%/A3%! '%404! &04! )(^! @/99/2! 04+&^&'(/2! 94@%&2()9)-<bC"! _TA&60AK/+&0b! 6(K/+&0b!

K&0&9&324'(@b!@%49(@&+!)%(7'b!)@&+&0!&26!)K(2W0/'&'(/2a!'%4!'>/!K0(2@(K&+!94@%&2()9)!

'%&'!@/A+6!@/2'0(ZA'4!'/!'%4!0&'4!/7!04+&^&'(/2!_'%&'!()b!'%4!)'0423'%!/7!'%4!(2'40&@'(/2!

&26!7+A@'A&'(/2)!&'!aka! (2!&+Y&+(!Z/0&'4!)Q)'49)!&04!'%4!6(K/+&0!&26!TA&60AK/+&0#PC!L2!

)4@'(/2!<#"b!>4!649/2)'0&'46!%/>!'%4!TA&60AK/+&0!04+&^&'(/2!6/9(2&'4)!;?(b!&)!('!>&)!

A2&774@'46!ZQ! '%4!6(K/+&0! (2'40&@'(/2#! "<<8)!%&)! &! +&0340!TA&60AK/+&0!9/942'! &26! &!

)9&++40!3Q0/9&324'(@!0&'(/!_m"h<a!'%&2!;?(b!)A334)'(23!'%&'!'%4!%/9/2A@+4&0!6(K/+&0!

(2'40&@'(/2!>/A+6!@/2'0(ZA'4! +4))!'%&2! (2!'%4!;?(!@&)4#!:/0!'%4)4!)'A6(4)!>4!@/2)(640!

'%4!TA&60AK/+&0!(2'40&@'(/2!'/!Z4!6/9(2&'(23!'%4!04+&^&'(/2!Z4%&[(/A0#!

! L7!&+Y&+(!%/KK(23!/@@A0)!>('%(2!&2!&9/0K%/A)!)Q)'49b!Y"!>(++!64@04&)4!_)%/0'40!

04+&^&'(/2!'(94)a#!L7!'%4!9/'(/2!()!7&)'!&26!0&26/9+Q!9/[(23!>('%(2!'%4!24'>/0Yb!'%4!

TA&60AK/+&0!(2'40&@'(/2!@/A+6!64@04&)4!&26!4[42!&[40&34!'/!]40/!_(#4#b!&!)/+A'(/2!K4&Y!

04)A+')a#!Y"!94&)A04942')! (2! )/+(6)!>('%! TA&60AK/+&0! 2A@+4(! @&2! Z4! 6(77(@A+'b! &)! '%4!

2A@+4&0! )K(2)! @/2'&(2!9/04! '%&2! '>/! f449&2! 42403Q! +4[4+)! _-Ll"a#! ;?(! _Lg<h-a! %&)!

'%044! )(23+4WTA&2'A9! '0&2)('(/2)b!>%(+4! "<<8)! _Lg;h-a! %&)! )4[42#! c2403Q! +4[4+)!>('%!
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6(774042'! )K(2! K/KA+&'(/2)! @&2! Z4! 6(77(@A+'! '/! 4^@('4! 4[42+Qb! 4)K4@(&++Q! >%42! +&034!

TA&60AK/+&0! @/AK+(23)! &04! K04)42'#! M%4!94&)A046! 04)K/2)4! @&2! Z4! @/9K+4^!>('%! &!

[&0(4'Q! /7! Y"j)! _(#4#b! 9A+'(W4^K/242'(&+! 04+&^&'(/2b! 2/'! )(23+4W4^K/242'(&+a! &)!

TA&60AK/+&0!04+&^&'(/2!()!'%4!)A9!/7!&++!04+&^&'(/2)!Z4'>442!&++!'0&2)('(/2)#"<H!!

! .K(2W+&''(@4!04+&^&'(/2!'(94!94&)A04942')!/7!TA&60AK/+&0!2A@+4(! (2!)/+(6)!&04!

[40Q! @/99/2b! )A@%! &)! 64A'40(A9! _-=a! (2! /03&2(@! )/+(6)b"CIb"C;! &26! +('%(A9! _Ih;?(a! (2!

[&0(/A)! 3+&))4)"C"b"CP! &26! Z&''40Q! 9&'40(&+)#"CHb"FR! L2! 6()/064046! )Q)'49)b! '%4!

94&)A04942')!&04!)(9K+(7(46!ZQ!'%4!4^()'42@4!/7!&!6()'0(ZA'(/2!/7!)('4)#!$%42! 7(''(23!

'%4!6&'&!'/!64'409(24!Y"!/7!&!3+&))!&'!&!K&0'(@A+&0!'49K40&'A04b!('!()!/7'42!04K04)42'46!

&)!&!04+&^&'(/2!'(94!/7!'%4!&[40&34!9/'(/2!6()K+&Q46!ZQ!'%4!>%/+4!)&9K+4b!K0/[(6(23!

&2!4&)(40!'04&'942'!/7!'%4!6&'&#!Ih;?(!&26!"<<8)!%&[4!)9&++!TA&60AK/+&0!@/AK+(23)!_"FR!

õ! FR! Y=]! &26! FFR! õ! FR! Y=]! 04)K4@'([4+Qab! 7A0'%40! )(9K+(7Q(23! '%4)4! ())A4)! &)! '%4(0!

Z4%&[(/A0! ()! )(9(+&0! '/! &! +(TA(6#! GE1! 6&'&! @&2! '%4047/04! Z4! 7(''46! A)(23! &! )(23+4W

4^K/242'(&+!7A2@'(/2!(2!Z/0&'4!3+&))4)!&26!(2!9/)'!/'%40!/^(64!3+&))4)#PCb"F"!!

! L2!K0(2@(K+4b!&@'([&'(/2!42403(4)!@&2!Z4!64'409(246!ZQ!'%4!X+/49Z40342b!S/A26!

&26! SA0@4++! '%4/049#"F"! B27/0'A2&'4+Qb! '%4! '49K40&'A04! 0&234! /7! 9/)'! @/99/2!

K0/Z4)! ()! 04)'0(@'46! '/!m"-R/8b!>%(@%! ()! 2/'!%(3%! 42/A3%! '/! 04&@%! '%4!Y"!9(2(9A9#!

=42@4b!/A0!64'409(2&'(/2!/7!&@@A0&'4!&@'([&'(/2!42403(4)!()!+(9('46#"F-W"FF!

! .K(2W)K(2!04+&^&'(/2!_Y3a! ()!&2/'%40!04+&^&'(/2!94&)A04942'!'%&'!@&2!Z4!A)46!

'/!4^'0&@'!(27/09&'(/2!70/9!&!9&'40(&+#!M%()!(2'40&@'(/2!&@@/A2')!7/0!'%4!K04@4))(/2!/7!

2A@+4&0!)K(2!9&324'(]&'(/2!>('%(2!'%4!^Q!K+&24#-<!M%()!@/%4042@4!/7!2A@+4&0!9&324'(@!

9/942')!>(++!Z43(2!'/!64@&Q!/[40!'(94!6A4!'/!(2'40&@'(/2)!&26!(2%/9/3424('(4)!(2!<-!

_(#4#b! +/))!/7!9&324'(]&'(/2!>('%(2! '%4! '0&2)[40)4!K+&24a#!Y3\! ()! '%4!@/9Z(2&'(/2!/7!Y3!
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_64@&Q!6A4!'/!'%4!(2'40&@'(/2)a!&26!Yj3!_64@&Q!6A4!'/!'%4!4774@'!/7!(2%/9/3424('(4)!(2!

'%4! 7(4+6a#! $4! @&2! 4&)(+Q! 94&)A04! Y3\! 70/9! '%4! Z04&6'%! /7! '%4! @42'0&+! '0&2)('(/2b!

42&Z+(23! 7A0'%40! (27/09&'(/2! 043&06(23!9/'(/2! &)! +(24>(6'%! ()! 'QK(@&++Q! )42)('([4! '/!

6Q2&9(@)! /2! '%4! /0640! /7! "RW-! '/! "RWC! )#HH! ?(24>(6'%)! @&2! Z4! 94&)A046! &'! [&0Q(23!

'49K40&'A04)!'/!64'409(24!>%4'%40!&!@%&234!()!/@@A00(23#!.(2@4!Z/'%!'%4!6(K/+&0!&26!

TA&60AK/+&0! (2'40&@'(/2)!@/2'0(ZA'4!)/94!Z04&6'%!'/!&!@42'0&+!'0&2)('(/2b!&!64@04&)4!

>/A+6!)A334)'!)/94!&[40&3(23!/7!'%4!(2'40&@'(/2!()!/@@A00(23!_(2!/A0!@&)4!'%4!.5Uc!()!

&+9/)'!243+(3(Z+4a#!:/0!'%4)4!(2'40&@'(/2)!'/!&[40&34b!)/94!'QK4!/7!9/Z(+('Q!/0!0&''+(23!

9A)'!Z4!/@@A00(23#!:/0![40Q!)+/>!9/'(/2!_"!'/!"RW-!)a!>4!@&2!A)4!1cD51!'/!94&)A04!

'%4!&[40&34!6(K/+&0!@/AK+(23!Z4'>442!'>/!)K(2)#!

3.3.2. Mobility Mechanisms in Glasses 

:/0! /A0! 3+&))4)b! '>/! 94@%&2()9)! @&2! Z4! @/2)(64046! '/! 64)@0(Z4! @&'(/2! 6Q2&9(@)b!

64K426(23! /2! '%4! +/@&+! 42[(0/2942')! 7/A26!>('%(2! '%4!9&'40(&+p! (/2(@! %/KK(23! &26!

K40@/+&'(/2!@%&224+)!_:(3A04!<#"Ia#!E/Z(+('Q!64K426)!/2!'%4!)(]4b!@%&034!&26!&9/A2'!

/7!Y(24'(@!42403Q!&[&(+&Z+4#!L/2(@!%/KK(23!(2[/+[4)!@&'(/2)!9/[(23!_%/KK(23a!70/9!/24!

243&'([4+Q!@%&0346!)('4!/0!%/+4!_4#3#b!dCeX!/0!GX5a!'/!&2/'%40#!M%4!%/KK(23!0&'4!(2!/'%40!

+('%(A9! /^(64)! @&2! Z4! 7/A26! Z4'>442! R#"! &26! "RRR! Y=]bPCbHHb"C-! &26! /24! @&2! A)4!Y"!

04+&^&'(/2!94&)A04942')!'/!K0/Z4!@%&23(23!%/KK(23!0&'4)!_"RC!'/!"RI!=]a#HH!M%4!+4))!

@/99/2!=+.;-:&'(->!;%&>>+:!04TA(04)!9&2Q!&2(/2(@!)('4)!_GX5)a!24&0!/24!&2/'%40!'/!

7/09!&!@%&224+! (2!>%(@%!'%4!&+Y&+(!@&'(/2_)a!9&Q!6(77A)4#!M%4!/[40&++! (64&! ()! '%&'! '%4!

9&'40(&+! %&)! &2! &2(/2(@! N0/&6>&QO! '%&'! @/2'&(2)! 9&2Q! 243&'([4+Q! @%&0346! )K4@(4)!

+(2(23!Z/'%! )(64)b! '%0/A3%!>%(@%! &! @&'(/2! ()! &++/>46! '/! £7+/>£! 7044+Q#! S40@/+&'(/2!%&)!

Z442!/Z)40[46!(2!)(+(@&'4)#"FI!!
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!

?-*#(&!M;LP;!D(&30&9)!/7!6Q2&9(@!94@%&2()9!K&'%>&Q)b!&+Y&+(!%/KK(23b!+47'!&26!

&+Y&+(!K40@/+&'(/2b!0(3%'#!G/'4!'%&'!'%4!046!)K%404)!04K04)42'!'%4!3+&))!24'>/0Y!>%(+4!

'%4!'4&+!)K%404)!04K04)42'!'%4!@&'(/2)#!

3.3.3. Materials and Methods 

3.3.3.1. Synthesis 

?('%(A9!&26!@4)(A9!@&0Z/2&'4!_E-85<a!>404!&6646!'/!6(Z/0/2!'0(/^(64b!9(^46!A)(23!

&2!&3&'4!9/0'&0! &26!K4)'+4! 7/0!<WF!9(2A'4)b! '%42! '0&2)740046! '/!K+&'(2A9h3/+6_Fwa!

@0A@(Z+4)#!M>/!%4&'!'04&'942')!42)A46i!64@&0Z/2&'(/2!_FRR!'/!;RR/8a!Z4'>442!'>/!&2!

7/A0!%/A0)!7/++/>46!ZQ!94+'(23!'%4!&+Y&+(!Z/0&'4)!Z4'>442!HRR!&26!"RFR/8#!M%4!94+'!

'49K40&'A04)! >404! 9&(2'&(246! 7/0! -RW-F! 9(2A'4)b! 7/++/>46! ZQ! (9940)(/2! /7! '%4!

Z/''/9!/7!'%4!@0A@(Z+4)!(2!64(/2(]46!>&'40#!*+&))4)!>404!(2)K4@'46!7/0!@0Q)'&++(]&'(/2!

A)(23! &! K/+&0(]46! +(3%'! 9(@0/)@/K4#! 8/9K/)('(/2)! &04! 642/'46! ZQ! 1b! >%404! 1! g!

E-5hX-5<#!
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3.3.3.2. Nuclear Magnetic Resonance 

3.3.3.2.1. Single Resonance MAS NMR 

EJ.! GE1! 4^K40(942')! >404! @/26A@'46! /2! &! \&0(&2! BGLMqLG5\J! IRR! _"C#"! Ma!

)K4@'0/94'40! A)(23! &! <#-! 99! =_:ahV! EJ.! 6/AZ+4! 04)/2&2@4! K0/Z4! _\&0(&2W

8%49&324'(@)a#! .&9K+4)!>404!30/A26!A)(23!&2!&3&'4!9/0'&0!&26!K4)'+4b! &26!K&@Y46!

(2'/! <#-!99! _/#6#a! ](0@/2(&! 0/'/0)! _--! v?a!>('%! )&9K+4! &9/A2')! /7! <RWFR!93#! =(3%!

&+Y&+(!@/2'42'!@4)(A9!Z/0&'4)!_1!ë!R#Ia!&04!%Q30/)@/K(@b! 04TA(0(23!9&2(KA+&'(/2! (2!&!

3+/[4! Z/^! A2640! &! 60Q! G-! 42[(0/2942'#! J++! )K4@'0&! >404! &@TA(046! &'! 043A+&'46!

'49K40&'A04)! A)(23! SZ_G5<a-! '/! @&+(Z0&'4! 7/0! 70(@'(/2&+! %4&'(23! _%4&'(23! @&A)46! ZQ!

)&9K+4! 0/'&'(/2a#"F;! :/0! [40(7(@&'(/2! /7! )&9K+4! @/9K/)('(/2b! ""X! _"H-#C! E=]a! EJ.!

)K4@'0&!_2/'!)%/>2a!>404!&@TA(046!A)(23!&!)(23+4!KA+)4!_X+/@%!64@&Qa!)4TA42@4b!"-/!

'(K!&23+4!_å07!/7!FR!Y=]a!&26!&!)K(22(23!704TA42@Q!/7!"I#RRR!õ!R#RR-!Y=]b!>('%!"I!@/W

&6646!'0&2)(42')!@/++4@'46#!!

! .K(2W+&''(@4!94&)A04942')!>404!@/++4@'46!7/0!;?(!_-<<#"!E=]a!&26!"<<8)!_;P#I!

E=]a!A)(23!&2!(2[40)(/2!04@/[40Q!_"PR!WûWHRa!KA+)4!)4TA42@4b!>('%!å07!/7!P<!Y=]!&26!

I"!Y=]b!04)K4@'([4+Q#!M%4!2A9Z40!/7!@/W&6646!'0&2)(42')!@/++4@'46!7/0!+('%(A9!Z/0&'4)!

>&)! Z4'>442! P! &26! "Ib! >('%! &! )K(22(23! 704TA42@Q! /7! "I#RRR! õ! R#RR-! Y=]! &26! &!

'49K40&'A04!0&234!/7!WCI!'/!l""C/8#!84)(A9!Z/0&'4)!>404!@/++4@'46!A)(23!Z4'>442!C!

&26! "I! @/W&6646! '0&2)(42')b! &! )K(22(23! 704TA42@Q! /7! -R#RRR! õ! R#RRF! Y=]! &26!

'49K40&'A04!0&234!/7!l"P!'/!l""P/8#!8%49(@&+!)%(7')!>404!0474042@46!'/!R#"!E!=<X5<!

_"H#I!KK9ab!H#;!E!?(8+!_R!KK9a!&26!R#F!E!8)8+!_R!KK9a!&TA4/A)!)/+A'(/2)!7/0!""Xb!Ih;?(!

&26!"<<8)b!04)K4@'([4+Q#!
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3.3.3.2.2. Double Resonance Method 

""Xx"<<8)y!1cD51!4^K40(942')!>404!6/24!/2!7/A0!@4)(A9!Z/0&'4)!_1gR#"!'/!R#Ha!/[40!

&!'49K40&'A04!0&234!/7!W""!'/!l"RC!/8#!M%4!KA+)4!)4TA42@4!49K+/Q46!>&)!'%4!=&%2W

4@%/![&0(&2'bCH!>('%!&!)(23+4!rWKA+)4!/2!'%4!/Z)40[4!@%&224+!_:(3A04!-#Ca#!J!)K(22(23!

704TA42@Q! /7! I#-FR! õ! R#RR"! Y=]! >&)! A)46! 7/0! &++! 4^K40(942')#! M%4! 6(774042@4! (2!

TA&60AK/+&0! @/AK+(23)! 7/0! d<eX! &26! dCeX! 04)A+')! (2! &! [&0(&'(/2! /7! '%4(0! 2A'&'(/2!

704TA42@(4)#! M%()! 24@4))('&'4)! '%4! &@TA()('(/2! /7! )4K&0&'4! 4^K40(942')! >('%! KA+)4!

+423'%)! /K'(9(]46! 7/0! Z/'%! d<eX! &26! dCeX#! M%4! &KK+(46! rWKA+)4! +423'%)!>404! H! v)! 7/0!

"<<8)!_å07!/7!CF#F!Y=]ab!>%(+4!""X!A)46!F#-!v)!7/0!d<eX!_å07!/7!C;#I!Y=]!a!&26!;#F!v)!7/0!dCeX!

_å07!/7!C;#I!Y=]a#!M%4!.LES.5G!)/7'>&04!K&@Y&34P"!>&)!A)46!'/!)(9A+&'4!'%4!1cD51!

64K%&)(23!@A0[4)#!D(K/+&0!(2'40&@'(/2)!>404!)(9A+&'46!&'!704TA42@(4)!0&23(23!70/9!CR!

'/! -IR! =]! &26! 7(''46! '/! '%4! 4&0+Q! K/0'(/2! /7! '%4! 1cD51! K0/7(+4)! '/! /Z'&(2! /[40&++!

&[40&34!7(4+6!(2'40&@'(/2)!Z4'>442!'%4!8)l!&26!Z/0&'4!K/+Q%460&#!

3.3.4. Results 

3.3.4.1.  Boron-11 MAS NMR 

""X!EJ.!GE1! )K4@'0&!>404! &@TA(046! /2! &++! 4(3%'! 3+&))4)! '/! TA&2'(7Q! '%4! 70&@'(/2! /7!

7/A0W@//06(2&'4! Z/0/2! &26! @/27(09! '%4(0! @/9K/)('(/2)#! UA&2'('&'([4! K40@42'&34)! /7!

4&@%!)K4@(4)!>404!/Z'&(246!'%0/A3%!(2'430&'(/2!/[40!'%4!d<eX!&26!dCeX!)('4)#!M/!@/004@'!

7/0!'%4!6(774042@4!(2!TA&60AK/+&0!(2'40&@'(/2)b!'%4!94'%/6!64)@0(Z46!ZQ!E&))(/'!+'!&:#!

>&)! A)46! &26! '%4! *C! [&+A4)! >404! 64'409(246#"FP! M%4)4! 04)A+')! 9(00/046! '%/)4!

64'409(246! 70/9!)4@'(/2!<#-! &26! @/27(0946! '%&'! '%4! 7(2&+! 3+&))! @/9K/)('(/2!6(6!2/'!

64[(&'4!70/9!'%4!Z&'@%!@/9K/)('(/2#!!
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3.3.4.2. Lithium-7 Relaxation Measurements 

14+&^&'(/2!94&)A04942')!>404!K407/0946!/2!'%044!3+&))4)b!1!g!R#-b!R#F!&26!R#Hb!/[40!

&! '49K40&'A04! 0&234! /7! WCI! '/! ""C/8#! M%4!Y3\! [&+A4)!>404! 64'409(246! 70/9! '%4! 8M!

Z04&6'%b! >%(+4! +2_Y3\a! >&)! K+/''46! [40)A)! '%4! (2[40)4! /7! '%4! '49K40&'A04! _:(3A04!

<#";a#! ;?(!EJ.! GE1! 6&'&! )%/>! &2! (2@04&)4! (2!Y3\! &)! '49K40&'A04! (2@04&)4)#! JZ/[4!

"RR/8b!&++! '%4!3+&))4)!4^%(Z('!)(9(+&0! +(24>(6'%)b! (004)K4@'([4!/7!@/9K/)('(/2#!J)!4&@%!

@/9K/)('(/2! @/2'&(2)! 6(774042'! +('%(A9! @/2@42'0&'(/2)! '%4! Z04&6'%)! /7! &! +(24! &'! &2Q!

3([42!'49K40&'A04!@&22/'!Z4!@/9K&046#!J!+/>!+('%(A9!Z/0&'4!3+&))!>(++!2&'A0&++Q!%&[4!

2&00/>40! +(24>(6'%)! 6A4! '/! &! )9&++40! %/9/2A@+4&0! 6(K/+&0! @/AK+(23! (2'40&@'(/2#! M/!

64'409(24!%/>!'%4)4!9&'40(&+)!Z4%&[4!6(774042'+Q! (2!043&06)! '/! +('%(A9!%/KK(23b!>4!

9A)'!@/9K&04!'%4!4774@'!/2!+(24>(6'%!>('%!%4&'(23!'(94!_:(3A04!<#";a#!M%4!1gR#-!3+&))!

)%/>)! &! [40Q! )9&++! @%&234! (2! Y3\! &)! /24! 3/4)! 70/9! WIR! '/! "RR/8#! M%4! 1gR#H! 3+&))!

)%/>)! &! 60&)'(@! (2@04&)4! (2! Y3\! /[40! '%4! )&94! '49K40&'A04! 0&234b! '%()! (26(@&'4)! &!

304&'40!643044!/7! (/2!9/Z(+('Q!&)! '%4!)&9K+4! '49K40&'A04! ()! (2@04&)46#!M%4!9(2(9&+!

@%&234! /@@A00(23! 7/0! 1gR#-! )A334)')! [40Q! +(''+4! @%&234! (2! 9/Z(+('Q! 7/0! ?(l! >('%!

'49K40&'A04#!J)!9/Z(+('Q! (2! 3+&))4)! (2@04&)4)b! &[40&3(23! /7! '%4! (2'402&+! (2'40&@'(/2)!

_4#3#b! 6(K/+&0! &26! TA&60AK/+&0a! >(++! /@@A0b! +423'%42(23! Y3\#! 14@&++! '%&'! &! Z0/&6!

04)/2&2@4!()!@&A)46!ZQ!&!)%/0'!Y3\!>%404&)!&!)%&0K!04)/2&2@4!()!@&A)46!ZQ!&! +/2340!

Y3\b! '%A)!049/[(23!'%4)4!(2'40&@'(/2)!>(++!42&Z+4!'%4!9&324'(@!9/942')!/7!'%4!)K(2)!

>('%(2! '%4! ^Q! K+&24! '/! )'&Q! (2! @/%4042@4! +/2340b! (2@04&)(23! '%4! '(94! 6/9&(2! _7044!

(26A@'(/2!64@&Qa!&26!04)A+'(23!(2!&!2&00/>40!+(24!AK/2!7/A0(40!'0&2)7/09(23#-<bPC!M%4!

(2@04&)4!(2!@&'(/2!9/'(/2!7/0!'%4)4!Z/0&'4!3+&))4)!()!2/'!/2+Q!&774@'46!ZQ!&2!(2@04&)4!(2!

'49K40&'A04!ZA'!&+)/!>('%!+('%(A9!@/2@42'0&'(/2#!J2!(2@04&)4!(2!?(l!@&A)4)!'%4!Z/0&'4!
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24'>/0Y! '/! @/2'&(2!9&2Q!9/04! 243&'([4! @%&034)b! (2@04&)(23! '%4! 2A9Z40! /7! )('4)! (2!

>%(@%!?(l!@&2!Z4!&@@/99/6&'46#!J2/'%40!K/))(Z+4!4774@'!()!+('%(A9!@+A)'40(23!&'!%(3%40!

+('%(A9!+/&6(23)#!J+'%/A3%!2/'!Y2/>2!'/!/@@A0!(2!Z/0&'4!3+&))4)b!'%()!%&)!Z442!)442!(2!

)(+(@&'4!3+&))4)#"FH!

!

?-*#(&! M;LQ;! ;?(! EJ.! GE1! /7! _&a! +('%(A9! Z/0&'4! 1gR#H! 64K(@'(23! '%4! 64@04&)4! (2!

Z04&6'%! /7! '%4! @42'0&+! '0&2)('(/2! &)! '49K40&'A04! ()! (2@04&)46! &26! _Za! +2Y3\! &)! &!

7A2@'(/2!/7!(2[40)4!'49K40&'A04b!)%/>(23!&2!(2@04&)4!(2!Y3\!_64@04&)4!(2!:$=Ea!>('%!

(2@04&)(23!'49K40&'A04#!
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X'>%&!M;Q;!;?(!Y3\![&+A4)!64'409(246!70/9!'%4!@42'0&+!'0&2)('(/2!+(24>(6'%#!

X&8C;!

U:V!

5-6cK;J!U8/V! 5-6cK;O!U8/V! 5-6cK;W!U8/V!

JJQ!! -#-Fõ!R#RF! "#<Cõ!R#RF! R#H;õ!R#RF!

JOQ!! -#-Hõ!R#RF! "#<Põ!R#RF! "#RCõ!R#RF!

JTQ!! -#<<õ!R#RF! "#C-õ!R#RF! "#"Fõ!R#RF!

JWL!! -#<Cõ!R#RF! "#F"õ!R#RF! "#<"õ!R#RF!

MKQ!! -#<Cõ!R#RF! "#FIõ!R#RF! "#CIõ!R#RF!

MLL!! -#CRõ!R#RF! "#;Rõ!R#RF! "#I<õ!R#RF!

MNQ!! -#C-õ!R#RF! "#P;õ!R#RF! "#H;õ!R#RF!

MOL!! -#CFõ!R#RF! -#RFõ!R#RF! -#-;õ!R#RF!

MTQ! -#CFõ!R#RF! -#<Rõ!R#RF! -#IFõ!R#RF!

!

Y"{)!>404! &+)/!94&)A046! /[40! '%4! )&94! '49K40&'A04! 0&234! _:(3A04! <#"P! &26!

M&Z+4! <#Pa! '/! 7A0'%40! /A0! A2640)'&26(23! /7! +('%(A9! 9/Z(+('Q#! M%4)4! 04+&^&'(/2!

94&)A04942')!&04!A)46!'/!)'A6Q!'%4!(2'40&@'(/2!/7!'%4!)K(2!>('%!(')!)A00/A26(23)#!M%4!

94&)A046!Y"j)!64@04&)4!>('%!(2@04&)(23!'49K40&'A04b!%/>4[40!1gR#F!&26!R#H!)%/>!&!

)'0/2340!'49K40&'A04!64K42642@4!'%&2!1gR#-#!c&@%!3+&))!&'!&!K&0'(@A+&0!'49K40&'A04!

)%/A+6! %&[4! &! 6(774042'!Y"![&+A4! )(2@4! 4&@%! 3+&))!>(++! %&[4! &! 24'>/0Y! @/9K0()46! /7!
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[&0Q(23!643044)! /7! K/+Q940(]&'(/2#!E4&)A0(23!Y"! /[40! &! 0&234!/7! '49K40&'A04)!9&Q!

&++/>!A)!'/!@/9942'!/2!'%4!04+&^&'(/2!Z4%&[(/A0#!!

!

?-*#(&!M;LT;!c774@'!/2!;?(!)K(2W+&''(@4![&+A4)!&)!&!7A2@'(/2!/7!(240)4!'49K40&'A04#!M%4!

Y"![&+A4)!64@04&)4!&)!'%4!9&'40(&+!()!%4&'46#!

!

M%4)4! 6&'&! K0/[(64! 4[(642@4! '%&'! %(3%40! +/&6(23)! /7! ?(l! _9/04! (/2(@!

42[(0/2942'a!@&A)4!7&)'40!04+&^&'(/2b!&26!&04!&774@'46!'/!&!304&'40!4^'42'!&'!4+4[&'46!

'49K40&'A04)#!J@@/06(23!'/!'%4!XSS!9/64+b!)+/K4)!@&2!Z4!94&)A046!70/9!'%4! +/>!/0!

%(3%!'49K40&'A04!)(64!'/!64'409(24!&@'([&'(/2!42403(4)#!L7!>4!6/!'%()!7/0!'%4)4!)K4@(4)!

>4!34'![&+A4)!0&23(23!70/9!"!'/!P!Y|h9/+#!B27/0'A2&'4+Q!'%4)4!&@'([&'(/2!42403(4)!&04!

2/'!04+(&Z+4! 70/9!/A0!6&'&!&)!/A0!&[&(+&Z+4! '49K40&'A04!0&234! ()!2/'!%(3%!42/A3%!'/!

Z0(23!A)!(2'/!'%4!9/04!&@@A0&'4!%(3%!'49K40&'A04!@A0[4!_W{[4!)+/K4!043(/2a#!$4!>/A+6!
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2446!'/!3/!&Z/[4!CFR/8!7/0!'%4)4!6&'&!'/!K0/[(64![&+(6!&@'([&'(/2!42403(4)b!&+'%/A3%!

'%4!+/>!'49K40&'A04!)(64!@/A+6!Z4!A)46b!&!6()'0(ZA'(/2!/7!K/'42'(&+!>4++)!>(++!@&A)4!&2!

A26404)'(9&'(/2!/2!'%4!&@'([&'(/2)!42403(4)#!

!

X'>%&! M;T;! ;?(! &26! "<<8)! Y"! [&+A4)! 64'409(246! 70/9! (2[40)(/2W04@/[40Q!

4^K40(942')#!

X&8C;!

U:V!

5-6cK;J!

U/V!

5-6cK;O!

U/V!

5-6cK;W!

U/V!

F/6cK;J!

U/V!

F/6cK;O!

U/V!

F/6cK;W!

U/V!

JJQ!! -P!õ!"! P#-!õ!R#F! C#C!õ!R#F! 2#6#! 2#6#! 2#6#!

JOQ!! 2#6#! ;#H!õ!R#F! C#-!õ!R#F! 2#6#! 2#6#! 2#6#!

JTQ!! -F!õ!"! ;#I!õ!R#F! <#C!õ!R#F! 2#6#! 2#6#! 2#6#!

JWL!! 2#6#! 2#6#! 2#6#! P#"!õ!R#P! H#F!õ!R#F! <#H!õ!R#C!

MKQ!! 2#6#! I#I!õ!R#F! -#<!õ!R#F! 2#6#! 2#6#! 2#6#!

MLL!! 2#6#! 2#6#! 2#6#! I#"!õ!R#P! ;#;!õ!R#F! <#"!õ!R#C!

MNQ!! -<!õ!"! C#H!õ!R#F! "#-!õ!R#F! 2#6#! 2#6#! 2#6#!

MOL!! 2#6#! 2#6#! 2#6#! <#H!õ!R#P! F#R!õ!R#F! "#P!õ!R#C!

MTQ! -"!õ!"! -#;!õ!R#F! R#;!õ!R#F! 2#6#! 2#6#! 2#6#!

MWL! 2#6#! 2#6#! 2#6#! <#C!õ!R#P! <#R!õ!R#F! R#;!õ!R#C!

u2#6#!Ñ!2/'!64'409(246!

!
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3.3.4.3. Cesium Relaxation Measurements 

3.3.4.3.1. Cesium-133 MAS NMR 

M%4!94&)A046!Y"! [&+A4)! 7/0! '%044! @4)(A9!Z/0&'4! 3+&))4)! _1gR#-b! R#F! &26!R#Ha!

>404!64'409(246!A)(23!&2! (2[40)(/2!04@/[40Q!4^K40(942'!&26!'49K40&'A04!Z4'>442!

l<!&26!l""P/8!_:(3A04!<#"H!&26!M&Z+4!<#Pa#!14+&^&'(/2!'(94)!7/0!&++!'%044!3+&))4)!>404!

&774@'46!ZQ!&2!(2@04&)4!(2!'49K40&'A04b!&+'%/A3%!'%4!4774@'!/2!'%4!1gR#-!&26!R#F!3+&))!

>&)! +4))! '%&2! '%4! 1gR#H! 3+&))#! M%()! @&2! Z4! 4^K+&(246! ZQ! '%4! (2@04&)4! (2!

64K/+Q940()&'(/2! >('%! %(3%40! &+Y&+(! @/2'42'b! 7&@(+('&'(23! &2! (2@04&)4! (2! (/2(@!

@/26A@'&2@4#"IR!M%4!@/2@42'0&'(/2!/7!8)l!6/4)!2/'!)449!'/!&774@'!'%4!04+&^&'(/2!'(94)!

A2'(+! '%4! @4)(A9! @/2@42'0&'(/2! ()! Z4Q/26! <R!9/+w! _1! j! R#Fa#! :0/9! )4@'(/2! <#-b! >4!

Y2/>! '%4! /2)4'! /7! GX5)! 7/09! &Z/[4! '%()! K/(2'! >('%(2! '%4! 24'>/0YW7/09(23! Z/0&'4!

3+&))#! B)(23!>%&'!>4! Y2/>! /@@A0)! (2! '%4! 24'>/0Y! &++/>)! A)! '/! )K4@A+&'4! '%&'! +/>W

+/&6(23! @4)(A9! 3+&))4)! 4^%(Z('! +(''+4! 4[(642@4! /7! &2Q! 9/Z(+('Q#! =/>4[40b! &'! %(3%40!

+/&6(23)!>%404!GX5)!&04!K04)42'b!@%&234)!6/!/@@A0!(2!'%4!)K(2W+&''(@4!04+&^&'(/2!'(94b!

K/'42'(&++Q!K0/[(6(23!&!9&'40(&+!'%&'!>/A+6!&++/>!7/0!8)l!9/Z(+('Q#!84)(A9!04+&^&'(/2!

)449)! '/! 64K426! 9/04! %4&[(+Q! /2! '%4! 643044! /7! 64K/+Q940()&'(/2b! '%&2! 6/4)! '%4!

+('%(A9!04+&^&'(/2#!
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?-*#(&!M;LW;!"<<8)!)K(2W+&''(@4![&+A4)b!'%4!94&)A046!Y")!64@04&)4!&)!'%4!'49K40&'A04!

/7!'%4!9&'40(&+!(2@04&)4)#!

3.3.4.3.2. 11B{133Cs} REDOR 

1cD51!94&)A04942')! /2! 7/A0! @4)(A9!Z/0&'4! 3+&))4)! _1gR#"b! R#Fb! R#;! &26!R#Ha!>404!

&@TA(046! Z4'>442! W""! &26! "RF/8! _:(3A04! <#-Ra#! M%4! /[40&++! 4^'42'! /7! 1cD51!

64K%&)(23!_o.h./a!()!7/A26!'/!(2@04&)4!>('%!(2@04&)(23!&+Y&+(!@/2'42'#!M%()!/Z)40[&'(/2!

()! 4^K4@'46! 6A4! '/! '%4! (2@04&)(23! (2'40&@'(/2)! Z4'>442! @4)(A9! &26! Z/0/2b! &)! '%4!

(2@04&)(23! @4)(A9! @/2@42'0&'(/2! @&A)4)! 9/04! 8)l! '/! Z4! @+/)40! '/! X5^! 24(3%Z/A0)#!

:A0'%409/04b! &2! (2@04&)4! (2! @4)(A9! @04&'4)! 9&2Q! 9/04! &2(/2(@! 42[(0/2942')! (2!

>%(@%! @4)(A9! &26! Z/0/2! >(++! (2'40&@'! _(#4#b! 8)l! &26! dCeX! /0! GX5! _M-b! M"aa! @&A)(23! &!

304&'40! (2'40&@'(/2#!M%4! &Z(+('Q! '/!6(774042'(&'4!Z4'>442! d<eX! &26! dCeX!64K%&)(23!6&'&!
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_(#4#b!K0/^(9('Qa!()!+(9('46!&Z/[4!C-!9/+w!8)-5!_1gR#;a#!J+'%/A3%!4^K40(942'&++Q!d<eX!

&26! dCeX! @&2! Z4! 6()'(23A()%46b! '%4! 64K%&)(23! 6&'&! &04! 4))42'(&++Q! (642'(@&+! _>('%(2!

400/0a!Z4@&A)4! '%404! ()! )A@%!&!%(3%! @/2@42'0&'(/2!/7! @4)(A9!&26!243&'([4+Q! @%&0346!

Z/0&'4! A2(')#! M%4! 1cD51! @A0[4)! >404! )(9A+&'46! A)(23! .LES.5GÖb! >%404! >4!

(9K+4942'46!&!)(9K+4!'>/W)('4!9/64+!_8)WXa!>('%!&KK0/K0(&'4!TA&60AK/+&0!@/AK+(23)b!

)K(22(23! 0&'4)! &26! ?&09/0! 704TA42@(4)! '/! )(9A+&'4! '%4! 1cD51! @A0[4)#"I"! .LES.5G!

)(9A+&'(/2)!>404!@&+@A+&'46!7/0![&0Q(23!643044)!/7!6(K/+&0!@/AK+(23)b!0&23(23!70/9!CR!

'/!-IR!=]b!@/004)K/26(23!'/!&!8)WX!(2'40&@'(/2b!08)X!!/7!F#R<!'/!-#IH!áb!04)K4@'([4+Q#!M%4!

)(9A+&'46! 1cD51! @A0[4)! _:(3A04! <#-Ra! &04! 7(''46! '/! '%4! 7(0)'! 74>! 9)! /7! '%4!

4^K40(942'&+!@A0[4)!'/!&KK0/^(9&'4!'%4!&R+.&N+!6(K/+&0!(2'40&@'(/2!Z4'>442!8)l!&26!

X5V#!M%4)4!'QK4)!/7!9/64+)!&04!)%/>2!/2+Q!'/!Z4!)A77(@(42'+Q!04+(&Z+4!7/0!'%4!7(0)'!74>!

9)!/7!64K%&)(23!&)!>4!&04!64&+(23!>('%!&!9A+'(K+4!)('4! (2'40&@'(/2!ZA'!/2+Q!%&[4!'%4!

&Z(+('Q!'/!)(9A+&'4!&!'>/W)('4!9/64+#!!
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!

?-*#(&!M;JK;! _&a!8)X!1gR#"!1cD51!@A0[4! _K/(2')b! )TA&04WdCeX!&26! '0(&23+4Wd<eXa!>('%!

.LES.5G!)(9A+&'46!(2'40&@'(/2!_+(24a!&26!_Za!K/+Q%460&!9/64+!7/0!'%4!@&'(/2!_KA0K+4a!

)(''(23! @+/)40! '/! dCeX! '%&2! &! d<eX! &)! 64'409(246! 70/9! '%4! 1cD51! @A0[4#! c00/0)! &04!

>('%(2!'%4!)(]4!/7!'%4!K/(2')!>('%(2!'%4!30&K%#!

!

! :(3A04! <#-"! )%/>)! '%4! &[40&34! 6(K/+&0! (2'40&@'(/2! '%&'! 4&@%! Z/0/2! )K4@(4)!

N744+)O!&)!'%4!'49K40&'A04!()!(2@04&)46b!&)!64'409(246!70/9!.LES.5G!@&+@A+&'(/2)!&26!

'%4! 1cD51! 64K%&)(23! @A0[4)! _&)! )%/>2! &Z/[4a#! J'! +/>! @4)(A9! @/2@42'0&'(/2)b! '%4!

/2+Q! &2(/2(@! )K4@(4)! ()! dCeXb! >('%! &! 64+/@&+(]46! 243&'([4! @%&034! /[40! '%4! 7/A0W

@//06(2&'4!A2('#!J'!4+4[&'46!@4)(A9!@/2@42'0&'(/2)!Z/'%!dCeX!&26!GX5)!&04!K04)42'#!!

!
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!

?-*#(&!M;JL;!D(K/+&0!@/AK+(23)!4)'(9&'46!70/9!1cD51!@A0[4)!&)!'49K40&'A04!()!

(2@04&)46!7/0!_&a!1gR#"!&26!R#F!&26!_Za!1gR#;!&26!R#H#!

!

! J'!+/>40!@4)(A9!@/2@42'0&'(/2)b!'%4!1cD51!6&'&!(26(@&'4!'%&'!'%4!dCeX!)(32&+!()!

9/04!)'0/23+Q!@/AK+46!'/!@4)(A9!&26!64K%&)4)!9/04!0&K(6+Qb!(26(@&'(23!&!K0474042'(&+!

(2'40&@'(/2! >('%! @4)(A9! &'! '%()! )('4#! M%()! ()! 04&)/2&Z+4! &26! 4^K4@'46! &)! '%4! /2+Q!

&2(/2(@!)K4@(4)!K04)42'!>/A+6!Z4!dCeX#!=(3%40!@4)(A9!+/&646!3+&))4)!6()K+&Q!&!6(774042'!

Z4%&[(/A0!(2!'%&'!'%4!d<eX!)(32&+!64K%&)4)!9/04!0&K(6+Q!'%&2!dCeX#!L26446b!GX5)!&04!'%4!

)(32(7(@&2'! )K4@(4)! @/2'0(ZA'(23! '/! '%4! )'0A@'A04!/7! '%4)4!%(3%W1!@4)(A9!Z/0&'4)b! &26!
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&))A9(23!'%&'!/2+Q!M<!&26!M-!)('4)!&04!&[&(+&Z+4b!'%4!70&@'(/2!/7!GX5)!()!Z4'>442!CF!'/!

FFw#! X4@&A)4! GX5! @/2'&(2)! &! +/@&+(]46! @%&034! /2! &2! &2(/2(@! /^Q342b! /24! >/A+6!

4^K4@'!&!)'0/2340!(2'40&@'(/2!Z4'>442!'%4!GX5!_d<eXa!&26!8)l!'%&2!&!dCeXb!&)!/Z)40[46!

%404#!J+'%/A3%!'%4)4!6(K/+&0!@/AK+(23!@/2)'&2')!6/!2/'!K0/[(64!&!N04&+O!6()'&2@4!6A4!

'/!'%4!K04)42@4!/7!/'%40!(2'40&@'(23!)K(2)!&26!6()/0640b!'%4Q!6/!K0/[(64!&!TA&+('&'([4!

94&)A04!/7!'%4!/[40&++!6(K/+&0!7(4+6!4^K40(42@46!ZQ!'%4!""X!2A@+4A)#!

! :(3A04!<#-"&!6()K+&Q)!'%4!04)A+')!7/0!@4)(A9!Z/0&'4!3+&))4)!1gR#"!&26!R#F#!M%4!

1gR#"!3+&))!4^%(Z(')!&2!/[40&++!64@04&)4!(2!6(K/+&0!@/AK+(23!&)!'49K40&'A04!(2@04&)4)#!

M%4!1gR#F! 3+&))! '%&'! ()! /2! '%4! @A)K!>%404! dCeX! Z43(2! '/! Z04&Y6/>2! &26! 7/09!GX5)!

Z4%&[4)! )+(3%'+Q! 6(774042'#! M%4!9&Ü/0('Q! _jHFwa! /7! '%4! 8)l! &04! @%&0346! Z&+&2@46! ZQ!

dCeXb! %/>4[40! &)! '49K40&'A04! (2@04&)4)! '%4! &[40&34! 6(K/+&0! (2'40&@'(/2! (2@04&)4)b!

(26(@&'(23! 2/! 4[(642@4! /7! 9/'(/2#! J+'%/A3%! @/A2'40W(2'A('([4b! '%4! 3+&))! 24'>/0Y! ()!

9/04! K/+Q940(]46! &'! '%()! K/(2'! '%&2! 7/0! '%4! 1gR#"! 3+&))b! K/'42'(&++Q! (2%(Z('(23! '%4!

9/Z(+('Q! /7! @4)(A9! '/! &[40&34! /A'! '%4! 6(K/+&0! (2'40&@'(/2! _'%()! >(++! Z4! 7A0'%40!

6()@A))46!Z4+/>a#!:(3A04!<#-"Z!)%/>)!'%4!&[40&34!6(K/+&0!@/AK+(23!(2'40&@'(/2!7/0!'%4!

%(3%40W1! @4)(A9! Z/0&'4)! _R#;! &26! R#Ha#! X/'%! /7! '%4)4! 3+&))4)! >(++! @/2'&(2! dCeX! &26!

GX5)b! '%4)4! 3+&))4)! )%/>! &2! /[40&++! 64@04&)4! (2! 6(K/+&0! @/AK+(23! 7/0! Z/'%! )('4)! &)!

'49K40&'A04! ()! (2@04&)46#! M%4! 1gR#;! 3+&))! %&)! &! )'0/2340! d<eXW8)! (2'40&@'(/2! 6A4! '/!

GX5)! @&A)(23! '%4! 8)l! '/! )('! @+/)40! '/! '%4! Z/0/2! >%404&)! '%4! dCeXW8)! +(4)! 7A0'%40b!

'%4047/04! @/2'&(2(23! &! )9&++40! &[40&34! 6(K/+&0! (2'40&@'(/2#! M%4! 1gR#H! 3+&))! ()! &'! &!

K/(2'!>%404!'%4!0&'(/!/7!8)iX!()!&+9/)'!"b!@&A)(23!@4)(A9!&26!Z/0/2!'/!(2'40&@'!9/04!

@+/)4+Q! &26! Z4(23! '%4!9/)'! &2(/2(@! 3+&))b!>%404! Z/'%! dCeX! &26! d<eX! Z4%&[4! )(9(+&0+Q#!

M%4)4!6&'&!)A334)'!'%&'!@4)(A9!9&Q!Z4!9/Z(+4!/2!'%4!1cD51!'(94!)@&+4!_)+/>!9/'(/2b!
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"RR)!9)!'/!)a!&)!'%4!&[40&34!6(K/+&0!@/AK+(23!64@04&)4)!>('%!'49K40&'A04#!M%4!%(3%W1!

@4)(A9!Z/0&'4)!)449!'/!Z4!9/)'!&774@'46!&)!'%4(0!)+/K4)!&04!)'44K40!_9!g!WR#-C!&26!W

R#";a! '%&2! '%4! +/>W1! 3+&))4)! _9! g! WR#RPC! &26! lR#"Ia#! M%()! 04)A+'! &3044)! >('%! '%4!

/Z)40[&'(/2)! (2! '%4! Y"! 94&)A04942')b! >%404! '%4! 1gR#H! 3+&))! 4^%(Z('46! '%4! +&034)'!

@%&234)!(2!Y"#!

3.3.5. Discussion 

3.3.5.1. Lithium-7 MAS NMR 

M%4!+('%(A9!Z/0&'4)!>404!)'0&'43(@&++Q!@%/)42b!04K04)42'(23!_"a!&!dCeX!)K4@(4)!_1gR#-ab!

_-a!&!9&^(9A9!&9/A2'!/7!dCeX!>('%!&!)9&++40!&9/A2'!_-!'/!C!wa!/7!GX5!_1gR#Fa!&26!

_<a!&!%(3%40W1!3+&))!>%404!M-!GX5)!&04!K04)42')!&)!&2!&2(/2(@! )K4@(4)! _1gR#Ha#!M%4!

/Z)40[46! @%&234)! (2! Y3\! &26! Y"! &)! &! 7A2@'(/2! /7! '49K40&'A04! K0/[(64! (2)(3%'! (2'/!

+('%(A9! 9/Z(+('Q#! 14+&^&'(/2! '(94)! 7/0! &++! '%044! 3+&))4)! Z43(2! '/! @%&234! &)! '%4!

'49K40&'A04! (2@04&)4)#! B27/0'A2&'4+Qb! '%4! 9&^(9A9! %4&'(23! '49K40&'A04! 7/0! /A0!

K0/Z4! >&)! 2/'! &Z+4! '/! 04&@%! '%4! Y"! 9(2(9&! (2! '%()! )'A6Q#! 5'%40! )'A6(4)! /2! )(9(+&0!

Z/0&'4!&26!)(+(@&'4!3+&))4)!04&@%46!Y"!9(2(9&!&'!"hà?!_"RWP!)a!(2!'49K40&'A04!043(/2)!

Z4'>442!IRR!&26!HRR/8#";bHHb"I-!J)!942'(/246!&Z/[4b!'%4!&@'([&'(/2!42403(4)!@/A+6!2/'!

Z4!@&+@A+&'46!70/9!'%4)4!6&'&!A)(23!'%4!Y"!94&)A04942')#!!

! M%4!Y3\! 6&'&! %/>4[40!>404! A)46! '/! /Z'&(2! &2! 4)'(9&'4#!$&A3%! &26! :46(2"I<!

K0/K/)46! '%&'! &2! 4)'(9&'4! /7! '%4! &@'([&'(/2! 42403Q! 7/0! +('%(A9! 6Q2&9(@)! @&2! Z4!

/Z'&(246! A)(23! '%4! 4TA&'(/2! cJ_Y|h9/+a! g! R#"FIM/2)4'#! M%4! '409b! M/2)4'! ()! '%4!

'49K40&'A04! (2! t4+[(2! >%42! '%4! +('%(A9! )K4@'0A9! Z43(2)! '/! 2&00/>! 70/9! &! 2/2W

9/Z(+4! +&''(@4#PCb"I<! :0/9! /A0! ;?(! Y3\! 94&)A04942')! >4! @&2! @&+@A+&'4! &2! &@'([&'(/2!
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42403Q!0&234!Z4'>442!CR!Y|h9/+!_mR#C!4\b!1!g!R#Ha!&26!FR!Y|h9/+!_mR#F!4\b!1!g!R#-a#!

M%4)4! 4^K40(942'&++Q! 64'409(246! 6&'&! &04! 04&)/2&Z+4! 7/0! '%4)4! 'QK4)! /7! 9&'40(&+)!

>('%!/'%40!30/AK)! 7(26(23!&@'([&'(/2!42403(4)!Z4'>442!CF!&26!IF!Y|h9/+! 7/0!)(9(+&0!

+('%(A9!Z/0&'4)#HHb"C-b"FC!M%4!(2@04&)4!(2!9/'(/2!>('%!'49K40&'A04!(26(@&'4)!'%&'![40Q!

+(''+4!'%409&+!42403Q!()!04TA(046!7/0!+('%(A9!6Q2&9(@)!'/!/@@A0!(2!'%4)4!)Q)'49)#!M%4!

)Q)'49! @&2! Z4! '%/A3%'! /7! (2! '409)! /7! K/'42'(&+! 42403Qb! >%404! &2! (2@04&)4! (2!

'49K40&'A04! K0/[(64)! '%4! ?(l! 42/A3%! 42403Q! '/! +4&[4! &26! K0/K&3&'4! &+/23! '%4!

9&'40(&+#! M%4! (2@04&)4! (2! &2(/2(@! )K4@(4)! >('%(2! '%4! Z/0&'4! 24'>/0Y! 70/9! %(3%!

+/&6(23)!&++/>)!?(l!9/Z(+('Q!'/!/@@A0!9/04!4&)(+Q!_+/>40!&@'([&'(/2!42403Qa#!M%()!@&2!

Z4!4^K+&(246!ZQ!'%4!K/'42'(&+!>4++)!Z4(23!)%&++/>40!7/0!%(3%40!+/&6(23!+('%(A9!Z/0&'4)!

&26!K0/[(64!&!0/ZA)'!'49K40&'A04!0&234!7/0!+('%(A9!6Q2&9(@)#HHb"C<!!

! L2! 043&06)! '/! 7/09(23! )/+(6! (/2(@W@/26A@'(23! 9&'40(&+)b! '%()! ()! Z4247(@(&+! 7/0!

)Q2'%4)()!&)!/24!@&2!'A24!'%4!K0/K40'(4)!/7!'%4!+('%(A9!6Q2&9(@)!(2!'>/!6()@04'4!>&Q)b!

'%4! +('%(A9!+/&6(23!&26!'%4!/K40&'(23!'49K40&'A04#!J+'%/A3%!@/26A@'([('Q!6&'&!>404!

2/'! &@TA(046b! '%4! &@'([&'(/2! 42403(4)! /7! '%4)4! 3+&))4)! &04! @/9K&0&Z+4! '/! )'A6(4)! ZQ!

E&')A/!4'!&+#b!>%/!)'A6(46!+('%(A9!Z/0&'4!@0Q)'&+)!&26!3+&))4)#!M%4Q!7/A26!'%4!+('%(A9!

&'/9)!(2!3+&))4)!)(9(+&0!'/!/A0)!%&[(23!%/KK(23!0&'4)!/2!'%4!/0640!/7!"R!'/!"R-!=]!&26!

4+4@'0(@&+! @/26A@'([('(4)b! z! n! "RWF! .h9! 64K426(23! /2! @/2@42'0&'(/2! &26!

'49K40&'A04#"I-b"IC!

3.3.5.2.  Cesium-133 MAS NMR 

84)(A9!Z/0&'4)!04[4&+!)(9(+&0b!&+'%/A3%!046A@46!4774@')!@/9K&046!>('%!+('%(A9!Z/0&'4!

3+&))4)#! M%4! 1gR#H! 3+&))! @/2'&(2)! &! +&0340! &9/A2'! /7! GX5! _@/9K&046! '/! ?(Xab!

(26(@&'(23! &! 6(774042@4! (2! 24'>/0Y! &26! &2(/2(@! )K4@(4)! _)4@'(/2! <#-a#HR! M%4! Y"!
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94&)A04942')!7/0!@4)(A9!Z/0&'4!3+&))4)b!1gR#-!&26!R#F!_:(3A04!<#"Ha!&04!)(9(+&0!/[40!

'%4! '49K40&'A04! 0&234! )'A6(46#! M%()! )(9(+&0('Q! (2! )K(2W+&''(@4! 04+&^&'(/2! Z4%&[(/A0!

9&Q! Z4! @&A)46! ZQ! '%4! )/+4! &2(/2(@! )K4@(4)! Z4(23! dCeX#! J)! dCeX! (2@04&)4)b! '%4! /[40&++!

@/224@'([('Q! _K/+Q940(]&'(/2a! (2@04&)4)b! +(9('(23! _/0! (2%(Z('(23a! '%4! &Z(+('Q! 7/0! '%4!

+&034!8)l!'/!9/[4!7044+Q#!M%4!)K(2W+&''(@4!04+&^&'(/2!'(94!7/0!1gR#H!@4)(A9!Z/0&'4!3+&))!

6()K+&Q)!&!)'0/2340! '49K40&'A04!64K42642@4#!M%()!)A334)')!&!@%&234! (2!>%(@%!8)l! ()!

(2'40&@'(23! >('%! (')! )A00/A26(23! Z/0&'4! 24'>/0Y#! M%4! +&034! K/KA+&'(/2! /7! '%044W

@//06(2&'4! Z/0/2)! >('%! GX5)! @/9K0()4! PFw! /7! '%4! '%044W@//06(2&'4! )K4@(4)! &26!

)'&'()'(@&++Q! ;Cw! /7! '%4)4! &04! Z0(63(23! '/! dCeX! _(#4#b! M-W5WdCeXa#! M%()! &9/A2'! /7!

64K/+Q940()&'(/2! &26! @%&034! >(++! K0/[(64! &! 9/04! &''0&@'([4! 42[(0/2942'! 7/0! '%4!

+&0340! @&'(/2! '/! 4^%(Z('! K/'42'(&+! 9/Z(+('Qb! 42&Z+(23! 04+&^&'(/2! '/! Z4! 9/04! 477(@(42'!

_7&)'40!Y")a#!

M%4! 04+&^&'(/2!Z4%&[(/A0! 7/0! '%4! +/>40W1! @4)(A9!Z/0&'4!3+&))4)! )449! +&034+Q!

64K42642'!AK/2!'%4!)'0A@'A04!/7!'%4!Z/0&'4!24'>/0Yb!&)!'%4)4!&04!%(3%+Q!K/+Q940(]46!

>('%! dCeX! &26! 6()K+&Q! +(''+4! '/! 2/! @4)(A9! @/2@42'0&'(/2! 64K42642@4#! S+&@46! (2! '%4!

@/2'4^'! /7! '%4)4! '>/! &2(/2(@! )K4@(4)! _dCeX! &26! GX5a! &26! '%4! X&00(40! =4(3%'!

D()'0(ZA'(/2! _X=Da!9/64+"CFb"IFW"I;b! '%4! +/>40W1! 3+&))4)!>/A+6! )449! '/! %&[4! 644K40!

K/'42'(&+! >4++)b! >%404&)! '%4! %(3%40W1! 3+&))4)! &04! @%&0&@'40(]46! ZQ! )%&++/>40!>4++)#!

M%4)4!+/>40W1!3+&))4)!04TA(04!%(3%40!'49K40&'A04)!_j"RR/8a!7/0!'%4!04+&^&'(/2!'(94)!

'/!64@04&)4!60&)'(@&++Q!_(#4#b! (2@04&)4!9/Z(+('Qb!@&34!0&''+(23b!4'@#a#!$('%!043&06)!'/!'%4!

+('%(A9!&26!@4)(A9!Z/0&'4!24'>/0Yb!&!K+&A)(Z+4!6(774042@4! (2! '%4!9/'(/2!94@%&2()9!

9&Q! /@@A0#! $4! @/A+6! )A334)'! '%&'! K40@/+&'(/2! @%&224+)! 7/0! @4)(A9! Z/0&'4)b! >%404!

+/@&+(]46!243&'([4!@%&034)!/2!GX5!)K4@(4)!_@04&'(23!@%&224+)a!&04!04TA(046!7/0!@4)(A9!
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9/Z(+('Q#!8/2[40)4+Qb!'%4!)9&++40!+('%(A9!@&'(/2!Z4@/94)!9/Z(+4!&)!)//2!&)!)A77(@(42'!

@%&034WZ4&0(23!)K4@(4)!_dCeXa!&04!K04)42'#!J+'%/A3%!)'A6(4)!&'!4+4[&'46!'49K40&'A04)!

_j"FR/8a!>/A+6!Z4!04TA(046!'/!K0/[4!'%()b!('!)449)!04&)/2&Z+4!'/!K0/K/)4!K40@/+&'(/2!

_&)!)442!(2!)(+(@&'4)ab!>%(@%!/2+Q!@/2'&(2)!GX5)!_U<b!U-b!4'@#a!&)!'%4(0!&2(/2(@!A2(')#"FI!!

3.3.5.3. Probing Medium Range Order and Dynamics 

\&0(&Z+4! '49K40&'A04! 1cD51! 94&)A04942')! @&2! K0/[(64! (27/09&'(/2! &Z/A'! )+/>!

9/Z(+('Q#!1cD51!()!&+)/!)('4W)K4@(7(@!_d<eX!&26!dCeXa!A2+(Y4!'%4!3+/Z&+!Y"!94&)A04942')#!

M%()!K0/[(64)!A)!>('%!&!'//+!'/!K0/Z4!'%4!+/@&'(/2!&26!2&'A04!/7!'%4!8)WX!(2'40&@'(/2)!

&)!&!7A2@'(/2!/7!'49K40&'A04!&26!@4)(A9!+/&6(23#!M%4!1gR#"!3+&))!K/))4))4)!"<!w!dCeX!

&26! R!w! GX5! A2(')#! M%()! ()! 047+4@'46! (2! '%4! 1cD51! 04)A+')! _:(3A04! <#-"ab! >%404! &!

)'0/2340! (2'40&@'(/2! ()! )442! 7/0! '%4! dCeX! )K4@(4)! '%&'! %&)! '%4! 243&'([4! @%&034!

64+/@&+(]46! /[40! '%4! Z/0/2! A2('#! .(2@4! '%4! /[40&++! (2'40&@'(/2! 64@04&)4)! &)!

'49K40&'A04! (2@04&)4)b! /24! @&2! )44! '%&'!9/Z(+('Q! @&A)4)! '%4!64@04&)4! (2! '%4!6(K/+&0!

(2'40&@'(/2#! J)! '%4! @4)(A9! @/2'42'! (2@04&)4)! _1gR#Fab! '%4! @/2@42'0&'(/2! /7! GX5!

_m"Rwa! (2@04&)4! &26! &! )(32(7(@&2'! &9/A2'! /7! dCeX! _CRwa! 9&Y4)! ('! 6(77(@A+'! '/!

6(774042'(&'4!>%(@%!Z/0/2!)K4@(4)!&04!K0474042'(&++Q! (2'40&@'(23#!X/'%! '%4!8)Wd<eX!&26!

8)WdCeX!&[40&34!6(K/+&0!(2'40&@'(/2!)449!'/!(2@04&)4!>('%!(2@04&)(23!'49K40&'A04#!M%4!

)+(3%'!(2@04&)4!(2!'%4!&[40&34!6(K/+&0!(2'40&@'(/2!@/A+6!Z4!&''0(ZA'46!'/!'%4!(2@04&)46!

K/+Q940(]&'(/2b!&@'A&++Q!K04[42'(23!@4)(A9!9/Z(+('Q#!!

! M%4!1gR#;!3+&))!)%/>)!)/94!(2'404)'(23!Z4%&[(/A0b!>%(@%!@/A+6!Z4!@&A)46!ZQ!

'%4! 7/09&'(/2!/7!9A+'(K+4! @%&0346!)K4@(4)b!Z4&0(23!9&2Q!GX5)#!M-! )K4@(4)! @/9K0()4!

<C!w!/7! '%4! d<eX! (2! '%4! 3+&))! &26!%&[4! '%4! )'0/234)'! @4)(A9! (2'40&@'(/2b! &)! '%4Q! &04!

9/04!64K%&)46!'%&2! dCeX!_>%(@%!&04!&'!<I!wa#!M%()!)'0/2340!(2'40&@'(/2!()!@&A)46!ZQ!
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'%4!%(3%!&9/A2')!/7!@4)(A9!K04)42'!>('%(2!'%4!3+&))b!@&A)(23!&2!/[40&++!)'0/2340!8)WX!

&[40&34! 6(K/+&0! @/AK+(23#! J66('(/2&++Qb! '%404! ()! &! K/'42'(&+! 7/0! )%/0'40! 8)WX!

(2'402A@+4&0!6()'&2@4)b!&)!)442! (2!9(240&+)"<Rb"IP!&26!Z/0/)(+(@&'4)"IH!>%404!GX5W8)l!

(2'40&@'(/2)! &04! )9&++40! '%&2! 8)WdCeX#! M%()! @&2! Z4! 4^K+&(246! A)(23! )(9K+4!

&''0&@'(/2h04KA+)(/2! &03A942')b! >%404! &! +/@&+(]46! 243&'([4! @%&034! )%/A+6! (2'40&@'!

9/04!)'0/23+Q!'%&2!&!64+/@&+(]46!@%&034!_dCeXab!&)!'%4!4+4@'0/)'&'(@!(2'40&@'(/2)!>(++!Z4!

)'0/2340#! X/'%! d<eX! &26! dCeX!1cD51! @A0[4)! _8)Xb!1gR#;a! )%/>!&! 64@04&)4! (2! &[40&34!

6(K/+&0!@/AK+(23!>('%!(2@04&)(23!)&9K+4!'49K40&'A04b!>%(@%!9&Q!)A334)'!'%4!/2)4'!/7!

@4)(A9!9/Z(+('Qb!4('%40!&)!%/KK(23!/0!0&''+(23#!!

! M%4! 1! g! R#H! @4)(A9! Z/0&'4! 3+&))! @/2'&(2)! &2! 4^@4))([4! &9/A2'! /7! 9/6(7(40!

_&+9/)'!FR!9/+w!@4)(A9!/^(64ab!@04&'(23!&!)@42&0(/!>%404!&+9/)'!4[40Q!Z/0/2!%&)!&!

@4)(A9! &))/@(&'46! >('%! ('#! M%()! +&034! +/&6(23! @&A)4)! Z/'%! d<eX! &26! dCeX! )K4@(4)! '/!

4))42'(&++Q!%&[4!'%4!)&94!8)WX!(2'40&@'(/2#!M%4!/[40&++!'0426!%/>4[40!()!&!64@04&)46!

6(K/+&0! @/AK+(23! >('%! &2! (2@04&)4! (2! '49K40&'A04#! X/0/2! )K4@(&'(/2! 7/0! '%()! 3+&))!

TA(@Y+Q! 04[4&+)!>%Q!/24! &@%(4[4)! '%()! 04)A+'b! &)! ('! @/2'&(2)!m"Rw!M<b!mFPw!M-! &26!

m<-w!dCeXb!&))A9(23!2/!M"!A2(')!&04!K04)42'b!&+'%/A3%!&! 74>!9&Q!4^()'#H<!J)!8)l!@&2!

(2'40&@'!>('%! K/'42'(&++Q! AK! '/! '%044! 243&'([4+Q! @%&0346! K/+Q%460&! _dCeXb! M-! &26!M"ab!

6(774042'(&'(23!Z4'>442!'%4)4!)('4)!@&2!2/!+/2340!Z4!)(9K+Q!4^K+&(246#!

3.3.6. Summary 

.K(2W+&''(@4!&26!)K(2W)K(2!04+&^&'(/2!94&)A04942')!7/0!'%044!+('%(A9!Z/0&'4)!3+&))4)!

K0/[(646! 4[(642@4! 7/0! +('%(A9! 9/Z(+('Q! (2! &++! '%044! @&)4)! /[40! &2! 4^'42646!

'49K40&'A04! 0&234#! J+'%/A3%! Y"! 9(2(9&! @/A+6! 2/'! Z4! /Z'&(246b! 4)'(9&'4)! /7! '%4!

&@'([&'(/2!42403(4)!7/0!'%4)4!)K4@(4)!>404!&@%(4[46!70/9!Y3\!94&)A04942')!'/!Z4!/2!
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'%4! /0640! /7! CR! '/! FR! Y|h9/+b! @/9K&0&Z+4! '/! /'%40! +('%(A9! Z/0&'4!9&'40(&+)! /7! '%()!

2&'A04#! M>/! [&0(&Z+4)b! +('%(A9! @/2@42'0&'(/2! &26! >/0Y(23! '49K40&'A04b! @&2! Z4!

&6ÜA)'46! (2!/0640! '/!/K'(9(]4!&! +('%(A9!6Q2&9(@!Z4%&[(/A0! 7/0!K/))(Z+4!&KK+(@&'(/2)!

)A@%! &)! )/+(6! (/2(@W@/26A@'(23! 9&'40(&+)#! M%4! %4&[(40! @4)(A9! Z/0&'4! 3+&))4)! &+)/!

4^%(Z('46! 64@04&)4)! (2!Y"! &)! %4&'(23! '49K40&'A04! (2@04&)46#! M%4! %(3%W1! @4)(A9! &26!

+('%(A9! 3+&))4)! )%/>46! &KK04@(&Z+4! 64@04&)4! (2!Y"! /[40! '%4! +/>40W1! 3+&))4)#! M%4)4!

04)A+')!&KK4&0! '/!)%/>!&+Y&+(!6Q2&9(@)! _&'!4+4[&'46! '49K40&'A04)b!m"RR/8a! 7/0!Z/'%!

&+Y&+(! 94'&+)b! %/>4[40! 7/0! '%4! +&0340! @4)(A9! @&'(/2! 4774@')! @/A+6! Z4! &''0(ZA'46! '/!

)(9K+4!@&34!0&''+(23#!

! M/!K0/Z4! '%()! 7A0'%40b!1cD51! ()! (9K+4942'46!&)! &! )+/>!6Q2&9(@!4^K40(942'!

7/0! '%4! @4)(A9! @&'(/2#! ""Xx"<<8)y! (26(@&'46! &! 64@04&)4! (2! 6(K/+&0! @/AK+(23! &)!

'49K40&'A04! (2@04&)46#! M%()! )A334)')! )/94! 'QK4! /7! )+/>! @4)(A9!9/Z(+('Qb! 4('%40! ZQ!

@&34! 0&''+(23! /0! &+Y&+(! %/KK(23hK40@/+&'(/2#! \&0(&Z+4! '49K40&'A04! 1cD51! >&)! &!

)A@@4))7A+! 94&)A04! 7/0! )('4W)K4@(7(@! 9/Z(+('Qb! >%404&)! Y"! 94&)A04942')! (2! 3+&))4)!

6()K+&Q!3+/Z&+!&[40&34)! (2!@&'(/2!6Q2&9(@)#!M%4!@/2@42'0&'(/2!/7!@4)(A9!_1!j!R#;a! ()!

'//!%(3%! '/!&++/>!/24! '/!6()'(23A()%!Z4'>442! d<eX!&26! dCeX!64K%&)(23! @A0[4)b! &)! '%4Q!

/[40+&K! &26! K04[42'! A)! 70/9! @/9942'(23! /2! '%4! )9&++! @%&234)! 94&)A046! >('%!

(2@04&)(23!'49K40&'A04#!M%4!(2@04&)4!(2!@4)(A9!@/2@42'0&'(/2!&KK4&0)!'/!64@04&)4!'%4!

42403Q!04TA(046!7/0!@&'(/2!9/Z(+('Q#!L2!043&06)!'/!%/>!'%()!>/A+6!04+&'4!'/!+/23W'409!

)'/0&34!/7!>&)'4!9&'40(&+)p!'%4!&@'A&+!@4)(A9!@/2@42'0&'(/2!()!9A@%!+/>40!_m"!'/!C!wa!

ZA'! &! [&0(4'Q! /7! /'%40! @&'(/2)! _9(^46a! &04! K04)42'b! @04&'(23! &! )(9(+&0! %(3%! @&'(/2!

42[(0/2942'#! :A0'%409/04b! %(3%40! )&9K+4! '49K40&'A04)! %&[4! '/! Z4! @/2'42646!>('%!

_-RR! &26! <RR/8a! /[40! 4^'42646! K40(/6)! /7! '(94! )A334)'(23! '%&'! )/94! @/2@402! ()!
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>&00&2'46#! J)! >4++! +&034! 477/0')! &04! @A0042'+Q! Z4(23! (2[4)'(3&'46! '/! 42&Z+4! %(3%40!

>&)'4!+/&6(23)!(2!3+&))4)b!>%(@%!>/A+6!(2@04&)4!'%4!&+Y&+(!@/2@42'0&'(/2!4[42!7A0'%40#!
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4. Borovanadates 

8A0042'! @&'%/64! 9&'40(&+)! 64)(3246! 7/0! &! [&0(4'Q! /7! &KK+(@&'(/2)! (2[/+[4! ?(8/5-! /0!

)/94!9/6(7(@&'(/2! /7! '%()!9&'40(&+#";R! ?(8/5-! ()! '%4! @%/)42!9&'40(&+! 7/0! &! [&0(4'Q! /7!

Z&''40Q!Z&)46!&KK+(@&'(/2)!Z4@&A)4!/7! (')!3//6!@Q@+(23!&Z(+('Qb!)'&Z(+('Qb! +/23!+(74'(94)!

&26!%(3%!42403Q!642)('Q#";"!=/>4[40b!@40'&(2!+(9('&'(/2)!4^()'b!(2@+A6(23!@/Z&+'!Z4(23!&!

%4&[(40!4+4942'b!6(77(@A+'!'/!04@Q@+4!_/0!04K0/@4))a!&26!'%404!&04!())A4)!043&06(23!(')!

+/23W'409! @Q@+(23! &Z(+('Q#";Rb";"! S/))(Z+4! &+'402&'([4)! &04! [&2&6(A9W@/2'&(2(23!

9&'40(&+)!)A@%!&)!+('%(A9!94'&[&2&6&'4!_?(\5<a#!?(\5<!%&)!3//6!@/26A@'([('Q!&26!'%4!

/2)4'!/7!+/@&+!6()/0640!>('%(2!'%4!@0Q)'&+!)'0A@'A04!@&A)4)!&2!(2@04&)4!(2!@/26A@'([('Qb!

Z4+(4[46!'/!Z4!@&A)46!ZQ!\5C!6()'/0'(/2#";-!M%()!&))/@(&'(/2!/7!6()/0640!>('%!(2@04&)46!

@/26A@'([('Q! %&)! +46! '/! '%4! 64[4+/K942'! &26! @%&0&@'40(]&'(/2! /7! (/2(@! @/26A@'(23!

3+&))4)#!

! J2/'%40!9/6(7(@&'(/2!'%&'!)%/A+6!Z4!@/2)(64046!(2[/+[4)!'%4! (2@/0K/0&'(/2!/7!

\-5Fb!&!K//0!3+&))!7/0940b!(2'/!X-5<!>%(@%!()!&!3//6!3+&))!7/0940b!K/'42'(&++Q!42&Z+(23!

&! 24>! 34240&'(/2! /7! +(3%'40!>4(3%'b! Z4''40! @Q@+(23! &26! /K'(9(]46! @&'%/64!9&'40(&+)!

'%&'![('0(7Q!9/04!4&)(+Q#!J9/0K%/A)!Z/0/[&2&6&'4!9&'40(&+)!%&[4!04@4([46!&''42'(/2!

7/0! '%4(0! 4+4@'0(@&+!K0/K40'(4)#";<W";H!J)! '%4)4! @&'%/64!9&'40(&+)! 04TA(04!%(3%! @A0042'!

642)('Qb! 04)4&0@%! (2'/! +('%(A9WZ&)46! @0Q)'&++(24"PRW"P<! &26! K/+Q940! @/9K/)('4)"PCb"PF!

%&)! &+)/! 04@4([46! 9A@%! &''42'(/2! 7/0! Z&''40Q! Z&)46! &KK+(@&'(/2)! _(#4#b! &)! &! )/+(6!

4+4@'0/+Q'4!946(A9ab! A2+(Y4! '0&6('(/2&+! ?(8/5-!9&'40(&+)#"PIb"P;! ?('%(A9WZ/0&'4WZ&)46!

9&'40(&+)!&04!&+)/!K0/9(242'!@&'%/64!)/A0@4)#"PPb"PH!J+'%/A3%!'%4!K0/K40'(4)!/7!'%4)4!
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)Q)'49)! &04! A2640)'//6b! '%4! +/@&+! )'0A@'A04! '%&'! @&A)4)! '%4)4! K0/K40'(4)! ()! K//0+Q!

@%&0&@'40(]46#!?('%(A9!&26!@4)(A9!Z/0/[&2&6&'4)!>404!)'A6(46!A)(23!""X!&26!F"\!EJ.!

GE1! '/! Z4''40! A2640)'&26! '%4! +/@&+! )K4@(&'(/2b! >%(+4! ;?(! &26! "<<8)! 6Q2&9(@)! >&)!

)'A6(46!A)(23!'>/W6(942)(/2&+!4^@%&234!)K4@'0/)@/KQ#!

4.1. Lithium Borovanadates 

M%4!7/A26&'(/2!7/0!Z(2&0Q!Z/0&'4!)Q)'49)!>(++!Z4!4^'42646!(2!'%()!@%&K'40b!&)!'%4!3+&))!

)Q)'49)!>(++! (2@/0K/0&'4! &! )4@/26! 3+&))W7/09(23! /^(64#! X-5<! @&2! Z4! 4&)(+Q!9/6(7(46!

>('%! 24'>/0Y! 9/6(7(40)b! >%(+4! 9&(2'&(2(23! (')! 3+&))! 7/09(23! &Z(+('Q#! M%4! &Z(+('Q! '/!

(2@/0K/0&'4! &! '%(06! @/9K/242'! _\-5Fa! >(++! K0/6A@4! &! '402&0Q! 3+&))! >('%! &6646!

@/9K+4^('Q#!M%4!Z4%&[(/A0!/7!'%4!Z/0/2!42[(0/2942'!()!/7!(2'404)'!>%42![&2&6(A9!()!

&6646#! !$('%! 043&06! '/![&2&6(A9b! '%4! (2'404)'! +(4)! (2! '%4! @//06(2&'(/2!42[(0/2942'b!

@0Q)'&++(]&'(/2!&26!@%&034!)%&0(23!>('%!Z/0/2#HRb"RIb"HRb"H"!

! 80Q)'&++(24!\-5F!@/9K0()4)!4634W!&26!@/0240W)%&0(23!7([4W@//06(2&'4!)K4@(4)!(2!

&! 6()'/0'46! )TA&04WKQ0&9(6&+! _dFe\a! )'0A@'A04#"H-! \-5F! ZQ! (')4+7! ()! 0&'%40! 6(77(@A+'! '/!

[('0(7Qb!&+'%/A3%!>4!%&[4!Z442!&Z+4!'/!6/!)/!>('%!@&047A+!0/++40!TA42@%(23#!=/>4[40b!

(2@/0K/0&'(/2! >('%! &! 3//6! 24'>/0YW7/0940! _(#4#b! X-5<a! &++4[(&'4)! '%4! /2)4'! /7!

@0Q)'&++(]&'(/2#"H<! J)! &! Z/0/[&2&6&'4b! '%4! )Q)'49! >/A+6! Z4! @/9K/)46! /7! Z0(63(23!

/^Q342)! (2! &! 7A++Q! K/+Q940(]46! 42[(0/2942'#! J)! @%&034! ZA(+6WAK! /@@A0)! 70/9! &+Y&+(!

/^(64!+/&6(23b!'%4!70&94>/0Y!>(++!2446!'/!@/9K42)&'4!7/0!'%()!@%&034!ZQ!7/09(23!7/A0W

@//06(2&'4! Z/0/2! _K)4A6/W'4'0&%460&+a! )K4@(4)#! J)! 7/0! '%4! [&2&6(A9! A2('b! '%4!

@//06(2&'(/2! 2A9Z40! )%/A+6! 64@04&)4b! 7/09(23! 7/A0W@//06(2&'4! \5C! A2(')b! >%404!

'%044! /^Q342)! @&2! K&0'(@(K&'4! &)! X5)! >%(+4! /24! /^Q342! ()! 6/AZ+Q! Z/A26! _:(3A04!
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"#Fa#"HC!L2!043&06!'/!@/224@'([('Qb!'%044!6(774042'!Z0(63(23!/^Q342!'QK4)!&04!4^K4@'46p!

XW5WXb! \W5W\! &26! \W5WXb! &))A9(23! %/9/3424/A)! 9(^(23#! J2Q! 946(A9W0&234! /0640!

/Z)40[46! (2! Z/0&'4)! &26! [&2&6&'4)b! )A@%! &)! Z/0/^/+! 0(23)! &26! [&2&6&'4! @%&(2)b! %&)!

Z442!)%/>2!'/!Z04&Y!6/>2!AK/2!7/09&'(/2!/7!Z/0/[&2&6&'4!3+&))4)b!&26!)A@%!/0640!()!

2/'!4^K4@'46!'/!7/09!(2!@/2)(640&Z+4!@/2@42'0&'(/2)!7/0!'%4)4!9&'40(&+)#";Pb";H!!

! M%4!)'0A@'A0&+![&0(&'(/2)!'%&'!/@@A0!Z4'>442!'%4!'%044!)40(4)!64)(32&'46!ZQ!'%4!

K&0&94'40! t! _t! g! \-5FhX-5<a! 0&23(23! 70/9! R#-! '/! R#Ib! >('%! &! 0&234! /7! +('%(A9!

@/2@42'0&'(/2)b!1!_1!g!?(-5hX-5<a!Z4'>442!R!&26!-#-!_"I#I!'/!IP#P!9/+!w!/7!?(-5ab!>(++!

Z4! 6()@A))46! Z4+/>#! $4! %&[4! )'A6(46! '%4! 4774@')! /2! Z/'%! 24'>/0Y! 7/09(23! &26!

9/6(7Q(23!@&'(/2)!A)(23!)/+(6W)'&'4!GE1#!

4.1.1. Materials and Methods 

4.1.1.1. Synthesis 

*+&))4)!>404! )Q2'%4)(]46! 70/9!@/9940@(&+! 30&64![&2&6(A9!/^(64! _\-5Fab!Z/0(@!&@(6!

_=<X5<a!&26! +('%(A9!@&0Z/2&'4! _?(-85<a#!X-5<!>&)! )Q2'%4)(]46!ZQ!64%Q60&'(23!Z/0(@!

&@(6! ZQ! %4&'(23! '/! IFR/8#! ! .'/@%(/94'0(@! TA&2'('(4)! /7! \-5Fb! X-5<! &26! ?(-85<! >404!

30/A26!'/34'%40!(2!&2!&3&'4!9/0'&0!&26!K4)'+4b!'%42!K+&@46!(2!&!K+&'(2A9!@0A@(Z+4!&26!

%4&'46! Z4'>442! PRR! &26! "RRR/8! 7/0! -R!9(2A'4)b!>%404! 64@&0Z/2&'(/2! /7! ?(-85<! '/!

?(-5! /@@A0046#! M%4)4! &04! '%42! >4(3%46! '/! [40(7Q! 64@&0Z/2&'(/2! >&)! @/9K+4'46#! J!

)4@/26! %4&'! '04&'942'! >&)! K407/0946! &'! "RRR/8b! %4+6! 7/0! F! 9(2A'4)! '/! 42)A04! &!

%/9/3424/A)! 94+'b! &26! TA42@%46! A)(23! &! 94'&+! K+&'4! /0! 0/++40WTA42@%40#! S+&'4!

TA42@%! (2[/+[4)! K/A0(23! '%4! 94+'! /2'/! &! +&034! )'44+! K+&'4b! 7/++/>46! ZQ! 60/KK(23! &!

)4@/26!+&034!94'&+!K+&'4#!M%()!@//+)!'%4!3+&))!TA(@Y+Q!&26!()!/7'42!A)46!7/0!3+&))4)!'%&'!
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&04! 9/04! 6(77(@A+'! '/! TA42@%#! 1/++40! TA42@%(23! ()! A)46! 7/0! 6(77(@A+'! 3+&))! 7/09(23!

@/9K/)('(/2)b! (#4#b! '%/)4! '%&'! 6/! 2/'!>&2'! '/! [('0(7Qb! %(3%W1! &26! %(3%Wt! 3+&))4)#! M%()!

64[(@4!A)4)!'>/!@Q+(2640)!'%&'!)K(2!>('%!&!2&00/>!3&K!_-F!9(@0/2)!7/0!'%4)4!3+&))4)b!

ZA'! @&2! Z4! &6ÜA)'46a! >%404! '%4! 94+'! ()! K/A046! &26! @//+46! [40Q! TA(@Y+Q#! J)! '%4)4!

3+&))4)!2446!)K4@(&+!%&26+(23!&26!K0/@4))(23p!'%4Q!>404!)AKK+(46!ZQ!D0#!.'4[4!:4++40!

&26!D0#!E&0(/!J77&'(3&'/!70/9!8/4!8/++434b!846&0!1&K(6)b!L/>&#!

4.1.1.2. Nuclear Magnetic Resonance 

4.1.1.2.1. Boron-11 MAS NMR 

""X!EJ.!GE1!)K4@'0&!>404!&@TA(046!A)(23!&!<#-!99!6/AZ+4W04)/2&2@4!M<!EJ.!K0/Z4!

_\&0(&2W8%49&324'(@)a!/2!&!\&0(&2!BGLMqLG5\J!IRR!_"C#"!Ma!)K4@'0/94'40!/K40&'(23!

&'!"H-#C!E=]#!J!)(23+4WKA+)4!4^K40(942'!A)(23!&!)%/0'!'(K!&23+4!_R#F!v)b!;&#!H°a!&26!&!

)K(22(23! 0&'4! /7! "IbRRR!õ!-!=]!>&)!A)46! '/!9(2(9(]4! 400/0)! (2!TA&2'(7(@&'(/2#! :(2&+!

(2'430&'46! (2'42)('(4)! >404! @/004@'46! '/! /Z'&(2! @42'0&+W'0&2)('(/2! (2'42)('(4)! &)!

64)@0(Z46!ZQ!E&))(/'!+'!&:#!"HF!""X!<UEJ.!/7!'%4!1!g!"#Pb!t!g!R#-!+('%(A9!Z/0/[&2&6&'4!

>&)!&@TA(046!A)(23!&!)%(7'46W4@%/!EUEJ.!)4TA42@4!>('%!&!:JEW"!@/2[40)(/2!KA+)4#!

M%4!à07!2A'&'(/2! 704TA42@Q! 7/0! '%4!4^@('&'(/2! _F!v)a!&26!@/2[40)(/2!KA+)4)! _"#;!v)b!"!

+//Ka! >&)! ;&#! "FF! Y=]#! M%4! )/7'! @42'0&+W'0&2)('(/2! )4+4@'([4! rWKA+)4! >&)! -R! µ)! (2!

6A0&'(/2#!.(9A+&'(/2!>404!6/24!A2640! '%4!&KK0/^(9&'(/2!/7! (27(2('4! )K(22(23!)K446b!

A)(23!$./+(6)#"HI! .K4@'0&! >404! 0474042@46! >('%! R#"! E! Z/0(@! &@(6! &'! "H#I! KK9! &)! &!

)4@/26&0Q!0474042@4!'/!X:<!c'-5!_R#R!KK9a#!
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4.1.1.2.2. Vanadium-51 MAS NMR 

F"\!EJ.!GE1!)K4@'0&!>404!&@TA(046!A)(23!'%4!)&94!<#-!99!6/AZ+4!04)/2&2@4!K0/Z4!

&26!)K4@'0/94'40!/K40&'(23!&'!"F;#P!E=]#!c^K40(942')!>404!@&00(46!/A'!&'!EJ.!0&'4)!

/7!-RbRRR!Ñ!-<bRRR!õ!F!=]b!A)(23!&! 0/'/0W)Q2@%0/2(]46!=&%2W4@%/! _å07! /7!FR!Y=]a!/0!

X+/@%! )4TA42@4#! F"\! EJ.! GE1! )K4@'0&! >404! &+)/! &@TA(046! A)(23! &! -#F! 99! 6/AZ+4!

04)/2&2@4!EJ.!K0/Z4!_X0AY40a!/2!&!HRR!E=]!X0AY40!J[&2@4!LL!)K4@'0/94'40!_-"#"!Ma!

/K40&'(23!&'!-<I#;!E=]#!J!X+/@%!)4TA42@4!>('%!&!)K(22(23!0&'4!/7!<RbRRR!õ!F!=]!&26!&!

KA+)4!/7!R#F!µ)!_-R/!'(K!&23+4a!>&)!A)46!'/!4^&9(24!7/A0!/7!'%4!%(3%40W1b!tgR#-!3+&))4)#!

.K4@'0&!>404!0474042@46!>('%!04)K4@'!'/!R#"I!E!G&\5<!_WF;C!KK9a#!

4.1.1.2.3. Lithium-7 MAS NMR 

;?(!EJ.!GE1! )K4@'0&!>404! @/++4@'46! A)(23! &! <#-!99! 6/AZ+4! 04)/2&2@4!EJ.! K0/Z4!

/K40&'(23! &'! -<<#"! E=]! _"C#"! Ma#! X+/@%! KA+)4! 4^K40(942')! >404! &@TA(046! A)(23!

Z4'>442!"I!&26!IC!@/W&6646!'0&2)(42')b!)K(22(23!0&'4)!/7!IbRRR!!õ!"!'/!-RbRRR!!õ!F!=]!

&26!04@Q@+4!64+&Q)!/7!<!'/!F!)#!cV.q!4^K40(942')!>404!&@TA(046!A)(23!<!v)!)/+(6!HR{)!

_à07!/7!I;!Y=]ab!9(^(23!'(94)!Z4'>442!-!v)!&26!FRR!v)!&26!>('%!)&9K+4!'49K40&'A04)!

Z4'>442!-;<!&26!<C<!t#!14@Q@+4!64+&Q)!/7!F!)4@/26)b!)K(22(23!0&'4!/7!-RbRRR!õ!F!=]b!

"I! @/W&6646! '0&2)(42')! &26! -FI! (2@04942')!>404! (9K+4942'46! 7/0! &++! 4^K40(942')#!

.%(7')!>404!0474042@46!'/!"!E!?(8+!_R#R!KK9a#!
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4.1.2. Results 

4.1.2.1. Boron-11 MAS NMR 

4.1.2.1.1. K=0.2 

M%4!""X!EJ.!GE1!)K4@'0&!7/0!'%4!tgR#-!)40(4)!&04!6()K+&Q46!(2!:(3A04!C#"#!M%4)4!)(^!

)&9K+4)! )%/>! &! d<eX! 04)/2&2@4! '%&'! 4^%(Z(')! &! +(24)%&K4! @%&0&@'40()'(@! /7! &2!

&)Q994'0Q!K&0&94'40!24&0!'%&'!/7!&^(&+!)Q994'0Q!_k!ê!Rab!)A334)'(23!'%4!9&Ü/0('Q!/7!

d<eX!%&[4!M<!+/@&+!)'0A@'A04#!!M%4!04)/2&2@4!()!)(9(+&0!'/!'%&'!/Z)40[46!(2!/'%40!Z/0&'4!

3+&))4)b!)A334)'(23!'%4! d<eX!()!9&(2+Q!@/9K/)46!/7! d<eX!2/2W0(23!)K4@(4)#!M%4!(2@04&)4!

(2! +('%(A9! @/2@42'0&'(/2! 6/4)! @&A)4! &! [40Q! )+(3%'! )%(7'! /7! '%4! d<eX! 4634! _1j"#Pa!

&@@/9K&2(46!ZQ!&!)+(3%'!@%&234!(2!+(24)%&K4!049(2()@42'!/7!&2!&)Q994'0Q!K&0&94'40b!

kjR#Fb! )A334)'(23! '%4! /2)4'! /7! GX5)! _M-a#Hb"H;! J2&+Q)()! /7! '%4! dCeX! K/KA+&'(/2! >('%!

+('%(A9!@/2'42'!)%/>)!&!24&0W+(24&0!(2@04&)4!(2!K/KA+&'(/2b!4[42!&'!+/>W1!_:(3A04!C#"a#!

$%42! @/9K&0(23! '%4)4! 6&'&! '/! &+Y&+(! Z/0&'4)b! '%4Q! )%/>! &! )+/>40! (2@04&)4! (2! '%4!

70&@'(/2! /7! dCeX! &26! &! %(3%40! 9&^(9A9! (2! '%4! 70&@'(/2! /7! 7/A0W@//06(2&'4! Z/0/2#"RI!

J+Y&+(!Z/0/)(+(@&'4)!%&[4!&+)/!)%/>2!)(9(+&0!(2@04&)4)!/7!dCeXb!04&@%(23!&2!*C!/7!R#IR!&'!

1gR#;!&26!tgR#-#"HP!M%4)4!'402&0Q!+('%(A9!Z/0/[&2&6&'4)!04&@%!&!9&^(9A9!*C!/7!R#F!

&'!1g"#R!7/0!'%4!tgR#-!+('%(A9!Z/0/[&2&6&'4#!
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!

?-*#(&!N;L;! ""X!EJ.!GE1!)K4@'0&!/7!?(X\!3+&))4)b! _&a!1gR#-b! _Za!1gR#Ib! _@a!1g"b! _6a!

1g"#Cb!_4a!1g"#P!&26!_7a!1g-#-!&26!_3a!70&@'(/2!/7!dCeX!7/0!?(X\!_tgR#-a!&26!7/0!KA04!?(X!

_tgR#Ra!3+&))4)#!

!

M%4! 7/A0W@//06(2&'4! 04)/2&2@4! +/@&'46! Z4'>442! W"! &26! lC! KK9! 4^%(Z(')! &!

)+(3%'+Q!&)Q994'0(@!04)/2&2@4!7/0!tgR#-!&26!1gR#-!_&+'%/A3%!)Q994'0(@!7/0!'%4!04)'!

/7! '%4!tgR#-!3+&))4)ab! '%()! +4&6)! '/! )/94!)A334)'(/2!/7! '>/!)('4)! _ml<!&26!l"!KK9ab!

(26(@&'(23! )/94! )4@/26&0Qb! 946(A9W0&234! /0640#! L2! &66('(/2b! '%4! %(3%40! +/&646!

3+&))4)!)%/>!'%&'!'%4!dCeX!+(24>(6'%!64@04&)4)!70/9!IRR!=]!_1gR#-a!'/!CRR!=]!_1g"#Cab!

Z4Q/26!>%(@%!&!K+&'4&A!/@@A0)#!M%4!@%49(@&+!)%(7'!/7!'%()!04)/2&2@4!&+)/!@%&234)!>('%!

'%4! &))/@(&'46! 2&00/>(23b! 3/(23! '/! %(3%40! 704TA42@Q! 70/9! R#P! '/! "#C! KK9#! M%()! ()!

)A334)'([4! /7! @%&234)! (2! '%4! +/@&+! )Q994'0Q! &0/A26! dCeXb! '%&'! ()! >4! )K4@A+&'4! '>/!

6(774042'!dCeX!)('4)!&04!K04)42'!&'!+/>!+('%(A9!+/&6(23)#!J2!&+'402&'([4!4^K+&2&'(/2!7/0!
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'%4! 2&00/>(23! /7! '%4! dCeX! )('4! ()! '%&'! '%4! [&0(&'(/2! /7! dCeX! K/+Q%460&! Z4@/94)! +4))!

0&26/9! _(#4#b! 9/04! )Q994'0(@! 42[(0/2942'a! &)! '%4! 3+&))! 64K/+Q940(]4)#! L7! '%4! 8U!

64@04&)4)!_&)!'%4!c:*!()!)42)('([4!'/!+/@&+!)'0A@'A0&+!@%&234)a!7/0!'%4!dCeXb!'%()!>/A+6!

(26(@&'4!&2!(2@04&)4!(2!+/@&+!/0640#!J)!9A+'(K+4!)('4)!&04!2/'!04)/+[46!7/0!tgR#-!3+&))4)!

('!()!6(77(@A+'!'/!@/2@+A64!7A0'%40!/2!'%4)4!04)A+')#!

4.1.2.1.2. Boron-11 MQMAS 

""X! <UEJ.! /7! '%4! 1g"#P! 3+&))! 4^%(Z(')! &! [40Q! )+(3%'! &)Q994'0(@! +(24)%&K4! (2! '%4!

()/'0/K(@! 6(942)(/2! _:(3A04! C#-a#! M%4! K4&Y! K/)('(/2! )K&2)! ;C! W! H-! KK9! &26! ()!

@%&0&@'40()'(@! /7! M<b! M-! _)(23+4! GX5a! &26! M"! _'>/! GX5)a! )K4@(4)! (2! Z/0&'4)#PF! M%4!

04)/+A'(/2!/7!9A+'(K+4!)('4)!()!+&@Y(23!70/9!'%4!()/'0/K(@!K0/Ü4@'(/2b!@&A)(23!6(77(@A+'(4)!

(2! 64'409(2(23! K40@42'&34)! /7! GX5! )K4@(4)#! M%()! ()! 'QK(@&++Q! )442! (2! %(3%W1! +('%(A9!

Z/0&'4! 3+&))4)! &26! ()! &''0(ZA'46! '/! +('%(A9! 4^%(Z('(23! 9/04! 6()/0640! &26! +/>40!

K40@42'&34)!/7!GX5)!_K0474042@4!7/0!dCeXa!>('%(2!'%()!3+&))#H<!

!

?-*#(&!N;J;!""X!<UEJ.!GE1!7/0!tgR#-b!1g"#P!+('%(A9!Z/0/[&2&6&'4!3+&))b!)A334)'([4!

/7!GX5!7/09&'(/2!6A4!'/!&)Q994'0Q!/7!'%4!()/'0/K(@!)K4@'0A9#!
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4.1.2.1.3. LiBV K=0.4 and K=0.6 series 

""X!EJ.!GE1! )K4@'0&! 7/0! '%4! 3+&))4)!>('%! tgR#C! &26! R#I! _:(3A04! C#<a! )%/>! )(9(+&0!

Z4%&[(/A0!>('%! '%4!/2)4'!/7! dCeX! 7/09(23!&)!1! (2@04&)4)#!M%4! d<eX! +(24)%&K4!6/4)!2/'!

@%&234!'%0/A3%/A'!'%4!>%/+4!)40(4)!%/>4[40b!(26(@&'(23!'%&'!GX5)!6/!2/'!7/09!>('%(2!

'%4! %(3%40! [&2&6(&! 3+&))4)#! M%()! ()! 4^K+&(246! ZQ! '%4! &Z(+('Q! /7! [&2&6(A9! '/! @%&034W

@/9K42)&'4! '%4! 4^@4))! +('%(A9! @&'(/2! @%&034#! .(2@4! tgR#C! &26! R#I! %&[4! 6/AZ+4! &26!

'0(K+4! '%4! [&2&6(A9! @/2@42'0&'(/2b! '%()! 64@04&)4)! '%4! 2446! 7/0! GX5)! /2! Z/0/2#!

\&2&6(&!(2!'%4)4!3+&))4)!Z4@/94)!&!9&Ü/0!@%&034!@/9K42)&'(23!/^(64b!&++4[(&'(23!'%4!

2446!7/0!d<eX!'/!64K/+Q940(]4!'/!)K4@(4)!'%&'!@/2'&(2!GX5)#!M%4!dCeX!04)/2&2@4!)%/>)!&!

)+(3%'!&)Q994'0Q!7/0!@/9K/)('(/2)!1!ç!R#C!(26(@&'([4!/7!946(A9W0&234!/0640!&)!)442!

&26! )A334)'46! &Z/[4#!M%4! &)Q994'0(@! dCeX! 04)/2&2@4!Z4@/94)!9/04! )Q994'0(@! &26!

2&00/>)!&)!1!()!(2@04&)46b!(26(@&'(23!&!)(23+4!dCeX!)('4!&)!'%4!3+&))!()!64K/+Q940(]46#!!

! M%4![&2&6(&!@/2@42'0&'(/2!)449)!'/!&774@'!'%4!K/KA+&'(/2!/7!dCeX!)+(3%'+Q#!M%()!()!

)%/>2!(2!:(3A04!C#<b!>%404!'%4!dCeX!9&^(9A9!()!04&@%46!&'!&!%(3%40W1!@/9K/)('(/2!7/0!

4+4[&'46!tW[&+A4)!_R#C!&26!R#Ia#!M%4!'%044!t!)40(4)!%&[4!&!24&0W+(24&0!Z4%&[(/A0!70/9!

1gR#-!'/!"#-!_"#R!7/0!tgR#-a#!M%()!Z4%&[(/A0!&3044)!>('%!'%4!@%&234)!/@@A00(23!(2!'%4!

d<eX!K4&Y! )%&K4! 7/0!tgR#-! _/2)4'! /7!GX5)!/2!Z/0/2a#!M%4! @&A)4!/7! '%4!%(3%40!*C! 7/0!

tgR#C!&26!tgR#I!_)44!Z4+/>a!()!'%4!4^@4))![&2&6(A9#!=(3%40![&2&6(A9!@/2@42'0&'(/2)!

&(6!(2!'%4!@%&034!Z&+&2@4!&26!(2%(Z('! dCeX!24(3%Z/A0)!_&[/(6&2@4ab!&++/>(23!%(3%40!*C!

&)!)442!(2!Z/0/)(+(@&'4)#Pb"HHb-RR!
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!

?-*#(&!N;M;!""X!EJ.!GE1!/7!+('%(A9!Z/0/[&2&6&'4!3+&))4)!_&W@a!tgR#C!&26!_6W7a!tgR#I!

>('%! &+Y&+(! +/&6(23)! /7! _&b6a!1gR#-b! _Zb4a!1gR#P! &26! _@b7a! 1g"#I! &26! _3a!*C!94&)A046!

70/9!""X!EJ.!GE1!6&'&!&)!1!&26!t!(2@04&)4#!

!

4.1.2.2. Vanadium-51 MAS NMR 

4.1.2.2.1. K=0.2 

M%4!F"\!_G#J#g!HH#;F!wb!L!g!;h-!s!U!g!WF#-!79-a!EJ.!GE1!)K4@'0&!/7!3+&))4)!34240&++Q!

@/2)()'! /7! [40Q! Z0/&6! 04)/2&2@4)! >('%! 4^'42)([4! )(64Z&26! 9&2(7/+6)#! M%4! )4[404!

Z0/&642(23!/7!'%4!8M!&26!))Z)!()!6A4!'/!'%4!K/+&0()&Z(+('Q!/7![&2&6(A9!&)!'%4!@%49(@&+!

)%(7'! 7/0! [&2&6(A9! ()! [40Q! )42)('([4! '/! @%&234)! (2! Z/26! &23+4! &26! Z/26! +423'%!

6()'/0'(/2)#-R"!M%4)4!(2'40&@'(/2)!@&A)4!'%4!)K4@'0&!'/!Z4!@/9K+4^!&)!'%4!K/+&0()&Z(+('Q!

/7![&2&6(A9!K0/6A@4)!Z0/&6!@42'0&+!'0&2)('(/2)#!M%()!()!&++4[(&'46!ZQ!A)(23!7&)'!9&3(@!
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&23+4!)K(22(23b!>%(@%!()!@0A@(&+!7/0!&@TA()('(/2!/7!F"\!EJ.!GE1!(2!3+&))4)#!M%4!tgR#-!

[&2&6&'4! 3+&))4)! 4^%(Z('46! +(24>(6'%)! _:$=Ea! 70/9! F! '/! -F! Y=]! _<R! '/! "IR! KK9ab!

>('%! '%4! +(24>(6'%!64@04&)(23! &)! '%4! +('%(A9!@/2@42'0&'(/2)! (2@04&)46#!M%4!`@3)! &+)/!

(2@04&)46!'/!%(3%40!704TA42@Q!&)!'%4!+('%(A9!/^(64!@/2@42'0&'(/2!(2@04&)46b!(26(@&'(23!

'%4! /2)4'! /7! 64K/+Q940()&'(/2b! (#4#b! dFe\! Z04&Y(23! 6/>2! '/! dCe\! _:(3A04! C#Ca#! M%()!

@/2@+A)(/2! ()!Z&)46!/2!)(9(+&0! '0426)!)442! (2!@0Q)'&++(24![&2&6&'4)b!>%404!&! )%(7'! '/!

%(3%40!704TA42@Q!/@@A0)!&)!'%4!\55<h-!_/24!6/AZ+Q!Z/A26!/^Q342!&26!'%044!Z0(63(23!!

/^Q342a!K/+Q%460&!Z04&Y)!6/>2!(2'/!GX5)#Cb-R-b-R<!!

!

?-*#(&!N;N;!F"\!EJ.!GE1!/7!?(X\!tgR#-b!_&a!1gR#-b!_Za!1gR#Ib!_@a!1g"b!_6a!1g"#Cb!_4a!

1g"#P! &26! _7a! 1g-#-! &26! _3a! @%49(@&+! )%(7')! _`@3)a!94&)A046! &)! 1! (2@04&)4)#! M%4! NuO!

04K04)42'!)K(22(23!)(64!Z&26)#!

!

! L'! ()! 6(77(@A+'! '/! 4^'0&@'! '%4! TA&60AK/+&0! K&0&94'40)! 70/9! '%4! 8M! +(24)%&K4!

Z4@&A)4! F"\! %&)! &! )9&++! TA&60AK/+4! 704TA42@Qb! åU! _>%404b! åU! g! <8Uh-L_-LW"aa! >('%!
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04)K4@'! '/! '%4! ?&09/0! 704TA42@Q! &26! '%4! 6()'0(ZA'(/2! /7! K&0&94'40)! (2%4042'! (2!

6()/0640#!$4!/Z'&(2!4)'(9&'4)!/7!'%4!TA&60AK/+4!@/AK+(23!@/2)'&2')!A)(23!'%4!4^'42'!

/7! '%4! ))Z)! &)! >&)! 6/24! (2! K04[(/A)! @&)4)! 7/0! +('%(A9! &26! @4)(A9! &Z/[4#! M%4!

TA&60AK/+&0!@/AK+(23)!7/0!'%4!1!g!R#Ib!"#R!&26!"#P!>404!7/A26!'/!Z4!)(9(+&0b!8U!g!-#"!õ!

R#-! E=]#! M%()! (26(@&'4)! '%&'! [&2&6(A9! %&)! &! )(9(+&0! c:*! '%0/A3%/A'! '%4! +('%(A9W

+/&6(23! 043(94#! =/>4[40b! '%4! @42'0&+! '0&2)('(/2! 2&00/>)! _:(3A04! C#Ca!>%(@%! @&2! Z4!

4^K+&(246!ZQ!'%4!%(3%40!)Q994'0Q!/7!'%4!K)4A6/W'4'0&%460&+!42[(0/2942'!64@04&)(23!

'%4! @%49(@&+! )%(7'! 6()'0(ZA'(/2#! M%4! 4^@4K'(/2! '/! '%()! ()! '%4! 1gR#-! )K4@(4)! >%(@%!

4^%(Z(')! &! +&0340!TA&60AK/+&0! @/AK+(23! @/2)'&2'!/7!<#-!õ!R#C!E=]b!6A4! '/!&!6(774042'!

[&2&6(A9! 42[(0/2942'! _dFe\a! &'! +/>W1#! GA'&'(/2! 4^K40(942')b! %(3%40! 7(4+6! F"\! EJ.!

GE1! 94&)A04942')! &26! &@TA(0(23! [('04/A)! \-5F! &26! [('04/A)! FX-5<!\-5F! K0/[(64!

)'0/23!4[(642@4!'%&'!9A+'(K+4!)('4)!_(2!TA&2'('(4)!j!"Fwa!6/!2/'!4^()'#!M%4!04)/2&2@4!

04)49Z+4)!'%&'!)442!(2!RW\-5F!&26!()!'%4047/04!&))(3246!'/!&!dFe\!A2('#!

M%4!2&00/>(23!&'!%(3%40!+/&6(23!_tgR#-!&26!1g-#-a!42&Z+46!9A+'(K+4!)('4)!_mW

FC;!&26!mWFPR!KK9a!'/!Z4!/Z)40[46!_:(3A04!C#Ca#!M%4)4!'>/!04)/2&2@4)!>404!)'A6(46!

7A0'%40! 6A4! '/! '%4! )9&++40! 8U! /7! /24! /7! '%4! )('4)! 64'409(246! 70/9! '%4! 4^'42'! /7! '%4!

)K(22(23!)(64Z&26!9&2(7/+6#!J!2A'&'(/2!&00&Q!>&)!&@TA(046!'/!Z4''40!04)/+[4!'%4!'>/!

[&2&6(A9! 04)/2&2@4)#! M%4! 2A'&'(/2! Z4%&[(/A0! /7! '%4)4! '>/! )('4)!>&)! K0/Z46!ZQ! &2!

&00&Q! /7! 4^K40(942')! >('%! [&0(&Z+4! 4^@('&'(/2! KA+)4! +423'%)#! M%()! ()! &! [&+A&Z+4!

4^K40(942'!>%42!'>/![&2&6(A9!)('4)!%&[4!6(774042'!TA&60AK/+&0!(2'40&@'(/2)!&)!4&@%!

>(++! %&[4!&2!/K'(9&+!KA+)4! +423'%!&)!649/2)'0&'46!4&0+(40! 7/0! ""X#-RC!J! +/2340!KA+)4!

@&A)46! &! +&0340! )(32&+! (2'42)('Q! 7/0! '%4! +/>40! 704TA42@Q! 04)/2&2@4b! )A334)'(23! &!

)9&++40!TA&60AK/+&0!(2'40&@'(/2!_(#4#b!n!-#-!E=]a#!
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L2!&2!477/0'!'/!&@%(4[4!Z4''40!)K4@'0&+!04)/+A'(/2!&26!7A0'%40!2&00/>(23!/7!'%4!

)4@/26W/0640! TA&60AK/+&0! +(24)%&K4b! %(3%40W7(4+6! )'A6(4)! >404! &''49K'46#! ! M%4!

A+'0&%(3%! 7(4+6! )K4@'0/94'40! _-"! Ma! >&)! A)46! '/! @/++4@'! F"\! EJ.! GE1! )K4@'0&! 7/0!

1gR#Ib!"#Rb!"#C!&26!"#P!)&9K+4)#!B27/0'A2&'4+Qb!F"\!@%49(@&+!)%(4+6(23!()![40Q!)42)('([4!

'/! +/@&+! )'0A@'A0&+![&0(&'(/2)!&26!)@&+4)! +(24&0+Q!>('%!9&324'(@! 7(4+6#! .(2@4! '%4)4!&04!

6()/064046b! '%4! K4&Y! >(6'%)! 047+4@'! (2%/9/3424/A)! Z0/&642(23! @&A)46! ZQ! )+(3%'!

[&0(&'(/2)! (2! Z/26! +423'%! &26! Z/26! &23+4! 7/0! 4&@%! \5C! K/+Q%460/2! &)! [&2&6(A9! ()!

TA('4!K/+&0()&Z+4#!L2!/0640!'/!/Z'&(2!@/9K&0&Z+4!04)/+A'(/2!&'!%(3%40!7(4+6b!<-!Y=]!EJ.!

>&)! 04TA(046! '/! )4K&0&'4! '%4! ))Z)! 70/9! '%4! 8M#! M%4! %(3%W7(4+6! F"\! 6&'&! _:(3A04! C#Fa!

)%/>!'%&'!&!)4@/26!)('4!4^()')!7/0!Z/0/[&2&6&'4!3+&))4)!1g!"#Rb!"#C!&26!"#P#!M%4!%(3%40!

704TA42@Q! )('4! @&2! Z4! &''0(ZA'46! '/! &! @0Q)'&++(24! (9KA0('Qb! >%(@%! >&)! (642'(7(46! &)!

?(<\5C!ZQ!@%49(@&+!)%(7'!&26!K/>640!^W0&Q!6(770&@'(/2#!
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!

 

?-*#(&!N;O;!F"\!EJ.!GE1!A+'0&%(3%!7(4+6!_-"!Ma!7/0!?(X\!3+&))4)!tgR#-b!_&a!1gR#Ib!_Za!

1g"#Rb!_@a!1g"#C!&26!_6a!1g"#P#!M%4!)%&0K40!_%(3%40!704TA42@Qa!04)/2&2@4!/Z)40[46!(2!

ZW6!>&)!64'409(246!'/!Z4!&!@0Q)'&++(24!(9KA0('Q!/7!?(<\5C#!

!

4.1.2.2.2. K=0.4 & 0.6 

M%4! F"\!EJ.!GE1! 7/0!tgR#C! &26!R#I! 04[4&+)! )(9(+&0! @%49(@&+! )%(7')b! +(24)%&K4)! &26!

TA&60AK/+&0!(27/09&'(/2!&)!6()@A))46!7/0!'%4!tgR#-!3+&))4)#!J!)'4&6Q!)%(7'!70/9!WIFR!

KK9!'/!WFFR!KK9!/@@A0)!&)!1!(2@04&)4)b!&+'%/A3%!%(3%40!&+Y&+(!@/2'42'!()!04TA(046!'/!

/Z'&(2! '%4! )&94! 643044! /7! )%(7'! &)! t! (2@04&)4)! _:(3A04! C#Ia#! M%4! /[40&++! +(24)%&K4!

049&(2)! )Q994'0(@! &26! 64@04&)4)! (2! Z04&6'%! &)! +('%(A9! Z4@/94)!9/04! K0/9(242'#!

M%4! [&2&6(&! @/2@42'0&'(/2)! 64@04&)4! '%4! 3+&))! 7/09(23! 043(/2! 6A4! '/! '%4! /2)4'! /7!

@0Q)'&++(]&'(/2!/@@A00(23!&Z/[4!1g"#-!_tgR#Ia![40)A)!1g"#P!_tgR#-a#!!
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!

?-*#(&!N;P;!F"\!EJ.!GE1!`@3)!7/0!+('%(A9!Z/0/[&2&6&'4!3+&))4)!/7!tgR#-b!R#C!&26!R#I#!

!

4.1.2.3. Lithium-7 MAS NMR 

;?(! EJ.! GE1! 04[4&+)! @%&0&@'40()'(@! /^(64! 04)/2&2@4)! >('%! TA&60AK/+&0! @/AK+(23!

@/2)'&2')! /7! "IR!õ!<R!Y=]b! &)!64'409(246! 70/9! '%4! ))Z!9&2(7/+6b! &26!:$=E!/7!mC!

KK9! _m"RRR! =]a#! M%4! `@3)! >404! A)46! &)! ()/'0/K(@! )%(7')! _6A4! '/! '%4! )9&++! .5Ucab!

)%/>(23!&! )%(7'! '/!%(3%40! 704TA42@Q! &)!1! (2@04&)4)! _&)! )442! (2!8%&K'40!<a#!Y3\!>404!

K0/Z46!ZQ![&0Q(23!'%4!'49K40&'A04!Z4'>442!"F!&26!IF/8#!?(24>(6'%)!>404!7/A26!'/!

64@04&)4!&)!'%4!'49K40&'A04!(2@04&)46b!>%(@%!@&2!Z4!&''0(ZA'46!'/!+('%(A9!9/Z(+('Q#!!

?('%(A9! 6Q2&9(@)! >404! )'A6(46! A)(23! 4^@%&234! )K4@'0/)@/KQ! /2! '>/! tgR#-!

_1gR#-!&26!1g-#-a!&26!'%044!tgR#C!_1gR#Cb!R#P!&26!"#Ia!3+&))4)#!DA4!'/!@0Q)'&++(]&'(/2!

(2! '%4! tgR#-b! 1g-#-! 3+&))b! '%()! )&9K+4! >&)! 04W)Q2'%4)(]46#! M%()! )&9K+4! >&)! %&26!
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)4K&0&'46! (2'/!@0Q)'&++(24!&26![('04/A)!@/9K/242')!A)(23!&!9(@0/)@/K4! '/!4+(9(2&'4!

@0Q)'&++(24! @/2'&9(2&'(/2! 7/0! '%4!cV.q! 4^K40(942'#! cV.q! 04[4&+46! 64K%&)(23! 7/0! &++!

@/9K/)('(/2)! &'! 4+4[&'46! '49K40&'A04)#! :(3A04! C#;! 64K(@')! )4+4@'46! 4^K40(942')!

(++A)'0&'(23!'%&'!@//+(23!'%4!)&9K+4)!&26!&@TA(0(23!>('%!'%4!)&94!9(^(23!'(94!7/0!+/>W

1!Z/0/[&2&6&'4)!)%/>!+(''+4!9(^(23!_&!&26!@a!>%(+4!%(3%40!?(W@/2'42'!3+&))4)!64K%&)4!

TA(@Y+Q! _Zb! 4b! 6! &26! 7a#! M%()! @&2! K/'42'(&++Q! Z4! &''0(ZA'46! '/! +('%(A9! %/KK(23! _)('4!

4^@%&234a!6A0(23!'%4!9(^(23!'(94#!

!

!

?-*#(&!N;Q;!;?(!EJ.!GE1!cV.q!)K4@'0&!7/0!)4+4@'!+('%(A9!Z/0/[&2&6&'4!3+&))4)#!_&!&26!

Za1gR#-b!tgR#-!&'!--!/8!>('%!&!9(^(23!'(94!/7!-v)!&26!-I9)b!04)K4@'([4+Qb!_@a!1gtgR#C!

_"F/8ab! _6a!tgR#Cb!1gR#P!_"F/8ab! _4a!tgR#-b!1g-#-!_--/8a!&26!_7a!tgR#Cb!1g"#I!_"F/8a#!

.K4@'0&!@!'/!7!%&[4!9(^(23!'(94)!/7!F-!v)#!
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4.1.3. Discussion 

4.1.3.1. Boron speciation 

M%4!70&@'(/2!/7!7/A0W@//06(2&'4!Z/0/2!_R!AK!'/!IP#P!9/+!w!+('%(A9!/^(64ab!()!@/2)()'42'!

>('%!'%4!Z4%&[(/A0!/7!/'%40!Z(2&0Q!&26!'402&0Q!Z/0&'4WZ&)46!)Q)'49)#-bPbPFbPIbHRbH<b""Hb-RF!

M0&6('(/2&++Qb!dCeX!()!'%4!/2+Q!@%&034WZ&+&2@(23!K/+Q%460/2!A2'(+!?(-5!+/&6(23)!04&@%!&!

K/(2'!>%404! '%4! K0/Z&Z(+('Q! /7! dCeXW5WdCeX! ()! '//! %(3%b! '%A)! @&A)(23! '%4! 7/09&'(/2! /7!

GX5)! /2! d<eX! _(#4#b! &[/(6&2@4! /7! dCeX! 24(3%Z/A0(23! dCeX! K/+Q%460/2! 6A4! '/! '%4!

A27&[/A0&Z+4!ZA(+6WAK!/7!@%&034a#!M-W5WdCeX!()!9/04!7&[/A0&Z+4!'%&2!dCeXW5WdCeX!Z4@&A)4!

'%4!243&'([4!@%&034!()!+/@&+(]46!/2!'%4!/^Q342!&26!2/'!/2!&!24(3%Z/A0(23!Z/0/2b!_&)!()!

'%4!@&)4!>('%! dCeXa#!M%()!&++/>)!3//6!)4K&0&'(/2!Z4'>442! '%4!243&'([4!@%&034!/2! '%4!

dCeX! &26! '%4! /24! +/@&+(]46! /2! '%4! /^Q342#! M%4)4! [&2&6&'4)! )%/>! )+(3%'+Q! 6(774042'!

Z4%&[(/A0b!>%404!'%4![&2&6(A9!()!&+)/!@/2'0(ZA'(23!(2!'%4!@%&034!Z&+&2@4!ZQ!7/09(23!

GX5)#!M%()!42&Z+4)! '%4!9&^(9A9!/7!*C! '/!/@@A0!&'!%(3%40! +('%(A9! +/&6(23)#!M%4! d<eX!

+(24)%&K4)!&26!K/)('(/2!(26(@&'4!2/2WZ0(63(23!/^Q342)!&04!7/0946!(2!'%4!%(3%!1b!tgR#-!

)40(4)!&+'%/A3%!'%()!()!2/'!'%4!@&)4!7/0!tgR#C!&26!tgR#I#!M%4!4^@4))![&2&6(&!&++4[(&'4)!

'%4!2446! 7/0!GX5)!'/! 7/09!/2!Z/0/2#! !M%4!@%&034!Z&+&2@4!Z4%&[(/A0!04)K/2)(Z+4! 7/0!

'%4!'0426)!&Z/[4!()!Z4+(4[46!'/!/@@A0!6A4!'/!'%4!)(9(+&0!4+4@'0/243&'([('(4)![&2&6(A9!

&26!Z/0/2!%&[4!K40!K/+Q%460&!ZA(+6(23!Z+/@Yb! )%&0(23! @%&034W@/9K42)&'(/2#"Rb";;W";H!

X/0/[&2&6&'4)! 6/! 2/'! )%/>! )(32(7(@&2'! (2@04&)4)! (2! *C! &)! t! (2@04&)4)b! A2+(Y4!

Z/0/)(+(@&'4)#"HH! J! 04&)/2&Z+4! 4^K+&2&'(/2! 7/0! '%()! 6(774042@4! ()! '%4! &Z(+('Q! '/! )%&04!

@%&034b!04)A+'(23!(2!@/9K&0&Z+4!9&^(9&!/7!*C#!M%()!()!7A0'%40!@/27(0946!&)![&2&6(A9!

@/2@42'0&'(/2! (2@04&)4)b! ('! 04TA(04)!9/04! +('%(A9!'/!04&@%!&!)(9(+&0!9&^(9A9!(2!*C#!

X/0/)(+(@&'4)!%/>4[40b!@&A)4!'%4!Z/0/2!'/!@/2'&(2!)/+4!@%&034!Z&+&2@4!04)K/2)(Z(+('(4)!
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A2'(+!&!+(9('!()!04&@%46!&26!/2)4'!/7!)(+(@&'4!U<!/@@A0)#-b"HHb-RF!X(2&0Q!Z/0&'4!6&'&!%&[4!&!

9&^(9A9! /7! *C! ê! R#CPb! 04&@%46! &'! 1gR#CP#! X/0/[&2&6&'4)! &++/>! *C! m! R#Fb! >('%! &!

+('%(A9! +/&6(23! /7! 1g"p! [&2&6(A9! 4774@'([4+Q! 6/AZ+4)! '%4! +/&6(23! +(9('! (2! dCeX!

7/09&'(/2!_:(3A04!C#"a#"HPb-RI!:/0!Z/0/)(+(@&'4)!>4!@&2!4)'(9&'4!'%4!70&@'(/2!/7!dCeX!&'!&!

@/9K/)('(/2!/7!tgR#-!'/!R#I!&26!1g"!'/!Z4!m<Rw!_tgR#-a!'/!CFw!_tgR#Ia#!M%4047/04b!

[&2&6&'4)!42&Z+4!F!'/!-R!w!%(3%40!@/2@42'0&'(/2)!/7!*C!'%&2!Z/0/)(+(@&'4)#!J3&(2!'%()!

()! 4^K+&(246! ZQ! Z/0/[&2&6&'4)! )%&0(23! '%4! @%&034! 4TA&++Q! Z4'>442! Z/0/2! &26!

[&2&6(A9b!&++/>(23!7/0!&!9&^(9A9!*C!'/!Z4!04&@%46!&'!%(3%40W1!+/&6(23#!X/0/)(+(@&'4)!

/2! '%4! /'%40! %&26! 6/! 2/'! )%&04! '%4! @%&034b! '%A)! @&A)(23! dCeX! '/! 04&@%! &! 9&^(9A9!

)//240! _+/>40W1a! '%42! Z04&Y(23! 6/>2! 7/09(23!GX5)! /2! Z/0/2! &26! )(+(@/2! &)! &+Y&+(!

+/&6(23!(2@04&)4)#!

M%4!&)Q994'0Q!K04)42'!&'!'%4!dCeX!04)/2&2@4!()!@&A)46!ZQ!6(774042'!24(3%Z/A0)!

_\!/0!X!K/+Q%460&a!&''&@%46!'/!'%4! dCeX#!M%()! ()!)442!(2! +/>W1!+('%(A9!Z/0/[&2&6&'4)#!

.(9(+&0! 4774@')! &04! )442! 7/0! Z/0&'4)! &26! Z/0/)(+(@&'4)! @/2'&(2(23! )/6(A9! '/! @4)(A9!

@&'(/2)! &26! &04! 2/'! 'QK(@&++Q! )442! 7/0! +('%(A9! Z&)46! 3+&))4)b! 9&Y(23! '%()! &! 0&'%40!

A2A)A&+!)Q)'49#!:A0'%40!6()@A))(/2!/7!'%4)4!&))(32942')!>(++!Z4!9&64!(2!)4@'(/2!C#-b!!

R(5+!(>6.&#!

4.1.3.2. Crystalline Lithium Vanadates 

M%()! ()! '%4! 7(0)'! )'A6Q! '/! &KK+Q! F"\!EJ.! GE1! '/! Z/0/[&2&6&'4! 3+&))4)#! L2! /0640! '/!

A2640)'&26!>%&'!()!/@@A00(23!>('%(2!'%4![&2&6(A9!K/+Q%460&b!&!@%49(@&+!)%(7'!ì7(2340W

K0(2'{!&26!TA&60AK/+&0!K&0&94'40)!>404!04TA(046#!J+'%/A3%!@0Q)'&++(24!?(WXW\!K%&)4)!

&04!A2Y2/>2b!'>/!Z(2&0Q!?(W\!@0Q)'&++(24!K%&)4)!&04!Y2/>2!'/!4^()'#!M%4047/04!;W\-5Fb!

?(\5<! &26! ?(<\5C"<b-R<b-R;! >404! &@TA(046! &26! @/9K&046! '/! +('40&'A04! [&+A4)! _:(3A04!
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C#Pa#!80Q)'&++(24!\-5F! ()!/0'%/0%/9Z(@!&26!@/9K0()4)!\5F!K/+Q%460&! '%&'!&04!)TA&04!

KQ0&9(6&+! (2! )'0A@'A04! &26! @/224@'46! [(&! 4634W! &26! @/0240W)%&0(23b! @04&'(23! \-5F!

)%44')#!M%4)4!)%44')!&04!@/224@'46!ZQ!>4&Y!\W5!(2'40&@'(/2)b!>%404!'%4!6/AZ+Q!Z/A26!

/^Q342!(2'40&@')!>('%!'%4![&2&6(A9!&Z/[4!('!_)(''(23!A264024&'%!'%4!)TA&04!KQ0&9(6!

)4@'(/2a#-RP!?('%(A9!&66('(/2!'/!\-5F!(2!&!"! i!"!0&'(/!7/09)!'%4!94'&[&2&6&'4!_?(\5<a!

>%(@%!%&)!\5CW"!K/+Q%460&#!M%4!\5C!K/+Q%460&!&04!@%&(2W+(2Y46!426W'/W426!>%(+4!'%4!

9(66+4! /^Q342! ()! &! GX5! @//06(2&'46! '/! ?(l#! M%4! +('%(A9! @&'(/2)! &04! )(^W@//06(2&'4!

/@'&%460&! )A00/A2646! ZQ! /^Q342)! '%&'! &04! Z0(6346! '/! \#-RH! ?('%(A9! /0'%/[&2&6&'4!

_?(<\5Ca!()!/0'%/0%/9Z(@!&26!%&)![&2&6(A9!(2!&!6()'/0'46!'4'0&%460/2#!M%4!\5C!A2(')!

@/2'&(2! '%044! 2/2WZ0(63(23! /^Q342)! _U5a! @//06(2&'46! '/! ?(l! >('%! &! 6/AZ+QWZ/A26!

/^Q342#-"R!M%4!K&0&94'40)!(2!M&Z+4!C#"b!K0/[(64!3A(64+(24)!7/0!(2'40K04'(23!'%4!3+&))Q!

F"\!EJ.!GE1!)K4@'0&#!

!

!

?-*#(&!N;T;!F"\!EJ.!GE1!/7!_&a!;W\-5Fb!_Za!?(\5<!&26!_@a!?(<\5Cb!>%404!\!_30442ab!5!

_046a!&26!?(!_Q4++/>a#!
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X'>%&!N;L;!F"\!EJ.!GE1!K&0&94'40)!7/0!)4+4@'!@0Q)'&++(24!+('%(A9![&2&6&'4);Hb-R;b-""!!

F(@/,'%/! Yg/0!UCC8V! F]!U)[\V!

9J_O! WI"R! R#P!

5-9_M! WF;<! <#"P!

5-M9_N! WFCC! "#F-!

!

4.1.3.3. Vanadium speciation 

F"\!EJ.! GE1! ()! 4^'0494+Q! )42)('([4! '/! (')! 42[(0/2942'b! >('%! @%&234)! /@@A00(23! (2!

)%(7'b! +(24)%&K4!&26!Z04&6'%!70/9!Z/'%!8.J!&26!8U! (2'40&@'(/2)#-R-b-R;!M%4!+(24>(6'%)!

/7! '%4)4! Z/0/[&2&6&'4! 3+&))4)! 2&00/>46! &)! '%4! @/2@42'0&'(/2! /7! +('%(A9! (2@04&)46#!

X&)46! /2! '%4! )%(7')b!>4! @&2! 64)@0(Z4! '%4! [&2&6&'4! 24'>/0Y! &)! /0(3(2&++Q! )'0A@'A046!

+(Y4! RW\-5Fb! >('%! &! )TA&04! KQ0&9(6&+! 34/94'0Q! _+&034! 8.J! (2'40&@'(/2a! '%&'! Z04&Y)!

6/>2! (2'/! K)4A6/W'4'0&%460&+! 94'&W! &26! /0'%/W[&2&6&'4)! 6A4! '/! %(3%40! +/@&+!

)Q994'0Q! _64@04&)(23! 8.J! &26! 8Ua#! M%4! )%(7')! (2! '%4! 3+&))4)! 9(00/0! '%4! 9/64+46!

@0Q)'&++(24! +('%(A9! [&2&6&'4)#! M%4! 64K/+Q940()&'(/2! /@@A00(23! (2! '%4! [&2&6(A9!

)K4@(4)!(2[/+[4)!'%4!7/09&'(/2!/7!GX5)!/2!\5C!A2(')!&)!'%4Q!Z04&Y!6/>2!70/9!dFe\!'/!

dCe\#! M%()! '0426! ()! @/99/2+Q! )442! (2! /'%40! 24'>/0Y! 7/0940)! &26!9/6(7(40)!>%404! &!

64@04&)4! (2! '%4! 94&2! @&'(/2W/^Q342! Z/26! +423'%! /@@A0)! _(#4#b! @//06(2&'(/2! 2A9Z40!

64@04&)4!()!04+&'46!'/!&!)%(7'!'/!%(3%40!704TA42@Qa#Hb"<bHRb"<"W"<<b"<Fb-"-!!

M%4! %(3%W7(4+6! F"\! EJ.! GE1! 6&'&! 04[4&+46! &! )4@/26! )('4! 7/0! 1! j! R#I!

Z/0/[&2&6&'4)!_tgR#-ab!:(3A04!C#F!(++A)'0&'(23!'%4!)42)('([('Q!/7!%(3%40!7(4+6)#!M%4!K4&Y!

&'!%(3%40!704TA42@Q!_m!WFCC!±!F!KK9b!?(<\5Ca!)449)!'/!Z4!(2!&!%(3%40!+/@&+!)Q994'0Q!
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42[(0/2942'! _)9&++40! 8Ua! '%&2! '%4! +/>40! 704TA42@Q! 04)/2&2@4! _m! WFPR! ±! "R! KK9b!

+&0340!8Ua#!!

M%4!F"\!@%49(@&+!)%(7')!_`@3)a! 7/0!&++! '%044!)40(4)!4[42'A&++Q!04&@%!&!K+&'4&A!&'!

%(3%40! +('%(A9! +/&6(23)! _:(3A04! C#Ia#! M%()! K+&'4&A! /@@A0)! Z4@&A)4! '%4! [&2&6(A9!

K/+Q%460&! K/))4))! '%4! 9&^(9A9! 2A9Z40! /7! GX5)b! Z&)46! /2! @/9K/)('(/2! >('%! '%4!

@%49(@&+!)%(7'!/7!U/!(2!+('%(A9!/0'%/[&2&6&'4#-R"b-R<b-R;!F"\!@%49(@&+!)%(7'!()!)42)('([4!'/!

'%4! 2A9Z40! /7! GX5)! /2! &! 3([42! \5C! K/+Q%460/2b! &)! GX5)! @&A)4! &! )%(7'! '/! %(3%40!

704TA42@Qb! &)! /Z)40[46! %404#"<b";;b";Hb-R<b-R;! M%()! 04+&'(/2)%(K! ()! &! [&+A&Z+4! '//+! 7/0!

6(774042'(&'(23!)K4@(&'(/2!(2![&2&6&'4!3+&))4)#!

J'! %(3%40! '49K40&'A04)b! 046/^! 04&@'(/2)! @&2! /@@A0b! Z0(23(23! (2'/! TA4)'(/2!

>%4'%40!)/94!70&@'(/2!/7!'%4![&2&6(A9!()!K04)42'!(2!&!K&0&9&324'(@!)'&'4!_4#3#b!\Clab!

&)! %&)! Z442! )A334)'46! (2! '%4! +('40&'A04! \Cl#"Rb";F! M%4! )'0/23! 4+4@'0/2W2A@+4A)!

(2'40&@'(/2! @&2! %&[4! 9A+'(K+4! (9K+(@&'(/2)! (2! GE1#! M%4! K&0&9&324'(@! \<l! /0! \Cl!

)K4@(4)! >/A+6! 2/'! Z4! K%Q)(@&++Q! /Z)40[&Z+4! ZQ! GE1! _'%()! >/A+6! 04TA(04! cS1a#! L7! &!

)(32(7(@&2'!&9/A2'!/7!\<lhCl!>404!K04)42'b!/24!@/A+6!4^K4@'!)(32(7(@&2'!K&0&9&324'(@!

Z0/&642(23#"<! M/! [40(7Q! '%&'! '%4! 6/9(2&2'! (2'40&@'(/2)! /2! '%4! 8M! &04! @%49(@&+!

)%(4+6(23! 6()'0(ZA'(/2! &26! 8Ub! &26! 2/'! K&0&9&324'(@! Z0/&642(23b! ZA+Y! 9&324'(@!

)A)@4K'(Z(+('Q! 94&)A04942')! >404! K407/0946#! J++! )(^! 3+&))4)! _tgR#-a! &26! '>/!

@0Q)'&++(24![&2&6&'4!)K4@(4)!_G&\5<!_6(&9&324'(@a!s!G=C\5<!_K&0&9&324'(@ab!jHH#H!w!

KA04a!>404!)'A6(46#!M%4!04)A+')!>404!@/2)()'42'!>('%!K04[(/A)!>/0Y!ZQ!M(&2!4'!&+#";F!

>%/!A)46!4+4@'0/2!)K(2!04)/2&2@4!/2!+('%(A9!&26!)/6(A9!Z/0/[&2&6&'4)!'/!94&)A04!

'%4! @/2@42'0&'(/2! /7! \Cl! '/! Z4! n! "w#!5A0!94&)A04942')! )%/>! '%&'! '%4! )&9K+4)! &04!

6(&9&324'(@b!>('%!2/!94&)A0&Z+4!K&0&9&324'(@![&2&6(A9!@/2'0(ZA'(/2#!M%4)4!04)A+')!
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&04!&+)/!@/2)()'42'!>('%!'%4!)K(2W+&''(@4!04+&^&'(/2!'(94)!/Z)40[46!>('%(2!'%4)4!3+&))4)!

_F!'/!"F!)ab!>%404&)!/'%40!K&0&9&324'(@![&2&6(A9!)Q)'49)!)'A6(46!ZQ!/A0!30/AK!&26!

/'%40)! %&[4! )K(2W+&''(@4! 04+&^&'(/2! '(94)! /2! '%4! /0640! /7! &! 74>! %A26046! 9)#-"<W-"I!

:A0'%409/04!'%4![()A&+!@/+/A0!/7!'%4)4!3+&))4)![&0(46!70/9!&!Z0/>2WQ4++/>!'/!&!>%('4!

@/+/A0#! J+'%/A3%! '%()! 6/4)! 2/'! )K4@(7(@&++Q! (26(@&'4! K&0&9&324'(@)! &)! &! [&0(4'Q! /7!

6(&9&324'(@!@0Q)'&++(24![&2&6&'4)!&04!Q4++/>!'/!>%('4!(2!@/+/A0b!>4!6(6!@/2)(640!'%()#!!

4.1.3.4. Charge Balance Calculations 

UA&2'(7(@&'(/2! /7! )K4@(4)! @&2! /7'42! Z4! @/27(0946! ZQ! @%&034WZ&+&2@4! @&+@A+&'(/2)#! J)!

)%/>2! (2!:(3A04!C#Hb!*C! 04&@%4)!&!9&^(9A9!&'!&KK0/^(9&'4+Q! '%4!)&94!K/(2'!&)! '%4!

[&2&6&'4)! 04&@%! '%4! )%(7'! 0&234! 7/0! U"#! L7! >4! &))A94! '%&'! '%4! Z/0&'4! 24'>/0Y! /2+Q!

7/09)!'%4!dCeX!)K4@(4)b!&26!'%&'!'%4!&))/@(&'46![&2&6&'4!24'>/0Y!@&2!Z4!64'409(246!&)!

U"b! U-! /0! U<b! Z&)46! /2! '%4(0! 04)K4@'([4! @%49(@&+! )%(7')! _`@3)ab!>4! @&2! 64'409(24! '%4!

2A9Z40!/7!GX5)!4^K4@'46!'/!/@@A0!(2!'%4!Z/0&'4!9&'0(^#!L2!/'%40!>/06)b!)A99(23!'%4!

2A9Z40!/7!243&'([4!@%&034)!/2!dCeX!&26![&2&6(A9b!&26!)AZ'0&@'(23!'%()!70/9!'%4!'/'&+!

+('%(A9!@/2@42'0&'(/2!K0/[(64)!&2!4)'(9&'4!/7!GX5)!/2! d<eX!_M&Z+4!C#-a#!M%()!@%&034W

Z&+&2@4!9/64+!42&Z+4)!A)!'/!4)'(9&'4!>%4'%40!&26!'/!>%&'!4^'42'!GX5)!/2!Z/0/2!&04!

+(Y4+Q!'/!4^()'#!!



Borovanadates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

161!

!

?-*#(&!N;W;!:0&@'(/2!/7!dCeX!_)TA&04a!64'409(246!70/9!""X!EJ.!GE1!&26!(')!04+&'(/2!'/!

F"\!EJ.!GE1!`@3)!_@(0@+4a!7/0!+('%(A9!Z/0/[&2&6&'4!tgR#-!3+&))#!
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X'>%&!N;J;!8%&034!Z&+&2@4!@&+@A+&'(/2)!7/0!Z/0/[&2&6&'4!3+&))4)#!

5-69! 5-!

F<'(*&!

hNi6!F<'(*&! 9!

F<'(*&`#+-,!

9!1C&$-&/! hMi6!

F<'(*&`#+-,!

hMi6!1C&$-&/!

:jK;J!.jK;J! C! C! R! dFe\! R! M<!

.jK;P! "-! P! W"! U-! R! M<!

.jL;K! -R! H#-! W"! U-! WR#FF! M<!h!M-!

.jL;N! -P! P! W-! U"! W"! M-!

.jL;T! <I! I#C! W-! U"! W"#<! M-!h!M"!

.jJ;J! CC! F! W-hW<! U"bUR! W"#P! M-!h!M"!

:jK;N!.jK;J! C! C! R! dFe\!s!U<! R! M<!

.jK;N! P! I! WR#-F! dFe\hU<hnU-! R! M<!

.jK;P! "-! ;! WR#I! dFe\hU<hnU-! R! M<!

.jK;T! "I! P! W"! U-! R! M<!

.jL;K! -R! H#<! W"! U-! WR#-F! M<!h!M-!

.jL;J! -C! H#F! W"#P! U"! WR#I-! M<!h!M-!

.jL;P! <-! H! W-! U"! WR#IC! M<!h!M-!

.jL;Tk! <I! H#I! W-! U"! W"! !M-!!

:jK;P!.jK;Jk! C! <#C! WR#RF! dFe\!s!U<! R! M<!

.jK;N! P! F#F! WR#-! dFe\hU<!hU-! R! M<!

.jK;P! "-! I#F! WR#CF! U<!hU-! R! M<!

.jK;T! "I! ;#"! WR#;F! U<!hU-! R! M<!

.jL;K! -R! P#<! W"! U-! R! M<!

.jL;J! -C! H#F! W"#-! U-hU"! R! M<!

.jL;N! -P! H#<! W"#I! U-hU"! R! M<!!

.jL;Pk! <-! P#H! W"#H! U-hU"! R! M<!

.jL;Tk! <I! P#<! W-! U"! WR#-! M-!

u@0Q)'&++(24!(9KA0('Q!K04)42'!
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M&Z+4!C#-!6()K+&Q)!'%4!@%&034WZ&+&2@4!@&+@A+&'(/2)!7/0!&++!+('%(A9!Z/0/[&26&'4!3+&))4)#!

J)!)442!70/9!'%4!6&'&b!'%4!643044!/7!64K/+Q940()&'(/2!>('%(2!'%4!Z/0/[&2&6&'4!3+&))!

@%&234)! &)! [&2&6(A9! (2@04&)4)#! X/'%! dCeX! &26! U! )K4@(4)! 7/09! &)! +('%(A9! ()! &6646#!

=/>4[40b!'%4!9/)'!2/'&Z+4!@%&234!&)!t!(2@04&)4)!()!'%4!(2%(Z('(/2!/7!GX5)!/2!Z/0/2#!

J)! Z/'%! Z/0/2! &26! [&2&6(A9! )%&04! '%4! @%&034b! &)! /24! (2@04&)4)! '%4! [&2&6(A9!

@/2@42'0&'(/2b! '%4! 2446! 7/0! GX5)! /2! Z/0/2! '/! @/9K42)&'4! +('%(A9! ()! 2/! +/2340!

04TA(046#!J+'%/A3%! '%4! 4^&@'! Z4%&[(/A0! Z4'>442! dCeX! &26!UW)K4@(&'(/2! /2! [&2&6(A9!

@&22/'! Z4! 64@/2[/+A'46! &26! TA&2'(7(46b! ('! ()! @+4&0! '%&'! [&2&6&'4! K/+Q%460&! &26! dCeX!

K0/[(64!)A77(@(42'!&2(/2(@!Z4%&[(/A0!7/0!'%4)4!3+&))4)b!7/++/>(23!'%4!'0426!'%&'!()!)442!

(2!:(3A04!C#H!&26!'%4!""X!EJ.!GE1!6&'&#!!

4.1.3.5. Lithium Mobility 

?('%(A9! %&)! &! +&034! @%&034W'/W9&))! 0&'(/! &26! (')! )9&++! )(]4! 42&Z+4)! %(3%! 9/Z(+('Qb!

9&Y(23!('!K/KA+&0!7/0!&![&0(4'Q!/7!(/2(@!9&'40(&+)#";"b";;b"P"b"PH!M%4!+(24>(6'%)!2&00/>46!

_Y3\! (2@04&)46a! &)! +('%(A9! @/2@42'0&'(/2)! (2@04&)46#! M%()! )A334)')! +('%(A9!9/Z(+('Q!

&26! (2@04&)4)! >('%! @/2@42'0&'(/2! &26! '49K40&'A04! /Z)40[46! (2! '%4! )K4@'0&! ZQ!

64@04&)(23! '%4! +(24>(6'%! &)! ('! &[40&34)! '%4! %/9/2A@+4&0! 6(K/+&0! (2'40&@'(/2#PC!

c^@%&234! )K4@'0/)@/KQ! /2! '%4! +/>W&+Y&+(! Z/0/[&2&6&'4)! _:(3A04! C#;a! )%/>! @+4&0b!

)%&0K!6(&3/2&+)!&'!)%/0'!9(^(23!'(94)!_nF-!v)a!7/0!Z/'%!tg1gR#-_&a!&26!tg1gR#C_@ab!

(26(@&'(23! '%&'! 2/!9/'(/2! ()! /@@A00(23! 6A0(23! '%()! '(94#! L2@04&)(23! '%4!9(^(23! '(94!

&++/>)! 7/0! @%49(@&+! 4^@%&234! &9/23)'! '%4! +('%(A9! )('4)b! @&A)(23! '%4! /Z)40[&Z+4!

04)/2&2@4! '/! 7/09! /77! '%4! 6(&3/2&+! _64K%&)(23a#CPb";"b-";! M%()! &+)/! /@@A0)! >('%! &2!

(2@04&)4!(2!)&9K+4!'49K40&'A04!_6a!&26!&2!(2@04&)4!(2!'%4!+('%(A9!@/2@42'0&'(/2)!_Zb!
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4b!7a#!$4!@&2!A)4!'%4)4!6&'&!'/!)%/>!'%&'!+('%(A9!9/Z(+('Q!()!/@@A00(23!(2!'%4)4!3+&))4)!

&26! ()! /2! '%4! /0640! /7! v)! '/!9)#! S04@()4! @0/))! K4&Y)! @/99/2+Q! )442! (2! @0Q)'&++(24!

9&'40(&+)!6/!2/'!/@@A0! 7/0!6()/064046!)Q)'49)!Z4@&A)4!&!6()'0(ZA'(/2!/7! )('4)!4^()')#!

J9/0K%/A)!9&'40(&+)!6()K+&Q!&!N@(0@A+&0O!@/&+4)@42@4b!(26(@&'([4!/7!9/'(/2#CPb-";!cV.q!

)K4@'0&!>404!&@TA(046!&'![&0(&Z+4!'49K40&'A04)!7/0!&!74>!/7!'%4)4!)&9K+4)!'/!@/27(09!

'%&'! '%4! /Z)40[46! 64K%&)(23! ()! @&A)46! ZQ!9/'(/2! &26! 2/'! )K(2! 6(77A)(/2!>%(@%! @&2!

/@@A0!&'!+/23!9(^(23!'(94)#CP!.K(2!6(77A)(/2!@&2!@&A)4!)(9(+&0!@0/))!K4&Y)!%/>4[40!()!

2/'! &))/@(&'46! >('%! '0A4! ?(! 4^@%&234#! M%()! @&2! 4&)(+Q! Z4! 94&)A046! ZQ! &@TA(0(23!

4^K40(942')! &'! [&0(&Z+4! '49K40&'A04)! &)! '%4! 4^@%&234! 0&'4)! )%/A+6! (2@04&)4! >('%!

'49K40&'A04!%/>4[40! )K(2!6(77A)(/2!>(++! 2/'#! ""X!&26! F"\!EJ.!GE1!04)A+')! (26(@&'4!

9&2Q! K/))(Z+4! &2(/2(@! )K4@(4)! >%404! +('%(A9! (2'40&@'(/2)! 9&Q! /@@A0#! M%4! 7&)'40!

9/Z(+('Q!7/0!'%4!%(3%40W1!Z/0/[&26&'4)!()!&''0&@'([4#!=/>4[40b!'%4)4!3+&))4)!&04!9/04!

6(77(@A+'! '/! [('0(7Q! &)! '%4(0! 24'>/0Y! Z4@/94)! (2@04&)(23+Q! 64K/+Q940(]46! _(#4#b! 9/04!

(/2(@a#!!

4.1.4. Summary 

J!)40(4)!/7!+('%(A9!Z/0/[&2&6&'4)!%&)!Z442!)'A6(46!(2!&2!&''49K'!'/!A2640)'&26!+/@&+!

)'0A@'A0&+! @/9K/)('(/2#! F"\!EJ.!GE1!%&)!2/'!Z442!A)46! '/! )'A6Q!&9/0K%/A)!Z&)46!

[&2&6&'4)!04TA(0(23!@0Q)'&++(24!9/64+!@/9K/A26)!'/!&)@40'&(2!(27/09&'(/2!043&06(23!

'%4! @%&234)! (2! '%4! [&2&6(&! K/+Q%460&#! L2! @/2ÜA2@'(/2!>('%! F"\! &26! ""X!EJ.!GE1! &!

@/9K+4'4!64)@0(K'(/2!/7!'%4!24'>/0Y!7/09(23!)K4@(4)!>&)!64[4+/K46b!>('%!'%4!70&@'(/2!

/7!*C!04&@%(23!&!9&^(9A9!Z4'>442!1g"#RW"#-#!M%4!0&'4!/7!GX5!7/09&'(/2!/2!Z/0/2!()!

04'&0646!ZQ! '%4!K04)42@4!/7![&2&6(A9b!>('%!*C!9&(2'&(2(23!4+4[&'46! +4[4+)! (2!tgR#C!

&26!tgR#I! +('%(A9!Z/0/[&2&6&'4!3+&))4)#! F"\!EJ.!GE1!&'!9/640&'4! 7(4+6)!A)(23! 7&)'!
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EJ.! ()! &2! 4^@4++42'! '//+! '/! K0/Z4! '%4! [&2&6&'4! 42[(0/2942'#! L2! @/2ÜA2@'(/2! >('%!

()/'0/K(@!@%49(@&+!)%(7'b!&2!4)'(9&'4!/7!GX5)!/2!\!@&2!Z4!/Z'&(246#!?('%(A9!4^@%&234!

)K4@'0/)@/KQ! 04[4&+46! +('%(A9! 9/'(/2! 7/0! '%4)4! 9&'40(&+)! '%&'! >&)! &774@'46! ZQ!

'49K40&'A04!&26!@/2@42'0&'(/2b!)A334)'(23!&!K/'42'(&+!A)4!(2!@&'%/64!9&'40(&+)b!(#4#b!&)!

)/+(6!4+4@'0/+Q'4)#!

4.2. Cesium Borovanadates 

M0&6('(/2&++Qb!&+Y&+(!Z/0&'4)!&26!Z/0/)(+(@&'4)!%&[4!Z442!'%/A3%'!'/!Z4%&[4!)(9(+&0+Qb!

(004)K4@'([4! /7! '%4! &+Y&+(! @&'(/2#-bPb"HH! =/>4[40b! &! 6(774042@4! 6/4)! /@@A0! &'! %(3%40!

+/&6(23)! 7/0! Z/0&'4)b! >%404! ?(l! Z4%&[4)! 6(774042'+Q! 70/9! 8)l! (2! 043&06! '/! Z/'%! '%4!

&+Y&+(! 42[(0/2942'! &26! Z/0&'4! 24'>/0Y#HR! 8)l! ()! '%4! +&034)'! )'&Z+4! &+Y&+(! @&'(/2! &26!

K/))4))4)!&! )(23+4!K/)('([4!@%&034#!84)(A9!%&)!&2! (/2(@! 0&6(A)! '%&'! ()!&KK0/^(9&'4+Q!

'%044! '(94)! +&0340! '%&2! +('%(A9! _"#;C!á! [40)A)! R#FH!áa! &26!>4(3%)! &Z/A'! -R^!9/04!

'%&2!+('%(A9#!M%()!&++/>)!(')!@//06(2&'(/2!)K%404!'/!Z4!+&034!_P!'/!"-a!&26!@&A)4)!'%4!

@%&034W'/W9&))!0&'(/!'/!Z4!&!+(''+4!9/04!'%&2!&2!/0640!/7!9&32('A64!+4))!'%&2!+('%(A9!

_(#4#b! R#"C! _?(a! [)#! R#RR;F! _8)aa#"IP! M%4! 4774@'! /7! @4)(A9! (2! '%4! )&94! )40(4)! /7!

Z/0/[&2&6&'4)! )'A6(46! &Z/[4!>&)! K0/Z46! '/! 64'409(24! '%4! 4774@'! /7! [&2&6(A9! &26!

Z/0/2!)K4@(&'(/2!&)!tgR#-!'/!R#I#!F"\!&26!""X!EJ.!GE1!>404!A)46!'/!64'409(24!+/@&+!

42[(0/2942')!7/0!@4)(A9!Z/0/[&2&6&'4)!>('%!'%4!&(6!/7!@0Q)'&++(24!@4)(A9![&2&6&'4)#!

UA&2'A9!@%49(@&+!@+A)'40!@&+@A+&'(/2)!>404!A)46!'/!Z4''40!A2640)'&26!'%4!4[(642@4!

/7! 946(A9W0&234! /0640! K04)42'! /2! '%4! dCeX! 04)/2&2@4#! "<<8)! EJ.! GE1! 4^@%&234!

)K4@'0/)@/KQ!>404! &+)/! &@TA(046! A)(23! 7&)'!EJ.! &26! [&0(&Z+4! '49K40&'A04! '/! )'A6Q!

@4)(A9!9/Z(+('Q#!
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4.2.1. Materials and Methods 

4.2.1.1. Synthesis 

84)(A9! Z/0/[&2&6&'4! 3+&))4)! >404! )Q2'%4)(]46! A)(23! 04&342'! 30&64! 8)-85<b! =<X5<!

&26! \-5F! _jHHwa#! X/0(@! &@(6! _=<X5<a! >&)! %4&'46! &'! FRR/8! 7/0! CR! 9(2A'4)! &26!

64%Q60&'46b! 7/09(23! 6(Z/0/2! '0(/^(64#! .'/(@%(/94'0(@! &9/A2')! /7! @4)(A9! @&0Z/2&'4!

>404!&6646!'/!6([&2&6(A9!K42'/^(64!&26!6(Z/0/2!'0(/^(64!&26!9(^46!7/0!7([4!9(2A'4)!

(2!&2!&3&'4!9/0'&0!&26!K4)'+4!'/!42)A04!)&9K+4!%/9/3424('Q#!.&9K+4)!>404!K+&@46!(2!

K+&'(2A9!@0A@(Z+4)!&26!%4&'46!'/!"RRR/8!7/0!"F!9(2A'4)#!80A@(Z+4)!>404!@//+46!(2!&(0!

&26!>4(3%46!'/!@/27(09!64@&0Z/2&'(/2!>&)!@/9K+4'4#!80A@(Z+4)!>404!K+&@46!&3&(2!(2!&!

7A02&@4! &'! "RRR/8! 7/0! 7([4! 9(2A'4)b! '%42! '%4! 94+'! >&)! 0&K(6+Q! @//+46! ZQ! K+&'4W

TA42@%(23! _1!n!"#"a!/0! 0/++40WTA42@%(23! _1!j!"#"a#!DA4! '/! '%4!%Q30/)@/K(@!2&'A04!/7!

@40'&(2!@4)(A9!Z/0/[&2&6&'4!@/9K/)('(/2)b!%(3%W1!)&9K+4)!>404!TA42@%46!(2!&!3+/[4!

Z/^!A2640!&!60Q!2('0/342!&'9/)K%404!_=-5!@/2'42'!n!-!KK9a#!M%4!0/++40!TA42@%40!>&)!

)4'!'/!&!'%(@Y24))!Z4'>442!-F!&26!CR!9(@0/2)#!!

4.2.1.2. Nuclear Magnetic Resonance 

""Xb!F"\!&26!"<<8)!EJ.!GE1!)K4@'0&!>404!&@TA(046!/2!&!\&0(&2!BGLMqLG5\J!IRR!_"C#"!

Ma!)K4@'0/94'40!A)(23!&!<#-!6/AZ+4!04)/2&2@4!_=_:aWVa!\&0(&2W8%49&324'(@)!/0!&!:&)'!

EJ.! "#I! '0(K+4! 04)/2&2@4! _=_:aWVWqa! \&0(&2! K0/Z4#! .K4@'0&! >404! 0474042@46! A)(23!

R#"E!Z/0(@!&@(6!_"H#I!KK9b!&!)4@/26&0Q!0474042@4!>('%!04)K4@'!'/!c'-5!X:<!_R!KK9aab!

R#"CE!G&<\5C!_WF;C!KK9b!&!)4@/26&0Q!0474042@4!>('%!04)K4@'!'/!\58+<!_R!KK9aa!&26!

R#F!E!8)8+!_R!KK9a!7/0!""Xb!F"\!&26!"<<8)!04)K4@'([4+Q#!
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4.2.1.2.1. Boron-11 MAS NMR 

""X! EJ.! GE1! 6&'&! _Rk! /7! "H-#C! E=]a! >404! &@TA(046! A)(23! IC! '/! F"-! @/W&6646!

'0&2)(42')b!04@Q@+4!64+&Q)!Z4'>442!"!&26!P!)4@/26)b!&!)K(22(23!704TA42@Q!/7!"I#RRR!±!

R#RRF!Y=]b!&26!&!"-/! '(K!&23+4! _à07! /7!;R!Y=]a#!<UEJ.! 7/0!tgR#Cb!1gRb!R#Cb!"!&26!"#I!

@4)(A9!Z/0/[&2&6&'4!3+&))4)!>404!&@TA(046!A)(23!&! ]W7(+'4046![&0(&2'!EUEJ.!KA+)4!

)4TA42@4b!A)(23!<-!'/!CP!(2@04942')#!M%4!07!2A'&'(/2!704TA42@Q!7/0!'%4!4^@('&'(/2!_C#"!

v)a! &26! @/2[40)(/2! KA+)4)! _"#C! v)a! >&)! ;&#! "-P! Y=]#! M%4! )/7'! @42'0&+W'0&2)('(/2!

)4+4@'([4!rWKA+)4!>&)!/K'(9(]46!&'!<F!µ)!(2!6A0&'(/2!_à07!/7!"-!Y=]a!&26!7([4!@Q@+4)#!!

4.2.1.2.2. Vanadium-51 MAS NMR 

F"\! EJ.! GE1! 6&'&! _Rk! /7! "F;#;! E=]a! >404! &@TA(046! >('%! "-P! '/! -RCP! @/W&6646!

'0&2)(42')b!04@Q@+4!64+&Q)!Z4'>442!"!&26!"R!)4@/26)b!)K(22(23!0&'4)!0&23(23!Z4'>442!

"P#RRR!_±!R#RRPa!'/!<P#RRR!_±!R#RR<a!Y=]b!&26!&!"C/!'(K!&23+4!_à07!/7!;R!Y=]!_<#-!99a!

&26!"-F!Y=]!_"#I!99aa#!<UEJ.!7/0!tgR#-b!1gR#<!@4)(A9!Z/0/[&2&6&'4!>&)!&@TA(046!

A)(23!&!]W7(+'4046!7&9WEUEJ.!)4TA42@4!A)(23!CP!(2@04942')!_7&9!()!'%4!&ZZ04[(&'(/2!

7/0!:&)'!J9K+('A64!E/6A+&'(/2b!('!()!&!)4TA42@4!K+&@46!(2!70/2'!/7!EUEJ.!'/!(26A@4!&!

@%&234!(2!'%4!@/%4042@4!/0640b!('!()!A)46!'/!42%&2@4!'%4!@/2[40)(/2!/7!'0(K+4WTA&2'A9!

'/!)(23+4WTA&2'A9!@/%4042@4a#-"Pb-"H!M%4!à07!2A'&'(/2!704TA42@Q!7/0!'%4!4^@('&'(/2!_-#-!

v)a! &26! @/2[40)(/2! KA+)4)! _R#FF! v)a! >&)! ;&#! "FF! Y=]#! M%4! )/7'! @42'0&+W'0&2)('(/2!

)4+4@'([4!rWKA+)4!>&)!/K'(9(]46!&'!<F!µ)!(2!6A0&'(/2!_à07!/7!-"!Y=]a#!

4.2.1.2.3. Cesium-133 MAS NMR 

"<<8)!EJ.!GE1!_Rk! /7!;P#I!E=]a!cV.q!6&'&!>404!&@TA(046!A)(23! '%4!"#I!99!K0/Z4#!

14@Q@+4!64+&Q)!/7!"R!)4@/26)b!)K(22(23!)K446)!/7!<P!Y=]!&26!"I!@/W&6646!'0&2)(42')!



Borovanadates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

168!

>404!@/++4@'46!&'!9(^(23!'(94)!0&23(23!70/9!FR!v)!'/!;;R!9)b!>('%!IC!(2@04942')!&26!

&2!&KK+(46!07!704TA42@Q!/7!HP!Y=]b!K0/[(6(23!&!-#R!v)!)/+(6!HR/#!

4.2.1.3. Quantum Chemical Calculations  

8+A)'40!9/64+)!>404! ZA(+'! &26! @&+@A+&'46! A)(23! *&A))(&2R<! /2! &! .BG!VCCRR! )40[40!

>('%! "I! @/04)! &26! IC! *X! 1JE#! M%()! >&)! A)46! '/! )'A6Q! '%4! 4774@')! /7! 24&04)'!

24(3%Z/A0)! _946(A9W0&234! /0640a! /2! dCeXb! &)!>4++! &)! '%4! 4774@'! /7! @%49(@&+! )%(7'! /2!

[&2&6(A9!&26!d<eX!24(3%Z/A0)#!E/64+)!(2[/+[46!&!@42'0&+!K/+Q%460/2!)A00/A2646!ZQ!&!

)4@/26&0Q!@//06(2&'(/2!)K%404b!>%(@%!>&)!'409(2&'46!ZQ!%Q60/^Q+!30/AK)#!.'0A@'A04)!

>404!7(0)'!/K'(9(]46!A)(23!&!%QZ0(6WD:M!+4[4+!/7!'%4/0Qb!X<?qS--RW---!&26!&!Z&)()!)4'!/7!

IW<"3l#! J)! '%4)4! )Q)'49)! &04! 6()/064046b! '%()! +4[4+! /7! /K'(9(]&'(/2! ()! )A77(@(42'! &26!

%(3%40! +4[4+)! /7! /K'(9(]&'(/2!>404! 2/'! 24@4))&0Q#! M%4)4! /K'(9(]46! )'0A@'A04)!>404!

A)46!'/!K407/09!GE1!@&+@A+&'(/2)b!(2!K&0'(@A+&0!+//Y(23!&'!'%4!@%49(@&+!)%(4+6(23)!7/0!

Z/0/2!&26![&2&6(A9!)K4@(4)!_/2+Q!'%4!@42'0&+!&'/9!/7!4&@%!@+A)'40!>&)!@/2)(64046a#!

GE1! @&+@A+&'(/2)! A)46! &! %QZ0(6WD:M! +4[4+! /7! '%4/0Q! &26! &! K)4A6/W'0(K+4W]4'&! +4[4+!

Z&)()! )4'! /7! IW<""3_6bKall#FC! J)! *&A))(&2! &@'A&++Q! @&+@A+&'4)! )%(4+6(23! &! )'&26&06!

_X_5=a<ab!>&)!&+)/!@&+@A+&'46!'/!@/2[40'!'%4!)%(4+6(23)!(2'/!@%49(@&+!)%(7')#!

4.2.2. Results 

4.2.2.1. Boron Speciation 

4.2.2.1.1. K=0.2 Borovanadate Series 

""X!EJ.!GE1!>&)!A)46!'/!64'409(24!'%4!04+&'([4!0&'(/)!/7!d<eX!&26!dCeX!)K4@(4)!_:(3A04!

C#"Ra#! M%4! K04)42@4! /7! @4)(A9! @&A)4)! '%4! 7/09&'(/2! /7! dCeXb! (2@04&)(23! +(24&0+Q! A2'(+!

1gR#Ib!>%42!('!04&@%4)!&!K+&'4&A#!X4Q/26!'%()!K+&'4&A!_1jR#Pab!'%4!dCeX!70&@'(/2!Z43(2)!
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'/! 64@04&)4!>('%! '%4! 7/09&'(/2!/7!GX5)!/2!Z/0/2#!GX5)! &04! &+)/! )%/>2!ZQ! '%4! d<eX!

04)/2&2@4!'%&'!3([4)!4[(642@4!/7!M-!)K4@(4)!&'!4+4[&'46!@4)(A9!+/&6(23)!A)(23!EUEJ.!

_:(3A04! C#"-a#! M%4! +47'W%&26! 4634! /7! '%4! d<eX! 04)/2&2@4! '426)! '/! )%(7'! '/! %(3%40!

704TA42@Q!&26! ()!&))/@(&'46!>('%!&!@%&234! (2!K4&Y!)%&K4!_kjR#Ia!&)!@4)(A9!+/&6(23)!

(2@04&)4! _:(3A04! C#"Ra#! M%4)4! 6&'&! &04! )A334)'([4! /7! GX5! 7/09&'(/2b! &26! &04!

@/99/2+Q!/Z)40[46!>%42!M-!&26h/0!M"!)K4@(4)!7/09!(2!6()/064046!Z/0&'4)#H<!!

!

!

?-*#(&!N;LK;!!""X!EJ.!GE1!)K4@'0&!7/0!@4)(A9!Z/0/)(+(@&'4!3+&))4)!tgR#-!&26!1!/7!_&a!

R#-b!_Za!R#Ib!_@a!"#Rb!_6a!"#C!&26!_4a!"#I!&26!_3a!94&)A046!*C!7/0!8)X\!tgR#-!&26!8)X!

3+&))4)#!

!

! M%4!@%49(@&+!)%(7'!043(/2)!/7!"<!'/!--!KK9!_d<eXa!&26!WC!'/!lC!KK9!_dCeXab!&26!

TA&60AK/+&0!@/AK+(23!@/2)'&2')!/7!-#I!õ!R#"!E=]!&26!CRR!õ!FR!Y=]!04)K4@'([4+Qb!&04!
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@/2)()'42'!>('%!/'%40!Z/0&'4WZ&)46!3+&))4)#!!M%4!7/A0W@//06(2&'4!Z/0/2!_W"!'/!C!KK9a!

A26403/4)!&!)%(7'!'/!%(3%40!704TA42@Q!>('%!&2!&@@/9K&2Q(23!2&00/>(23!_&+9/)'!FRw!

64@04&)4! (2! Z04&6'%! 70/9! 1gR#-! '/! 1g"#Ca! &)! @4)(A9! (2@04&)4)#! M%4! +/>40W1!

@/9K/)('(/2)! )%/>! )4@/26&0Q! )'0A@'A04! &)!>4++! &'! '%()! )('4#! M%()! ()! K04)A946! '/! Z4!

@&A)46!ZQ! '%4![&0Q(23!643044!/7![&2&6(&!K/+Q%460&! )A00/A26(23! dCeX!&)! ()! )442!>('%!

)(+(@&'4)!(2!Z/0/)(+(@&'4)#-RR!M%4!24(3%Z/A0(23!&)K4@')!>(++!Z4!6()@A))46!7A0'%40!A)(23!

TA&2'A9!@%49(@&+!@&+@A+&'(/2)#!!!

4.2.2.1.2. K=0.4 and 0.6 Borovanadate Series 

M%4!%(3%40Wt!)40(4)!)%/>!)(9(+&0!4774@')!&)!'%/)4!)442!(2!tgR#-#!J)!)442!(2!'%4!+('%(A9W

Z&)46!3+&))4)b!'%4!9&^(9A9!70&@'(/2!/7!dCeX!()!04&@%46!&'!%(3%40W1![&+A4)!_1g"#R!&26!

"#-a! '%&2!8)X!_1gR#FCa!&)! (++A)'0&'46! (2!:(3A04!C#"<#!M%4!643044!/7!64K/+Q940()&'(/2!

/2!d<eX!()!&+)/!(2%(Z('46!&)!4[(642@4!/7!GX5)!6/4)!2/'!&KK4&0!A2'(+!1j"#C!_:(3A04!C#""a#!

M%()! ()! 4^K+&(246! ZQ! [&2&6(A9! @%&034! @/9K42)&'(23! '%4! 8)lb! +(9('(23! '%4! 2446! 7/0!

GX5)!/2!Z/0/2#!!
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!

?-*#(&!N;LL;!8)X\!tgR#C!1g"#Ib!d<eX!04)/2&2@4!A26403/4)!&!)+(3%'!@%&234!(2!)%&K4!&)!

M-!A2(')!Z43(2!'/!7/09#!M%4!'&++40!6()@/2'(2A('Q!_@42'046!m"<#F!KK9a!()!@&A)46!ZQ!'%4!

7/09&'(/2!/7!M-!K/+Q%460&#!

!

! !M%4!tgR#I! )40(4)! 6(6! 2/'! )%/>! &2Q! (26(@&'(/2! /7! M-b! &)! '%4! %(3%40! [&2&6(A9!

@/2@42'0&'(/2!@/9K42)&'4)!'%4!9&Ü/0('Q!/7!@4)(A9!(2!'%4!)Q)'49#!M%4! dCeX!04)/2&2@4!

6/4)!Z0/&642!7/0!tgR#I!&26!1gR#-b!(26(@&'(23!&2!(2@04&)(23![&0(4'Q!/7!24(3%Z/A0)#!M%()!

()!2/'!)A0K0()(23b!&)!&!+&034!70&@'(/2!/7![&2&6(A9!()!K04)42'b!(2%(Z('(23!'%4!Z04&Y6/>2!

/7!X5C!&26!9&(2'&(2(23!K/+Q940(]&'(/2!/7!'%4!Z/0&'4!A2(')b!:(3A04!C#"<#!!
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!

?-*#(&!N;LJ;!""X!<UEJ.!7/0!@4)(A9!Z/0/[&2&6&'4!tgR#-!&26!1!/7!_&a!R#Rb!_Za!R#Cb!_@a!

R#P!&26!_6a!"#-#!

!

?-*#(&!N;LM;!:0&@'(/2!/7!dCeX!Z/0/2!7/0!@4)(A9!Z/0/[&2&6&'4)!3+&))4)!>('%!tgR#-b!R#C!

&26!R#I#!
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4.2.2.2. Vanadium-51 MAS NMR 

4.2.2.2.1. Crystalline Cesium Vanadate Phases 

M%044!Y2/>2!@0Q)'&++(24!@4)(A9![&2&6&'4!K%&)4)!>404!)'A6(46!(2!'%4!(642'(@&+!7&)%(/2!

&)! 7/0! '%4! +('%(A9! [&2&6&'4)b! >%404! '%4! @%49(@&+! )%(7')! &26! (2'40&@'(/2)! 70/9! '%4!

+('40&'A04! >404! A)46! '/! 646A@4! (27/09&'(/2! 043&06(23! '%4! @4)(A9! Z/0/[&2&6&'4!

3+&))4)#"<b-R-b-R<!84)(A9!94'&[&2&6&'4!_8)\5<a!K/))4))4)!U-!A2(')!&26!%&)!&!@%49(@&+!

)%(7'!/7!!`()/!/7!WFP<!KK9#!84)(A9!KQ0/[&2&6&'4b!_8)C\-5;a!%&)!'>/![&2&6(A9!U"!)('4)!

+/@&'46!&'!`()/!/7!WFC<!&26!WFI;!KK9#Cb-R-!84)(A9!/0'%/[&2&6&'4!_8)<\5Ca!%&)!&!)(23+4!

@%49(@&+! )%(7'! /7! `()/! /7! WF;I! KK9! &@@/06(23! '/! '%4! +('40&'A04-R;! ZA'! /A0! @0Q)'&++(24!

K%&)4! _@/27(0946! ZQ! K/>640! ^W0&Q! 6(770&@'(/2a! >&)! /Z)40[46! &'! `()/! /7! WFFR! KK9b!

)(9(+&0!'/!'%4!+('%(A9!/0'%/[&2&6&'4!)%(7'#!L2!&66('(/2b!&++!/'%40!&+Y&+(!/0'%/[&2&6&'4)!

&04! 7/A26! &0/A26! '%()! @%49(@&+! )%(7'! 0&234! _õ! FKK9ab! K40%&K)! )A334)'(23! '%&'! '%4!

+('40&'A04![&+A4!()!(2@/004@'!/0!0474042@46!(9K0/K40+Q#-R-b-R;!

4.2.2.2.2. K=0.2 Borovanadate Series 

F"\!EJ.!GE1!)K4@'0&!>404!@/++4@'46!/2![('04/A)!X-5<W\-5F!&26![('04/A)!\-5F!(2!/0640!

'/! 64'409(24! >%&'! 'QK4! /7! &2! 4774@'! Z/0/2! 9(3%'! %&[4! /2! '%4! [&2&6(A9! )%(7'#! M%4!

Z04&6'%)! /7! '%4!8M! &04! )(9(+&0b!>('%! /[40&++! K4&Y! )%&K4)! &26! `@3)! /7! WI-R!±! "F! KK9!

_Z/0/[&2&6&'4a! &26! WIFR! ±! "F! KK9! _RW\-5Fa#! M%4! 9(2/0! )%(7'! '/! %(3%40! 704TA42@Qb!

'/34'%40! >('%! '%4! )&94! /[40&++! )%&K4! )A334)')! '%&'! [&2&6(A9! 9&(2'&(2)! (')! 7([4W

@//06(2&'4!42[(0/2942'#!M%4!)%(7'!&KK4&0)! '/!Z4!@&A)46!ZQ!Z/0/2!24(3%Z/A0)!&26! ()!

+&034+Q!6A4!'/!'%4!K/+&0()&Z(+('Q!/7![&2&6(A9#!J66('(/2!/7!8)l!@&A)46!'%4!F"\!04)/2&2@4!

'/! )%(7'! '/! %(3%40! 704TA42@Q! (2! &! 9/04! K0/2/A2@46! 9&2240! _(#4#b! '%4! )%(7'! >&)! 2/'!

30&6A&+!&)!)442!(2!'%4!?(X\!@&)4)!ZA'!/@@A0046!(2!9/04!6()@04'4!A2(')a#!M%()!)A334)')!
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'%&'!8)l!@&A)4)!GX5)!/2![&2&6(A9!K/+Q%460&!'/!/@@A0!)//240!'%&2!)442!A)(23!?(l#!M%()!

)%(7'! ()! @/9K+4942'46! ZQ! &! 64@04&)4! (2! K4&Y! >(6'%b! )A334)'(23! &2! (2@04&)4! (2!

)Q994'0Q!/0!&!64@04&)4!(2!)'0A@'A0&+![&0(&'(/2b!:(3A04!C#"C#!!

!

!

?-*#(&!N;LN;!F"\!EJ.!GE1!)K4@'0&!/7!@4)(A9!Z/0/[&2&6&'4!3+&))4)b!tgR#-!)40(4)!>('%!

1!/7!_&a!R#-b!_Za!R#<b!_@a!R#Cb!_6a!R#Ib!_4a!"!&26!_7a!"#C#!F"\!EJ.!GE1!@42'04!/7!30&[('Q!

)%(7')!_`@3)a!7/0!_3a!tgR#-!&26!_%a!tgR#-b!R#C!&26!R#I#!

!

! !M%4!tgR#-b!1gR#<!@4)(A9!Z/0/[&2&6&'4!3+&))!_:(3A04!C#"Fa!)%/>)!'%4!K04)42@4!

/7! &! )4@/26! F"\! )('4! _`@3)! /7! ÑF;F! &26! ÑICR! KK9ab! (26(@&'(23! Z/'%! U-! &26! dFe\b!

04)K4@'([4+Q#! F"\!<UEJ.! _:(3A04!C#"Fa!/7! '%()! )&9K+4!>&)!&@TA(046! (2! &2!&''49K'! '/!

Z4''40!04)/+[4!'%4)4!)('4)#!!B27/0'A2&'4+Qb!'%4)4!04)/2&2@4)!6(6!2/'!2&00/>b!(26(@&'(23!
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'%&'! '%4Q! >404! 2/'! )(32(7(@&2'+Q! Z0/&64246! ZQ! '%4! )4@/26W/0640! TA&60AK/+&0!

(2'40&@'(/2!ZA'!0&'%40!ZQ!&!6()'0(ZA'(/2!(2!@%49(@&+!)%(4+6(23#!=(3%W7(4+6!GE1!&26!7&)'!

EJ.!>404!&+)/!&''49K'46b!ZA'!K0/6A@46!K//040!)K4@'0&!'%&2!'%/)4!6()K+&Q46!%404b!7/0!

'%4!)&94!04&)/2#!

!

!

?-*#(&!N;LO;! F"\!EJ.!GE1!/7! @4)(A9!Z/0/[&2&6&'4!tgR#-!1gR#<! 3+&))b! _&a! "D!EJ.!

)K4@'0A9!&26!_Za!<UEJ.!)K4@'0A9!&'!&!<P!Y=]!)K(22(23!0&'4#!

!

4.2.2.2.3. CsBV K=0.4 & 0.6 Glass Series 

M%4! @4)(A9! Z/0/[&2&6&'4! 3+&))4)! >('%! tgR#C! &26! R#I! Z4%&[46! )(9(+&0+Q! '/! /24!

&2/'%40b!>('%!&2! (2@04&)4! (2!@%49(@&+!)%(7'!&)!1! (2@04&)46#!=/>4[40!'%4!/[40&++!)%(7'!

0&234! >&)! )9&++40! '%&2! (2! '%4! @&)4! /7! '%4! tgR#-! 3+&))4)#! M%()! ()! 0&'(/2&+(]46! &)!

[&2&6(A9! ()! (2! 304&'40! 4^@4))! '%404ZQ! 04TA(0(23! %(3%40! @4)(A9! +/&6(23)! Z47/04! U-!

64K/+Q940(]4! '/!U"!&26!UR!K/+Q%460&!/@@A0#!M%4)4!&04!@/9K+4942'&0Q! '/! '%4!Z/0/2!

6&'&!&)!'%4! dCeX!6/4)!2/'!Z04&Y!6/>2!&)!7&)'!&'!%(3%40![&2&6(A9!@/2@42'0&'(/2)#!M%4!

F"\!@%49(@&+!)%(7')!K0/@44646!(2!'%4!)&94!9&2240!_70/9!WIFR!'/!WFIR!õ!"R!KK9a#!J2!
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(2@04&)4!(2!@0Q)'&++(]&'(/2!'42642@Q!>&)!&+)/!/Z)40[46!&'!%(3%!@4)(A9!&26![&2&6(A9!

@/9K/)('(/2)#! M%()! K40%&K)! @/A+6! Z4! 4^K+&(246! ZQ! '%4! '42642@Q! /7! 8)l! @&'(/2)!

7&[/A0(23!GX5)b!K04[42'(23!&!K/+Q940(]46b!@/[&+42'+Q!Z/26(23!24'>/0Y!'/!7/09#!

4.2.2.3. Cluster Calculations using Gaussian 

4.2.2.3.1. Effect on Vanadium as V Depolymerizes  

M/! [40(7Q! '%&'! '%4! )%(7')! &04! @&A)46! ZQ! 64K/+Q940()&'(/2b! &! [&0(4'Q! /7! [&2&6(A9!

)'0A@'A04)! _7([4W@//06(2&'4! '/! /0'%/[&2&6&'4! A2(')a! >404! @/2)'0A@'46#! M%4)4! >404!

A)46! '/! 64'409(24! '%4! 4774@'! /2! F"\! @%49(@&+! )%(4+6(23! &)! [&2&6(A9!64K/+Q940(]4)#!

8&+@A+&'(/2)!)%/>46!)(9(+&0!4774@')!'/!'%/)4!)442!(2!'%4![&2&6&'4!@0Q)'&+)!_dFe\!'/!dCe\a!

&)! GX5)! 7/0946#! M%4! )%(7'! '/! %(3%40! 704TA42@Q! K0/K&3&'46! &)! GX5)! 7/0946b!

)AKK/0'(23! /A0! (2'40K04'&'(/2! /7! '%4! 4^K40(942'&+! 04)A+')#! M%4)4! @&+@A+&'(/2)! &+)/!

K0/[(646! &! 04&)/2&Z+4! 4^K+&2&'(/2! >%Q! 9A+'(K+4! [&2&6(A9! )('4)! 70/9! 6(774042'!

24(3%Z/A0(23!Z/0/2)!>404!2/'!04)/+[46#!L7!>4!'&Y4!'%4!+&034)'!6(774042@4!Z4'>442!'%4!

@&+@A+&'46!)('4)!_mIR!KK9a!&26!>4!@/9K&04!'%()!'/!'%4!4^K40(942'&+!Z04&6'%)!/7!'%4!

8M!_<R!'/!"IR!KK9a!04)/+A'(/2!>(++!2/'!Z4!4&)(+Q!&''&(2&Z+4!_:(3A04!C#"Ia#!
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!

?-*#(&!N;LP;!*&A))(&2!@&+@A+&'(/2)!)'A6Q(23!'%4!4774@'!/7!Z/0/2!24(3%Z/A0)!/2!&!\5C!

K/+Q%460&#!M%4)4!4774@')!4^K+&(2!'%4!6(774042@4!)442!(2![('04/A)!\-5F!&26!X-5<W\-5F#!

!

4.2.2.3.2. Boron Neighbours and their effect on 

Chemical Shift 

8+A)'40)! /7! dCeX! )K4@(4)! >404! @/2)'0A@'46! '/! 64'409(24! K/))(Z+4! 946(A9W0&234!

/064046!Z0(63(23!)K4@(4)#!8+A)'40)!(2@/0K/0&'46!'%4!7([4!K/))(Z+4!@/9Z(2&'(/2)!/7!dCeX!

24(3%Z/A0)!Z43(22(23!>('%!dCeX!>('%!7/A0!X5<!'%42!)AZ)'('A'(23!X5<!K/+Q%460&!7/0!\5C!

24(3%Z/A0)! _:(3A04! C#";! &26! :(3A04! C#"Ha#! M%4)4! )'0A@'A04)! >404! Z&)46! /2! &+Y&+(!

Z/0/)(+(@&'4)b! >%42! )(+(@/2! 24(3%Z/A0)! @&A)4! 9A+'(K+4! dCeX! 04)/2&2@4)! '/! Z4!

/Z)40[46#Cb-RRb-RF! L2@/0K/0&'(23! '%4! [&2&6(A9! 70&@'(/2! _tW0&'(/a!>('%(2! '%4)4! 3+&))4)!

&26! &))A9(23!%/9/3424/A)!9(^(23!Z4'>442!Z/0/2! &26! [&2&6(A9b! )'&'()'(@&++Q! /2+Q!

/24! '/! '>/! [&2&6&'4! K/+Q%460&! @/A+6! Z4! 24(3%Z/A0(23! dCeX! )K4@(4)b! +(9('(23! '%4!

24(3%Z/A0(23!K/))(Z(+('(4)!'/b!&++!d<eXb!"\5Ci<d<eXb!-\5Ci-d<eX!/0!<\5Ci"d<eX#!!M&Y(23!'%4!
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tgR#I!)40(4)!>%(@%!%&)!I\!7/0!4[40Q!"RXb! (7! dCeX! ()!m-Rwb!'%404! ()!&!0&'(/!/7!I\i-dCeXb!

Z0(23(23! '%4! '/'&+! '/! <\! K40! dCeX#! B)(23! '%4)4! &))A9K'(/2)! '%4! +(Y4+(%//6! /7! %&[(23!

9/04!'%&2!<\!24(3%Z/A0)!()!)9&++#!M%4047/04!7/0!+/>40!\!+/&6(23)!_(#4#b!tgR#-!&26!R#Ca!

>4!@&2!4)'(9&'4!&2!AKK40!+(9('!/7![&2&6(A9!K/+Q%460&!)A00/A26(23!dCeX!'/!Z4!&0/A26!

-\!/0!+4))#!!
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!

!

?-*#(&!N;LQ;!*&A))(&2!@+A)'40)!7/0!dCeX!24(3%Z/A0)b!_&a!dCeXiCd<eXb!_Za!dCeXi<d<eXb"dCe\b!_@a!

dCeXi-d<eXb-dCe\b!_6a!dCeXi"d<eXb<dCe\!&26!_4a!dCeXiRd<eXbCdCe\#!J++!)'0A@'A04)!>404!'409(2&'46!

A)(23! %Q60/342! &'/9)#! M%4! @+A)'40)! @/2'&(2! [&2&6(A9! _30442ab! Z/0/2! _Z+A4a! &26!

/^Q342! _046ab! >%(+4! '%4! %Q60/342! >404! 049/[46! 7/0! @+&0('Q#! M%404! ()! &! W"! @%&034!

K+&@46!/2!4&@%!/7!'%4)4!@+A)'40)#!



Borovanadates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

180!

4.2.2.3.3. Superstructural units 

L2! '%4! +('40&'A04! )AK40)'0A@'A0&+! A2(')b!>%(@%! 7/0! /A0! KA0K/)4)!>(++! Z4! Z&)46! /2!X\!

0(23! )'0A@'A04)b! >404! 2/'! 4^K4@'46! '/! 7/09#";Pb";H! =/>4[40b! (2! Z/0&'4)! &! 74>! 0(23!

)'0A@'A04)! &04! 6()@A))46! &26! @/A+6! Z4! K+&A)(Z+4! &'! +/>W1! [&+A4)#--<! 1(23! )'0A@'A04)!

_6(Z/0&'4b! 6(W'0(Z/0&'4b! K42'&Z/0&'4! &26! '0(Z/0&'4a!>404! @&+@A+&'46! '/!64'409(24! '%4!

dCeX! ()/'0/K(@! )%(7'! 7/0! 4&@%! 0(23! (2! &2! &++! Z/0&'4b! "\! &26! -\5C! 24(3%Z/A0(23!

42[(0/2942')! _:(3A04!C#"Ha#!M%4! '0(Z/0&'4!&26!K42'&Z/0&'4!@/2'&(2!&!)(23+4! dCeX! (2!&!

0(23!)'0A@'A04b!>%(+4!'%4!6(Z/0&'4!&26!6('0(Z/0&'4!@/2'&(2!'>/!dCeX!A2(')!>('%(2!&!0(23#!

:0/9!'%4)4!"F!)'0A@'A04)!'%4!6(Z/0&'4!&26!6('0(Z/0&'4!_&++!X!&26!"\5Cab!'0(Z/0&'4!_&++!X!

&26! "\! )AZ)'('A'46a! &26! K42'&Z/0&'4! _&++! Xa! >/A+6! Z4! K/))(Z+4! @&26(6&'4)#! L2!

@0Q)'&++(24! 6(W! &26! '0(WZ/0&'4! )K4@(4)b! dCeXW5WdCeX! 24(3%Z/A0)! _&+'%/A3%! 424034'(@&++Q!

A27&[/A0&Z+4a!6/!4^()'!&)!'%4!ZA(+6WAK!/7!@%&034!@&2!Z4!K&0'(&++Q!64+/@&+(]46!/[40!'%4!

Z/0&'4! 0(23_)a! '%&'! @/9K0()4! '%4)4! )'0A@'A04)#! M%4)4! &04! 2&'A0&++Q! A27&[/A0&Z+4! (2!

3+&))4)!&26!>4!>/A+6!2/'!4^K4@'!'%49!'/!/@@A0#!M/!@/27(09!'%()b!""X!<UEJ.!GE1!6&'&!

>404!&@TA(046b!&)!'%()!4^K40(942'!@/A+6!)%/>!4[(642@4!/7! d<eX!0(23!)'0A@'A04)!(7!'%4Q!

4^()'46#! J)! Z/0&'4! 0(23)! >(++! %&[4! d<eX! &26! dCeX! 42[(0/2942')b! '%4! &Z)42@4! /7! 0(23!

)'0A@'A04)! 70/9! ""X!EUEJ.!K0/[(64)!&2! (26(04@'!94&)A04! 7/0! '%4!&Z)42@4!/7! dCeXW5W

dCeX#!*&A))(&2!@&+@A+&'(/2)!>404!&+)/!@&00(46!/A'!/2!'%4)4!)K4@(4)!(2!/0640!'/!K0/[(64!

7A0'%40! )AKK/0'! 7/0! '%4! EUEJ.! 4^K40(942'&+! 6&'&#! J! '0(Z/0&'4! /0! &! K42'&6(Z/0&'4!

>404! '%4! /2+Q! K/))(Z+4! @&+@A+&'46! )'0A@'A04)! '%&'! @/A+6! 4^()'! Z&)46! /2! )%(7'b! 7A0'%40!

@/27(09(23!'%&'!dCeX!&[/(6&2@4!>&)!/@@A00(23#!!
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!

?-*#(&!N;LT;!*&A))(&2!@+A)'40)! 7/0!0(23WZ&)46!@&+@A+&'(/2)!A)(23! 7/A0!6(774042'!0(23)#!

M%4)4!7/A0!0(23)!>404!&+)/!)AZ)'('A'46!>('%!"!\!24(3%Z/A0!4('%40!&)!K&0'!/7!'%4!0(23!/0!

&)! &! 24^'! 24&04)'! 24(3%Z/A0! '/! '%4! Z/0&'4! 0(23)#! c&@%! 0(23! %&)! <! [&0(&2')! _6A4! '/!\!

)AZ)'('A'(/2a! 7/0! &! '/'&+! /7! "-! 0(23)! /K'(9(]46! 7/0! GE1! @&+@A+&'(/2)#! J++! )'0A@'A04)!

>404! '409(2&'46! A)(23! %Q60/342! &'/9)! '/! 7(++! [&+42@Q#! M%4! @+A)'40)! @/2'&(2! Z/0/2!

_Z+A4a!&26!/^Q342!_046ab!%Q60/342!&'/9)!>404!049/[46!7/0!@+&0('Q#!c&@%!0(23!@/2'&(2)!

&!243&'([4!@%&034!/2!'%4!dCeX!K/+Q%460&!K04)42'!>('%(2!'%4!0(23#!
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?-*#(&! N;LW;! 8&+@A+&'46! *&A))(&2R<! @%49(@&+! )%(7')! 7/0! ""X! /7! dCeX! >('%! 6(774042'!

[&2&6(A9! 24(3%Z/A0)! &26! 0(23! 42[(0/2942')#! M%4! )/+(6! +(24)! 04K04)42'! dCeX! >('%!

6(774042'! Z/0/2! &26! [&2&6(A9! 24(3%Z/A0)! _:(3A04! C#";a! >%(+4! '%4! 6/''46! +(24)!

04K04)42'! dCeX! (2! )4+4@'! 0(23! 7/09&'(/2)! >%404! _Da! 6(Z/0&'4b! _Sa! K42'&Z/0&'4b! _Ma!

'0(Z/0&'4!&26!_DMa!6('0(Z/0&'4!_:(3A04!C#"Pa#!M%4!)AK40)@0(K'!\!)(9K+Q! (26(@&'4)! '%&'!

'%4!@&+@A+&'46!0(23!)'0A@'A04!@/2'&(246!&![&2&6(A9!)AZ)'('A'(/2!>('%(2!'%4!0(23#!

4.2.3. Discussion 

4.2.3.1. Boron Speciation 

""X! EJ.! GE1! 6&'&! )%/>! 6()'(2@'! Z4%&[(/0&+! 6(774042@4)! Z4'>442! tgR#-! &26! tjR#-!

_:(3A04!C#"<a#!M%4!+(24&0!Z4%&[(/A0!7/0!tgR#-!&KK0/&@%4)!&!9&^(9A9!*C![&+A4!/7!R#<P!

&'! 1gR#Pb!>%404&)! '%4! %(3%40!t! [&+A4)! 04&@%! &!9&^(9A9!*C! /7! R#C! &'! 1g"#R#! M%()! ()!

6(774042'! 70/9! '%4! +(3%'40! &+Y&+(! Z/0/[&2&6&'4)b! >%404! *C! 9&^(9&! &04! 04&@%46! &'!

mFRw!Z4'>442!1g"#R!'/!"#-#!84)(A9!04TA(04)!%(3%40![&2&6(A9!+/&6(23)!'/!04'&(2!dCeXb!

!"#$"% !"#$&% !"#$'% !"#$(% !"#$)%

DV PV DT DV
TV

P DDTV T
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(26(@&'(23! &! K0474042@4! 7/0! d<eX! GX5)! &)! )442! 7/0! '%4! Z(2&0Q! Z/0&'4)#HR! :(3A04! C#"R!

@+4&0+Q! (++A)'0&'4)! '%()! 4774@'! &)! '%4! )4@/26W/0640! TA&60AK/+&0! )%&K4! @%&234)! 70/9!

&^(&+! )Q994'0Q! _M<a! '/! 2/2W&^(&+! &)Q994'0Q! (26(@&'(23! M-! 7/09&'(/2#! :(3A04! C#"-!

)%/>)!EUEJ.!6&'&! 7/0! 7/A0!tgR#-! 8)X\! 3+&))4)! &26! '%4! @%49(@&+! )%(7'! @%&234! '%&'!

/@@A0)!&)!'%4!M-!A2(')!7/09#!

! M%4!2&00/>(23!/7! '%4! dCeX!04)/2&2@4!&)!1! (2@04&)4)!@&2!Z4!A2640)'//6!ZQ!'%4!

7/09&'(/2!/7!GX5)!/2![&2&6(A9#!?/>W@4)(A9!Z/0/[&2&6&'4)!%&[4!)4[40&+!K/))(Z+4!X5!

42[(0/2942')! _dCeXW5Wd<eX! &26! dCeXW5WdCe\Vb! >%404! V! ()! '%4! 2A9Z40! /7! [&2&6(A9!

24(3%Z/A0)! 0&23(23! 70/9! R! '/! Ca#! J)! @4)(A9! (2@04&)4)b! '%4! [&2&6&'4! A2(')!

64K/+Q940(]4!'/!7/09!UR!K/+Q%460&b!2/!+/2340!&Z+4!'/!K&0'(@(K&'4!(2!Z0(63(23!/^Q342)!

'/!dCeX#!.(2@4!dCeX!&04!)'(++!K04)42'!&26!2446!'/!Z4!Z0(6346b!'%4!049&(2(23!d<eX!&04!24^'W

24&04)'! 24(3%Z/A0)b! (2@04&)(23! '%4! +/@&+! /0640b! '%A)! 2&00/>(23! '%4! 04)/2&2@4#! M%()!

&2&+Q)()! ()! )(9(+&0! '/! '%&'! (2! Z/0/)(+(@&'4)!>('%! )(+(@/2! 24(3%Z/A0)! /2! dCeX#! =/>4[40b!

'%4)4!3+&))4)!6/!)%/>!6(774042'!@%&034WZ&+&2@(23!@%&0&@'40()'(@)!'%&2!(2!Z/0/)(+(@&'4)b!

&)!Z/'%![&2&6(A9!&26!Z/0/2!)%&04!'%4!@4)(A9!@&'(/2)!>%(@%!()!2/'!'QK(@&++Q!/Z)40[46!

(2! 3+&))! )@(42@4#"HP! M%()! 6/4)! )449! @/A2'40W(2'A('([4! &)! '%4! 3+&))! Z4@/94)! 9/04!

64K/+Q940(]46! _(#4#b! %(3%40!6()/0640a!ZA'! '%4! +(9('46! )K4@(4)! '%&'! @&2!Z/26!>('%! dCeX!

64@04&)4)b!%42@4!/A0!K0/K/)&+!7/0!>%&'!()!/@@A00(23!>('%(2!'%4!dCeX!04)/2&2@4#!

! dCeX! 946(A9W0&234! /0640! ()! /Z)40[46! 7/0! Z/'%! @4)(A9! &26! +('%(A9!

Z/0/[&2&6&'4)b!>%(@%!()!&Z)42'!(2!+('%(A9!Z/0&'4)!&26!Z/0/)(+(@&'4)#!$4!K0/K/)4!'%&'!

'%4! 4774@'! >('24))46! (2! '%4)4! )Q)'49)! ()! @&A)46! ZQ! [&2&6(A9! 24(3%Z/A0)! /2! dCeX!

>%404&)!7/0!'%4!+('%(A9!Z/0&'4!3+&))!('! ()!'%4!&+Y&+(!'%&'!@&A)4)!9A+'(K+4! dCeX!)('4)!_@7#!

8%&K'40!<#-a#!M%4!K/))(Z+4!4774@')!/2!24(3%Z/A0)!)'A6(46!A)(23!*&A))(&2!@&+@A+&'(/2)!
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_)44!&Z/[4a!&3044!>('%!'%4!4^K40(942'&+!6&'&b!)A334)'(23!'%&'!4('%40!)AK40)'0A@'A04)!

/0! [&2&6(A9! 24(3%Z/A0)! @&A)4! '%4! )4@/26! dCeX! 04)/2&2@4#! $4! @&2! 049/[4!

)AK40)'0A@'A04)! 70/9! '%4! 4TA&'(/2! &)! d<eX! (2! 0(23)! >404! 2/'! )442! 70/9! EUEJ.!

4^K40(942')#! M%4! *&A))(&2! @&+@A+&'(/2)! (26(@&'46! '%&'! '%4! dCeX! 04)/2&2@4)! @&2! Z4!

&))(3246!'/!dCeXi"d<eXb<dCe\!&26!dCeXi-d<eXb-dCe\#!8/2)(640(23!'%4!04+&'([4!70&@'(/2)!/7!\iXb!

('!>/A+6!)449!9/04!+(Y4+Q!7/0!'%4)4!'/!Z4!dCeX!>('%!<!d<eX!&26!"!\5C!&26!dCeX!>('%!Cd<eX#!

X&)46!/2!'%4!@&+@A+&'(/2)!&26!/A0!6&'&!>4!@&2!'42'&'([4+Q!&))(32!'%4)4!04)/2&2@4)!&)!

dCeX! &)! dCeXiCd<eX! _m!R#F!KK9a! &26! '%4!%(3%40! 704TA42@Q!K4&Y! _m-!KK9a! @/2'&(2(23! &!

)(23+4!\5C!24(3%Z/A0#!

4.2.3.2. Vanadium-51 MAS NMR 

4.2.3.2.1. K=0.2, 0.4 and 0.6 Borovanadate Series 

M%4!@0Q)'&++(24!@4)(A9![&2&6&'4)!+&Q!'%4!7/A26&'(/2!7/0!&))(32(23!'%4!)'0A@'A04)!(2!'%4!

3+&))4)b!&)!>&)!'%4!@&)4!7/0!?(X\#!:/0!&++!3+&))4)!)'A6(46!&2!(2@04&)4!(2!1!@&A)46!&!)%(7'!

'/! %(3%40! 704TA42@Q#! J))A9(23! '%&'! '%4! 4^()'(23! +('40&'A04! >&)! (2@/004@'! 7/0! '%4!

@0Q)'&++(24! @4)(A9!/0'%/[&2&6&'4! )&9K+4b! '%()! @&2! Z4! &''0(ZA'46! '/! '%4! 7/09&'(/2! /7!

GX5)#!tgR#-b!1gR!%&)!&!`@3)!/7!WIFR!õ!-R!KK9b!(26(@&'(23![&2&6(A9!(2!&!7([4W@//06(2&'4!

Z0(63(23! /^Q342! )K4@(4)!>('%! &!9/640&'4! TA&60AK/+&0! (2'40&@'(/2! _n! <#C!E=]a#! M%4!

&66('(/2!/7!8)l!&+)/!@&A)4)!'%4!F"\!04)/2&2@4!'/!2&00/>!_:(3A04!C#"Ca!&)!&!04)A+'!/7!&!

@%&234!(2!+/@&+!42[(0/2942'!_K)4A6/W'4'0&%460&+a!&)!'%4!@/2[40)(/2!70/9!\5F!!!\5C"W!

!! \5C<W! /@@A0)p! &2! &+'402&'([4! 4^K+&2&'(/2! 7/0! '%()! /Z)40[&'(/2! ()! &! 64@04&)4! (2!

)'0A@'A0&+! [&0(&'(/2#! M%4! F"\! <UEJ.! 4^K40(942'! A27/0'A2&'4+Q! 6(6! 2/'! 04)/+[4!

9A+'(K+4! )('4)b! &)! '%4! )K4@'0A9! 6()K+&Q46! &! @%&0&@'40()'(@! 3+&))! 04)/2&2@4! 04)A+'(23!
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70/9!&!6()'0(ZA'(/2!(2!)%(4+6(23)#!!B+'0&W%(3%!7(4+6!&26!7&)'!EJ.!_IF!Y=]a!&+)/!7&(+46!'/!

(9K0/[4! 04)/+A'(/2! &)! '%4! 04)/2&2@4! (2@04&)46! (2! Z04&6'%! &'! %(3%40! 7(4+6)#! M%()!

/@@A0046! &)! '%4! 6/9(2&'(23! (2'40&@'(/2! ()! &! 6()'0(ZA'(/2! (2! )%(4+6(23)! _[&0(&'(/2! (2!

Z/26!+423'%)!&26!&23+4)a!0&'%40!'%&2!&!6()'0(ZA'(/2!/7!8U)#!:/0!'%()!04&)/2b!?&K(2&!4'!

&+#!)A334)'!7&)'!)K(22(23!&26!+/>40!7(4+6)#-R-!J!74>!)(9K+4!)(9A+&'(/2)!A)(23!$./+(6)Ö!

K0/[(646!)/94!4[(642@4!'%&'!'%()!@/A+6!Z4!&2!/K'(/2!(7!>4!A)46!A+'0&!7&)'!EJ.!&'!+/>!

7(4+6! _m! H#C! Ma#! =/>4[40b! EUEJ.!>/A+6! Z4! 04TA(046! &)! '%4! .5Uc!9&Q! 2446! '/! Z4!

@/2'42646!>('%!&'!+/>40!7(4+6)#--C!!

! J! @/004+&'(/2! Z4'>442! '%4! /2)4'! /7! GX5)! /2! Z/0/2! &26! '%4! F"\! `@3)! K+&'4&A!

/@@A0)!&'!&!@/9K/)('(/2!/7!1gR#P!'/!1g"#!X4Q/26!1g"#R!dCeX!Z04&Y!6/>2!(26(@&'(23!'%4!

7/09&'(/2!/7!GX5)!/2!Z/0/2!>%(+4!'%4![&2&6(A9!`@3)!&04!7/A26!>('%(2!'%4!U"!&26!UR!

043(/2)#!M%()!649/2)'0&'4)!@+4&0+Q!'%4!)%&0(23!Z4'>442!Z/0/2!&26![&2&6(A9!)K4@(4)#!!

! M%4!tgR#C!&26!tgR#I!@4)(A9!Z/0/[&2&6&'4!3+&))! )40(4)! )%/>!&Z0AK'! @%&234)!

70/9!1gR#<!'/!1gR#Cb!>%404!'%4!8M!)%(7')!ZQ!;R!KK9!&26!2&00/>)!)+(3%'+Q!_)(9(+&0!'/!

tgR#-b! :(3A04!C#"Ca#!M%()! ()! 7/++/>46!ZQ!&2/'%40!60&)'(@! )%(7'!/7!CR!KK9!&26! 7A0'%40!

2&00/>(23! _3/(23! 70/9!U-! '/!U"hRb!:(3A04!C#-Ra#!M%4)4!)'0A@'A0&+! @%&234)! (2![&2&6(&!

A2(')!_dFe\!'/!dCe\a!&)!&!%4&[Q!9/6(7(40!()!&6646!)A334)'!9/04!647(246!+/@&+![&2&6(A9!

)'0A@'A04)! '%&2! (2! '%4! +('%(A9! Z/0/[&2&6&'4)b! >%(@%! 4^%(Z('46! )9//'%40! [&2&6(A9!

)%(7')!'/!%(3%40!704TA42@Q#!!
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?-*#(&!N;JK;! F"\!EJ.!GE1!/7! @4)(A9!Z/0/[&2&6&'4!tgR#C! _)(9(+&0!4774@'! 7/0!tgR#Ia!

3+&))#!8/9K&0(23!'%4)4!)%(7')!'/!@/9K&0&Z+4!?(X\!3+&))4)!'%()![&2&6(A9!)%(7'!'/!%(3%40!

704TA42@Q!/@@A0)!&'!+/>40!@/2@42'0&'(/2)#!

!

! $4! )K4@A+&'4! '%&'! '%4! &Z0AK'! @%&234)! '%&'! /@@A0! &)! '%4! Z/0/[&2&6&'4! 3+&))!

64K/+Q940(]4)!&04! @&A)46!ZQ! '%4! +&0340! )(]4!/7! @4)(A9!&26! (')! )'0/23!K0474042@4! 7/0!

GX5)#! $4! @&2! '&Y4! '%()! (64&! &! )'4K! 7A0'%40! &26! )A334)'! @4)(A9! )%&0(23! Z4'>442!

[&2&6(A9! &26! Z/0/2! ()! 2/'! FRhFR! &)! ()! 4^K4@'46! '/! /@@A0! 7/0! +('%(A9! &26! )/6(A9!

Z/0/[&2&6&'4! 3+&))4)#"Rb";Pb";H! L7! Z/'%! [&2&6(A9! &26! Z/0/2! >404! )%&0(23! '%4! 8)l!

4[42+Qb! &! 30&6A&+! (2@04&)4! (2! dCeX! &@@/9K&2(46! >('%! &! Z04&Y(23! 6/>2! /7! [&2&6(A9!

_7/09(23! GX5)a! >/A+6! Z4! 4^K4@'46b! &)! )442! (2! '%4! @&)4! 7/0! +('%(A9! Z/0/[&2&6&'4!

3+&))4)#! M%4! @4)(A9! Z/0/[&2&6&'4! 3+&))4)! )%/>! &! TA(@Y! Z04&Y6/>2! /7! [&2&6(A9!
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K/+Q%460&b!'%&'!()!K0474042'(&++Q!7/09(23!U"hUR!)K4@(4)!7&)'40!'%&2!7/0!+('%(A9b!)(9(+&0!

'/!>%&'!()!)442!(2!+('%(A9!&26!@4)(A9!Z/0&'4)#HR!!

4.2.3.3. Cesium-133 Exchange Spectroscopy  

84)(A9!cV.q!>&)!&+)/!&''49K'46!'/!64'409(24!>%4'%40!@4)(A9!()!9/Z(+4!>('%(2!'%4)4!

K%&)4)#!E/Z(+('Q!)%/A+6!64@04&)4!7/0!'%4!%4&[(40!8)l!&26!>/A+6!Z4!4^K4@'46!'/!Z4![40Q!

)+/>b! (7! &'! &++#!14@&++(23! '%&'! '%4! +('%(A9!Z/0/[&2&6&'4)! )%/>46!?(l!9/Z(+('Q!>('%!&2!

(2@04&)4!(2!'49K40&'A04b!&2!(2@04&)4!(2!+/&6(23!/0!&2!(2@04&)4!(2!9(^(23!'(94!/@@A0046!

_(#4#b!cV.q!64K%&)(23a#!B)(23! '%4)4!@0('40(&!&)!&!Z&)()b!&!%(3%W1!@4)(A9!Z/0/[&2&6&'4!

3+&))!>&)!%4&'46!&26!&@TA(046!A)(23!"<<8)!EJ.!GE1!cV.q!4^K40(942'b!&)!'%()!>/A+6!

Z4!'%4!9/)'!+(Y4+Q!@&26(6&'4!7/0!@4)(A9!6Q2&9(@)#!8)X\!tgR#C!&26!1g"#I!>&)!%4&'46!

'/!IR/8!_+(9('46!ZQ!'%4!K0/Z4a!A)(23!9(^(23!'(94)!Z4'>442!"RR!v)!'/!;RR!9)!_:(3A04!

C#-"a#!J'!+/23!9(^(23!'(94)!_R#;!)a!+(''+4!64K%&)(23!>&)!/Z)40[46b!>%(@%!()!)A334)'([4!

/7! +(''+4! '/!2/!9/'(/2!/@@A00(23! _K40%&K)!@&34! 0&''+(23a#!c&0+(40! (2!8%&K'40!<b! @4)(A9!

Z/0&'4)!3+&))4)!>404!)'A6(46!&26!>4!)A334)'46!)+/>!9/Z(+('Q!/7!0&''+(23!8)lb!K0/Z46!

A)(23! 1cD51#! =/>4[40! '%4)4! Z(2&0Q! Z/0&'4)! >404! )'A6(46! &Z/[4! '49K40&'A04)! /7!

IR/8#!=(3%40!'49K40&'A04!>/A+6!Z4!&2!&))4'!'/!7A0'%40!K0/Z4!&26!A2640)'&26!K/))(Z+4!

9/Z(+('Q!(2!@4)(A9!Z/0/[&2&6&'4!3+&))4)b!&)!/A0!@A0042'!K0/Z4!6/4)!2/'!&++/>!7/0!'%()#!
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?-*#(&!N;JL;!"<<8)!EJ.!GE1!cV.q!)K4@'0&!/7!8)X\!tgR#C!1g"#I!3+&))!_&a!'9(^!/7!"RR!v)!

&26!_Za!'9(^!/7!;RR!9)#!

4.2.4. Summary 

84)(A9! Z/0/[&2&6&'4! 3+&))4)! 4^%(Z('! )(9(+&0! [&2&6(A9! )K4@(&'(/2b! &)! )442! (2! '%4!

+(3%'40!+('%(A9!Z/0/[&2&6&'4!)K4@(4)#!M%4!@4)(A9!@&'(/2)!&04!@%&034WZ&+&2@46!ZQ!Z/'%!

dCeX! &26!GX5)!/2! [&2&6(A9!K/+Q%460&#!\&2&6(A9!64K/+Q940(]4)!9/04!TA(@Y+Q!>('%!

@4)(A9! &66('(/2! '%&2! >('%! +('%(A9b! (26(@&'(23! &! )'0/2340! K0474042@4! 7/0! 8)W\5C!

(2'40&@'(/2)!&26!GX5)!&)!)442!7/0!Z(2&0Q!3+&))4)#!M%4!+&034)'!6(774042@4)!Z4'>442!'%4!

@4)(A9!&26!+('%(A9!Z/0/[&26&'4)!&04!'%4!9&^(9A9![&+A4)!/7!*C!'%&'!&04!04&@%46#!M%4!

&@'A&+! 70&@'(/2! 7/0! '%4! @4)(A9! Z/0/[&2&6&'4)! _tgR#-! '/! R#Ia! &04! +/>40! _m<;w! dCeX!

[40)A)!mCIw!dCeXa!ZA'!'%4!9&^(9A9!*C!&+)/!/@@A0!&'!+/>40!&+Y&+(! +/&6(23)!_1gR#;!'/!

"#R![40)A)!1g"#RW"#-a#!M%()!&3044)!TA&+('&'([4+Q!>('%!Z(2&0Q!Z/0&'4!3+&))4)!&)!@4)(A9!

K04740)!X5<!&26!\5C!K/+Q%460&!Z4&0(23!GX5)!&'!%(3%40!&+Y&+(!+/&6(23)#!J)!+('%(A9!&26!

@4)(A9!Z/0/[&2&6&'4!3+&))4)!%&[4!2/'!Z442!)'A6(46!A)(23! F"\!EJ.!GE1! (2! '%4!K&)'!

'%4)4! 04)A+')! @/2'0(ZA'4! (2! 043&06)! '/! '%4! )'0A@'A0&+! 6(774042@4)! '%&'! /@@A0! (2!
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Z/0/[&26&'4)#! J66('(/2&++Qb! '%()! ()! '%4! 7(0)'! )'A6Q! >4! &04! &>&04! /7! /2! @4)(A9!

Z/0/[&2&6&'4)! &26! )%/>)! K0/9()4! 7/0! '%4)4! 'QK4)! /7! 3+&))4)! '/! Z4! )'A6(46! (2! '%4!

7A'A04! A)(23!EJ.!GE1#! M%4)4! 04)A+')! &04! /7! (2'404)'b! &)! ('! ()! @/99/2+Q! '%/A3%'! &++!

&+Y&+(! /^(64)! Z4%&[4! )(9(+&0+Q! (2! /^(64! 3+&))4)! _(#4#b! 2/! )(]4! 4774@'a#! L2! 8%&K'40! <!>4!

)%/>46! +('%(A9! &26! @4)(A9! @&A)4! 6(774042@4)!>('%(2! '%4! Z/0&'4! 24'>/0Y! &)! @4)(A9!

@&A)46! &! %(3%40! 70&@'(/2! /7! GX5)#! M%()! 4774@'! ()! &+)/! )442! %404! >('%(2! '%4! '402&0Q!

Z/0/[&2&6&'4)#! L'! ()! K0/9(242'! (2! Z/'%! '%4! ""X! &26! F"\!EJ.!GE1! 04)A+')! (26(@&'(23!

6()'(2@'!)K4@(&'(/2!K0474042@4)!7/0!@4)(A9!&26!+('%(A9!9/6(7(40)#!
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5. Model Nuclear 

Waste Borosilicates 

GA@+4&0!K/>40!%&)!Z442!94'!ZQ!&2!&))/0'942'!/7!K/)('([4!&26!243&'([4!K04))#!L'!@/A+6!

&++4[(&'4!'%4!)'04))!/7!@A0042'!85-!K0/6A@'(/2b!42&Z+(23!&3426&)!)4'!/A'!ZQ!'%4!tQ/'/!

K0/'/@/+! '/! Z4! 94'b! >%(+4! K0/[(6(23! &77/06&Z+4! 42403Q! '/! Z/'%! 64[4+/K(23! &26!

(26A)'0(&+! 2&'(/2)#! 5'%40! )/A0@4)! )A@%! &)! >(26b! )/+&0! &26! %Q60/! >/A+6! &+)/! Z4!

49K+/Q46#!M%4!)&74'Q!&26!>&)'4!@/2@402)!&))/@(&'46!>('%!2A@+4&0!K/>40!&04!@/99/2!

6/>27&++)b!@/2'(2A&++Q!6()@A))46!&0/A26!'%4!>/0+6#!8&2&6&{)!0/+4!(2!2A@+4&0!K/>40!%&)!

Z442!)(32(7(@&2'b! (2! 043&06)! '/! 04&@'/0!64[4+/K942'!&26!A0&2(A9!)AKK+(4)b! &)!/24!/7!

'%4! +&034)'! A0&2(A9! 9(24)! (2! '%4! >/0+6! ()! +/@&'46! (2! '%4! J'%&Z&)@&! X&)(2b!

.&)Y&'@%4>&2#--F!!

! .K42'! A0&2(A9! @&2! /7'42! Z4! 04K0/@4))46! )/! '%&'! &2/'%40! 7A4+! @Q@+4! @&2! Z4!

@&00(46!/A'#!M%4!A0&2(A9!04TA(04)!04K0/@4))(23!'/!049/[4!'%4!7())(/2!ZQWK0/6A@')!'%&'!

/@@A0046!&)!&!04)A+'!/7!'%4!2A@+4&0!04&@'(/2#!M%()!>&)'4!_m<R!'/!CR!Y3!K40!'/2!/7!+/&646!

7A4+a!@/2'&(2)!&![&0(4'Q!/7!7())(/2!K0/6A@')p!)/94!'%&'!&04!@/2)(64046!%(3%!+4[4+!>&)'4!

(2@+A64! "<F8)b! "<;8)b! H<f0b! HR.0b! 4'@#--I! ?/>b!946(A9! &26! %(3%! +4[4+)! /7! >&)'4! &04! &++!

'04&'46!A)(23!6(774042'!94'%/6)#!?/>W+4[4+!>&)'4!()!64&+'!>('%!ZQ!'%4!A)4!/7!04'42'(/2!

K/26)b! &++/>(23! 7())(/2! K0/6A@')! >('%! )%/0'40! %&+7W+([4)! '/! 64@&Q#! M%4)4! &04! '%42!

KA0(7(46! Z47/04! '%4! 64@&Q46! 7())(/2! K0/6A@')! &04! 04+4&)46! (2'/! '%4! 42[(0/2942'#!
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E46(A9W+4[4+!>&)'4!@&2!Z4!%&26+46!(2!&![&0(4'Q!/7!>&Q)b!>('%!'%4!@A0042'!'0426!Z4(23!

(2@(240&'(/2#! M%()! 94'%/6! @/2642)4)! '%4! &9/A2'! /7! 9&'40(&+b! >%(@%! ()! '%42!

(2@/0K/0&'46! (2'/! @4942'! 7/0! +/23W'409! )'/0&34#! M%4! +/>! &26! 946(A9! +4[4+! >&)'4!

&@@/A2')! 7/0! 9/)'! /7! &++! 2A@+4&0! >&)'4! @04&'46! 70/9! 42403Q! K0/6A@'(/2#--;b--P! M%4!

049&(2(23!>&)'4!()!64)(32&'46!&)!%(3%W+4[4+!+(TA(6!>&)'4!&26!04K04)42'!'%4!64&6+(4)'!

2A@+4&0! )K4@(4)b! (2@+A6(23! )K4@(4)! K/))4))(23! %&+7W+([4)! /2! '%4! /0640! /7! '42)! '/!

'%/A)&26)! /7! Q4&0)#!$&)'4! /7! '%()! )/0'! ()! @/99/2+Q! 64&+'!>('%! ZQ!9(^(23! '%4!>&)'4!

)'04&9!(2'/!&!@/9K+4^!94+'!@/9K0()46!/7!Z/0/)(+(@&'4!3+&))#!M%4!Z/0/)(+(@&'4!9A)'!Z4!

&Z+4! '/! (2@/0K/0&'4! <R! '/! FR! [&0(/A)! /^(64)! >%(+4! Z4(23! )+/>+Q! [('0(7(46! (2'/! &!

%/9/3424/A)! 3+&))#! M%()! 4^K42)([4! 94'%/6! %&)! Z442! >4++! )'A6(46b! ()! )&74! &26! ()!

A2640)'//6#!5A0!3/&+)!7/0!'%4)4!9&'40(&+)!&04!'/!(9K0/[4!+/&6(23!+4[4+)b!+/>40!94+'(23!

'49K40&'A04)!&26!9&(2'&(2!)'0423'%!&26!(2'430('Q!>%(+4!+/>40(23!@/)')b!9&Y(23!'%()!&!

9/04!&''0&@'([4!K0/@4))#!

5.1. Cesium Vaporization within 

Borosilicates 

J+Y&+(! Z/0/)(+(@&'4)! @&2! Z4! A2640)'//6! A)(23! '%4! )&94! Z&)(@! K0(2@(K+4)! &)! &+Y&+(!

Z/0&'4)b! 4^@4K'!>('%! '%4! &6646! 6(942)(/2! /7! )(+(@&'4! )K4@(&'(/2! &26! 04&@'([('Q#! .(5-!

(2@04&)4)!'%4![()@/)('Q!&26!94+'(23!K/(2'b!@04&'(23!&!3+&))!'%&'!()!9/04!>&'40!04)()'&2'!

_9/)'!Z/0&'4)!&04!>&'40!)/+AZ+4a#!J2!(2@04&)4!(2!*C!/@@A0)!&)!)(+(@/2!6(+A'4)!'%4!Z/0&'4!

24'>/0Y! &26! 64@04&)4)! '%4! /@@A0042@4! /7! '%4! %(3%+Q! A27&[/0&Z+4! dCeXW5WdCeX! Z0(634)#!

8%&034! Z&+&2@4! Z4'>442! X-5<! &26! .(5-! %&)! Z442! >4++! )'A6(46! ZQ! X0&Q! 4'! &+#b! >%/!

64[4+/K46!&!@%&034!9/64+!64)@0(Z(23!%/>!'%4!24'>/0Y!@%&234)!'/!&@@/99/6&'4!'%4!
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&+Y&+(!9/6(7(40#"HH! B)(23! )/6(A9! Z/0/)(+(@&'4! 3+&))4)! '/! 'QK(7Q! &+Y&+(! Z/0/)(+(@&'4)b! (2!

34240&+!D4++!&26!X0&Q!)'A6(46!'%4!4774@')!/2!+/@&+!K/+Q%460&!&26!64'409(246!'%&'!'%4!

Z/0&'4!)K4@(4)!A26403/!@/2[40)(/2!'/! dCeX!70/9!d<eX#!M%4!9&^(9A9!(2!*C!64K426)!/2!

'%4! 0&'(/! /7! .(5-hX-5<b! t#! J)! &+Y&+(! /^(64! ()! &6646b! X5<! @/2[40')! '/!X5CW! '/!9&(2'&(2!

@%&034!@/9K42)&'(/2! 70/9!'%4!&+Y&+(!9/6(7(40b! (2! 'A02! (2@04&)(23!'%4!@/224@'([('Q!/0!

643044! /7! K/+Q940(]&'(/2! (2! '%4! 3+&))#! J'! )/94! K/(2'! &! 9&^(9A9! *C! ()! 04&@%46!

_64K426(23!/2!&+Y&+(!&26!)(+(@/2!@/2@42'0&'(/2ab!&26!)(+(@&'4!A2(')!_UCa!Z43(2!'/!Z04&Y!

6/>2b!7/09(23!GX5)!_4#3#b!U<a#!:A0'%40!&+Y&+(!+/&6(23!@&A)4)!'%4!7/09&'(/2!/7!GX5)!/2!

Z/0/2!_(#4#b! dCeX!64@04&)4)!>%(+4!M-)! 7/09a#! L2!'%4!K&)'!'42!Q4&0)!)/94!&)K4@')!/7! '%()!

9/64+! %&[4! @/94! (2'/! TA4)'(/2b! )A@%! &)! '%4! 7/09&'(/2! /7! U<! Z43(22(23! &'! &! +/>40!

+/&6(23!'%&2!K046(@'46b!%/>4[40!'%4!34240&+!'0426!049&(2)![&+(6#-RRb-RFb--HW-<-!

! 84)(A9!Z/0/)(+(@&'4!@&2!Z4!A2640)'//6!&)!&!%(3%+Q!)(9K+(7(46!9/64+!7/0!2A@+4&0!

>&)'4!3+&))4)#!L')!)'A6Q!@&2!&(6!(2!A2640)'&26(23!'%4!2&'A04!/7!8)l!_&!6&A3%'40!K0/6A@'!

70/9! -<FB! 7())(/2a! (2@/0K/0&'(/2! 6A0(23! [('0(7(@&'(/2! /7! %(3%W+4[4+! >&)'4#! M>/!

K&0'(@A+&0! ()/'/K4)b! "<;8)! _'"h-!m<R!Q4&0)a! &26! "<F8)! _'"h-!m-<!^!"RF! Q4&0)a! &04! +/23W

+([46! K0/6A@')! '%&'! 64@&Q! '/! Z&0(A9! 6A0(23! +/23W'409! )'/0&34#-<<b-<C! $('%! 04@42'!

)'A6(4)! /2! )/6(A9! Z/0/)(+(@&'4)! K0/[(6(23! 4[(642@4! /7! )/6(A9! Z/0&'4! )K4@(4)! Z4(23!

[/+&'(+4! &'! 'QK(@&+! 3+&))! K0/@4))(23! '49K40&'A04)"R<b--HW-<"b-<Fb-<Ib! @/2@402! )A00/A26)!

@4)(A9!(2@/0K/0&'(/2b!)'&Z(+('Q!&26![/+&'(+('Q#!

! 84)(A9![/+&'(+('Q!(2!&!9/64+!2A@+4&0!>&)'4!3+&))!%&)!Z442!)'A6(46!(2!&!)40(4)!/7!

@4)(A9! Z/0/)(+(@&'4)! '%&'! >404! '04&'46! 7/0! 6(774042'! %4&'(23! '(94)#! M%044! K&0'(@A+&0!

&)K4@')! /7! (2'404)'! (2@+A64! '%4! )'0A@'A0&+! 4774@')! /2! '%4! Z/0/)(+(@&'4! 24'>/0Y! &)! &!

7A2@'(/2!/7!%4&'(23!'(94b!'%4!4774@'!/2!"<<8)!@%49(@&+!)%(7'!&)!%4&'(23!'(94!()!(2@04&)46b!
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&26! '%4! 4@%/! (2'42)('Qb! &)! ('! )%/>)! K0/9()4! (2! (642'(7Q(23! @%&234)! (2! @4)(A9!

@/2@42'0&'(/2)#!

5.1.1. Materials and Methods 

5.1.1.1. Sample Preparation  

J! '%044! 30&9! Z&'@%! /7! @4)(A9! Z/0/)(+(@&'4! >('%! &! @/9K/)('(/2! /7! tg-! &26! 1gR#F!

_"C#<8)-5!-P#IX-5<!F;#".(5-! Ñ! (2! 9/+! wa! >&)! )Q2'%4)(]46! 70/9! 64%Q60&'46! Z/0(@!

&@(6!_X-5<ab!.(5-!&26!8)-85<#!!J7'40!4^'42)([4!9(^(23!/7!'%4!2/9(2&+!Z&'@%!@/9K/)('(/2!

(2!&2!&3&'4!9/0'&0!&26!K4)'+4b!'%4!)&9K+4)!>404!6([(646!4TA&++Q!(2'/!)4[42!)&9K+4)#!

c&@%!>&)!%4&'46!'/!IRR/8!>('%(2!&!Z/^!7A02&@4!'/!&++/>!7/0!64@&0Z/2&'(/2b!>%(@%!>&)!

[40(7(46! ZQ!9&))W+/))!94&)A04942')#! M%4)4! K/>640)!>404! 04W30/A26! &26! K+&@46! (2!

f*.! _](0@/2(&! 30&(2! )'&Z(+(]46a! K+&'(2A9h3/+6_Fwa! %(3%W'49K40&'A04! @0A@(Z+4)! &26!

%4&'46!'/!"<FR/8!7/0!'%4!)K4@(7(46!'(94!_Z4'>442!"!&26!IR!9(2A'4)a!(2!&2!(240'!&03/2!

&'9/)K%404! _<! ?h%0! 7+/>! 0&'4a#! E4+')! >404! TA42@%46! A)(23! 64(/2(]46! >&'40! &26!

@%4@Y46!7/0!%/9/3424('Q!&26!@0Q)'&++(2('Q!ZQ!K/+&0(]46!+(3%'!9(@0/)@/KQ#!

5.1.1.2. X-ray Powder Diffraction  

*+&))4)!'%&'!&KK4&046!'/!%&[4!@0Q)'&++(24!K%&)4)!>404!30/A26!A)(23!&2!&3&'4!9/0'&0!

&26!K4)'+4!&26!&))4))46!A)(23!&!SJGJ+Q'(@&+!V{S40'!S0/!X0&33WX042'&2/!K/>640!^W0&Q!

6(770&@'/94'40!4TA(KK46!>('%!&!8A!té!0&6(&'(/2!)/A0@4b!&2!V{84+40&'/0!64'4@'/0!&26!&!

G(W7(+'40! 6(770&@'46! Z4&9#! J++! 6&'&! >404! @/++4@'46! &'! 0//9! '49K40&'A04! A)(23! &! -ñ!

0&234!/7!F/!'/!PR/!&'!R#R"I;/!(2@04942')!>('%!&!;F)!)'4K!'(94#!S/>640)!>404!9/A2'46!

A)(23!304&)4!/2!&!)(23+4W@0Q)'&+!TA&0']!_.(5-a!]40/!Z&@Y30/A26!)&9K+4!%/+640#!
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5.1.1.3. Inductively coupled plasma optical emission 

Spectroscopy 

M%044! )&9K+4)! _%4&'46! 7/0! <b! "F! &26! IR! 9(2A'4)a! >404! 6(34)'46! _m"RR! 93a! >('%!

@/2@42'0&'46!=:!&26!&2&+Q]46! 7/0! @4)(A9!&26!Z/0/2!ZQ! (26A@'([4+Q! @/AK+46!K+&)9&!

/K'(@&+!49())(/2!)K4@'0/)@/KQ!A)(23!&!\&0(&2!?(Z40'Q!-RR#!.(+(@/2!@&22/'!Z4!&2&+Q]46!

6A4! '/! '%4! [/+&'(+('Q! /7! .(:Cb! >%(@%! ()! @04&'46! 6A0(23! 6(34)'(/2! >('%! =:b! K04@+A6(23!

04+(&Z+4!.(!94&)A04942')#!

5.1.1.4. Electron Microprobe Analysis 

S/>64046! )&9K+4)! >404! 9/A2'46! /2! /24W(2@%! 6(&94'40! S40)K4^! 6()Y)! A)(23! %4&'W

&@'([&'46!4K/^Q#!M%4!6()Y)!>404!K/+()%46b!@&0Z/2!@/&'46!&26!K0/Z46!A)(23!&!8&94@&!

.VW"RR! cES#! M%4! @/++4@'(/2!94'%/6! A)46! '%4!>&[4+423'%! 6()K40)(/2!9/64!>('%! &2!

4^@('&'(/2! [/+'&34! /7! "F! Y\b! )K4@(942! @A0042'! /7! -R! 2Jb! &! "R! v9! Z4&9! )(]4b! &!

Z&@Y30/A26! @/A2'! '(94! /7! "R! )! &26! &! K4&Y! @/A2'! '(94! /7! -R! )#! c&@%! )&9K+4! >&)!

&[40&346!/[40!7([4!)&9K+(23!K/(2')#!

5.1.1.5. NMR Spectroscopy 

GE1! 6&'&! >404! /Z'&(246! /2! &! \&0(&2! BGLMqLG5\J! IRR! GE1! )K4@'0/94'40! _"C#"! Ma!

A)(23!&!<#-!99!6/AZ+4!04)/2&2@4!\&0(&2W8%49&324'(@)!EJ.!K0/Z4#!.&9K+4!&9/A2')!

0&23(23!70/9!<R!'/!<P!93!>404!K+&@46!(2!--!v+!_<#-!99!/#6#a!f05-!0/'/0)#!"<<8)!EJ.!

GE1! )K4@'0&! >404! /Z)40[46! A)(23! &! =&%2W4@%/! KA+)4! )4TA42@4! 49K+/Q(23! '%4!

4^'42646!K%&)4!@Q@+(23!)@%494!/7!tA2>&0!s!5+67(4+6b-<;!>('%!&2!à07!/7!FR!Y=]#!.(^'442!

'0&2)(42')!>404!@/W&6646b!>('%! 04@Q@+4!64+&Q)!/7!FRR! '/!"bRRR!)!Z4'>442! '0&2)(42')#!

8)8+!_&Tb!R#F!Ea!>&)!A)46!&)!&!K0(9&0Q!0474042@4b!)4'!'/!R!KK9#!""X!EJ.!GE1!)K4@'0&!

>404!@/++4@'46!A)(23!&!X+/@%W64@&Q!)4TA42@4!>('%!)%/0'!KA+)4)!@/004)K/26(23!'/!&!--°!
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'(K!&23+4!&26!&2!à07!/7!IH!Y=]#!.(^'442!'0&2)(42')!>404!@/W&6646!>('%!04@Q@+4!64+&Q)!/7!

"R!'/!-R!)#!X/0(@!&@(6!_&Tb!R#"!9a!>&)!A)46!&)!&!)4@/26&0Q!0474042@4b!)4'!'/!"H#I!KK9!

04+&'([4! '/! X:<Wc'-5! _R#R! KK9a#! -H.(!EJ.!GE1! )K4@'0&!>404! @/++4@'46! A)(23! &! X+/@%!

)4TA42@4!>('%!&!)%/0'!"F/!'(K!&23+4!_à07!/7!FR!Y=]ab!04@Q@+4!64+&Q)!>404!)4'!'/!IR!)!>('%!

"R-C! @/W&6646! '0&2)(42')#! M%4! -H.(! )K4@'0&! >404! 0474042@46! '/! <W_'0(94'%Q+)(+Q+aW

K0/K&24)A+7/2(@!&'!"#C<!KK9!04+&'([4!'/!'%4!K0(9&0Q!ME.!0474042@4!_R#R!KK9a#!!

5.1.2. Results and Discussion 

5.1.2.1. Compositional Change  

:(2&+!@/9K/)('(/2)!>404!&2&+Q]46!ZQ!L8SW5c.!7/0!'%4!<b!"F!&26!IR!9(2A'4!)&9K+4)!'/!

64'409(24!'%4!&Z)/+A'4!9/+&0!TA&2'('(4)!/7!@4)(A9!&26!Z/0/2!_:(3A04!F#"a#!M%4!+/))!/7!

8)-5! /@@A0)! 0&K(6+Qb! >('%(2! '%4! 7(0)'! '%044! 9(2A'4)! /7! %4&'(23b! @&A)(23! &! 60/K! (2!

@/2@42'0&'(/2! ZQ! <w! &Z)/+A'4b! (#4#b! "Cw! '/! ""w! 8)-5#! =/>4[40b! '%4! Z/0/2!

@/2@42'0&'(/2! 049&(2)! )'&Z+4! /[40! '%4! '%044! @/9K/)('(/2)! &2&+Q]46b! (26(@&'(23! '%&'!

@4)(A9! ()! '%4! [/+&'(+4! @/9K/242'b! &26! 2/'! '%4! )/6(A9! Z/0&'4! )K4@(4)b! &)! )A334)'46!

4+)4>%404#-<Rb-<I! M%4!IR!9(2A'4! @4)(A9!Z/0/)(+(@&'4! 3+&))! )%/>)! &! 60&)'(@! 60/K! (2!1!

_2/9(2&+!@/9K/)('(/2!/7!1gR#F!'/!1gR#-C!_mFRwaab!@&A)(23!&!)(32(7(@&2'!@%&234!(2!'%4!

Z/0/)(+(@&'4!)'0A@'A04!_:(3A04!F#-a#!M%4!3+&))!24'>/0Y!@/9K42)&'4)!7/0!@4)(A9!Z/(+W/77!

ZQ!@%&23(23!'%4!Z/0/2!@//06(2&'(/2!&)!)442!(2!'%4!""X!EJ.!GE1b!+4&6(23!'/!&!64@04&)4!

(2!*Cb! &26! &! @/004)K/26(23! 64@04&)4! (2! 24'>/0Y! @/224@'([('Q#! M%4! 64@04&)4! (2!*C! ()!

@&A)46!ZQ!'%4!@4)(A9!@&'(/2)!Z4(23!049/[46#! !

! J+'%/A3%!'%4!@/2@42'0&'(/2!/7!)(+(@/2!@&22/'!Z4!64'409(246!70/9!L8SW5c.!_6A4!

'/!.(:C! 7/09&'(/2ab!cESJ!(26(@&'4)! '%&'! '%4!@/2@42'0&'(/2!/7!)(+(@/2!6/4)!2/'!@%&234!
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>('%! (2@04&)46! %4&'(23! '(94)#! M%()! 04)A+'! ()! 4^K4@'46! 3([42! '%4! [40Q! %(3%! Z/(+(23!

'49K40&'A04)! /7! .(5-! _-HFR/8a! &26! /'%40! 34/+/3(@&++Q! 04+4[&2'! &+Y&+(! )(+(@&'4)! >%42!

@/9K&046!'/!@4)(A9!/^(64!_94+'(23!'49K40&'A04b!Y1!g!CHR/8a#"I!M%4!4^&@'!)K4@(4)!'%&'!

()! [/+&'(+4! 70/9! '%4! @4)(A9! Z/0/)(+(@&'4! ()! 6(77(@A+'! '/! 64'409(24#! =/>4[40b! ('! ()!

Z4+(4[46! '/!Z4! (2! '%4! 7/09!/7!8)-5b!&+'%/A3%!4+4942'&+!8)!%&)!&+)/!Z442!/Z)40[46! (2!

'%4! K&)'#-<P! 8)-5! ()! )A334)'46! %404! &)! &'! %(3%40! '49K40&'A04)! ('! >/A+6! Z4! 4&)(+Q!

/^(6(]46!&26!'%()!()!)AKK/0'46!ZQ!9&))W+/))!94&)A04942')!04@/0646!&7'40!%4&'(23!'%4!

)&9K+4b!>%(@%!&3044!9/)'!@+/)4+Q!>('%!'%4!+/))!/7!8)-5#!

5.1.2.2. Cesium-133 Spin-Counting 

UA&2'('&'([4!"<<8)!EJ.!GE1!)K4@'0&!>404!&@TA(046!/2!&++!@4)(A9!Z/0/)(+(@&'4!3+&))4)!

A)(23! &! )K(2W4@%/! )4TA42@4#! M%4! K&0&94'40)! >404! @&047A++Q! 64'409(246b! A)(23!

&KK0/K0(&'4!04@Q@+4!64+&Q)b!2A9Z40!/7!)@&2)b!)K(22(23!)K446)!&26!'&Y(23! '%4!)&9K+4!

9&))!(2'/!@/2)(640&'(/2#!M%()!42&Z+46!'%4!'0&@Y(23!/7!@%&234)!(2!@4)(A9!@/2'42'!>('%!

'%4!94&)A046!4@%/!(2'42)('Q#!:(3A04!F#"!(++A)'0&'4)!'%4!4774@'!/7!%4&'(23!'(94!/2!4@%/!

(2'42)('Q#! J+'%/A3%! A)(23! GE1! &)! &2! &2&+Q'(@&+! '//+! '/! 64'409(24! @/2@42'0&'(/2)! ()!

6(77(@A+'!&26!()!2/'!'QK(@&+b!>('%!@&047A+! (2)'0A942'&+!)4'AK!&26!'04&'942'!&!Z4&A'(7A+!

(++A)'0&'(/2! /7! (')! K/'42'(&+! 7/0! )K(2W@/A2'(23! 9&Q! Z4! )442#! UA&2'(7(@&'(/2! 04TA(04)!

@/++4@'(/2!/7!&!)'&26&06!(2!/0640!'/!64'409(24!'%4!&Z)/+A'4!@/2@42'0&'(/2)!/7!@4)(A9#!

M%()! @&2! Z4! 6(77(@A+'! 6A4! '/! 6(774042'! (2'402&+! (2'40&@'(/2)b! +/23! 04@Q@+4! 64+&Q)b! 4'@#!

UA&+('&'([4+Qb!/24!@&2!)44!'%4!4^K/242'(&+!64@&Q!'%&'!/@@A0)b!9(00/0(23!'%4!'0426!)442!

(2!'%4!L8S!6&'&#!!
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!

?-*#(&!O;L;!"<<8)!EJ.!GE1!4@%/!(2'42)('(4)!_)TA&04)a!&26!L8S!_6(&9/26)a!04)A+')!7/0!

)4[42!%4&'!'04&'46!8)X.(!3+&))4)#!

!

5.1.2.3. Boron as a Network Former 

L2!/0640!'/!64'409(24!'%4!*Cb!""X!EJ.!GE1!>&)!&@TA(046!7/0!&++!3+&))4)#!M%4!9/640&'4!

9&324'(@! 7(4+6! &++/>)! 04+(&Z+4! d<eX! &26! dCeX! K/KA+&'(/2)! '/! Z4! 94&)A046b! >%404! '%4!

70&@'(/2!/7!dCeX!@&2!Z4!)442!'/!64@04&)4!>('%!(2@04&)(23!%4&'(23!'(94)!_:(3A04!F#-a#!M%()!

7/++/>)! '%4! '0426! /Z)40[46! >('%(2! "<<8)! EJ.! GE1b! L8SW5c.! &26! cESJb! >%(@%! ()!

@/2)()'42'!>('%!&!+/))!/7!&+Y&+(!9/6(7(40#!J@@/06(23!'/!'%4!D4++!&26!X0&Q!9/64+b"HH!7/0!

&2! &+Y&+(! Z/0/)(+(@&'4! 3+&))! >('%! &! )(+(@&'4W'/WZ/0/2! 0&'(/! tg-b! &! +(24&0! )@&+(23! >('%!

*Cg1!()!K046(@'46!AK!'/!1gR#IF#"HH!M%4)4!@4)(A9!Z/0/)(+(@&'4)!6/!2/'!047+4@'!'%()!&26!

>404!64'409(246!'/!%&[4!*CgR#<F!&'!1gR#-C!_(#4#b!<Rw!9/04!dCeX!'%&2!K046(@'46a#!!M%()!

6()@04K&2@Q!@/A+6!Z4!4^K+&(246!ZQ!Z/0&'4!&26!Z/0/)(+(@&'4!K%&)4!)4K&0&'(/2!'%&'!9&Q!
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/@@A0!&'!+/2340!%4&'(23!'(94)#!M%()!@&2!Z4!A2640)'//6!(7!'%4!0&'(/!/7!Z/0/2!@%&234)!(2!

'%4!)(+(@&'4!K%&)4!_(#4#b!'%4!@/2@42'0&'(/2!/7!.(5-b!ta!&)!'%()!>(++!&774@'!'%4!Z4%&[(/A0!/7!

*C!7/0!Z/'%!'%4!Z/0&'4!&26!Z/0/)(+(@&'4!K%&)4)#!L7!Z/0/2!64@04&)4)!(2!'%4!Z/0/)(+(@&'4!

K%&)4b! '%()!>/A+6! @&A)4!9/04! dCeX! )K4@(4)b! &)! 049/[(23!Z/0/2!>/A+6! &++/>!&!%(3%40!

70&@'(/2!/7!dCeX!&26!046A@4!U<!(2!)(+(@/2#!!

! M%4!)K4@'0&!7/0!'%4)4!6(774042'!%4&'(23!'(94)!&04!)%/>2!(2!:(3A04!F#-b!>('%!d<eX!_P!

'/!";!KK9a!)%/>(23!&!+(24)%&K4!@/99/2+Q!/Z)40[46!7/0!M<!A2(')!(2!0(23!&26!2/2W0(23!

@/27/09&'(/2)#!c+4[&'46!%4&'(23!'(94)!@&A)4!&!)%(7'! (2!'%4!Z&+&2@4!Z4'>442!0(23!&26!

2/2W0(23#!M%()!)%(7'!'/!&!%(3%40!@/2@42'0&'(/2!/7!0(23!)'0A@'A04)!&'!+/2340!%4&'(23!'(94)!

>/A+6!Z4!4^K4@'46!>('%!&!+/>40!@/2@42'0&'(/2!/7!&+Y&+(!9/6(7(40b!&3044(23!>('%!&++!'%4!

04)A+')!04K/0'46!&Z/[4#!!
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!

?-*#(&!O;J;!""X!EJ.!GE1!)K4@'0&!/7!_&a!<!9(2b!_Za!F!9(2b!_@a!"F!9(2b!_6a!<R!9(2!&26!

_4a!IR!9(2!&26!_7a!*C!7/0!4&@%!dCeX!)('4!_mRKK9!&26!W-!KK9a!&)!&!7A2@'(/2!/7!%4&'(23!

'(94#!M%4!Z/0/)(+(@&'4!K/+Q%460&!&Z/[4!K0/[(64)!&2!(++A)'0&'(/2!/7!dCeX!24(3%Z/A0)b!'%&'!

()!)(+(@/2!/0!Z/0/2#!

!

! M%4! dCeX! 043(/2! _WC! '/! l<! KK9a! 4^%(Z(')! '>/! 6()'(2@'! 04)/2&2@4)b! K0/[(6(23!

(27/09&'(/2!043&06(23!'%4!)4@/26!@//06(2&'(/2!)K%404!_946(A9W0&234!/0640a#!X&)46!

/2!94&)A046!@%49(@&+!)%(7')!&26!K04[(/A)!)'A6(4)!/2!)/6(A9!Z/0/)(+(@&'4)b-RRb-RF! '%4!

04)/2&2@4!&'!`êW-!KK9!()!&''0(ZA'46!'/!&! dCeX!)A00/A2646!ZQ!7/A0!)(+(@/2!24(3%Z/A0)b!

>%(+4!`êR!KK9!()!&!dCeX!>('%!/24!d<eX!&26!'%044!)(+(@/2!'4'0&%460&#!

! J)!/Z)40[46!(2!'%4!)K4@'0&b!'%4!0&'(/!/7!'%4)4!)K4@(4)!)449)!'/!@%&234!&)!%4&'(23!

'(94)! &04! (2@04&)46#! 8&047A+! (2'430&'(/2! &26! K4&Y! 7(''(23! /7! '%4! ""X! EJ.! GE1! 6&'&!

A)(23! .MJ1.Ö! &26! .K(2$/0Y)ù! 04[4&+46! '%&'! '%4! %(3%40! 704TA42@Q! 7/A0W@//06(2&'4!
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K4&Y!64@04&)4)! _dCeX"Xb<.(ab! &26! '%4! +/>40! 704TA42@Q!K4&Y! _dCeXC.(a! 049&(2)!4))42'(&++Q!

@/2)'&2'! _)44! &Z/[4a#! M%()! A2A)A&+! Z4%&[(/A0! )A334)')!K0474042'(&+! @4)(A9! +/))! &'! &!

)('4Ñ)K4@(7(@! K/)('(/2#! J2! &+'402&'([4! 4^K+&2&'(/2! (2[/+[4)! )/94! 7/09! /7! 0&K(6!

4TA(+(Z0(A9!Z4'>442!'%4!)('4)!'%&'!/@@A0)!6A0(23!'%4!94+'!&26![/+&'(+(]&'(/2!K40(/6#!J)!

@4)(A9! [/+&'(+(]4)! ('! )449)! '/! Z4! 04'&(246! /0! 7&[/A046! &'! &! dCeX! )('4! )A00/A2646! ZQ!

24(3%Z/A0(23!)(+(@&'4)!)(2@4!'%4!@/2@42'0&'(/2!)'&Q)!24&0+Q!@/2)'&2'#!84)(A9!+/@&'46!&'!

'%4! dCeX! >('%! &! d<eX! 24(3%Z/A0! 64@04&)4)! 4^K/242'(&++Qb! 9(00/0(23! '%4! L8S! &26! 4@%/!

6&'&#!M%4)4!/Z)40[&'(/2)b! _(a!/2)4'!/7! 0(23! 7/09&'(/2! (2! d<eX!&26! _((a!K0474042'(&+! )('4!

04'42'(/2!Z4'>442! dCeX!)('4)!6(7740)! 70/9!>%&'!%&)!Z442!)442!7/0!)/6(A9!Z/0/)(+(@&'4!

3+&))4)b! )A334)'(23!&2!&+Y&+(! 4774@'#-RR!J)! '%4! @4)(A9!@&'(/2! ()! +&0340! '%&2! )/6(A9! (')!

Z/26(23! )'0423'%b! (#4#b! &Z(+('Q! '/! 7/09! )'0/23! Z/26)b! >/A+6! Z4! 046A@46b! &++/>(23!

[/+&'(+(]&'(/2!'/!/@@A0!9/04!4&)(+Q!>('%!&!304&'40!4774@'!/2!'%4!7/09(23!24'>/0Y#!

! BK/2!@+/)40!4^&9(2&'(/2!/7!'%4!dCeX!>('%!&!`!ê!R!KK9b!&!K+/'!/7!'%4!K4&Y!(2'42)('Q!

&3&(2)'!'%4!1W[&+A4!_>%(@%!>&)!4^K40(942'&++Q!64'409(246!70/9!L8SW5c.a!(26(@&'4)!&!

+(24&0!'0426b!>('%!&!@/004+&'(/2!/7!1-gR#HH;!&26!&2!(2'40@4K'!24&0!]40/!_R#RRPab!:(3A04!

F#<#!!
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!

?-*#(&!O;M;!S/KA+&'(/2!/7!dCeX!_R!KK9a!>('%!1!@/9K/)('(/2!64'409(246!70/9!L8S!7/0!Fb!

"F!&26!IR!9(2A'4!%4&'!'04&'46!3+&))4)#!

!

! M%()! ()! '%4! 04+&'(/2)%(K! K046(@'46! ZQ! D4++! &26! X0&Qb! K40%&K)! )A334)'(23! /24!

K%&)4! ()! K0474042'(&++Q! Z4(23! &774@'46! /0!9/6(7(46! ZQ! '%4! @4)(A9! Z/(+W/77b! >%(+4! '%4!

/'%40!3+&))!K%&)4!%&)!9&(2'&(246!&26! (2@/0K/0&'46!@4)(A9b! (2%(Z('(23! +/))#!c[(642@4!

7/0!K%&)4!)4K&0&'(/2!%&)!Z442!)'A6(46!>('%(2!/A0!30/AK!A)(23!";5!EJ.!GE1!_(64&+!7/0!

Z/26(23!(2[4)'(3&'(/2)!&26!6(774042'!Z/26(23!42[(0/2942')a!/2!)(9(+&0!8)X.(!3+&))4)#!

L99()@(Z(+('Q! 043(/2)! %&[4! Z442! 6/@A942'46! (2! )(9(+&0! &+Y&+(! Z/0/)(+(@&'4! )Q)'49)!

>('%!)(9(+&0!@/9K/)('(/2)#-b-RRb-RF!

5.1.2.4.  Silicon-29 MAS NMR 

-H.(! EJ.! GE1! 7/0! '%4! <b! "F! &26! IR! 9(2A'4! 3+&))4)! &04! K04)42'46! (2! :(3A04! F#C#!

8%49(@&+!)%(7')!9/[4!'/!+/>40!704TA42@Q!7/0!(2@04&)46!%4&'(23!'(94)b!&))/@(&'46!>('%!

&!64@04&)4!/7!GX5)!/2!)(+(@/2#!M%()!@&2!Z4!4^K+&(246!ZQ!'%4!K04)42@4!/7!U<!A2(')!_WPR!

'/! W"RR! KK9a! (2! '%4! <!9(2A'4! )&9K+4b! ZA'! '%4)4! A2(')! &04! &Z)42'! &'! +/2340! %4&'(23!

y = 1.0257x - 0.0089 
R! = 0.99733 

0.15 
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0.25 
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'(94)#!M%4!7/09&'(/2!/7!UC!)K4@(4)!&'!+/2340!%4&'(23!'(94)!@&2!Z4!4^K+&(246!ZQ!'%4!+/))!

/7!@4)(A9!>%(@%!2/!+/2340!04TA(04)!GX5)!/2!)(+(@/2!'/!@/9K42)&'4!7/0!'%4!@%&034#!!

!

?-*#(&!O;N;!-H.(!EJ.!GE1!)K4@'0&!7/0!%4&'(23!'(94)!/7!&a!<!9(2b!Za!"F!9(2!&26!@a!IR!

9(2b!U<!043(/2!_WPR!'/!W"RR!KK9a!&26!UC!043(/2!_W"RR!'/!W"-R!KK9a!!

!

! 524! @/9K+(@&'(/2! ()! '%&'! '%4)4! @/9K/)('(/2)b! &@@/06(23! '/! '%4! D4++! &26! X0&Q!

9/64+b! )%/A+6! 2/'! 04TA(04! U<! '/! 9&(2'&(2! '%4! @%&034! Z&+&2@4#! J2! &+'402&'([4!

4^K+&2&'(/2! 7/0! '%4! -H.(! )%(7'! (2'/! '%4! U<! 0&234! ()! '%&'! '%4! 8)l! &774@')! '%4! Y2/>2!

@%49(@&+!)%(7')!/7!UC!)K4@(&'(/2#!J)!'%()!%&)!2/'!Z442!/Z)40[46!7/0!&2Q!/'%40!@&'(/2!Ñ!

)(+(@&'4!(2'40&@'(/2b!>4!6/!2/'!Z4+(4[4!'%()!'/!Z4!'%4!@&)4#!M%4047/04b!'%4!)%(7'!'/!%(3%40!

704TA42@Q! _7/0! +/>! %4&'(23! '(94)a! 6/4)! (26(@&'4! '%4! 7/09&'(/2! /7! U<! )K4@(4)#!

14)/+A'(/2!/7! '%4!'>/!)('4)!_U<!&26!UCa!&26!04+(&Z+4!K4&Y!7(''(23! ()!2/'!K/))(Z+4! 70/9!

'%4)4!6&'&!&26!>4!0470&(2!70/9!TA&2'('&'([4!&2&+Q)()#!M%4!U<!)K4@(4)!@/A+6!Z4!70/9!&!
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K%&)4! )4K&0&'46b! )(+(@&'4W0(@%! 043(/2! '%&'! @/2'&(2)! 8)lb! &)! /2+Q! )(+(@&'4! K/+Q%460&!

>/A+6! Z4! &Z+4! '/! 9&(2'&(2! @%&034! Z&+&2@4! 04TA(0(23! '%4! 7/09&'(/2! /7! U<b! K0(/0! '/!

%/9/3424/A)!9(^(23!/7!'%4!94+'#!

!

5.1.2.5. Cesium-133 MAS NMR 

"<<8)!()!&!%(3%+Q!K/+&0()&Z+4!2A@+4A)!_@%49(@&+!)%(4+6(23!()!)42)('([4!'/!+/@&+!@%&234)!(2!

34/94'0Qa! '%4047/04! ('! 'QK(@&++Q! 4^%(Z(')! Z0/&6! K4&Y)! '%&'! )K&2! +&034! @%49(@&+! )%(7'!

0&234)!>%42!(2!3+&))4)#H-!J)!)442!(2!:(3A04!F#Fb!'%4!+(24>(6'%)!&26!K4&Y!)%&K4)!6/!2/'!

@%&234! 70/9! /24! %4&'(23! '(94! '/! '%4! 24^'b! ZA'! &! @%49(@&+! )%(7'! @%&234! _'/! +/>40!

704TA42@Qa!()!/Z)40[46#!M%()!)%(7'!@/004+&'4)!'/!'%4!64@04&)4!(2!*C!&26!@4)(A9!@/2'42'#!

M%()!)%(7'!()!K04@()4+Q!>%&'!%&)!Z442!/Z)40[46!7/0!Z(2&0Q!Z/0&'4)!_@7#!8%&K'40!<a!&26!()!

(2'40K04'46! &)! &! @//06(2&'(/2! @%&234#! M%4! )%(7'! '/! +/>40! 704TA42@Q! 7/0! '%4! @4)(A9!

Z/0/)(+(@&'4!)40(4)!()!'%/A3%'!'/!Z4!@&A)46!ZQ!&2!(2@04&)4!(2!'%4!&[40&34!@//06(2&'(/2!

)K%404#! M%4! &66('(/2! /7! .(5-! &)! &! )4@/26&0Q! 24'>/0Y! 7/0940! &26! '%4! K/))(Z(+('Q! /7!

K%&)4!)4K&0&'(/2!@/9K+(@&'4!'%()!04+&'(/2)%(Kb!&)!'%4)4!4774@')!9&Q!&+)/!@/2'0(ZA'4!'/!

@%&234)!(2!'%4!"<<8)!EJ.!GE1!)K4@'0&!_:(3A04!F#Fa#!M%4!)%(7'!4774@'!7/0!@4)(A9!)449)!

'/!Z4!9/04!)42)('([4!_+&0340!@%&234!(2!)%(7'!/[40!&!)9&++40!1!0&234a!7/0!'%4)4!'402&0Q!

Z/0/)(+(@&'4! '%&2! (2! Z(2&0Q! @4)(A9! Z/0&'4)#! M%()! (26(@&'4)! '%&'! )(+(@/2! %&)! &! 9&Ü/0!

4774@'!/2!'%4!@4)(A9!42[(0/2942'b!9&2(74)'46!ZQ!'%4!/Z)40[46!@%49(@&+!)%(7'b!4('%40!&)!

&!)'0A@'A0&+!4774@'b!&!@%49(@&+!)%(4+6(23!4774@'!/0!&!@/9Z(2&'(/2!/7!Z/'%#!

! .@&''40!(2!'%4!"<<8)!6&'&!>('%(2!'%4!7(0)'!<!9(2A'4)!_:(3A04!F#Ia!9&Q!Z4!6A4!'/!'%4!

7&@'! '%&'! '%4! )'&0'(23! 04&342')! 6(6! 2/'! 7A++Q! 94+'! &26! 9(^! %/9/3424/A)+Q#! M%4)4!

)&9K+4)! >404! 7/A26! '/! @/2'&(2! 9(2/0! &9/A2')! /7! @0Q)'&++(24! @4)(A9W@/2'&(2(23!
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@/9K/A26)#!M%4! @0Q)'&++(24! (9KA0('(4)!>404! (642'(7(46!Z/'%!ZQ! ^W0&Q!6(770&@'(/2!&26!

"<<8)!EJ.!GE1b!ZA'! '%4!4^&@'!K%&)4_)a!@/A+6!2/'!Z4!64'409(246#!M%4!&9/A2')!>404!

9(2/0! _n! <wab! &26! )%/A+6! %&[4! 2/!94&)A0&Z+4! (9K&@'! /2! '%4! 04)A+')#! M%4)4!9(2/0!

@0Q)'&++(24!K%&)4)!&04! +(Y4+Q!6A4! '/! (2@/9K+4'4! 04&@'(/2!/7! '%4! )'&0'(23!9&'40(&+)! 7/0!

[40Q!)%/0'!94+'(23! '(94)b!K04[42'(23! '%4(0! 7A)(/2#!M%4!9/)'!&@'([4+Q![/+&'(+4!)'&34!/7!

'%4)4!3+&))4)!&@@/06(23!'/!/A0!6&'&!_:(3A04!F#Ia!/@@A0)!>('%(2!'%4!7(0)'!74>!9(2A'4)!/7!

%4&'(23b!)A334)'(23!'%&'!'%4!@4)(A9![&K/0(]4)!9/04!0&K(6+Q!6A4!'/!(2@/9K+4'4!9(^(23#!!

!

!

?-*#(&!O;O;!"<<8)!EJ.!GE1!)K4@'0&!7/0!_&a!<!9(2b!_Za!F!9(2b!_@a!"F!9(2b!_6a!<R!9(2!&26!

_4a!IR!9(2#!!
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!

?-*#(&! O;P;! _&a! 14+&'(/2)%(K! Z4'>442! 70&@'(/2! /7! dCeX! _)TA&04a! &26! '%4! "<<8)b! `@3)!

_'0(&23+4a#! _Za! "<<8)! K4&Y! K/)('(/2! _`@3)a! &26! 8)! @/2@42'0&'(/2! 70/9! L8S! 7/0! 8)X.(!

_@(0@+4)a!&26!8)X!_6(&9/26)a#!

!

5.1.3. Summary 

M%4)4!@4)(A9!Z/0/)(+(@&'4!3+&))4)!)%/>!'%&'!@4)(A9!()!&!0&'%40![/+&'(+4!4+4942'#!M%()!

)%/A+6! Z4! &@@/A2'46! 7/0! >%42! K04K&0(23! )A@%! @4)(A9! @/2'&(2(23! 9&'40(&+)b! &)! '%4!

2/9(2&+! Z&'@%! @/9K/)('(/2! >(++! @%&234! 6A0(23! '%4! 3+&))W9&Y(23! K0/@46A04#! M%4)4!

@/2@42'0&'(/2)! /7! @4)(A9! &04! %(3%40! '%&2! '%/)4! 7/A26! (2! 2A@+4&0! >&)'4! 3+&))4)#!
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=/>4[40b!(26A)'0(&+!%4&'(23!'(94)!&04!+/2340!&26!@//+(23!0&'4)!&04!)+/>40b!)A334)'(23!

'%&'![/+&'(+('Q!9&Q!Z4!/7!@/2@402#!M%4!@%&234)!/Z)40[46!>('%(2!'%4!Z/0/)(+(@&'4!_Z/0/2!

_""Xa!&26!)(+(@/2!_-H.(a!EJ.!GE1a!)'0A@'A04!@/004+&'4!>4++!>('%!L8Sb!cESJ!&26!"<<8)!

)K(2W4@%/!4^K40(942')!)%/>(23!'%&'!'%4!)'0A@'A0&+!4774@'!/2!'%4!/[40&++!(2'430('Q!/7!'%4!

3+&))! ()!)(32(7(@&2'!&)! '%4!@&'(/2!@/2@42'0&'(/2!64@04&)4)#!M/!/[40@/94!'%4!4774@')!/7!

@4)(A9![/+&'(+(]&'(/2!)/!'%&'!/24!9&(2'&(2)!'%4!04TA(046!@4)(A9!@/2@42'0&'(/2b!4^@4))!

+/&6(23! /2! '%4! /0640! /7! m! FRw! ()! )A334)'46#! M%()! &66('(/2&+! @4)(A9! >/A+6! 42&Z+4!

@4)(A9! Z/0/)(+(@&'4)! '/! Z4! )Q2'%4)(]46! &KK0/K0(&'4+Q! >('%! K0/K40! @4)(A9!

@/9K/)('(/2)#!J)!'%4![/+&'(+('Q!>(++!7+A@'A&'4!Z&)46!/2!Z&'@%!@/9K/)('(/2b!%4&'(23!'(94!

&26!'49K40&'A04b!/24!)%/A+6!Z4!&>&04!'%&'!/'%40!&9/A2')!9&Q!Z4!04TA(046!(2!/0640!

'/!/Z'&(2!K0/K40!3+&))!@/9K/)('(/2)#!

5.2. Aluminum and Gallium Modified Sodium 

Borosilicate 

!J9/0K%/A)!)(+(@&'4!&26!Z/0/)(+(@&'4!9&'40(&+)!%&[4!&![&)'!0&234!/7!&KK+(@&'(/2)!'%&'!

(2@+A64)!7(Z40!/K'(@)b-<H!7(+9)-CR!&26!2A@+4&0!>&)'4!)'/0&34#-C"b-C-!M%4!Z&+&2@4!Z4'>442!

)(+(@&'4!&26!Z/0&'4!A2(')!()!@/9K+4^!&26!@%&234)!>%42!/'%40!9/6(7(40)!/0!7/0940)!&04!

&6646! _4#3#b! J+-5<a#"HH! M%4! @%&034! Z&+&2@4!>('%(2! Z/0/)(+(@&'4)!>&)! 6()@A))46! &Z/[4b!

>%404! dCeX! &04! 7/0946! 7(0)'! 70/9! d<eX#! J'! )/94! K/(2'! )(+(@&'4! UC! Z04&Y6/>2! /@@A0)b!

7/09(23!U<!)K4@(4)! '/!&@@/99/6&'4! '%4!%(3%40!&+Y&+(! +/&6(23)#-b"Rb-C<W-CF!J!94'%/6!'/!

046A@4!GX5)!_/2!Z/0/2!&26!)(+(@/2!K/+Q%460&a!>('%/A'!@/9K0/9()(23!3+&))!(2'430('Q!

()!'%4!&66('(/2!/7!&2!(2'40946(&'4!3+&))!7/0940b!)A@%!&)!J+<l!/0!*&<l#!M%4!(2'40&@'(/2!/7!

&+A9(2A9!_J+<la!&26!'%4!+&0340!@&'(/2b!3&++(A9!_*&<la!(2!9/64+!2A@+4&0!>&)'4!3+&))4)!
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%&)! Z442! )'A6(46! 4^'42)([4+Q! '/! 64'409(24! '%4! (9K+(@&'(/2)! '%4)4! %&[4! /2! '%4!

Z/0/)(+(@&'4!24'>/0Y!&26!%/>!'%4Q!9&Q! (2@04&)4!3+&))!)'0423'%b! +/&6(23!&26!4&)4!/7!

7/09&'(/2#!

! !./+(6W)'&'4!2A@+4&0!9&324'(@!04)/2&2@4! ()!&2! (64&+!94'%/6!/7!/Z)40[&'(/2! 7/0!

'%4)4! 7/A0! 24'>/0YW7/09(23! )K4@(4)b! K0/Z(23! 6(04@'+Q! '%4! +/@&+! 42[(0/2942'! /7! ""Xb!

-;J+b!-H.(!&26!IHh;"*&!&26!&++/>(23!4774@')!/2!'%4!7/0940)!&26!9/6(7(40)!'/!Z4!/Z)40[46#!

M%4! 3+&))! 7/09(23! )K4@(4)! Z/0/2! &26! (2'40946(&'4W7/0940! &+A9(2A9! &04! &''0&@'([4!

6A4!'/!'%4(0!7&[/A0&Z+4!GE1!(2'40&@'(/2)!_""Xi!PRw!G#J#b!U!/7!C#RI!79-!&26!â!/7!P#FP!†!

"R;!0&6!h!M!)!&26!-;J+i!"RRw!G#J#b!U!/7!"C#;!79-!&26!â!/7!I#H;!†!"R;!0&6!h!M!)a!&26!3//6!

)K4@'0&+! 04)/+A'(/2!/7![&0(/A)!)K4@(4)!@&2!Z4!&@%(4[46!&'!9/640&'4! '/!%(3%!9&324'(@!

7(4+6)#! M%4! /'%40! '>/! 24'>/0Y! )K4@(4)b! )(+(@/2! &26! 3&++(A9b! @&2! Z4! '0/AZ+4)/94! 7/0!

GE1#! -H.(! )A7740)! 70/9! +/>! 2&'A0&+! &ZA26&2@4! _mCwa! &26! +/2340! 04+&^&'(/2! '(94)#!

*&++(A9!%&)!'>/!GE1W&@'([4!2A@+4(b!Z/'%!)A7740(23!70/9!)(32(7(@&2'!@%49(@&+!)%(4+6(23!

6()'0(ZA'(/2!&26!+&034!TA&60AK/+&0!9/942')!_IH*&b!U!/7!";#"!79-!&26!;"*&b!U!/7!"R#;!

79-a#Cb"-C! M%()! 04TA(04)! 9&^(9(](23! Z/'%! 7(4+6! )'0423'%! &26! )K(22(23! 704TA42@Q! 7/0!

/K'(9(]46! 04)/+A'(/2#! M%4! 42[(0/2942')! &04! Z4)'! )'A6(46! A)(23! '0&6('(/2&+!94'%/6)!

)A@%!&)!X+/@%<;!&26!8SE*C-bCC! '/!64'409(24! +/@&+!)'0A@'A0&+!ZA(+6(23!A2(')#!M%4!3+&))!

@/9K/)('(/2! "i"i<!G&-5iX-5<i.(5-! ! >&)! @%/)42! '/!9/64+! '%4! N1;M;O! :042@%! 2A@+4&0!

>&)'4! 3+&))b! &26! >&)! 9/6(7(46! ZQ! &66('(/2! /7! J+-5<! /0! *&-5<! (2! K+&@4! /7! .(5-#"<P!

1cD51FRb!EUEJ.-CI! &26! )'&'()'(@&+!94@%&2(@)-<-!>404!A)46! '/! 64'409(24!K0/^(9('Q!

&26!@/224@'([('Q!>('%(2!'%4)4!)Q)'49)#!!
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5.2.1. Materials and Methods 

5.2.1.1. Synthesis  

14&342'! 30&64! _j! HHwa! G&-85<b! X_5=a<b! J+-5<b! *&-5<! &26! .(5_5=a<! >404! A)46! '/!

K04K&04! '%4! &9/0K%/A)!9&'40(&+)#! X/0(@! &26! )(+(@(@! &@(6)!>404! %4&'46! '/! IRR/8! &26!

HFR/8b!04)K4@'([4+Qb! '/!64%Q60&'4!'%4!)K4@(4)!&26!/Z'&(2!X-5<!_<R!9(2A'4)a!&26!.(5-!

_"I!%/A0)a#!M%4!049&(2(23!)'&0'(23!9&'40(&+)!>404!K+&@46!(2!&2!/[42!&'!"CR/8!7/0!-C!

%/A0)! '/! 049/[4! &2Q! )A07&@4! >&'40#! .'/(@%(/94'0(@! 0&'(/)! _2/9(2&+! Z&'@%!

@/9K/)('(/2)!3([42!(2!M&Z+4!F#"a!>404!'%42!K+&@46!(2!K+&'(2A9h3/+6_Fwa!@0A@(Z+4)!&'!

;RR/8! '/! 64@&0Z/2&'4! '%4! G&-85<#! .&9K+4)!>404! Y4K'! &'! '%()! '49K40&'A04! A2'(+! '%4!

9&))! +/))! @/004)K/2646! '/! '%4! &KK0/K0(&'4! 85-! +/))! _&KK0/^(9&'4+Q! 7/A0! %/A0)a#!

M%4)4!64@&0Z/2&'46!K/>640)!>404!'%42!30/A26!(2!&2!&3&'4!9/0'&0!&26!K4)'+4b!K+&@46!

(2!&!S'hJA_Fwa!f*.!_](0@/2(&!30&(2!)'&Z(+(]46a!@0A@(Z+4!&26!%4&'46!'/!"CRR/8! 7/0!-R!

9(2A'4)b! 7/++/>46! ZQ! 0&K(6! TA42@%(23! (2! 64(/2(]46! >&'40#! J++! )&9K+4)! >404! 6/K46!

>('%!R#-!>'w!/7!E25-! '/! 046A@4! 04+&^&'(/2! '(94)b! 04)A+'(23! (2!3+&))!6()Y)! '%&'!>404!

'0&2)K&042'!>('%!&!)+(3%'!)%&64!/7! +(3%'!KA0K+4hZ+A4#!*+&))4)!>404!7/0946!(2!FRR!93!

Z&'@%4)! _M&Z+4! F#"a#! *+&))4)! >404! >4(3%46! Z47/04! &26! &7'40! '%4! %4&'! '04&'942')! '/!

@/27(09!64@&0Z/2&'(/2!&26!'%&'!2/![/+&'(+(]&'(/2!/@@A0046#!
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X'>%&!O;L;!G/9(2&+!Z&'@%!@/9K/)('(/2)!7/0!G&X.(!K%&)4)!>('%!J+!&26!*&!&66('(/2#!

1'8C%&!!
"'J_!

U80%lV!

6J_M!

U80%lV!

1-_J!

U80%lV!

=%J_M!

U80%lV!

7'J_M!

U80%lV!

"61! -R! -R! IR! R! R!

"61=cO! -R! -R! FF! F! R!

"61=cLK! -R! -R! FR! "R! R!

"61=cLO! -R! -R! CF! "F! R!

"617cO! -R! -R! FF! R! F!

"617cLK! -R! -R! FR! R! "R!

"617cLO! -R! -R! CF! R! "F!

!

5.2.1.2. Nuclear Magnetic Resonance 

!GA@+4&0! 9&324'(@! 04)/2&2@4! >&)! K407/0946! A)(23! &! \&0(&2! BGLMqLG5\J! IRR!

)K4@'0/94'40#!M%4!X+/@%b!8SE*!&26!EUEJ.!4^K40(942')!>404!K407/0946!A)(23!&!<#-!

99!6/AZ+4W04)/2&2@4!\&0(&2W8%49&324'(@)!=_:aWV!K0/Z4#!1cD51!4^K40(942')!A)46!

&! <#-! 99! '0(K+4W04)/2&2@4! \&0(&2W8%49&324'(@)! =_:aWVWq! K0/Z4b! 6/AZ+Q! 'A246! '/!

"FP#I!E=]!_-<G&ab!"FI#I!E=]!_-;J+a!&26!"H-#C!E=]!_""Xa!7/0!-;J+x""Xy!&26!""Xx-<G&y#!

*+&))! )&9K+4)! >404! K&@Y46! (2'/! --! v+! ](0@/2(&! 0/'/0)! @/2'&(2(23! <R! '/! CF! 93! /7!

K/>64046!)&9K+4#!M%4!4^K40(942'&+!64'&(+)!7/0!4&@%!2A@+4A)!)'A6(46!@&2!Z4!7/A26!(2!

M&Z+4!F#-#!M%4!*C![&+A4)!>404!/Z'&(246!ZQ!(2'430&'(23!'%4!04+&'([4!(2'42)('(4)!Z4'>442!

dCeX! &26! d<eXb! &26! @/004@'(23! '%4)4! [&+A4)! &)! 64)@0(Z46! ZQ! E&))(/'! 4'! &+#"-<! 1cD51!

4^K40(942')!>404!@&00(46!/A'!A)(23!P!Y=]!EJ.!/2!&!<#-!99!f05-!0/'/0!>('%!/K'(9(]46!

KA+)4)!""X_r!>404!d<eX!_-#P!v)a!&26!dCeX!_C!v)aab!-<G&!_F#R!v)!rh-a!&26!-;J+!_-#F!v)!rh-a#!
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M%4!-;J+x""Xy!&26!""Xx-<G&y!1cD51!)K4@'0&!>404!&@TA(046!A)(23!"-P!&26!<-!@/W&6646!

'0&2)(42')! 04)K4@'([4+Q! &26! K0/@4))46! A)(23! .K(2$/0Y)#PR! .LES.5GÖ! )(9A+&'(/2)!

>404!@&00(46!/A'!/2!-;J+W""X!&26!""XW-<G&!)K(2!K&(0)!(2!/0640!'/!4)'(9&'4!'%4!6(K/+&0!

(2'40&@'(/2#P"!

!

X'>%&!O;J;!c^K40(942'&+!K&0&94'40)!7/0!EJ.!GE1!4^K40(942')!

"#$%&#/! LL6! JM"'! JQ=%! JW1-! QL7'!

1&D#&+$&! X+/@%! X+/@%! X+/@%! 8SE*! X+/@%!

-#!!U^[\V! IF! I"! I"! FF! CF!

?%-C!'+*%&! "F! "-! "F! HRb!"PR! --!

1C-++-+*!

?(&D;!U^[\V!
"I! "I! "I! "R! -R!

1$'+/! "-P! -FI! F"-! ICWF"-! -F!RRR!

.&$@$%&!

4&%'@!U/V!
<!Ñ!F! -!Ñ!F! <!Ñ!F! "PRW<RR! "!Ñ!<!

.&3&(&+$&!
R#"E!=<X5<!

_"H#I!KK9a!

"E!G&8+!

_R#R!KK9a!

R#"E!

J+_G5<a<!

_R#R!KK9a!

=4^&94'%Q+

W6()(+/^&24!

_I#IP!KK9a!

"E!

*&-_.5Ca<!

_R#R!KK9a!

!

5.2.1.3. Polarized Light Microscopy and X-Ray 

Diffraction 

J9/0K%/A)! )&9K+4)! >404! 4^&9(246! 7/0! @0Q)'&++(24! K%&)4)! A)(23! K/+&0(]46! +(3%'!

9(@0/)@/KQ#! J++! )&9K+4)!>404! %/9/3424/A)! &26! 7044! /7! @0Q)'&++(2('Qb! 4^@4K'! 7/0! '%4!
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%(3%! &+A9(2&!Z/0/)(+(@&'4! _GX.JW"Fab!>%(@%! )%/>46! )9&++! @0Q)'&++(24! (2@+A)(/2)! _/2!

'%4!/0640!/7!&!74>!9(@0/2)a#!M%()!>&)!+&'40!@/27(0946!A)(23!K/>640!^W0&Q!6(770&@'(/2!

&26!-;J+!EJ.!GE1b!(26(@&'(23!'%&'!&!)9&++!70&@'(/2!/7!@0Q)'&++(24!âWJ+-5<!K%&)4!6(6!2/'!

@/9K+4'4+Q!04&@'!>('%!'%4!G&X.(!9&'40(&+#!L'!9/)'!+(Y4+Q!04TA(046!&!+/2340!%4&'(23!'(94!

/0! &! %(3%40!94+'(23! '49K40&'A04#! M%4! @/2@42'0&'(/2! /7! '%4! @0Q)'&++(24! (9KA0('Q!>&)!

64'409(246!'/!Z4!&2!(2)(32(7(@&2'!70&@'(/2!_n<wa!/7!'%4!'/'&+!&+A9(2A9!@/2@42'0&'(/2b!

&26!()!2/'!4^K4@'46!'/!&774@'!)(32(7(@&2'+Q!'%4!94&)A04942')#!

5.2.2. Results 

5.2.2.1. Sodium-23 MAS NMR 

MQK(@&+! -<G&! EJ.! GE1! )K4@'0&! &04! /Z)40[46! 7/0! '%4)4! )/6(A9! Z/0/)(+(@&'4! 3+&))4)!

_:(3A04! F#;a#! S4&Y! )%&K4)! &04! )Q994'0(@b! (26(@&'(23! '%&'! Z04&6'%)! &04! @&A)46! ZQ! &!

6()'0(ZA'(/2!(2!@%49(@&+!)%(7'#!M%4!`@3)!7/0!&++!)4[42!3+&))4)!&04!7/A26!(2!'%4!0&234!W"<!õ!

"! KK9#! c)'(9&'4)! /7! '%4! 9&^(9A9! TA&60AK/+&0! @/AK+(23)! 7/0! '%4)4! 3+&))4)! >404!

94&)A046! 70/9! '%4! @42'0&+! '0&2)('(/2!A)(23!.MJ1.Ö!&26!&04!/2! '%4!/0640!/7!<!õ!R#F!

E=]#!J)!)442!(2!/'%40!)Q)'49)bHRb""H!'%()!(26A@4)!&!TA&60AK/+&0!)%(7'!/2!'%4!/0640!/7!@&#!

"! KK9! _"FR! =]ab! 42&Z+(23! A)! '/! A)4! '%4! `@3)! '/! 64'409(24! '%4! 4774@'! /2! )/6(A9! &)!

&+A9(2A9!&26!3&++(A9!&04!&6646#!!

! J+A9(2A9! &66('(/2! @&A)4)! &! )9&++! )%(7'! '/! %(3%40! 704TA42@Q! 7/0! '%4! )/6(A9!

04)/2&2@4! _m"! KK9a#! L7! >4! &))A94! '%&'! '%4! @//06(2&'(/2! 42[(0/2942'! 7/0! )/6(A9!

6/4)!2/'!@%&234!7/0!'%4)4!3+&))4)!_[&+(6!6A4!'/!'%4!+&034!)/6(A9!)%(7')!)442!7/0!)/6(A9!

Z/0&'4)a! '%()! @/A+6! Z4! @&A)46! ZQ! &+A9(2A9! (2'40&@'(23! >('%! '%4! G&l! N6(04@'+QO! &)!
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)(+(@/2! ()! Z4(23! 04K+&@46! ZQ! &+A9(2A9#! *&++(A9! @&A)4)! )(9(+&0! 4774@')! &)! '%4! -<G&!

04)/2&2@4!)%(7')!m!<!KK9!'/!&!%(3%40!704TA42@Q!&)!)(+(@/2!()!04K+&@46!ZQ!3&++(A9#!!

! M%4!@&A)4!7/0!'%4!6(774042'!4774@')!/2!'%4!-<G&!@%49(@&+!)%(7')! ()!2/'!@A0042'+Q!

A2640)'//6#!$4!@&2!)K4@A+&'4!'%&'!3&++(A9!()!+&0340b!'%A)!K0/[(6(23!&!+&0340![&0(&'(/2!

7/0!'%4!G&l!>%(+4!&))/@(&'(23!>('%!dCe*&!K/+Q%460&#!M%()!()!04&)/2&Z+4!&)!3&++(A9!&++/>)!

7/0!9/04! [&0(&'(/2! 7/0! '%4! )/6(A9! '/! )('!>('%(2! _&)! '%4!*&5CW! K/+Q%460/2! &04! +&0340!

'%&2!J+5CW! &26!X5CWa#! M%4! :$=E! (2! '%4! -<G&! )K4@'0&! 7/0! '%4! &+A9(2A9! &26! 3&++(A9!

Z/0/)(+(@&'4!)%/>!_:(3A04!F#;a!)(9(+&0!Z4%&[(/A0b!&)!'%4!04)/2&2@4!2&00/>)!ZQ!FFR!õ!

FR!=]! _@&#! "Cwa! &)!J+_*&a! ()! &6646#! M%()! 64@04&)4! (2! Z04&6'%! @/A+6! Z4! @&A)46!ZQ! &!

046A@'(/2! (2![&0(&'(/2! (2! '%4!)/6(A9!34/94'0Q! _&23+4)!&26!Z/26)a!/0!&! 046A@'(/2!/7!

'%4!TA&60AK/+&0!@/AK+(23#!$%42!'%4)4!(2'40&@'(/2)!64@04&)4b!'%()!()!/7'42!&''0(ZA'46!'/!

&2! (2@04&)4! (2! /0640! &26! ()! '%/A3%'! '/! /@@A0! )(2@4!9/)'! /7! '%4! )/6(A9! @&'(/2)! &04!

Z4(23! KA++46! &>&Q! 70/9! Z/0&'4! &26! )(+(@&'4! K/+Q%460&! (2'/! &+A9(2A9! &26! 3&++(A9!

K/+Q%460&! 046A@(23! '%4! &9/A2'! /7! [&0(&Z(+('Q#! J+'%/A3%! )(+(@/2! ()! '%4! 9/)'!

4+4@'0/243&'([4! )K4@(4)b! G&l! >(++! Z4! &''0&@'46! '/! K/+Q%460&! '%&'! @/2'&(2! &! 243&'([4!

@%&034#!J)! '%4!&+A9(2A9!_&26!3&++(A9a!@/2@42'0&'(/2)! (2@04&)4b!GX5)!/7!)(+(@/2!&26!

'%4! 70&@'(/2! /7! dCeX! 64@04&)4! _)44! Z4+/>a! +4&[(23! J+5CW! _*&5CWa! &)! '%4! 9&(2! @%&034!

@/9K42)&'/0#!
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!

?-*#(&! O;Q;! -<G&!EJ.! GE1! )K4@'0&! 7/0! GX.! @/2'&(2(23! J+b! _&a! GX.b! _Za! GX.JFb! _@a!

GX.J"R!&26!_6a!GX.J"F#!c774@'!/2!-<G&!8M!Z04&6'%!&26!`@3)!7/0!_4a!J+!&26!_7a!*&!6/K46!

)/6(A9!Z/0/)(+(@&'4!3+&))4)#!

5.2.2.2. Aluminum-27 MAS NMR 

-;J+! EJ.! GE1! 6&'&! _:(3A04! F#Pa! )%/>! )Q994'0(@! K4&Y! )%&K4)! &3&(2! (26(@&'(23! &!

6()'0(ZA'(/2!(2!@%49(@&+!)%(7'#!J2!AKK40!Z/A26!7/0!'%4!TA&60AK/+&0!@/AK+(23!@/2)'&2'!

>&)!4)'(9&'46!70/9!'%4!@42'0&+!'0&2)('(/2!'/!Z4!&KK0/^(9&'4+Q!F!õ!"!E=]b!64'409(246!

70/9!.MJ1.Ö#!M%4!@%49(@&+!)%(7'!_`@3)a!>&)!F;!±!-!KK9!_:$=E!/7!"F!KK9a#-CC!M%4)4!

-;J+!EJ.!GE1!6&'&! (26(@&'4! '%&'! &++! &+A9(2A9!&'/9)!&04! 7/A0W@//06(2&'4#-b-<-! :0/9!

'%4!4)'(9&'4!/7! '%4!TA&60AK/+&0! @/AK+(23! (2'40&@'(/2b! '%4! )4@/26W/0640!TA&60AK/+&0!
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4774@'!()!mHRR!=]b!>%(@%!3([4)!&!`()/!/7!I"!±!F!KK9!_)4@'(/2!"#I#<a#!M%4!GX.JW"F!3+&))!

@/2'&(2)! &! )9&++! )%&0K! 04)/2&2@4! +/@&'46! &'! R! KK9! _n! <wab! >%(@%! ()! &))(3246! '/! &!

@0Q)'&++(24!K%&)4!/7!âWJ+-5<!_)'&0'(23!9&'40(&+a#!M%()!/@@A0046!&)!&!04)A+'!/7!(2@/9K+4'4!

9(^(23! 6A0(23! '%4! 94+'! K0/@4))b! >%(@%! >&)! &+)/! @/27(0946! A)(23! K/>640! ^W0&Q!

6(770&@'(/2#! J)! '%4! @/2@42'0&'(/2! ()! )9&++b! '%()! ()! 2/'! 4^K4@'46! '/! (27+A42@4! '%4!

94&)A046!'0426)#!

!

!

?-*#(&!O;T;!-;J+!EJ.!GE1!&26!;"*&!EJ.!GE1!)K4@'0&!/7!'%4!6/K46!)/6(A9!

Z/0/)(+(@&'4)!_F!'/!"F!wa#!

!

5.2.2.3. Gallium-71 MAS NMR 

;"*&! EJ.! GE1! )K4@'0&! _:(3A04! F#Pa! )%/>! &! K4&Y! )%&K4! '%&'! ()! &)Q994'0(@#! M%()!

&)Q994'0Q! ()! &''0(ZA'46! '/! &! 6()'0(ZA'(/2! (2! TA&60AK/+&0! @/AK+(23)b! &)! /Z)40[46! (2!
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/'%40! &+A9(2A9! &26! 3&++(A9! @/2'&(2(23! 3+&))4)#"Cb-C;! M%4! +&034! TA&60AK/+4!9/942'!

7/0!3&++(A9!K04[42')! '0A4! ()/'0/K(@! @%49(@&+! )%(7')! 70/9!Z4(23!64'409(246#!=/>4[40!

'%4!`@3)!7/0!&++!'%044!3+&))4)!()!"FC!õ!;!KK9b!>('%!&2!4)'(9&'46!9&^(9A9!TA&60AK/+&0!

(2'40&@'(/2! /7! ;! õ! "#F! E=]! )(9(+&0! '/! '%/)4! )442! (2! /'%40! 3&++(A9! @/2'&(2(23!

3+&))4)#Cb"Cb-C;! M%4! `@3)! [&+A4)! (26(@&'4! '%&'! '%4! 3&++(A9! @//06(2&'(/2! 42[(0/2942'!

@/2'&(2)! 7/A0! /^Q342)! _dCe*&a! >('%! &! 64+/@&+(]46! 243&'([4! @%&034! _&)! )442! >('%! '%4!

&+A9(2A9!6/K46!3+&))4)a#!M%4!@%49(@&+!)%(7'!0&234!7/0! dFe*&!&26! dIe*&!&04!-F!KK9!'/!

""R!KK9!&26!W"RR!KK9!'/!-F!KK9!04)K4@'([4+Qb!)AKK/0'(23!'%()!&))(32942'#Cb-CP!M%4!

)4@/26W/0640!TA&60AK/+&0!4774@'!()!/2!'%4!/0640!/7!P!Y=]!>%(@%!@/004)K/26)!'/!`()/!/7!

"H;!õ!<R!KK9#!

5.2.2.4. Silicon-29 MAS NMR 

-H.(! 8SE*!EJ.! GE1! )K4@'0&! &04! )%/>2! 7/0! '%4! &+A9(2A9W! &26! 3&++(A9W@/2'&(2(23!

Z/0/)(+(@&'4)! _:(3A04! F#Ha#! X&)46! /2! '%4! @%49(@&+! )%(7'! 6()'0(ZA'(/2! 70/9! GX.! 3+&))b!

'%404!()!4[(642@4!'%&'!Z/'%!UC!_W"RR!'/!W"-R!KK9a!&26!U<!_WPR!'/!W"RR!KK9a!)('4)!&04!

K04)42'!>('%! '%4!K/))(Z(+('Q! /7!U-! _W;R!KK9! '/! WPF!KK9a#C! :(''(23! '%4! -H.(! )K4@'0&! /7!

3+&))4)!()!6(77(@A+'!'/!6/!04+(&Z+Qb!6A4!'/!)(32(7(@&2'!K4&Y!/[40+&Kp!24[40'%4+4))b!>4!A)46!

'%4!Y2/>2! -H.(! @%49(@&+! )%(7'! 0&234)! 7/0![&0(/A)!UW)K4@(&'(/2!&)!&!TA&+('&'([4!3A(64#!

M%4! /[40&++! '0426! 7/0! Z/'%! &+A9(2A9W! &26! 3&++(A9W@/2'&(2(23! 3+&))! ()! '%&'! '%4! `@3)!

9/[4)! '/! %(3%40! 704TA42@Q! &)! '%4! @/2@42'0&'(/2)! /7! &+A9(2A9! &26! 3&++(A9! &04!

(2@04&)46b!(9K+Q(23!24'!64K/+Q940()&'(/2!/7!'%4!)(+(@/2!24'>/0Y#!
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!

?-*#(&!O;W;!-H.(!EJ.!GE1!8SE*!)K4@'0&!7/0!J+!_+47'a!&26!*&!_0(3%'a!6/K46!

Z/0/)(+(@&'4)!>('%!_&a!Rwb!_Za!Fwb!_@a!"Rw!&26!_6a!"Fwb!J+!/0!*&!04)K4@'([4+Q#!

!

5.2.2.5. Boron-11 MAS NMR 

""X!EJ.!GE1!)K4@'0&!>404!&@TA(046!'/!TA&2'(7Q!'%4!70&@'(/2!/7!7/A0W@//06(2&'4!Z/0/2#!

:(3A04! F#"R! (++A)'0&'4)! d<eX! _P! '/! -R! KK9a! &26! dCeX! _C! '/! WC! KK9a! 04)/2&2@4)#! M%4!

TA&60AK/+&0!@/AK+(23)!7/0!Z/'%!d<eX!&26!dCeX!>404!64'409(246!70/9!'%4!Z04&6'%!/7!'%4!

))Z! 9&2(7/+6! '/! Z4! -#I! õ! R#-! E=]! &26! F-R! õ! FR! Y=]b! 04)K4@'([4+Qb! &3044(23! >('%!

K04[(/A)!)'A6(4)#HbHRb-CC!EUEJ.!)K4@'0&!(26(@&'4!2/!4[(642@4!/7!GX5)!/2!Z/0/2#!M%4)4!

6&'&! %/>4[40! 6/! )%/>! &2! (2@04&)4! (2! 6()'0(ZA'(/2)! /7! Z0(63(23! /^Q342! )K4@(4)! &)!

&+A9(2A9!&26!3&++(A9!&04!(2'0/6A@46!6A4!'/!'%4!)94&0(23!/7!'%4!04)/2&2@4!'/!%(3%40!

&26!+/>40!704TA42@(4)!_:(3A04!F#""a#!

!
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! M%4!70&@'(/2!/7!dCeX!()!)%/>2!(2!:(3A04!F#"Rb!>%404!&!+(24&0!64@04&)4!/@@A0)!7/0!

Z/'%!&+A9(2A9!&26!3&++(A9!&'!@/9K&0&Z+4!70&@'(/2)#!J)!&+A9(2A9!/0!3&++(A9!()!&6646b!

'%4!@%&034!Z&+&2@4!04TA(046!7/0!'%4!GX.!3+&))!()!04+(4[46b!@&A)(23!&!64@04&)4!(2!'%4!*C#!

M%()! ()! &''0(ZA'46! '/! '%4!/2)4'!/7! dCeJ+! _dCe*&a!>%404ZQ!&!64+/@&+(]46!243&'([4! @%&034!

24A'0&+(]4)! '%4! )/6(A9! @&'(/2(@! @%&034#! J+'%/A3%! '%4! Z4%&[(/A0! /7! &+A9(2A9! &26!

3&++(A9!&04!)(9(+&0!_:(3A04!F#"Ra!'%4!64@04&)4!(2!dCeX!()!)+(3%'+Q!9/04!4774@'([4!>('%!'%4!

&66('(/2!/7!&+A9(2A9#!M%4!4^&@'!@&A)4!7/0!'%()!/@@A0042@4!()!2/'!@A0042'+Q!Y2/>2!&)!

3&++(A9!()!4^K4@'46!'/!Z4%&[4!(642'(@&++Q#!J!K/))(Z+4!4^K+&2&'(/2!7/0!'%()!6()@04K&2@Q!

()! '%&'!3&++(A9!@/A+6!K/'42'(&++Q! @04&'4!&2! (9Z&+&2@4!Z4'>442!)(+(@/2!GX5)!&26! dCeX#!

J+A9(2A9!K40%&K)!KA++)! )/6(A9! 70/9!Z/'%! dCeX!&26!U<!)K4@(4)!&)! ('! ()! (2@/0K/0&'46#!

*&++(A9! 9&Q! @&A)4! GX5)! /2! )(+(@/2! '/! Z4! 9/04! A27&[/A0&Z+4b! K04[42'(23! G&l! '/!

(2'40&@'!6(04@'+Q!>('%!'%4!)(+(@&'4!24'>/0Y#!M%()!>/A+6!@&A)4!'%4!%(3%40!70&@'(/2!/7!dCeX!

)(2@4! ('! %&)! '/! @%&034! @/9K42)&'4! '%4!G&l! '%&'!>/A+6! 2/09&++Q! Z4! (2'40&@'(23!>('%!

)(+(@/2#! :A0'%40! )'A6(4)! K40%&K)! A)(23! 1cD51! @/A+6! Z4! A)46! '/! K0/Z4! '%()! 9/04!

K04@()4+Q! '/! 64'409(24! K/))(Z+4! 42[(0/2942')! 4^%(Z('46! ZQ! &+A9(2A9b! 3&++(A9b! dCeX!

&26!)(+(@/2#!
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!

?-*#(&!O;LK;!""X!EJ.!GE1!)K4@'0&!/7!'%4!*&W6/K46!G&X.(!3+&))4)b!_&a!GX.b!_Za!GX.*Fb!

_@a!GX.*"Rb!_6a!GX.*"F!&26!_4a!70&@'(/2!/7!dCeX!&)!&!7A2@'(/2!/7!V-5<!_V!g!J+!/0!*&a#!

!

 

?-*#(&!O;LL;!""X!<UEJ.!7/0!GX.b!GX.J"F!&26!GX.*"F!3+&))4)b!04)K4@'([4+Q#!

!
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5.2.2.6.  27Al{11B} and 11B{23Na} REDOR 

5.2.2.6.1. [4]Al-O-[4]B Avoidance 

L2!&![&0(4'Q!/7!3+&))!)Q)'49)!7/A0W@//06(2&'4!&[/(6&2@4!_4#3#b!dCeXW5WdCeXb!dCeXW5WdCeJ+!&26!

dCeJ+W5WdCeJ+!_&2&+/3/A)!>('%!3&++(A9aa!()!&+>&Q)!@/2)(64046#!$%42!%(3%!+4[4+)!/7!7/A0W

@//06(2&'4! )K4@(4)! &04! K04)42'! '%4! )'&'()'(@&+! K0/Z&Z(+('Q! 7/0! '%49! '/! (2'40&@'! >(++!

(2@04&)4b! &+'%/A3%! ('! ()! 424034'(@&++Q! A27&[/A0&Z+4#! L7! &[/(6&2@4! /@@A0)! '%()! ()! &2!

(26(@&'(/2!/7!/0640(23!>%(@%!)%/A+6!2/'!/@@A0! (7!&!9&'40(&+! ()!647(246!&)!&!0&26/9+Q!

6()'0(ZA'46!)%/0'W0&234!24'>/0Y#!M%()!()!)'A6(46!A)(23!'%4!)'&'()'(@&+!94@%&2(@)!9/64+!

/7! DA! &26! .'4ZZ(2)b-<-! >%404! >4! @&+@A+&'4! '%4! 70&@'(/2! /7! Z0(63(23! )K4@(4)! 70/9! &!

0&26/9!9/64+! &26! &2! &[/(6&2@4! 9/64+! _M&Z+4! F#<a#! M%4! 7/++/>(23! 4TA&'(/2)! >404!

A)46!'/!64'409(24!'%4!Z0(63(23!/^Q342!42[(0/2942')#!

! qd<eX!g!<V_d<eX_M<aa!l!-V_d<eX_M-aa! ! ! ! UO;LV!

! qdCeX!g!CV_dCeXa! ! ! ! ! ! UO;JV!

qdCeJ+!g!CV_dCeJ+a! ! ! ! ! ! UO;MV!

qdCe.(!g!CV_dCe.(_UCaa!l!<V_dCe.(_U<aa!! ! ! UO;NV!

q'/'&+!g!qd<eXl!qdCeXlqdCeJ+lqdCe.(! ! ! ! UO;OV!

f!g!_R#Fq'/'&+!lV_d<eX_M-aalV_dCe.(_U<aa! ! ! UO;PV!

S&>5-1!4-5+:l!

|EW5WG!g!_(qEqGhqahf! ! ! ! ! ! UO;QV!

DR-(5&>;+!4-5+:l!

|EW5WdCeJ+!g!d_qdCeJ+a_qEah_qd<eXlqdCe.(aehf! ! ! UO;TV!

|EW5WdCeJ+!g!d_qdCeXa_qEah_qd<eXlqdCe.(aehf! ! ! UO;WV!

|Eb+47'!g!qEWd_qdCeXlqdCeJ+a_qEah_qd<eXlqdCe.(ae! ! ! UO;LKV!
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|EW5WG!g!d(_qEb+47'a_qGb+47'ah_qd<eXb+47'lqdCe.(b+47'ae! ! ! UO;LLV!

=404!V_dCeXab!V_d<eX_M<aab!V_d<eX_M-aab!V_dCeJ+ab!V_dCe.(_UCaa!&26!V_dCe.(_U<aa!04K04)42'!'%4!

9/+4!70&@'(/2!/7!dCeXb!d<eX!_R!GX5)!&26!"!GX5ab!dCeJ+b!&26!dCe.(!_R!GX5)!&26!"!GX5a!Z&)46!

/2!'%4!'/'&+!/7!Xb!J+!&26!.(!)K4@(4)#!M%4![&+A4)!/7!4&@%!&04!64'409(246!70/9!""Xb!-;J+!

&26!-H.(!EJ.!GE1#!M%4!'/'&+!2A9Z40!/7!)K4@(4)!+(2Y46!'/!Z0(63(23!/^Q342)!()!642/'46!

ZQ!qEb!>%404!E!g!d<eXb!dCeXb!dCeJ+!&26!dCe.(#!M%4!'/'&+!2A9Z40!/7!Z0(63(23!/^Q342)!()!3([42!

ZQ!4TA&'(/2!F#F!&26! '%4! '/'&+!2A9Z40!/7!/^Q342)! ()!647(246!&)!f! _4TA&'(/2!F#Ia#!M%4!

70&@'(/2!/7!4&@%!'QK4!/7!Z0(63(23!/^Q342!)K4@(4)!()!647(246!ZQ!'%4!'409b!|#!M%4!'409!(b!(2!

4TA&'(/2!F#;! @&2! '&Y4!/24!/7! '>/![&+A4)b! (! g!"! 7/0!E!ï!G!&26! L!g!R#F! 7/0!E!g!G#!M%4!

K0/Z&Z(+('Q! '/! 7(26!E!/0!G!6/4)!64K426!/2! '%4!9/64+! @%/)42b! '%4047/04! '%4! 0&26/9!

9/64+!()!@&+@A+&'46!A)(23!4TA&'(/2!F#;!>%(+4!'%4!&[/(6&2@4!9/64+!_(#4#b!)/94!643044!/7!

/0640(23a!()!647(246!ZQ!4TA&'(/2)!F#P!'/!F#""#-<-!

!
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X'>%&!O;M;!.'&'()'(@&++Q!64'409(246!Z/26(23!&00&234942'!7/0!&++!)4[42!G&X.(!3+&))4)b!

>%404!V!()!dCeJ+!/0!dCe*&#!

.K4@(4)! E/64+!

.(W5W

.(!w!

XW5W

.(!w!

VW5W

.(!w!

XW5W

X!w!

VW5WX!

w!

VW5WV!

w!

VW5W

CX!w!

CXW5W

CX!w!

1&26/9! <I#<! CC#P! R! F#-! R! R! R! P#I!
GX.!

J[/(6&2@4! -H#I! FP#<! R! ;#"! R! R! R! R!

1&26/9! -H#H! <I#P! ""#R! ;#"! -#I! "#R! C#<! C#F!
GX.JF!

J[/(6&2@4! --#H! CC#C! "I#-! H#-! <#P! R! R! R!

1&26/9! -<#<! <R#R! "H#R! ;#H! ;#R! <#H! F#<! "#P!
GX.J"R!

J[/(6&2@4! ";#C! <-#-! -P#F! H#F! "R#F! R! R! R!

1&26/9! ";#;! -C#C! -<#H! P#"! "<#"! P#"! <#C! R#C!
GX.J"F!

J[/(6&2@4! "-#;! -"#;! <I#F! P#"! -R#R! R! R! R!

1&26/9! -H#-! <I#H! ""#R! I#;! -#C! "#R! C#F! F#R!
GX.*F!

J[/(6&2@4! --#-! CF#;! "I#C! H#R! <#I! R! R! R!

1&26/9! -<#C! <R#<! "H#R! ;#;! I#I! <#H! F#;! -#"!
GX.*"R!

J[/(6&2@4! ";#R! <<#-! -H! H#F! "R#R! R! R! R!

1&26/9! "P#R! -C#;! -C#"! ;#H! "-#-! P#R! C#<! R#I!

GX.*"F!

J[/(6&2@4! "-#<! --#F! <;#I! P#<! "H#"! R! R! R!

!

! :0/9!'%4)4!@&+@A+&'(/2)b!&!70&@'(/2!/7!Z0(63(23!)K4@(4)!_dCeXW5WVa!)%/A+6!4^()'!(2!

&!0&26/9!9/64+!_Z4'>442!<!'/!I!wab! (2!043&06)!'/!Z0(63(23!)K4@(4)! (2[/+[(23! d<ehdCeX!

&26!dCeJ+!_dCe*&a!Z/26(23!('!&@@/A2')!7/0!-R!'/!IRw!/7!Z/0/2!)K4@(4)#!M/!K0/Z4!Z0(63(23!
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42[(0/2942')!ZQ!GE1!/24!'QK(@&++Q!%&)!'/!()/'/K(@&++Q!420(@%!'%4!)&9K+4!>('%!";5!&26!

&@TA(04!";5!EUEJ.#!J2!&+'402&'([4!&KK0/&@%b!>%(@%!04TA(04)!2/!420(@%942'!&26!@&2!

Z4! &KK+(46! '/! K0/Z4! dCeXW5WdCeJ+! @/224@'([('(4)! ()! -;J+x""Xy! 1cD51#! $('%(2! GX.J"F!

3+&))!&!0&26/9!9/64+!K046(@')!'%&'!-Fw!/7!&++!Z0(63(23!Z/0/2)!)%/A+6!Z4!dCeXW5WdCeJ+#!!

! M%()!70&@'(/2!()!+&034!42/A3%!'%&'!1cD51!)%/A+6!Z4!&Z+4!'/!64'409(24!>%4'%40!

dCeJ+! &04! 24(3%Z/A0(23! dCeX! _(#4#b! Z04&Y(23! '%4! &[/(6&2@4! 0A+4a#! :(3A04! F#"-! )%/>)!

-;J+x""Xy! 1cD51! 7/0! Z/'%! d<eX! &26! dCeXb! >('%! KA+)4)! )4+4@'46! '/! /Z'&(2! 9&^(9A9!

4^@('&'(/2!&26!64K%&)(23!7/0!Z/'%!-;J+!&26!""X#!M%4!'>/!6()'(2@'!Z/0/2!)K4@(4)!@/2'&(2!

60&)'(@&++Q!6(774042'!TA&60AK/+&0!(2'40&@'(/2)!_-#I!E=]!_d<eXa!&26!F-R!Y=]!_dCeXaa!&26!

@&2!Z4!)4+4@'46!ZQ!A)(23!K0/K40!KA+)4!>(6'%)#!M%()!>(++!&++/>!7/0!9&^(9A9!4^@('&'(/2!

/7!dCeX!/[40!d<eX!&26![(@4![40)&#PFb-CH!M%4!d<eX!%&)!&!9A@%!)'0/2340!1cD51!@A0[4!_:(3A04!

F#"-a! &''0(ZA'46! '/! &! )'0/2340! (2'40&@'(/2b! >%404&)! '%4! dCeX! ()! 9A@%! >4&Y40b! Z4(23!

7A0'%40! &>&Q#!DA4! '/! /A0! )Q)'49!Z4(23! &9/0K%/A)b! ()! 2/'! &2! ()/+&'46! )K(2WK&(0! &26!

(2[/+[4)!TA&60AK/+&0!2A@+4(b!6(04@'!Z/26!6()'&2@4)!@&22/'!Z4!94&)A046#!=/>4[40b!>4!

@&2! A)4! '%4! 6(K/+&0! (2'40&@'(/2! Z4'>442! ""X! &26! -;J+b! '/! 94&)A04! &2! &[40&34! XWJ+!

(2'40&@'(/2!>('%!'%4!&(6!/7!.LES.5GÖ!@&+@A+&'(/2)!(2!/0640!'/!4^'0&@'!(27/09&'(/2!/2!

K0/^(9('Q#! $4! @/2)'0A@'46! &! -;J+! Ñ! ""X! )K(2WK&(0! >('%! &KK0/K0(&'4! TA&60AK/+&0!

(2'40&@'(/2)! &26![&0Q(23!643044)!/7!6(K/+&0! (2'40&@'(/2)! '/!/Z'&(2! )(9A+&'46!1cD51!

@A0[4)b!/2!>%(@%!Z&)()!('!>&)!64'409(246!'%&'!'%4!1cD51!@A0[4!&))/@(&'46!>('%!dCeXW

5WdCeJ+!()!/2!'%4!/0640!/7!m;F!_-Ra!=]b!>%404&)!'%4!d<eXW5WdCeJ+!()!/2!'%4!/0640!/7!mCRR!

_CRa!=]#!J)! '%4!6(K/+&0! (2'40&@'(/2!Z4'>442! dCeX!&26! dCeJ+! ()! )9&++! '%()! (26(@&'46! '%&'!

'%4)4! '>/! )K4@(4)!>404!2/'! (2!K0/^(9('Q! '/! /24! &2/'%40b! '%A)! @/2@+A6(23! '%&'! )/94!

/0640(23!6/4)!/@@A0!>('%(2!'%4)4!6()/064046!)K4@(4)#!M%()!&+)/!)AKK/0')!'%4!K04[(/A)!
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&))40'(/2!'%&'!/2+Q!UC!&26!M<!)K4@(4)!&04!)A00/A26(23! dCeXb!>%404!'%4!/Z)40[&'(/2!/7!

dCeX! 2&00/>(23! )A334)'46! &! 64@04&)4! (2! 6()/0640! _(#4#b! (2@04&)4! (2! /0640(23b! 2/'!

0&26/9+Q!9(^46a#!

!

!

?-*#(&! O;LJ;! -;J+x""Xy! 1cD51! 7/0! GX.J"F! 3+&))b! '%4! dCeX! _)TA&04)a! %&)! &! >4&Y!

64K%&)(23!@A0[4b!>%(+4! '%4! d<eX! _'0(&23+4)a! (++A)'0&'4)!&! )'0/23!64K%&)(23!@A0[4#!M%()!

K0/[(64)!4[(642@4!/7!J+!(2'40&@'(23!)'0/23+Q!>('%!d<eXb!>%(+4!&[/(6(23!dCeX!

!

5.2.2.6.2. 23Na+ interacting with [4]B/[4]Al polyhedra 

1cD51!>&)!&+)/!A)46!'/!K0/Z4!9/6(7(40!K0/^(9('Q!>('%(2!'%4!)AZ)'('A'46!Z/0/)(+(@&'4#!

""Xx-<G&y!1cD51!@&2!Z4!A)46!'/!64'409(24!>%404!'%4!G&l!)('!>('%(2!'%4!Z/0/)(+(@&'4!

24'>/0Y!&)!%&)!Z442!6/24!>('%!)/6(A9!Z/0&'4)#-FR!M%044!3+&))4)!_GX.b!GX.J"F!&26!

GX.*"Fa!>404!K0/Z46!>('%!d<eX!_""Xx-<G&yW1cD51ab!)%/>(23!)(9(+&0!Z4%&[(/0!_:(3A04!

F#"<a#! M%()! @/27(09)! '%&'! G&l! @&'(/2)! (2'40&@'! 9(2(9&++Q! >('%! d<eXb! &26! &++! Z/0/2!
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)K4@(4)!&04!Z0(63(23!M<!A2(')b!&)!K046(@'46!ZQ!D4++!&26!X0&Q!&26!(2!&3044942'!>('%!'%4!

""X!EUEJ.!6&'&#!8/9K&0()/2!/7! '%4!04+&'([4!G&l! W! dCeX! (2'40&@'(/2!>&)!&+)/!6/24! 7/0!

'%4!)&94!'%044!3+&))4)#!M%4!GX.!3+&))!%&)!&![40Q!)'0/23!1cD51!@A0[4!6A4!'/!dCeX!&26!

U<! )K4@(4)! 9&(2'&(2(23! @%&034! Z&+&2@4#! =/>4[40b! '%4! GX.J"F! &26! GX.*"F! 3+&))4)!

%&[4! dCeX!1cD51!@A0[4)!)%/>(23!&!>4&Y40!64K%&)(23!@A0[4!_&+'%/A3%!)'0/2340! '%&2!

7/0!'%4!d<eX!3+&))a#!M%()!)%/>)!'%&'!)/94!G&l!()!)'(++!>('%(2!'%4![(@(2('Q!/7!dCeXb!>%(+4!'%4!

9&Ü/0('Q!%&)!9/[46!'/!dCeJ+!_dCe*&ab!K0/[(6(23!4[(642@4!'%&'!'%4!G&l!%&)!9/[46p!'%4)4!

04)A+')!&3044!>('%!'%4!70&@'(/2!/7!dCeX!&26!@%&034!Z&+&2@4!9/64+!@&+@A+&'(/2)#!
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!

?-*#(&! O;LM;! d<eX! &26! dCeXb! ""Xx-<G&y! 1cD51! @A0[4)! 7/0! GX.! _)TA&04)ab! GX.J"F!

_6(&9/26)a!&26!GX.*"F!_@(0@+4)a#!GX.b!GX.J"F!&26!GX.*"F!7/0!'%4!G&hd<eX!&++!%&[4!

)(9(+&0! (2'40&@'(/2)! (26(@&'(23! )(9(+&0! d<eXWG&l! Z4%&[(/A0#! :/0! '%4! G&hdCeX! 1cD51!

@A0[4)!'%4!GX.!3+&))!%&)!'%4!)'0/234)'!(2'40&@'(/2!>%(+4!J+!&26!*&!@/2'&(2(23!3+&))4)!

&04!>4&Y40#!M%4)4!>4&Y40!(2'40&@'(/2)!&04!&''0(ZA'46!'/!G&l!K0474042'(&++Q!(2'40&@'(23!

>('%!J+!_*&a#!
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5.2.3. Discussion 

5.2.3.1. Borosilicate Modification 

E/6(7(@&'(/2! /7! '%4! Z/0/)(+(@&'4! K%&)4! /@@A0)! ZQ! &2! &+Y&+(! 9/6(7(40! _G&la! &26! '%4!

&66('(/2!/7!Fb!"Rb!&26!"F!9/+w!(2'40946(&'4!3+&))!7/0940)!_J+-5<!h!*&-5<a#!M%4!-<G&!!

)K4@'0&!(26(@&'4!&!)%(7'!'/!%(3%40!704TA42@Q!_n!<!KK9!'/'&+a!7/0!Z/'%!'%4!&+A9(2A9!&26!

3&++(A9!)40(4)b!&@@/9K&2(46!ZQ!&!2&00/>(23!/7!'%4!@42'0&+!'0&2)('(/2!_:(3A04!F#;a#!M%4!

@%&234! (2! )%(7'! @&2! Z4! 6A4! '/! 4('%40! &! @%&234! (2! @//06(2&'(/2! 2A9Z40! /0! +/@&+! G&l!

42[(0/2942'#!J)!)442!7/0!Z/0&'4)HR!&26!)(+(@&'4)-F"b!&!@%49(@&+!)%(7'!@%&234!'/!%(3%40!

704TA42@Q! /@@A0)! >('%! '%4! (2@04&)4! (2! @/2@42'0&'(/2b! (9K+Q(23! &! 64@04&)4! (2! '%4!

&[40&34!@//06(2&'(/2!)K%404#!M%4!&66('(/2!/7!&+A9(2A9!_3&++(A9a!'/!Z/0/)(+(@&'4!>(++!

&774@'!'%4!/[40&++!3+&))!24'>/0Y!&)!>4!9&(2'&(246!&!@/2)'&2'!0&'(/!/7!G&-5hX-5<b!1g"#!

M%4)4! )9&++! )%(7')! )449! '/! Z4! @&A)46! ZQ! '%4! 24(3%Z/A0(23! K/+Q%460&! &26! 2/'! '%4!

@//06(2&'(/2! 2A9Z40#! M%()! 4^K+&2&'(/2! ()! 04&)/2&Z+4! &)! '%4! )/6(A9! @&'(/2! >(++!

(2'40&@'! >('%! '%4! 243&'([4+Q! @%&0346! dCeJ+! _dCe*&a#! :A0'%409/04b! '%4! J+5CW! _*&5CWa!

'4'0&%460&!>(++!Z4!+&0340!'%&2!dCeXb!(2'40&@'(23!70/9!&!7A0'%40!6()'&2@4#!J+'%/A3%!+/2340!

(2'40&@'(/2)!&++/>!&2!(2@04&)4!(2!@//06(2&'(/2b!'%4!@%49(@&+!)%(7'!@%&234)!)449!'/!Z4!

9(2/0!04+&'([4!'/!'%/)4!/Z)40[46!&Z/[4!7/0!)/6(A9!Z/0&'4)#!!

! M%4!m"Fw!64@04&)4! (2!>(6'%!7/0!'%4!)/6(A9!04)/2&2@4!@&2!Z4!@&A)46!ZQ!G&l!

9/'(/2! /0! &! 64@04&)4! (2! '%4! 6()'0(ZA'(/2! &0/A26! '%4! G&l#! :/0! '%4)4! 3+&))4)! G&l!

9/Z(+('Q! 34240&++Q! 04TA(04)! %(3%40! '49K40&'A04)! _(#4#b! jFR/8ab! A2+(Y4! ?(l#PCb"IFb-"-! J!

64@04&)4! (2! 6()'0(ZA'(/2! @/A+6! 4^K+&(2! '%4)4! 04)A+')! &)! &! 64@04&)4! (2! )(+(@/2!

@/2@42'0&'(/2!&26!&2!(2@04&)4!(2!&+A9(2A9!_3&++(A9a!>(++!)%(7'!'%4!Z&+&2@4!/7!@%&034W

@/2'&(2(23!)K4@(4)#!.(+(@/2!U<)!>(++!Z4!64@04&)46!&)!'%4!G&l!()!Z&+&2@46!ZQ!dCeJ+!_dCe*&a!
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&26! dCeX#!c[42!'%/A3%!>%42!&66(23!&2!4^'0&!7/0940!/24!>/A+6!4^K4@'!&2!(2@04&)4!(2!

6()/0640b! '%4! +/@&+! )/6(A9! 42[(0/2942')!>/A+6! 2/! +/2340! Z4! 4^K/)46! '/! GX5)! &26!

>/A+6!Z4!@%&034WZ&+&2@46!9&(2+Q!ZQ!K)4A6/W'4'0&%460&+!A2(')!70/9!30/AK!LLL!_(#4#b!X5CW

b!J+5CW!/0!*&5CWa!>('%!&!64+/@&+(]46!243&'([4!@%&034#!

! J+A9(2A9!&26!3&++(A9!&04!Y2/>2!&)! ì(2'40946(&'4{! 24'>/0Y! 7/0940)! &)! '%4Q!

@&22/'!7/09!3+&))4)!/2!'%4(0!/>2#!M%4Q!>(++b!%/>4[40b!K&0'(@(K&'4!(2!@/[&+42'!Z/26(23!

&26! 24'>/0Y! @/224@'([('Q! >%42! @/9Z(246! >('%! &! 24'>/0YW7/09(23! @&'(/2#-b-C<!

L2@/0K/0&'(/2! /7! &+A9(2A9! _3&++(A9a! (2'/! &! Z/0/)(+(@&'4! 3+&))! 'QK(@&++Q! /@@A0)! &)! &!

7/A0W@//06(2&'4!)K4@(4)!_(642'(@&+!'/!dCeXa!>('%!&!64+/@&+(]46!243&'([4!@%&034!/[40!'%4!

J+5CW! _*&5CWa! A2('#-bC! M%4! 3+&))4)! )'A6(46! )%/>! 2/! 4[(642@4! /7! %(3%40! @//06(2&'(/2!

42[(0/2942')! &)! )442! (2! /'%40! Z/0/&+A9(2&'4)b"Cb-F-! Z/0/3&++&'4)b"C! &+A9(2/)(+(@&'4)!

&26!Z/0/)(+(@&'4)#-CFb-F<!M%4!Z0/&6!&+A9(2A9!&26!3&++(A9!04)/2&2@4)!@/9K&046!'/!'%4!

2&00/>! 7/A0W@//06(2&'4! 04)/2&2@4! &04! @&A)46! ZQ! &! +&034! TA&60AK/+4! 9/942'! &26!

(2@04&)46! )42)('([('Q! '/! 6()'/0'(/2)! (2! 34/94'0Q#! *&++(A9W@/2'&(2(23! )/6(A9!

Z/0/)(+(@&'4! 3+&))4)! 4^%(Z('46! Z0/&6! _mFR! KK9a! 2/2W*&A))(&2! )%&K46! 04)/2&2@4)!

_A2+(Y4! dCeJ+ab!>('%! &! +/>! 704TA42@Q! '&(+#! M%4! '&(+!>&)! 64'409(246! '/! Z4! @&A)46! ZQ! &!

6()'0(ZA'(/2! (2! '%4! TA&60AK/+&0! @/AK+(23! @/2)'&2')#<Cb-FC! J+'%/A3%! 2/'! '%4! @&)4!

K04)42'46!%404b!+/>!704TA42@Q!'&(+)!9A)'!Z4!'04&'46!@&047A++Q!&)!'%4Q!@&2!Z4!@&A)46!ZQ!

%(3%40! @//06(2&'4! )K4@(4)! )A@%! &)! dFe*&! /0! dFeJ+! &)! )442! (2! '%4! %4&[Q! 94'&+! /^(64!

Z/0/3&++&'4)"C!)'A6(46!ZQ!/A0!30/AKb!&26!&+)/!(2!@&+@(A9!&+A9(2/)(+(@&'4)#-CF!!!

! M%4!@0Q)'&++(24!J+-5<!K%&)4!K04)42'!(2!'%4!GX.J"F!3+&))!>&)!2/'!/Z)40[46!7/0!

'%4!&2&+/3A4!*&!3+&))! _GX.*"Fa#!M%()! ()!2/'! )A0K0()(23!&)!*&-5<! ! _Y1g"PRI/8a!%&)!&!
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+/>40! 94+'(23! K/(2'! '%&2! J+-5<! _Y1! g! -RCI/8ab! &++/>(23! (2@/0K/0&'(/2! (2'/! '%4!

Z/0/)(+(@&'4!24'>/0Y!>('%/A'!@0Q)'&++(]&'(/2#"I!!

5.2.3.2. Silicon speciation 

-H.(!EJ.!GE1!)K4@'0&!>404!&2&+Q]46!TA&+('&'([4+Q!7/0!74&'A04)!04+&'(23!'/!'%4!)(+(@/2!

24'>/0Y#! M%4! 8&00WSA0@4++WE4(Z//9W*(++! )4TA42@4! K0/[(64)! '%4)4! )K4@'0&! >('%(2! &!

04&)/2&Z+4!'(94)@&+4!_m"!W!C!%0)ab!&)!/KK/)46!'/!'0&6('(/2&+!X+/@%!4^K40(942')!_m!-C!

%0)a#! X&)(@! @%&034WZ&+&2@4! @&+@A+&'(/2)! _Z4+/>a! (26(@&'4! '%&'! '%4!GX.! 3+&))! 04TA(04)!

";w!GX5)!+/@&'46!/2!)(+(@/2!K/+Q%460&#!:/0!&++!3+&))4)b!UC!>(++!Z4!jPRwb!>%(+4!U<!>(++!

Z4! n-Rw! '/! 9&(2'&(2! @%&034! Z&+&2@4#! U-! ()! A2+(Y4+Q! '/! Z4! K04)42'b! &)! '%()! >/A+6!

'QK(@&++Q!04TA(04!mFRw!GX5)!/2!'%4!)(+(@&'4!A2(')!&26!GX5)!/2!Z/0/2!K0(/0!'/!7A0'%40!

Z04&Y6/>2!>('%(2! '%4!)(+(@&'4!K/+Q%460&#!:A0'%409/04b!>4! 7/A26!2/!4[(642@4! 7/0!M-!

A2(')!_GX5)!/2!Z/0/2a#!M%4!@%&034!Z&+&2@4!4TA&'(/2)!A)46!'/!64'409(24!U<!)K4@(&'(/2!

&04i!

! ! 8dCeX!g!*C!!!dX-5<e!-! ! ! ! ! ! UO;LJV!

! ! 8GX5!g!_"!M-a!l!_-!M"a!l!_<!MRa! ! ! ! UO;LMV!

! ! 88&'(/2g!)A9_88!!!Ea! ! ! ! ! ! UO;LNV!

! ! 8dCeV!g!7dCeVl-!V-5<!! ! ! ! ! ! UO;LOV!

! ! U<!g!d8dCeX!l!8GX5!l!8dCeVe!Ñ!88&'(/2! ! ! !! UO;LPV!

! ! UC!g!.(WU<! ! ! ! ! ! ! UO;LQV!

$ =404!*C!()!'%4!70&@'(/2!/7!dCeX!70/9!'%4!GE1!6&'&b!M-bM"bMR!&04!'%4!2/2WZ0(63(23!

/^Q342!)K4@(4)!/2!Z/0/2!_(7!'%404!()!/2+Q!M<!'%42!'%()!'409!()!]40/b!&)!(2!/A0!@&)4ab!E!()!

'%4!2A9Z40!/7!9/6(7Q(23!@&'(/2)b!88!()!'%4!@%&034!_4#3#b!-RG&b!l"ab!7dCe^!()!'%4!70&@'(/2!/7!
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V!_V!g!dCeJ+!/0!dCe*&a!64'409(246!70/9!'%4!GE1!)K4@'0A9b!&26!.(!()!'%4!'/'&+!2A9Z40!/7!

.(!A2(')#!

!

X'>%&!O;N;!G&X.(!3+&))!@%&034!Z&+&2@4!)K4@(&'(/2!Z&)46!/2!4TA&'(/2)!F#"-!W!F#";#!

1'8C%&!
./!

ULlV!
a!hNi6! a!hNi=%! a!hNi7'! a!"'!

X0,'%!

mnB&!

X0,'%!

opB&!
]M! ]N! l!]M!

"61! R#;R! -P! R! R! CR! CR! -P! "-! CP! -R#R!

"61=O! R#F-! -"! "R! R! CR! CR! <"! H! CI! "I#C!

"61=LK! R#<C! "C! -R! R! CR! CR! <C! I! CC! "-#R!

"61=LO! R#"I! ;! <R! R! CR! CR! <;! <! C-! I#;!!

"617O! R#FF! --! R! "R! CR! CR! <-! ;! CP! "-#;!

"617LK! R#<;! "F! R! -R! CR! CR! <F! F! CF! "R#R!

"617LO! R#-R! P! R! <R! CR! CR! <P! -! C<! C#C!

!

! !

! M%4!@%&234!(2!-H.(!)%(7')!&04!@&A)46!ZQ!dCeJ+!_/0!dCe*&a!24^'W24&04)'!24(3%Z/A0)!

)AZ)'('A'(23! (2'/! '%4! 24'>/0Y! &)! '%4! 0&'(/! /7! J+! _*&a! ()! (2@04&)46#! M%()! )AZ)'('A'(/2!

_@%&234! (2! )4@/26! @//06(2&'(/2! )K%404a! @&A)4)! '%4! -H.(! `()/! '/! )%(7'! '/! &! %(3%40!

704TA42@Q! 9&)TA40&6(23! &)! U-! 7/09&'(/2#C! M%4! (2@04&)4! (2! &+A9(2A9! _3&++(A9a!

@/2@42'0&'(/2! @/004+&'4)! +(24&0+Q! >('%! '%4! `@3)! )%(7'! '/! %(3%40! 704TA42@Qb! 7A0'%40!

@/27(09(23! '%()!4^K+&2&'(/2#!:/0! '%4!GX.!3+&))b! 04@42'!9/+4@A+&0!/0Z('&+! @&+@A+&'(/2)!

)A334)'! )(9(+&0! )%(7')! 7/0! Z/0/2b!>%404ZQ! &! )%(7'! '/! %(3%40! 704TA42@Q! /@@A0)! &)! .(5C!

24(3%Z/A0)!&04!04K+&@46!ZQ!X5<!&26h/0!X5CW!A2(')b!4[42! (7!/2+Q! '/!&!)9&++!643044#-FF!
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M%4! 2A9Z40! /7! &+A9(2A9! _3&++(A9a! 24(3%Z/A0)! @&2! Z4! 4)'(9&'46! ZQ! A)(23! '%4!

/Z)40[46!)%(7'!&26!'&Y(23!(2'/!&@@/A2'!'%4!)'&'()'(@&+!K0/Z&Z(+('(4)!/7!%&[(23!&+A9(2A9!

_3&++(A9a!&0/A26!&! )(+(@/2! )K4@(4)#!M%4! 04)A+')!Z&)46!/2! @%49(@&+! )%(7'! &26! 0&'(/)!/7!

&+A9(2A9! '/! )(+(@/2! _2/'! '&Y(23! (2'/! &@@/A2'! Z/0/2a! )A334)'! R#F! '/! -! &+A9(2A9!

_3&++(A9a! 24(3%Z/A0)! K40! )(+(@/2! )K4@(4)#! .(2@4! Z/0/2! ()! &+)/! K04)42'b! '%4! 4^&@'!

6()'0(ZA'(/2! /7! &+A9(2A9! _3&++(A9a! >('%(2! '%4! Z/0/)(+(@&'4! 24'>/0Y! ()! 2/'! Y2/>2b!

K04@+A6(23! '%4! 64'409(2&'(/2! /7! &2! 4^&@'! 2A9Z40#! =/>4[40! '%()! K0/[(64)! &2! AKK40!

Z/A26)!/7!-J+!_*&a!24(3%Z/A0)!K40!.(!A2('#!

5.2.3.3. Boron speciation 

""X! EJ.! GE1! )K4@'0&! )%/>! &! 60&)'(@! 046A@'(/2! /7! 7/A0W@//06(2&'4! Z/0/2! &)! *C!

64@04&)4)! 70/9!;Rw! _GX.a! '/! "Fw! _GX.J"Fa! &26!-Rw! _GX.*"Fa#! M%()! 04)A+')! (2! &!

%(3%W1!3+&))!@/9K/)46!/7!&!+&034!70&@'(/2!/7!d<eX!_AK!'/!PFwa#!M%4!(2@/0K/0&'(/2!/7!dCeJ+!

_dCe*&a! )%(7')! '%4! Z&+&2@4! /7! d<eXhdCeX! &)! '%4)4! @&'(/2)! )40[4! &)! @%&034WZ&+&2@(23!

K/+Q%460&#! M%4! Z&+&2@4! )%(7')! Z4@&A)4! &+A9(2A9! _3&++(A9a! 7/09)! 7/A0W@//06(2&'4!

'4'0&%460&b! 60&>(23! '%4! G&l! &>&Q! 70/9! Z/0/2! &26! )(+(@/2! &)! '%4)4! 3+&))W7/09(23!

)K4@(4)!Z0(634!/^Q342)!&26!&04!9&(2'&(246!&)!24A'0&+!)K4@(4)#!M%4!Z04&6'%!/7!'%4!dCeX!

K4&Y!_:(3A04!F#"Ra!64@04&)4)!)Q)'49&'(@&++Q!>('%!&66('(/2!/7!&+A9(2A9!_3&++(A9a#!J)!

)442!(2!'%4!@4)(A9!Z/0/)(+(@&'4)b!'%4!dCeX!)('4!()!/7'42!)42)('([4!'/!946(A9!0&234!/0640#!

M%()! 64@04&)4! (26(@&'4)! &2! (2@04&)4! (2! +/@&+! /0640(23! &0/A26! '%4! dCeX! 04)/2&2@4#!

J+'%/A3%!9A+'(K+4! dCeX! 04)/2&2@4)! &04! 2/'! /Z)40[&Z+4b! K/))(Z+4! @//06(2&'(23! )K4@(4)!

7/0! GX.! (2@+A64! d<eXb! UC! &26! U<! )K4@(4)#! J)! &+A9(2A9! _3&++(A9a! ()! &6646! '/! '%4!

Z/0/)(+(@&'4!24'>/0Yb!U<!Z4@/94!UC!&26!&!+&034!046A@'(/2!(2!*C!/@@A0)#!M%()!@&A)4)!'%4!

42[(0/2942')!/7!'%4!dCeX!'/!%&[4!/2+Q!UC!)(+(@&'4!/0!M<!Z/0&'4!24(3%Z/A0)!_2/'4!'%&'!dCeX!
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()! A2+(Y4+Q! '/! Z4! Z/2646! '/! J+5CW! _*&5CWa! 24(3%Z/A0)! 6A4! '/! '%4! &))/@(&'46! @%&034!

04KA+)(/2!'%&'!>/A+6!/@@A0!_dCeXW5WdCeVb!V!g!J+b!*&b! dCeXaa#!J66('(/2&++Qb!J+5CW!_*&5CWa!()!

)AZ)'('A'(23! 7/0! )(+(@/2b! 64@04&)(23! (')! @/2@42'0&'(/2! 04+&'([4! '/! Z/0/2! &26! 7A0'%40!

/0640(23!'%4!)4@/26!@//06(2&'(/2!)K%404!/7!dCeX!_&)!'%()!@04&'4)!74>40!24A'0&+!)K4@(4)!

'%&'! @&2! Z/26!>('%! dCeXa#! J+'%/A3%! @/A2'40W(2'A('([4b! '%4! K04)42@4! /7!9/04! 'QK4)! /7!

24(3%Z/A0(23! )K4@(4)! _(#4#b!Xb!J+! _*&a! &26!.(a! &KK4&0)! '/!64@04&)4! '%4!6()'0(ZA'(/2!/7!

24(3%Z/A0)!&Z/A'!dCeX#!L2!/'%40!>/06)!@&A)(23!+4))!6()'/0'(/2!/7!'%4!X5C!'4'0&%460/2#$

! M%4! 04)/2&2@4! /7! dCeX! ()! &774@'46! (2! &! )(9(+&0! 9&2240! >%4'%40! &+A9(2A9! /0!

3&++(A9! ()! )AZ)'('A'46! (2'/! '%4! 3+&))b! &3044(23! >('%! K04[(/A)! )'A6(4)! '%&'! 3&++&'4)!

Z4%&[4! )(9(+&0+Q! '/! &+A9(2&'4)#-! =/>4[40b! *C! ()! &+>&Q)! )+(3%'+Q! %(3%40! 7/0! *&W

@/2'&(2(23! 3+&))4)! '%&2! (2! '%4! J+W@/2'&(2(23! Z/0/)(+(@&'4)! (26(@&'(23! )/94! )/0'! /7!

6(774042@4! (2! @%&034! Z&+&2@4#! J+A9(2A9! @/2'&(2(23! Z/0/)(+(@&'4)! &KK4&0! '/! Z4!9/04!

477(@(42'! &'! 9(2(9(](23! '%4! 70&@'(/2! /7! 7/A0W@//06(2&'4! Z/0/2! '%&2! 3&++(A9WZ&)46!

Z/0/)(+(@&'4)#!J+'%/A3%!>%Q!'%()!9&Q!Z4!()!2/'!A2640)'//6p!&+A9(2A9!@/A+6!Z4!9/04!

477(@(42'!&'!)AZ)'('A'(23!7/0!)(+(@/2!)(2@4!('!()!@/9K&0&Z+4!(2!)(]4!_0.(!g!"""!K9b!0J+!g!""P!

K9b!0*&!g!"-I!K9a#!M%4!6(774042@4!(2!Z4%&[(/A0!@/A+6!K0/[(64!&!7(24W'A2(23!&Z(+('Q!'%&'!

@/A+6! Z4! &KK+(46! '/! &! [&0(4'Q! /7! Z/0/)(+(@&'4WZ&)46! 9&'40(&+)b! A)(23! )9&++!

@/2@42'0&'(/2)!/7!3&++(A9!(2)'4&6!/7!&+A9(2A9#!M%4!04+&'(/2)%(K!Z4'>442!'%4!*C!&26!

&+A9(2A9!_3&++(A9a!)AZ)'('A'(/2)!0&23(23!Z4'>442!"!'/!-R!9/+w!V-5<!()!64'409(246!

'/!Z4i!

!

! ! *CmF&n!g!R#H"F!*CmD:n!l!R#R;! ! ! ! _F#"Pa!

!
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! M%4! @%49(@&+! )%(7'! /7! dCeX! ()! &))(3246! '/! &! dCeX!>('%! /24! d<eX! &26! '%044! )(+(@/2!

K/+Q%460&! &)! 64'409(246! (2! /'%40! )/6(A9! Z/0/)(+(@&'4)#-RF! M%4! d<eX! )%(7'! )449)! '/!

(2@04&)4! (2! 704TA42@Q! &)! &+A9(2A9! _3&++(A9a! ()! &6646#! J+'%/A3%! ('! ()! '%4! +47'! 4634!

Z4(23! 94&)A046! &26! 2/'! '%4! '0A4! ()/'0/K(@! @%49(@&+! )%(7'! _6(77(@A+'! 6A4! '/! &!

6()'0(ZA'(/2!/7!)('4)!&26!&!8U!/7!-#I!_õ!R#"a!E=]ab!('!6/4)!K0/[(64!>4&Y!4[(642@4!'%&'!

&+A9(2A9!&26!3&++(A9!&774@'!'%4!(2'40&@'(/2!/7!'%4!d<eX!42[(0/2942'#!MQK(@&++Q!'%()!()!

&))/@(&'46!>('%! '%4! 7/09&'(/2! /7! 2/2WZ0(63(23! /^Q342)! /2! Z/0/2b! )A@%! &)! &! M-#! :/0!

'%4)4!3+&))4)b!@%&034!Z&+&2@4!(26(@&'4)!'%&'!M-!A2(')!&04!2/'!04TA(046b!4)K4@(&++Q!>('%!

)A@%! &! +/>! @/2@42'0&'(/2! /7! U<#"HH! M%()! >&)! 7A0'%40! @/27(0946! ZQ! &@TA(0(23! ""X!

EUEJ.!)K4@'0&!_:(3A04!F#""ab!>%(@%!(26(@&'46!/2+Q!M<!)K4@(4)#!=/>4[40!('!6(6!04[4&+!&!

+&034! 6()'0(ZA'(/2! /7! )('4)!>('%(2! '%4! 3+&))!>%42! @/9K&046!>('%! &! Z/0&'4! 3+&))#! M%4!

94&)A046!)%(7'!'/!%(3%40!704TA42@Q!()!&''0(ZA'46!'/!&!64@04&)4!(2!)(+(@/2!24(3%Z/A0)!&)!

&+A9(2A9!&26!3&++(A9!@/2@42'0&'(/2)!&04!(2@04&)46#C!!

5.2.4. Summary 

EA+'(2A@+4&0!9&324'(@! 04)/2&2@4! 04[4&+46!)%/0'!&26!946(A9W0&234!)'0A@'A04)! 7/0!&!

)40(4)! /7! &+A9(2A9W! &26! 3&++(A9W)AZ)'('A'46! G&X.(! 3+&))4)#! M%4!94&)A046! 4774@'! (2!

-<G&!EJ.!GE1!94&)A046!)%(7')!>404!)9&++!ZA'!(2'404)'(23!6A4!'/!&!+&034!4774@'!)442!(2!

"<<8)! EJ.! GE1! 7/0! @4)(A9! Z/0/)(+(@&'4)! _)4@'(/2! F#"a#! M%()! )A334)')! '%&'! '%4! G&l!

42[(0/2942'!()!2/'!24&0+Q!&)!)42)('([4!'/!)(+(@/2!&)!'%4!8)l!)44946!'/!Z4#!-;J+!&26!;"*&!

EJ.!GE1! (26(@&'46! 7/A0W@//06(2&'4! )K4@(&'(/2#!M%4!&66('(/2!/7! &+A9(2A9!_3&++(A9a!

@&A)46!94&)A0&Z+4!4774@')!/2!'%4!""Xb!-<G&!&26!-H.(!42[(0/2942')!(2!043&06)!'/!K4&Y!

>(6'%)b! @%49(@&+! )%(7')! &26! 1cD51! 94&)A04942')#! 8/9Z(2(23! /24W6(942)(/2&+!

4^K40(942')b! @%&034! Z&+&2@4! @&+@A+&'(/2)b! EUEJ.! &26! 1cD51b! '%4! Z/0/)(+(@&'4!
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24'>/0Y!>&)!64'409(246! '/!Z4!@/9K/)46!/7!U<!&26!UC!K/+Q%460&! 7/0!)(+(@/2b!&26!M<!

&26!dCeX!7/0!Z/0/2#!$4!%&[4!)%/>2!&2!&+'402&'4!&KK0/&@%!'/!K0/Z4!K/))(Z+4!&[/(6&2@4!

>('%/A'! '%4! 2446! 7/0! @/)'+Q! ()/'/K(@! 420(@%942'#! J! @/9Z(2&'(/2! /7! 1cD51! &26!

)'&'()'(@&+! 9/64+(23! )%/>)! '%&'! '%4)4! 3+&))4)! 4^%(Z('! dCeXW5WdCeJ+! &[/(6&2@4#! M%4)4!

04)A+')! (26(@&'4! '%&'! '%4! &66('(/2! /7! &+A9(2A9! _3&++(A9a! @04&'4)! &! 9/04! N/064046O!

3+&))!24'>/0Y#!M%()!&KK0/&@%!@/A+6!Z4!4^'42646!'/!/'%40!9&'40(&+)!'%&'!&04!4^K4@'46!

'/! 6()K+&Q! &[/(6&2@4! /0! &! 2446! '/! K0/Z4! '%4! K0/^(9('Q! /7! [&0(/A)! @&'(/2)! >('%(2! &!

9&'0(^#! L2! 043&06! '/! )'0A@'A04! &26! )'0423'%! '%4)4! )9&++! 9/6(7(@&'(/2)! 64@04&)4! '%4!

2A9Z40!/7!GX5)!&26!(2@04&)4!K/+Q940(]&'(/2!K/'42'(&++Q!K0/[(6(23!&!)'0/2340!Z&)46!

Z/0/)(+(@&'4!9&'40(&+#!M%4!6()'(2@'!Z4%&[(/A0!7/0!*&<l!(2!'%4!""X!EJ.!GE1!6&'&!)%/>)!

'%&'! &+A9(2A9! &26! 3&++(A9! Z4%&[4! )(9(+&0+Qb! &+'%/A3%! &! 6(774042@4! (2! @%&034! A2(')!

9A)'!/@@A0!'/!&@@/A2'!7/0!'%4!6(774042@4!(2!*C#!!
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6. Germanates 

840'&(2!2A@+4(!)A7740!70/9![40Q!A27&[/A0&Z+4!K0/K40'(4)b!>%(@%!(9K464!/0! +(9('!'%4(0!

)'A6Q!ZQ!GE1#!M%4Q!9&Q!%&[4!+/>!2&'A0&+!&ZA26&2@4b! +/>!3Q0/9&324'(@!0&'(/b! +&034!

TA&60AK/+&0!9/942')!/0!%&[4!(2477(@(42'!04+&^&'(/2!94@%&2()9)#!L2!7&@'b!9&2Q!2A@+4(!

>%(@%!L!>(++!04740!'/!&)!A+'0&W+/>!3&99&!_'%/)4!>%/)4!3&99&!()!ú!'%&'!/7!"FGa!)A7740!

70/9! &! @/9Z(2&'(/2! /7! '%4)4! ())A4)p! '%4Q! (2@+A64! -<FBb! "H;JAb! "H"h"H<L0b! ;<*4b! ";;b";H=7b!

4'@#!

! ;<*4! GE1! ()! /7'42! &[/(646! 64)K('4! '%4! (9K/0'&2@4! /7! 3409&2(A9! (2! 3+&))Qb!

@0Q)'&++(24!&26!9(240&+!7/09)#!14@42'!(2@04&)4)!(2!9&324'(@!7(4+6!&26!'%4!@/2)'0A@'(/2!

/7!+/>40W3&99&!GE1!K0/Z4)!%&[4!K0/[(646!'%4!&Z(+('Q!'/!K0/Z4!@0Q)'&++(24!&26!3+&))Q!

3409&2&'4)#!$4!%&[4!4^'42)([4+Q!)'A6(46!/^(64)!/7!3409&2(A9b!+&Q(23!&!7/A26&'(/2!/7!

GE1!K&0&94'40)!K04[(/A)+Q!A2Y2/>2!7/0!'%()!2A@+4A)#!

6.1. Crystalline Germanates 

*409&2(A9!()!A)46!(2!9&2Q!9&'40(&+)!&KK+(@&'(/2)!(2@+A6(23!/K'(@&+!7(Z40)!&26!+42)4)b!

@&'&+Q)')b!94)/K/0/A)!9&'40(&+)b!&26!2&2/@0Q)'&++(24!)49(@/26A@'/0)b-FIW-FH!>%404!'%4!

+&@Y! /7! K40(/6(@! +/23W0&234! /0640! +(9(')! 6(770&@'(/2WZ&)46! )'0A@'A0&+! (2[4)'(3&'(/2)#!

M%4!@%&0&@'40(]&'(/2!/7!3409&2(A9! (2! '%4)4!)Q)'49)! ()! 7&0! 70/9!0/A'(24b!64)K('4! '%4!

7&@'!'%&'!'%4(0!K%Q)(@&+!K0/K40'(4)!&04!/7'42!64'409(246!ZQ!'%4(0!+/@&+!)'0A@'A04#-F;b-IR!

L2!K0(2@(K+4b!3409&2(A9!2A@+4&0!9&324'(@!04)/2&2@4!_GE1a!)K4@'0/)@/KQ!()!(64&+!7/0!

)'A6Q(23! )A@%! 4774@')b! &)! ('! ()! )42)('([4! '/! '%4! +/@&+! 42[(0/2942'! /7! '%4! 2A@+4A)! /7!
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(2'404)'#!=/>4[40b!'%4!/2+Q!GE1!&@'([4!()/'/K4!_;<*4ab!)A7740)!70/9!A27&[/A0&Z+4!GE1!

K0/K40'(4)b!&26!%&)!'0&6('(/2&++Q!Z442!@/2)(64046!&)!&2!N(9K/))(Z+4O!2A@+4A)!'/!)'A6Q!

(2!'%4!)/+(6!)'&'4#-I"!M%4!2A@+4&0!K0/K40'(4)!/7!;<*4!(2@+A64!&!2A@+4&0!)K(2b!LgHh-b!&!+/>!

04)/2&2@4! 704TA42@Q! _à?! g! <#CHP! E=]b! 04+&'([4! '/! "=! (2! ME.! &'! "RR! E=]ab! +&034!

TA&60AK/+4! 9/942'! _W"H#I! 79-a! &26! +/>! 2&'A0&+! &ZA26&2@4! _;#;<wab! 3([(23! ('! &!

04@4K'([('Q!/7!"#RH†"RWC! 04+&'([4! '/! "=#!M%4!TA&60AK/+&0! (2'40&@'(/2! (2!K&0'(@A+&0!@&2!

@/9K+(@&'4!'%4!)K4@'0A9b!@&A)(23!)(32(7(@&2'!&2()/'0/K(@!Z0/&642(23!/7!'%4!+(24)%&K4!

&26!4774@'([4+Q!046A@(23!)42)('([('Q#!!$%42!'%4!3409&2(A9!2A@+4A)!()!&'!&!)('4!/7!@AZ(@!

)Q994'0Q! /0! A26403/4)! 0&K(6! ()/'0/K(@! 'A9Z+(23b! )%&0K40! K4&Y)! 9&Q! Z4!

/Z)40[46#-I-b-I<!=/>4[40b! '%()! ()! 0&04! (2! )/+(6)!&26!/2+Q!&!%&267A+!/7! )/+(6W)'&'4! ;<*4!

GE1!)'A6(4)!%&[4!&KK4&046!(2!'%4!+('40&'A04#-ICW-I;!

! 5A0!)'A6Q!K0/[(64)!&!@/9K04%42)([4!)40(4)!/7!/^(64)!@/2'&(2(23!6(774042'!+/@&+!

)'0A@'A04)b!@//06(2&'(/2!42[(0/2942')b!&26!&![&0(4'Q!/7!@/A2'40!@&'(/2)!_>('%![&0Q(23!

@%&034a#! M%()! ()! 04TA(046! '/! 4)'&Z+()%! '0426)! (2! GE1! K0/K40'(4)! &26! +&Q! '%4!

30/A26>/0Y! 7/0! '%4! &KK+(@&'(/2! /7! ;<*4! GE1! '/! /^(64! 9&'40(&+)#! M%()! >/0Y! ()!

@/9K+4942'46!ZQ!D:M!@&+@A+&'(/2)!/7!'%4!)'0A@'A0&+!4774@')!&26!K0/[(64)!Z42@%9&0Y)!

7/0!9/04!&@@A0&'4!@&+@A+&'(/2&+!K0/@46A04)# 

6.1.1. Materials and Methods 

6.1.1.1. Synthesis 

80Q)'&++(24! K%&)4)!>404! )Q2'%4)(]46! (2! "! 3! Z&'@%4)! 70/9! )'/(@%(/94'0(@!9(^'A04)! /7!

'%4(0!04)K4@'([4!@/9K/242')#!J++!)'&0'(23!9&'40(&+)!>404!jHHw!KA04!_?(-85<b!G&-85<b!

t-85<b!8&85<b!E385<b!X(-5<b!SZ5b!f05-b!*&-5<b!&26!*45-a!&26!>404!30/A26!(2!&2!&3&'4!
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9/0'&0!&26!K4)'+4!7/0!7([4!9(2A'4)#!M%4)4!)&9K+4)!>404!K+&@46!(2!K+&'(2A9h3/+6!_Fwa!

/0!J+-5<! @0A@(Z+4)!&'!;RR! /8! 7/0! 7/A0!%/A0)! '/! 049/[4!&2Q!)A07&@4!>&'40!&26!42&Z+4!

64@&0Z/2&'(/2#! D4@&0Z/2&'(/2! >&)! [40(7(46! ZQ! 9&))W+/))! 94&)A04942')#! .&9K+4)!

>404! 04W30/A26!&26!K+&@46! (2! &!Z/^!/0![40'(@&+! 'AZ4! 7A02&@4! 7/0!CP! '/!-<R!%/A0)! &'!

'49K40&'A04)! (2! '%4! 0&234! /7! HRR/8! '/! "<FR/8b! &@@/06(23! '/! +('40&'A04! )Q2'%4)()!

64)@0(K'(/2)#-FHb-IPW-;H! J7'40! '%4! (2('(&+! %4&'(23! @Q@+4b! )&9K+4)! A2640>42'! &! )4@/26!

30(26(23!&26!>404!%4&'46!7/0!-C!%/A0)!'/!(9K0/[4!@0Q)'&++(2('Q#!J9/0K%/A)!)&9K+4)!

>404! '04&'46! )(9(+&0+Qb! Z47/04! K+&@(23! '%49! (2! &! %(3%! '49K40&'A04! [40'(@&+! 'AZ4!

7A02&@4!&'!"C-F/8!7/0!<R!9(2A'4)!&26!)AZ)4TA42'!TA42@%(23!(2!64(/2(]46!>&'40#!

6.1.1.2. Nuclear Magnetic Resonance 

J++!GE1!6&'&!>404!&@TA(046!/2!&!X0AY40!J[&2@4!LL!HRR!_-"#"Ma!)K4@'0/94'40!>('%!&!

;99! +/>W3&99&!EJ.! K0/Z4#! ;<*4!GE1! )K4@'0&!>404! &@TA(046! A)(23! 4('%40! &! )/+(6!

4@%/b! U8SE*! _UA&60AK/+&0W8&00WSA0@4++WE4(Z//9W*(++a! )4TA42@4-PRb-P"! /0! $B1.MW

U8SE*CFbCIb-P-!>('%!rh-!&26!r!KA+)4)!@&+(Z0&'46!A)(23!+(TA(6!*48+C#!c&@%!)K4@'0A9!>&)!

@/++4@'46! (2! )4[40&+! _'>/! '/! )4[42a! K(4@4)b! &26! )A9946! '/! /Z'&(2! '%4! /[40&++!

4^K40(942'&+! )K4@'0A9#! 14@Q@+4! 64+&Q)! 0&2346! 70/9! '>/! '/! '42! )4@/26)! &26! F"-! '/!

CRHI!@/W&6646!'0&2)(42')!_K40!K(4@4a!>404!@/++4@'46#!M%4!2A9Z40!/7!4@%/4)!@/++4@'46!

6A0(23! &@TA()('(/2! _U8SE*! &26! $B1.MWU8SE*a! [&0(46! Z4'>442! <-! &26! -FIb!

64K426(23!/2!Y3#!J++!)K4@'0&!>404!0474042@46!'/!<R#H!KK9!A)(23!*48+Cb!&)!&!)4@/26&0Q!

0474042@4b!04+&'([4!'/!*4E4C!_R!KK9a#!J++!)K4@'0&!>404!)(9A+&'46!A)(23!$./+(6)-P<!'/!

/Z'&(2! ()/'0/K(@! @%49(@&+! )%(7')! _%()/ab! TA&60AK/+&0! @/AK+(23)! _8Ua! &26! TA&60AK/+&0!

&)Q994'0Q!K&0&94'40)!_&a#!!
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M%4! )K4@'0A9! /7! '%4! TA&0']W+(Y4! *45-! K%&)4! >&)! &+)/! &@TA(046! /2! &! X0AY40!

JEV!FRR!_""#;!Ma!)K4@'0/94'40!A)(23!&!%/94WZA(+'!F99!K0/Z4!>('%!&!"RW'A02!@/KK40!

@/(+!&26!CRR!K:!/7!@&K&@('&2@4b!42&Z+(23!'%4!K0/Z4!'/!Z4!'A246!&'!";#I!E=]b!&26!KA+)4!

>(6'%)!/7!-!v)!'/!Z4!&@%(4[46!_à07!/7!-F!Y=]a#!*45-!>&)!K&@Y46!(2'/!&!9/6(7(46!F99!

TA&0']!GE1!'AZ4b!>('%!&@TA()('(/2!A)(23!&!U8SE*!)4TA42@4!/[40!7/A0!6&Q)#!

6.1.1.3. Quantum Chemical Calculations 

c+4@'0(@! 7(4+6! 30&6(42'! &26! @%49(@&+! )%(4+6(23! @&+@A+&'(/2)! 7/0! &++! @0Q)'&++(24!

3409&2&'4)!>404! @&00(46! /A'! A)(23!8J.McSbII! &! 7&)'! &26! 477(@(42'! 642)('Q! 7A2@'(/2&+!

'%4/04'(@&+! 94'%/6! >%(@%! A)4)! &! K+&24W>&[4! Z&)()! )4'! '/! @/9KA'4! K0/K40'(4)! (2!

K40(/6(@! )Q)'49)#! M%4! SXc! 7A2@'(/2&+)! &04! A)46! (2! '%4! **J! 7/0! '%4! 4^@%&234W

@/004+&'(/2! 42403Q-PCb-PF! /2! &!=S! ^>CCRR!$/0Y)'&'(/2!>('%! &! )(23+4! L2'4+!DA&+W8/04!

-#I;!*=]!K0/@4))/0#! !M%4!A+'0&7(24!Z&)()!)4'!>&)!A)46!>('%! '%4!K0/Ü4@'/0W&A3942'46!

>&[4! 94'%/6! _*LSJ$a! &26! 04+&'([()'(@! 4774@')! A)(23! '%4! )@&+&0W04+&'([()'(@! ]40/'%W

/0640!043A+&0!&KK0/^(9&'(/2!_f51Ja#-PI!*4/94'0Q!/K'(9(]&'(/2)!>404!&''49K'46!7/0!&!

74>!)'0A@'A04)!ZA'!'%4!6(774042@4)!>404!(2)(32(7(@&2'b!)/!2/2W/K'(9(]46!)'0A@'A04)!&04!

(2@+A646! (2! M&Z+4! I#"#! M%4! )%(4+6(23! /7! @0Q)'&++(24! *48+C!>&)! A)46! &)! &! 0474042@4! '/!

@/2[40'!@&+@A+&'46!)%(4+6(23)!'/!@%49(@&+!)%(7')#!8J.McS!/A'KA'!>&)!&2&+Q]46!A)(23!&!

9/6(7(46! [40)(/2! /7! c:*)%(4+6! _\-#-a! '/! /Z'&(2! '%4! c:*! '42)/0! K0(2@(K&+!

@/9K/242')#-P;!M%4!TA&60AK/+&0!9/942'!A)46!(2!8J.McS!_W";#<!79-a!>&)!@/004@'46!

'/!'%4!9/04!@/99/2+Q!&@@4K'46![&+A4!/7!W"H#I!79-#"-C!

! c+4@'0(@! 7(4+6! 30&6(42')! (2! )4+4@'46! )'0A@'A04)! >404! &+)/! @&+@A+&'46! A)(23!

$LcG-Yb!&!D:M!K&@Y&34!7/0!@&+@A+&'(23!4+4@'0/2(@!)'0A@'A04!(2!(/2(@!)/+(6)!>%(@%!A)4)!

&! 7A++WK/'42'(&+! +(24&0(]46! &A3942'46! K+&24W>&[4! 94'%/6#;<b-PP! M%4)4! @&+@A+&'(/2)!



Germanates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

238!

A)46! '%4! SXc! 7A2@'(/2&+IPbIHb! 34240&+(]46! 30&6(42'! &KK0/^(9&'(/2b! (2[/+[(23! "FY! '/!

"RRY! (0046A@(Z+4! YWK/(2')b! '%4!1t9&^!Z&)()! )4'! )(]4! _;! '/! Ha! &26! &! +/>W@%&034! +4[4+!

@/2[40342@4!@0('40(/2!_n"RWFa#-PC!8&+@A+&'(/2)!>404!@&00(46!/A'!/2!&!.BG!VCCCR!)40[40!

>('%!"I!@/04)!&26!IC!*X!/7!1JE#!M%4)4!K&0&94'40)!>404!&6ÜA)'46!A2'(+!@%&234)!(2!'%4!

c:*!>404!046A@46!'/!+4))!'%&2!/24!K&0'!K40!%A26046#!J++!8J.McS!&26!$LcG-Y!(2KA'!

7(+4)!>404!@/2)'0A@'46!70/9!'%4!+('40&'A04!@0Q)'&+!)'0A@'A04)#!

6.1.1.4. Powder X-Ray Diffraction 

80Q)'&++(24! )&9K+4)! >404! @%4@Y46! 7/0! KA0('Q! A)(23! &! SJG&+Q'(@&+! V{S40'! S0/! X0&33W

X042'&2/!K/>640!VW0&Q!6(770&@'/94'40!>('%!&!8AWt'!0&6(&'(/2!)/A0@4b!&2!V{84+40&'/0!

64'4@'/0!&26!&!G(W7(+'40!6(770&@'46!Z4&9#!J++!6&'&!>404!&@TA(046!&'!0//9!'49K40&'A04!

>('%! &! -ñ! 0&234! /7! "R§! Ñ! HR§! &'! R#R"I;§! (2@04942')! A)(23! IR! )4@/26)! K40! )'4K#! M%4!

)&9K+4)!>404!9/A2'46!>('%!304&)4!/2!&!)(23+4W@0Q)'&+!TA&0']!_.(5-a!]40/WZ&@Y30/A26!

)&9K+4!%/+640#!!

6.1.2. Results 

J!)40(4)!/7!@0Q)'&++(24!3409&2(A9!/^(64)!%&)!Z442!)'A6(46!A)(23!A+'0&%(3%!7(4+6!GE1!

4^K40(942')! /7! 2/2W)K(22(23! )&9K+4)#! M%4! @42'0&+! '0&2)('(/2)! _"h-! n•j! W"h-a! /7!

)4+4@'46! @/9K/A26)! &04! 6()K+&Q46! (2! :(3A04)! I#"WI#"-#! c^K40(942'&+! &26! @&+@A+&'46!

04)A+')!&04!'&ZA+&'46!(2!M&Z+4!I#"#!!
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6.1.2.1. Four Coordinate Germanium 

6.1.2.1.1. GeO2  

M%4!3409&2(A9!/^(64!TA&0']W+(Y4!)'0A@'A04!@/2'&(2)!&!04+&'([4+Q!)9&++!8U!/7!H#<!õ!R#<!

E=]! &26! &2! &)Q994'0Qb!&! g! R#FF! õ! R#RF! _:(3A04! I#"a#! M%4! )K4@'0&+!>(6'%! ()! /2! '%4!

/0640!/7!<R!Y=]!&'!-"#"!M! _FR!Y=]!&'!""#;!Ma!&26! '%4! ()/'0/K(@!@%49(@&+! )%(7'b!%()/! ()!

W"RR!õ!FR!KK9#!M%4!3409&2(A9!@42'04!%&)!&!'>/W7/+6!0/'&'(/2!&^()b!>%(@%!+(4)!&+/23!

'%4! &W&^()#! M%4! c:*! @/9K/242')! &@@/06(23! '/! 8J.McS! +(4! &+/23! '%4! A2('! @4++! &^4)b! &!

_\^^ab!Z!_\QQa!&26!@!_\]]a#!

!

?-*#(&! P;L;! ;<*4! GE1! /7! 80Q)'&++(24! *45-! _TA&0']W+(Y4! K%&)4ab! _'/Ka! )(9A+&'46b!!

_9(66+4a!)K(2W4@%/!&26!_Z/''/9a!4^K40(942'&+!U8SE*!)K4@'0A9!@/++4@'46!&'!""#;!M#!!

!

6.1.2.1.2. Bi4Ge3O12  

M%()! Z()9A'%! 3409&2&'4-IP! K%&)4! %&)! &! 8U! ! /7! ""#F! õ! R#F! E=]! _:(3A04! I#-a#! M%4!

&)Q994'0Q!K&0&94'40!()!]40/b!&)!04TA(046!ZQ!)Q994'0Qb!>('%!'%4!3409&2(A9!+Q(23!/2!

&! '>/W7/+6! 0/'&'(/2W&^()! &26! &! 7/A0W7/+6! (2[40)(/2! @42'04! _9Ca#-IP! 8J.McS!
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A26404)'(9&'4)!'%4!8U!_H#"!E=]a!&26!K046(@')!'%4!c:*!'42)/0!K0(2@(K&+!@/9K/242')!'/!

+(4! &+/23! '%4! @0Q)'&+! &^4)! /7! '%4! @AZ(@! @4++b! &)! (++A)'0&'46! (2! :(3A04!I#-#! M%4! ()/'0/K(@!

@%49(@&+!)%(7'! ()!4)'(9&'46!'/!Z4! W;R!õ!FR!KK9#!J! +/>! (2'42)('Q!)(32&+!Z4'>442!W;FR!

KK9!&26!W"RRR!KK9!@/94)!70/9!&!X(-*4<5H!(9KA0('Qb!4)'(9&'46!ZQ!V1D!'/!Z4!n"Rw#!!

!

?-*#(&! P;J;! ;<*4! GE1! /7! X(C*4<5"-i! _'/Ka! 8J.McS! K046(@'(/2b! _9(66+4a! )K4@'0&+!

)(9A+&'(/2! &26! _Z/''/9a! 4^K40(942'&+! U8SE*! 6&'&#! 8J.McS! @&+@A+&'46! c:*! '42)/0!

K0(2@(K&+!@/9K/242')!\^^!_/0&234ab!\QQ!_30442a!&26!\]]!_Z+A4ab!>('%!\^^!6(04@'46!/A'!/7!

'%4! K+&24! /7! '%4! K&34#! M%4! )'0A@'A04! ()! 04K04)42'46! &)! *4! _KA0K+4ab! 5! _304Qa! &26!X(!

_3/+6a!@&'(/2)b!Z/26)!'/!X(!&04!/9(''46!7/0!4&)(40![()A&+!04K04)42'&'(/2#!
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6.1.2.1.3. Zr3GeO8  

M0(](0@/2(A9!3409&2(A9!/^(64-IH!%&)!&!TA&60AK/+&0!@/AK+(23!@/2)'&2'!/7!-C!õ!"!E=]!

&26! ()! &^(&++Q! )Q994'0(@! _&! g! R#Ra#! :(3A04!I#<! (++A)'0&'4)! '%4! 4^K40(942'&+! )K4@'0A9!

&26! (')! )(9A+&'(/2b! >('%! &! @42'0&+! '0&2)('(/2! )K&22(23! mFbRRR! KK9! _"IR! Y=]a#! M%4!

4^K40(942'&+! %()/! ()! 4)'(9&'46! '/! Z4! W-R! õ! "RR! KK9#! 8J.McS! K046(@')! '%&'! '%4! c:*!

'42)/0! K0(2@(K&+! @/9K/242')! &04! &+(3246! >('%! '%4! &^4)! /7! '%4! @0Q)'&+! +&''(@4p! \^^g&b!

\QQgZ!&26!\]]g@#!M%4!*4Cl!@&'(/2!()!)('A&'46!/2!&!8-!)@04>W&^()!&+/23!\]]!&26!&!7/A0W7/+6!

(2[40)(/2! @42'04! _9Ca#!$%(+4! '%4! )Q994'0Q! (9K+(4)!&! g! R#R! &'! '%4! 3409&2(A9! )('4b! &!

)(9A+&'(/2!/7!&! g!R#R;!õ!R#RF!K0/[(64)!&! )+(3%'+Q!Z4''40! 7('! '/! '%4!4^K40(942'&+!6&'&b!

%(2'(23!&'! '%4!K04)42@4!/7! &2!&66('(/2&+! &2()/'0/K(@! (2'40&@'(/2!/0!&! )9&++!643044!/7!

)'0A@'A0&+!6()/0640#!!

!

?-*#(&! P;M;! ;<*4! GE1! /7! f0<*45Pi! c^K40(942'&+! )(9A+&'(/2! _'/Ka! &26! U8SE*!

)K4@'0A9! _Z/''/9a#! 8&+@A+&'46! c:*! '42)/0! K0(2@(K&+! @/9K/242')i! \^^! _/0&234a!

6(04@'46! /A'! /7! '%4! K+&24! /7! '%4! K&34b! \QQ! _30442a! &26! \]]! _Z+A4a! >('%! '%4! @0Q)'&+!

)'0A@'A04b! *4! _KA0K+4ab! 5! _304Qa! &26! f0! _3/+6a! @&'(/2)b! Z/26)! '/! f0! &04! /9(''46! 7/0!



Germanates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

242!

4&)(40! [(4>(23#! M%4! 4^'0&! (2'42)('Q! /Z)40[46! &'! m! WPRR! KK9! ()! @&A)46! ZQ! '%4!

K+&@4942'!/7!'%4!'0&2)9(''40!&26!()!2/'!70/9!'%4!)&9K+4#!

6.1.2.1.4. Ca2GeO4  

M%4!;<*4!GE1!)K4@'0A9!/7!'%4!8M!/7!6(@&+@(A9!3409&2&'4-PH!_:(3A04!I#Ca!)K&2)!Fb<RR!

KK9!_"IF!Y=]a!&26!%&)!&!8U!/7!--!õ!"!E=]b!&!g!R#IF!õ!R#"!&26!%()/!g!F!õ!IR!KK9#!M%4!

c:*! K0(2@(K&+! @/9K/242')! &04! )+(3%'+Q! 0/'&'46! _m-R/a! 70/9! '%4! '%044! *4W5! Z/26)#!

.(2@4!'%4!*4Cl!@&'(/2!)(')!/2!&!9(00/0!K+&24b!!\QQ!()!6(04@'46!2/09&+!'/!'%()!K+&24#!

!

?-*#(&!P;N;!;<*4!GE1!/7!8&-*45C!@0Q)'&+b!_'/Ka!8J.McSb!_9(66+4a!)K4@'0&+!)(9A+&'(/2!

&26!_Z/''/9a!4^K40(942'&+!)K4@'0A9#!
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6.1.2.1.5. Mg2GeO4 

D(9&324)(A9! 3409&2&'4-;H! ()! ()/)'0A@'A0&+! >('%! 8&-*45C! ZA'! ('! K/))4))4)! &! +&0340!

TA&60AK/+&0! (2'40&@'(/2! /7! -I#F! õ! "!E=]#! M%4! @/004)K/26(23! &)Q994'0Q! K&0&94'40!

>&)!64'409(246! '/! Z4!&! g! R#;R!õ! R#RF#! :(3A04!I#F! )%/>)! &! @42'0&+! '0&2)('(/2! '%&'! ()!

&+9/)'!HRRR!KK9!Z0/&6!_-;R!Y=]a#! !M%4!()/'0/K(@!@%49(@&+!)%(7'! ()!)(9(+&0!'/!'%&'!/7!

8&-*45Cb! W-R!õ!"RR!KK9#!M%4!3409&2(A9!@&'(/2!)(')!/2!&!9(00/0!K+&24b!>('%! '%4!\^^!

K40K426(@A+&0!'/!('b!&@@/06(23!'/!8J.McS#!

!

!

?-*#(&!P;O;!;<*4!GE1!/7!E3-*45C!@0Q)'&+p!_'/Ka!)(9A+&'(/2!&26!_Z/''/9a!4^K40(942'&+!

$B1.MWU8SE*#!8&+@A+&'46!c:*!'42)/0!K0(2@(K&+!@/9K/242')!\^^!_/0&234ab!\QQ!_30442a!

&26! \]]! _Z+A4ab! >('%! \^^! Z4(23! 6(04@'46! /A'! /7! '%4! K+&24! /7! '%4! K&34#! M%4! @0Q)'&+!

)'0A@'A04!()!04K04)42'46!&)!*4!_KA0K+4ab!5!_304Qa!&26!E3!_3/+6a!@&'(/2)b!>('%!'%4!E3!'/!

5!Z/26)!/9(''46#!J!N)KA0(/A)!)(32&+O!64[4+/K46!/A')(64!/7!'%4!)K4@'0/94'40!_/Z)40[46!

&'!mW"PRR!KK9a!6A0(23!&@TA()('(/2#!

!
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6.1.2.1.6. Li4GeO4  

M%4! ;<*4!GE1! )K4@'0A9!/7! +('%(A9!/0'%/3409&2&'4-;F! ()! &Z/A'! "HRR! KK9! _IR! Y=]a!

Z0/&6!_:(3A04!I#Iab!@/004)K/26(23!'/!8U!n!"-!õ!"!E=]b!&26!&2!()/'0/K(@!)%(7'!/7!R!õ!"RR!

KK9#! M%4! A2A)A&+! +(24)%&K4! )A334)')! )/94! Y(26! /7! )'0A@'A0&+! 6()/0640! '%&'! ()! 2/'!

/Z[(/A)!70/9!'%4!K/>640!^W0&Q!6(770&@'(/2#!!

!

?-*#(&! P;P;! ;<*4! GE1! /7! ?(C*45Cb! _'/Ka! 8J.McSb! _9(66+4a! )/+(6W4@%/! &26! _Z/''/9a!

4^K40(942'&+!U8SE*#!
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!

6.1.2.1.7. PbGeO3  

?4&6! 3409&2(A9! /^(64-;;! %&)! &! 8M! )K4@'0&+! >(6'%! /7! ""b-RR! KK9! _<FR! Y=]ab!

@/004)K/26(23!'/!8U!g!-H!õ!"!E=]b!&!g!"#R!õ!R#RF!&26!%()/!g!WHR!õ!"FR!KK9!_:(3A04!I#;a#!

M%()!3409&2(A9!@42'04!()!&+)/!/24!/7!'%4!9/)'!6()'/0'46!7/A0W@//06(2&'4!)('4)!(2!'%()!

@/++4@'(/2b!>('%!2/!)K4@(&+!)Q994'0Q!4+4942')!&'!'%4!3409&2(A9!@42'04#!

!

?-*#(&! P;Q;! ;<*4! GE1! /7! @0Q)'&++(24! SZ*45<b! _'/Ka! )(9A+&'(/2! &26! _Z/''/9a!

4^K40(942'&+#!

!

6.1.2.1.8. Bi2Ge3O9 

D(Z()9A'%!3409&2(A9!/^(64-;-!_:(3A04!I#Pa!@/2'&(2)!'%4!+&034)'!TA&60AK/+&0!@/AK+(23!

/7!&2Q!/7!'%4!7/A0W@//06(2&'4!3409&2(A9!)('4)!/Z)40[46#!M%4!4^K40(942'&+!8U!()!<-!õ!-!

E=]b! k! g! R#C! õ! R#-! &26! `()/! g! WHF! õ! "RR! KK9#! J2! (9KA0('Q! /7! X(C*4<5"-! ()! K04)42'!

Z4'>442!FRR!KK9!&26!WPRR!KK9b!@/27(0946!ZQ!V1D!&26!&@@/A2'(23!7/0!&KK0/^(9&'4+Q!
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-Rw! /7! '%4! )&9K+4#! M%4! 946(A9W0&234! )'0A@'A04! >('%(2! '%()! 3409&2&'4! @/9K0()4)!

'%044!*45C!A2(')!'%&'!7/09!&!'%044W949Z40!0(23#!

!

?-*#(&! P;T;! ;<*4! GE1! /7! X(-*4<5Hb! _'/Ka! )(9A+&'(/2! &26! _Z/''/9a! 4^K40(942'&+!

$B1.MWU8SE*!)K4@'0A9#!J!m-Rw!(9KA0('Q!/7! '%4!X(C*4<5"-!K%&)4! ()! +/@&'46!(2!'%4!

@42'04!/7!'%4!)K4@'0A9!_CRR!KK9!'/!WPRR!KK9b!:(3A04!I#-a#!M%4!)%&0K!K4&Y!&'!W"PRR!

KK9! ()! @&A)46! ZQ! &! )(32&+! /A')(64! /7! '%4! )K4@'0/94'40! '%&'! &KK4&046! 6A0(23!

&@TA()('(/2b!@/27(0946!A)(23!&2!49K'Q!0/'/0#!

!

6.1.2.1.9. Other Four-Coordinate Germanates 

5'%40! @0Q)'&++(24! 3409&2&'4)! >404! @&+@A+&'46b! ZA'! 2/'! 4^K40(942'&++Q! /Z)40[46#!!!!

tC*45Cb-HR! 1ZC*45Cb-H"! J+-*4<5Hb-H-! &26! L2-*4<5H-H<! K0/[46! 6(77(@A+'! '/! )Q2'%4)(]4! (2!

)A77(@(42'+Q! %(3%! KA0('Q#! ?(-*45<-;C! ()! K046(@'46! '/! %&[4! &! 8U! g! FR!E=]p! K04+(9(2&0Q!
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4^K40(942')! (26(@&'46! ('!>(++! 04TA(04!)4[42!6&Q)!/7!6&'&!&@TA()('(/2!6A4!'/!&! +/23!Y"!

&26! )%/0'!Y3#! ?(Y4>()4b! @&+@A+&'(/2! /7! .0*45<-HC! )A334)'46! '%4! +&034)'! 8U)! Y2/>2! '/!

6&'4!7/0!&!7/A0W@//06(2&'4!*4i!I-#C!&26!IC#C!E=]!7/0!'%4!'>/!)('4)#!E/04/[40b!24('%40!

)('4!()!4^K4@'46!'/!Z4!&^(&++Q!)Q994'0(@b!042640(23!'%4!/[40&++!)K4@'0A9!(9K0&@'(@&++Q!

@%&++423(23! '/! @/++4@'! &26! (2'40K04'#! :(2&++Qb! G&-*45<-;P! )A774046! 70/9! )4[404! K0/Z4!

0(23(23! >%(@%! ()! Z4+(4[46! '/! Z4! @&A)46! ZQ! &! K(4]/W4+4@'0(@! 4774@'#-HF! M%4! @&+@A+&'46!

K&0&94'40)!&04!(2@+A646!(2!M&Z+4!I#"!7/0!@/9K+4'424))#!

6.1.2.2.  Five-Coordinate Germanium, K2Ge8O17 

M%4! /2+Q! _&+Y&+(a! 3409&2&'4! >('%! &! >4++W647(246! 7([4W@//06(2&'4! 3409&2(A9! )('4! ()!

6(K/'&))(A9!/@'&3409&2&'4#-;R!M%4!)'0A@'A04!@/2'&(2)!7/A0!6()'(2@'!3409&2(A9!)('4)b!

'%044!/7!>%(@%!&04! 7/A0W@//06(2&'4#!J)!)A@%b! '%4!;<*4!)K4@'0A9!@/2'&(2)!/[40+&KK(23!

@/2'0(ZA'(/2)! 70/9! &++! 7/A0! )('4)! (2! &! "i"i"i"! 0&'(/b! 9&Y(23! 7/0! &! [40Q! @/9K+4^!

&KK4&0&2@4!_:(3A04!I#Ha!70/9!>%(@%!2/!4^K40(942'&+!K&0&94'40)!7/0!'%4!dFe*4!)('4!@&2!

Z4!04&)/2&Z+Q!/Z'&(246#!$%(+4!('!()!(9K/))(Z+4!'/!&''49K'!64@/2[/+A'(/2!/7!'%4)4!6&'&b!

'%4!)K4@'0A9!K046(@'46!ZQ!8J.McSb!)%/>2!&)!0474042@4b!Z4&0)!)/94!04)49Z+&2@4! '/!

'%4!4^K40(942'&+!)K4@'0A9#!
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!

!

?-*#(&! P;W;! ! ;<*4! GE1! /7! t-*4P5";! _7/A0! *4! )('4)a! >('%! _'/Ka! 8J.McS! K046(@'46!

K&0&94'40)!&26!_Z/''/9a!4^K40(942'&+!U8SE*!)K4@'0A9#!

!

6.1.2.3. Six-Coordinate Germanium 

6.1.2.3.1. GeO2 

M%4! GE1! )K4@'0A9! /7! 3409&2(A9! /^(64! >('%! &! 0A'(+4W'QK4! @0Q)'&+! )'0A@'A04! ()!

(++A)'0&'46!(2!:(3A04!I#"R!&26!%&)!&!TA&60AK/+&0!@/AK+(23!/7!"H#<!õ!R#F!E=]!&26!&!g!

R#FF!õ!R#RF#!M%4!)K4@'0&+!)K&2!()! ÜA)'!/[40!CbRRR!KK9!&'!-"#"!M!_m!"<R!Y=]a!&26!'%4!

()/'0/K(@!)%(7'!()!W<RR!õ!CR!KK9#!M%4!)(^W@//06(2&'4!*4!+(4)!&'!'%4!@42'04!/7!&!6()'/0'46!

/@'&%460/2!>('%!&^(&+!4+/23&'(/2!@&A)(23! +/@&+!)Q994'0Q!_D-%a!&'! '%4!*45I!)('4#!M%4!

3409&2(A9!)('4! )(')!/2!&2! (2[40)(/2! @42'04!&26! '%4! @&+@A+&'46!c:*!@/9K/242')!\VVb!

\qq!&26!\ff!+(4!Z4'>442!'%4!&b!Zb!&26!@!&^4)#!
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!

?-*#(&!P;LK;!;<*4!GE1!)K4@'0A9!/7!@0Q)'&++(24!*45-!_0A'(+4W+(Y4!K%&)4ab!_'/Ka!8J.McSb!

_9(66+4a!)K4@'0&+!)(9A+&'(/2!&26!_Z/''/9a!U8SE*!)K4@'0A9!

!

6.1.2.3.2. Ga4GeO8  

M4'0&3&++(A9! 3409&2&'4! _éWK%&)4a-;<! @/2'&(2)! &! )(^W@//06(2&'4! 3409&2(A9! @42'04!

>('%! &! )K4@'0A9! )K&22(23! )/94! "<bRRR! KK9! _C"R! Y=]a#! .(9A+&'(/2)! 04[4&+! &2!

4^K40(942'&+! 8U! /7! <F! õ! -!E=]b!&! g! R#HF! õ! R#RF! &26!%()/! g! WC-R!õ! -RR!KK9! _:(3A04!

I#""a#! M%4! )(^W@//06(2&'4! *4Cl! )(')! (2! &! &^(&++QW@/9K04))46! /@'&%460/2b! 7/09(23!

@%&(2)#-;<! M%4! %(3%! &)Q994'0Q! K&0&94'40! ()! 2/'! )A0K0()(23! Z4@&A)4! '%4! 3409&2(A9!

@&'(/2!@/2'&(2)!/2+Q!'%4!(642'('Q!)Q994'0Q!4+4942'#!8J.McS!K046(@')!'%&'!'%4!\]]!c:*!

K0(2@(K&+!@/9K/242'!+(4)!Z4'>442!'%4!&^(&+!&26!4TA&'/0(&+!/^Q342)b!>%(+4!'%4!\^^!&26!

\QQ!)('!>('%(2!'%4!4TA&'/0(&+!K+&24b!)K+(''(23!'%4!/^Q342)#!BK/2!@+/)40!(2)K4@'(/2!/7!'%4!
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+47'! 4634! /7! '%4! )K4@'0A9b! ('! &KK4&0)! '%&'! &! K/0'(/2! /7! &! )&'4++('4! '0&2)('(/2! ()!

/Z)40[&Z+4!_<h-!n•j!"h-ab!6A4!'/!'%4!%(3%!&)Q994'0Q!K&0&94'40#!

!

!

?-*#(&! P;LL;! ;<*4! GE1! /7! *&C*45Pp! _'/Ka! )(9A+&'(/2! &26! _Z/''/9a! 4^K40(942'&+!

$B1.MWU8SE*#! 8&+@A+&'46! c:*! '42)/0! K0(2@(K&+! @/9K/242')! \^^! _/0&234a! Z4(23!

6(04@'46!/A'!/7!'%4!K+&24!/7!'%4!K&K40b!\QQ!_30442a!&26!\]]!_Z+A4a#!M%4!@0Q)'&+!)'0A@'A04!

()! 04K04)42'46! &)! *4! _KA0K+4ab! 5! _'4&+a! &26! *&! _3/+6ab! *&W5! Z/26)! &04! /9(''46! 7/0!

[()A&+(]&'(/2#!

!

6.1.2.3.3. Na4Ge9O20 

./6(A9!4224&3409&2&'4-;"!@/2'&(2)!'%044!*4!)('4)!>('%!@//06(2&'(/2!2A9Z40)!/7!Cb!Cb!

&26! I! (2! &! 0&'(/! /7! "iCiC#! M%4! )K4@'0A9! ()! )%/>2! (2! :(3A04! I#"-b! ZA'! @&22/'! Z4!

)(9A+&'46!6A4!'/!'%4!4^'42)([4!)K4@'0&+!/[40+&K#!
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!

?-*#(&!P;LJ;!;<*4!GE1!/7!G&C*4H5-R!>('%!<!*4!)('4)b!_'/Ka!8J.McS!&26!4^K40(942'&+!

U8SE*!)K4@'0A9!_Z/''/9a!!

!

6.1.3. Discussion 

6.1.3.1. 73Ge Chemical Shift Behaviour 

M%4! 64K42642@4! /7! GE1! @%49(@&+! )%(7')! /2! +/@&+! )'0A@'A04! ()! /24! /7! '%4! 9/)'!

7A26&942'&+! 04+&'(/2)! 647(2(23! '%4! A'(+('Q! /7! GE1! (2! )'0A@'A0&+! )'A6(4)#! M%4! 6&'&!

(26(@&'4! &Z/A'! &!-RR!KK9!6(774042@4!Z4'>442! '%4! dCe*4! &26! dIe*4! )K4@(4)#!M%()!/^(64!

)40(4)! (26(@&'4)! '%&'! 7/A0W@//06(2&'4! 3409&2(A9!&04! 7/A26! '/! %&[4! `()/! Z4'>442!mF!

&26!W"-R!KK9b!>%404&)!'%4!)(^W@//06(2&'4!3409&2(A9!_0A'(+4W*45-!&26!*&C*45Pa!&04!
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7/A26!Z4'>442!mW<RR!&26!WC-R!KK9!_:(3A04!I#"<b!:(3A04!I#"C!&26!M&Z+4!I#"a#!.@&''40!

>('%(2! '%4! 7/A0W@//06(2&'4! )&9K+4)! ()!9/)'! +(Y4+Q! 6A4! '/! +/@&+! 6()'/0'(/2)b! 6(774042'!

@%&034WZ&+&2@(23! @&'(/2)! &26! '%4! K04)42@4! /7! 0(23)b! ZA'! '%404! &04! '//! 74>! 6&'&! '/!

64+(24&'4! &2Q! @+4&0! '0426)#! 8J.McS! @&+@A+&'(/2)! &04! )/94>%&'! )%(7'46! 70/9! '%4!

4^K40(942'&+! [&+A4)b! ZA'! &3044! >('%! '%4! 04+&'([4! '0426#! J+'%/A3%! 2/! 4^K40(942'&+!

[&+A4! 7/0! '%4! 7([4W@//06(2&'4! 3409&2(A9! @/A+6! Z4! /Z'&(246!6A4! '/! )K4@'0&+! /[40+&Kb!

'%4! @&+@A+&'46! [&+A4! ()! W-H<! KK9b! 6(04@'+Q! Z4'>442! '%4! @&+@A+&'46! 7/A0W! &26! )(^W

@//06(2&'4!043(/2)#!!

!

!

?-*#(&! P;LM;! 14+&'(/2)%(K! Z4'>442! '%4! 4^K40(942'&+! &26! 8J.McSW@&+@A+&'46!

TA&60AK/+&0!@/AK+(23!@/2)'&2'!_&a!&26!()/'0/K(@!@%49(@&+!)%(7'!_Za#!M%4!Z/+6!Z+&@Y!+(24!

()!'%4!4^K4@'46!"i"!04+&'(/2!Z4'>442!4^K40(942'&+!&26!@&+@A+&'46!04)A+')!

!

! M%()! 34240&+! 04+&'(/2)%(K! %&)! Z442! 7/A26! 7/0!9&2Q! 24'>/0YW7/09(23! @&'(/2)!

_4#3#! .(b! Xb! J+b! 8)b! 4'@#abHb"<bHRb"-"b"<"W"<F! >%404! (2@04&)(23! @//06(2&'(/2! 2A9Z40! ()!

K/)('([4+Q! @/004+&'46! >('%! (2@04&)46! 2A@+4&0! )%(4+6(23#! D4)K('4! @/27(09&'(/2! /7! '%()!

'0426b! '%4! +&034! A2@40'&(2'(4)! (2! 94&)A046! `()/! [&+A4)! 6A4! '/! '%4! [40Q! Z0/&6! K4&Y)!
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@/9K0/9()4)!(')!A)47A+24))!(2!)'0A@'A0&+!)'A6(4)#!$('%!)(32(7(@&2'+Q!%(3%40!04)/+A'(/2b!

%/>4[40b!'%()!04+&'(/2)%(K!9&Q!Z4@/94!A)47A+!7/0!;<*4!GE1#!

6.1.3.2. 73Ge Chemical Shift Anisotropy 

8%49(@&+! )%(4+6(23!&2()/'0/KQ!%&)! '%4!K/'42'(&+! '/!K0/[(64!4+4@'0/2(@!&26! )'0A@'A0&+!

(2)(3%'!ZA'!'%4!K04)42'!)40(4)!/7!3409&2&'4)!6/4)!2/'!4^%(Z('!94&)A0&Z+4!8.J)!6A4!'/!

'%4![40Q!+&034!8U)#!D4)K('4!8J.McS!@&+@A+&'(/2)!(26(@&'(23!)%(4+6(23!)K&2)!/7!"H!'/!<PR!

KK9! _M&Z+4! I#"ab! +(24)%&K4! )(9A+&'(/2)! (2@/0K/0&'(23! )%(4+6(23! 4774@')! >404!

(26()'(23A()%&Z+4!70/9!'%/)4!>('%/A'!8.J#!M%()!@/2'0&)')!>('%!&!04@42'!)'A6Q!(2!>%(@%!

&! 8.J! /7! <R! KK9! >&)! 94&)A046! 6A4! '/! &2! &2/9&+/A)+Q! )9&++! 8U! >%(@%! 6(6! 2/'!

(2'407404!>('%!/Z)40[&'(/2!/7!'%4!8.J#-II!E/04!34240&++Qb!('!()!/7'42!7/A26!'%&'!8.J!&26!

TA&60AK/+&0! (2'40&@'(/2)! (2@04&)4! (2! @/2@40'b! &26! &04! 04+&'46! '/! '%4! 643044! /7! +/@&+!

34/94'0(@! 6()'/0'(/2)#! J+'%/A3%! '%4! 8J.McS! 8.J! @&+@A+&'(/2)! %&[4! 2/'! Z442!

4^K40(942'&++Q! [40(7(46b! ('! ()! >/0'%! 2/'(23! '%&'! '%4! +&034)'! 8.J)! @/004+&'4! >('%! '%4!

+&034)'!8U{)!_tC*45Ci!8U!g!;#F!E=]b!í!g!-F!KK9p!?(-*45<i!8U!g!FR#"!E=]b!!í!g!<"H!KK9b!

:(3A04! I#"Ca#! L2! 34240&+b! 04+(&Z+4! 94&)A04942')! /7! 8.J! >(++! 04TA(04! 4[42! %(3%40!

9&324'(@!7(4+6)!'/!046A@4!'%4!(27+A42@4!/7!'%4!TA&60AK/+&0!(2'40&@'(/2!/2!'%4!)K4@'0&+!

&KK4&0&2@4!&26!(2@04&)4!'%&'!/7!'%4!&2()/'0/K(@!)%(4+6(23#!
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!

!

?-*#(&!P;LN;!_&a!8J.McS!@&+@A+&'46!()/'0/K(@!@%49(@&+!)%(7')!>('%!*4!@//06(2&'(/2!

)K%404!&26!_Za!8J.McS!@&+@A+&'46!8.J!>('%!TA&60AK/+&0!@/AK+(23!@/2)'&2')!

!

6.1.3.3.  73Ge Quadrupolar Interactions 

M%4! )4@/26W/0640! TA&60AK/+&0! +(24)%&K4! /7! '%4! 8M! @&2! Z4! A)46! '/! (2740! )'0A@'A0&+!

74&'A04)! (2! '%4! [(@(2('Q! /7! 3409&2(A9#! :/0! 4^&9K+4b! '%4! TA&60AK/+&0! &)Q994'0Q!

K&0&94'40! 04K/0')! /2! '%4! +/@&+! )Q994'0Q! /7! '%4! 3409&2(A9!2A@+4A)i! X(C*4<5"-! &26!

f0<*45P!%&[4!kW[&+A4)!24&0!]40/!Z4@&A)4! '%4! +/@&+!42[(0/2942'! ()!%(3%+Q!)Q994'0(@!

&Z/A'!'%4!@W&^()#!XQ!@/2'0&)'b!SZ*45<!&26!*&C*45P!%&[4!kW[&+A4)!24&0!"!&26!K/))4))!

2/! )K4@(&+! K/(2'! )Q994'0Q! 4+4942')#! M%4! 94&)A04942'! /7! '%()! K&0&94'40! ()!

)'0&(3%'7/0>&06! (2! )(23+4W)('4! )Q)'49)! &26! K0/[(64)! 6(04@'! (2)(3%'! (2'/! '%4! +/@&+!

)Q994'0Q#!

! M%4!9&32('A64!/7!8U!&+)/!047+4@')!'%4!+/@&+!3409&2(A9!42[(0/2942'#!8AZ(@!

)Q994'0Q!4+(9(2&'4)!'%4!4+4@'0(@!7(4+6!30&6(42'!&26!04)A+')!(2!&!)(23+4!)%&0K!K4&Y#!:/0!

2A@+4(!>('%!&!+&034!TA&60AK/+4!9/942'!+(Y4!;<*4b!4[42!)9&++!64[(&'(/2)!70/9!@AZ(@!
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)Q994'0Q!04)A+'!(2!+&034!)4@/26W/0640!TA&60AK/+&0!4774@'b!>%(@%!@&2!K0/[(64!&!

)42)('([4!94&)A04!/7!+/@&+!)'0A@'A04#!=/>4[40b!'%4!9&32('A64!/7!'%4!8U!@&2!Z4!04+&'46!

'/!'4'0&%460&+!&26!/@'&%460&+!6()'/0'(/2)#!1/Z(2)/2!4'!&+#-HI!&26!:+44'-H;!%&[4!)'A6(46!

6()'/0'(/2)!(2!K/+Q%460&!&26!/@'&%460&+!)Q)'49)!(2!9(240&+)#!M%4)4!6()'/0'(/2!

K&0&94'40)!@&2!Z4!@&+@A+&'46!7/0!Z/'%!/@'&%460&+!&26!'4'0&%460&+!K/+Q%460&i!!

! ! ! !

! 
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>%404! z! 04K04)42')! '%4! &23A+&0! [&0(&2@4b! ¶! ()! '%4! 94&2! TA&60&'(@! 4+/23&'(/2!

K&0&94'40b!ñ(!()!'%4!&23A+&0!6()'/0'(/2!70/9!(64&+!/@'&%460&+!/0!'4'0&%460&+!34/94'0Qb!

+(! ()!'%4!)'0&(246!/0!@0Q)'&+!+423'%!Z4'>442!3409&2(A9!&26!/^Q342!&26!+/!()!+423'%!/7!

'%4!2/2W)'0&(246!@0Q)'&+#!

! M%4! 94&2! TA&60&'(@! 4+/23&'(/2! K&0&94'40)! %(2'! &'! &! @/004+&'(/2! >('%!

4^K40(942'&+! TA&60AK/+&0! @/AK+(23)! _:(3A04! I#"F&a#! :(3A04! I#"FZ! )%/>)! '%4! 8U)!

@&+@A+&'46! 70/9!8J.McS!'/!K0/[(64!&! +&0340!)&9K+(23#!M%4!04+&'(/2)%(K! ()!)A334)'([4!

ZA'!@+4&0+Q!(9K4074@'#!L2'404)'(23+Qb!&!)(9K+(7(46![40)(/2!/7!'%4!9/64+b!@/004+&'(23!'%4!

6(774042@4)! Z4'>442! '%4! +/234)'! &26! )%/0'4)'! Z/26! +423'%)! >('%! 8Ub! &KK4&0)! '/!

K407/09! Z4''40! '%&2! '%4! 6()'&2@4! 6()'/0'(/2! K&0&94'40! _:(3A04! I#"F@a#! M%4! [&0(&2@4!

/Z)40[46!70/9!'%4!"i"!+(24&0!7('!9&Q!Z4!@&A)46!ZQ!'%4!6(774042'!@&'(/2!)(]4)!&26!7(4+6!
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)'0423'%)!(2!'%4!)Q)'49)#!M%4)4!9/64+)!(++A)'0&'4!'%4!)42)('([('Q!/7!'%4!;<*4!8U!'/!'%4!

*4W5!Z/26!6()'&2@4)#!!

!

?-*#(&! P;LO;! _&a! c^K40(942'&+! &26! _Za! 8J.McS! @&+@A+&'46! TA&60AK/+&0! @/AK+(23!

@/2)'&2'!>('%!94&2!6()'&2@4!6()'/0'(/2!K&0&94'40#!M%4!4^K40(942'&+!8U!04+&'(/2)%(K!

>('%!4('%40!_@a!Z/26!+423'%!/0!_6a!5W*4W5!&23+4!6(774042@4!&04!&+)/!)%/>2#!M%4!)/+(6!

+(24)!&04!+(24&0!7(')#!

!
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!

?-*#(&!P;LP;!c^K40(942'&+!TA&60AK/+&0!@/AK+(23!@/2)'&2'!&)!&!7A2@'(/2!/7!@&+@A+&'46!

&23+4!6()'/0'(/2!K&0&94'40b!z#!

!

! 52!'%4!/'%40!%&26b!)/94!@/9K/A26)!6/!2/'!/Z4Q!'%4!/Z)40[46!'0426)#!f0<*45P!

&26!X(C*4<5"-!%&[4!(642'(@&+!Z/26!+423'%)!_¶!g!"a!ZA'!6(774042'b!2/2W]40/!8U{)#!M%A)!'%4!

TA&60AK/+&0! (2'40&@'(/2! 9A)'! Z4! @&A)46! ZQ! &2! &23A+&0! 6()'/0'(/2#! M>/! )K4@(4)!

*&C*45P! &26! .0*45<! %&[4! )(9(+&0! Z/26! +423'%)b! ZA'! Z/26! &23+4)! '%&'! &04! 0&'%40!

6()'/0'46#! :(3A04! I#"F6! (++A)'0&'4)! &! 04&)/2&Z+4! 04+&'(/2)%(K! Z4'>442! 8U! &26! '%4!

6(774042@4! Z4'>442! '%4! +&034)'! &26! )9&++4)'! 5W*4W5! Z/26! &23+4! 7/0! '%4)4! 7/A0!

@/9K/A26)#! J! K+/'! /7! '%4! 7A++! 6&'&! )4'! A)(23! '%4! K/+Q%460&+! &23A+&0! [&0(&2@4!

K&0&94'40)!Q(4+6)!2/!/Z[(/A)! '0426!_:(3A04!I#"Iab! )A334)'(23! '%&'! '%4!*4W5!6()'&2@4!

6()'0(ZA'(/2!6/9(2&'4)!'%4!c:*b!>('%!5W*4W5!&23+4)!&!)4@/26&0Q!(27+A42@4#!
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X'>%&!P;L;!c^K40(942'&+!&26!@&+@A+&'46!GE1!K&0&94'40)!7/0!3409&2(A9!/^(64)!

)',&(-'%! F"! F]!U)[\V! & ! % -/0!UCC8V>! ( !UCC8V! ) !
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8J.McS!

C! ""#F!õ!R#F!

H#"!

R#R!õ!R#RF!

R#R!

W;R!õ!FR!

W"FH!

2#6#!

CF!

2#6#!

W"!

f0<*45P!

8J.McS!

$LcG-Y!

C! -C!õ!"!

"P#"!

--#"!

R#R!õ!R#RF!

R#R!

R#R!

W-R!õ!"RR!

W"II!

2#6#!

2#6#!

-P!

2#6#!

2#6#!

W"!

2#6#!

8&-*45C!

8J.McS!

$LcG-Y!

C! --!õ!"!

"F#P!

"I#P!

R#IF!õ!R#"!

R#;;!

R#PF!

F!õ!IR!

W"CR!

2#6#!

2#6#!

"RR!

2#6#!

2#6#!

WR#"<!

2#6#!

E3-*45C!

8J.McS!

$LcG-Y!

C! -I#F!õ!"!

-R#F!

--#P!

R#;!õ!R#RF!

R#CI!

R#<P!

W-R!õ!"RR!

W"RH!

2#6#!

2#6#!

HI!

2#6#!

2#6#!

WR#R;!

2#6#!

?(C*45C!

8J.McS!

$LcG-Y!

C! "-!õ!"!

"R#<!

"-#P!

R#H!õ!R#"!

R#;C!

R#H"!

R!õ!"RR!

W"""!

2#6#!

2#6#!

-;!

2#6#!

2#6#!

WR#F-!

2#6#!

SZ*45<!

8J.McS!

$LcG-Y!

C! -H!õ!"!

-<#I!

-C!

"#R!õ!R#RF!

R#I;!

R#PP!

WHR!õ!"FR!

W"I"!

2#6#!

2#6#!

H<!

2#6#!

2#6#!

WR#-;!

2#6#!

X(-*4<5H!

8J.McS!

C! -P!õ!"!

<R#P!

R#"F!

R#F-!

WHF!õ!"RR!

W";H!

2#6#!

"FP!

2#6#!

WR#-;!

*45-Z!

8J.McS!

C! H#-!õ!R#F!

I#P!

R#F!

R#PF!

W""R!õ!<R!

W"HC!

2#6#!

<R!

2#6#!

WR#<F!

tC*45C&! C! ;#F! R#P! W"""! -F! WR#-"!

1ZC*45C&! C! F#H! R#C-! W""<! HR! WR#<I!

J+-*4-5;&! C! -"#F! R#-F! W"HP! ""F! WR#PF!

L2-*4-5;&! C! "H#F! R#<"! W-RC! "H! WR#;-!
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2#6#!
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$LcG-Y!
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2#6#!
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&a!8&+@A+&'46![&+A4)!70/9!8J.McSb!2/'4i!&++!8J.McS!8U![&+A4)!%&[4!Z442!@/004@'46!'/!

047+4@'!'%4!@/99/2+Q!&@@4K'46!TA&60AK/+&0!9/942'!/7!W"H#I!79-bCR!Za!1474042@46!'/!

*48+C!&'!<R#H!KK9!&26!2#6#!()!&2!&ZZ04[(&'(/2!7/0!ì2/'!64'409(246{#!

!

6.1.3.4. Quantum Chemical Calculations 

M%4!8J.McS!8U!04)A+')!_:(3A04!I#"<b!:(3A04!I#";!&26!M&Z+4!I#"a!)%/>!3//6!&3044942'!

>('%! '%4! 4^K40(942'&+! TA&60AK/+&0! @/AK+(23! @/2)'&2')#! M%4! 8U)! &04! @/2)()'42'+Q!

A26404)'(9&'46b! 4[42! &7'40! @/004@'(/2! 70/9! '%4! TA&60AK/+4! 9/942'! A)46! ZQ! '%4!

)/7'>&04!'/!'%4!@/99/2+Q!&@@4K'46!TA&60AK/+4!9/942'!/7!W"H#I!79-#"-C!!M%()!8J.McS!

A26404)'(9&'(/2! %&)! &+)/! Z442! 04K/0'46! ZQ! t(Z&+@%42Y/! 4'! &+#! >('%! '%4! 8U! /7!

@0Q)'&++(24W*45-!Z4(23!A26404)'(9&'46!ZQ!m""w#-HP!524!K/))(Z(+('Q!7/0!'%()!)Q)'49&'(@!

6()@04K&2@Q! ()! '%&'! 4[42! '%4!9/)'! 04@42'!TA&60AK/+4!9/942'!64'409(2&'(/2! ()! +/>#!

J2/'%40! K/))(Z(+('Q! ()! '%&'! '%4! 3409&2(A9! K)4A6/WK/'42'(&+! ()! K//0+Q! /K'(9(]46! 7/0!

'%4)4!@&+@A+&'(/2)#!=/>4[40b!$LcG-Y!&+)/!A26404)'(9&'4)!'%4!8U![&+A4)!_:(3A04!I#";a#!

.(2@4! '%4! +&''40! ()! &2! &++W4+4@'0/2! D:M! 94'%/6b! '%()! )A334)')! '%&'! '%4! /0(3(2! /7! '%4!

647(@(42@Q!()!'%4!4^@%&234W@/004+&'(/2!7A2@'(/2&+#!!
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?-*#(&!P;LQ;!c^K40(942'&+!TA&60AK/+&0!@/AK+(23!@/2)'&2'!@/9K&046!'/!$LcG-Y!&26!

8J.McS!@&+@A+&'46!8U{)#!M%4! )/+(6! +(24! ()! '%4!"i"! 04+&'(/2!Z4'>442!4^K40(942'&+! &26!

@&+@A+&'46!04)A+')#!c00/0)!&04!7/A26!>('%(2!'%4!)(]4!/7!'%4!K+/''46!K/(2')#!

!

! M%4!&)Q994'0Q!K&0&94'40)!&04!K//0+Q!K046(@'46!ZQ!8J.McS!&26!$LcG-Y#!52+Q!

(2! '%4! @&)4! /7! 24&0W&^(&+! )Q994'0Q! 6/! '%4! '%4/04'(@&+! 04)A+')! K0/6A@4! 04&)/2&Z+4!

04)A+')b! &)!>/A+6! Z4! 4^K4@'46! 6A4! '/! )Q994'0Q! 04)'0(@'(/2)#! ?(Y4>()4b! '%4! ()/'0/K(@!

@%49(@&+! )%(7')! @&+@A+&'46! 70/9! 8J.McS! 6/! 2/'! &3044! >('%! '%4! 4^K40(942'&+! 6&'&b!

7&++(23!)Q)'49&'(@&++Q!&'!+/>40!704TA42@Qb!%/>4[40!+(''+4!@&2!Z4!9&64!/7!'%()!6A4!'/!'%4!

+&034! 4^K40(942'&+! A2@40'&(2'(4)! (2! '%4! ()/'0/K(@! @%49(@&+! )%(7')#! G4[40'%4+4))b! '%4!

@&+@A+&'(/2)!&@@A0&'4+Q!04K0/6A@4!'%4!04+&'([4!/0640(23!/7!@%49(@&+!)%(7')!7/0!6(774042'!

3409&2(A9!@//06(2&'(/2!2A9Z40)!_:(3A04!I#"Ca#!!

6.1.3.5. 73Ge Setup Standard 

c^K40(942'&+! &26! '%4/04'(@&+! @%49(@&+! )%(7')!>404! 4^'402&++Q! 0474042@46! '/!*48+C! &'!

<R#H! KK9b! >('%! 04)K4@'! '/! '%4! '0&6('(/2&+! 0474042@4! )&9K+4b! *4_8=<aC#!



Germanates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

262!

M4'0&94'%Q+3409&2(A9! )A7740)! 70/9! &! +/>! Z/(+(23! K/(2'b! 4^'0494! 7+&99&Z(+('Q! &26!

%(3%!@/)'#"I!*409&2(A9!'4'0&@%+/0(64b!ZQ!@/2'0&)'b! ()!9/04!)'&Z+4b! ()!04&6(+Q!&[&(+&Z+4!

&'!&!9/04!04&)/2&Z+4!K0(@4b!&26!K0/6A@4)!&!)(23+4!)%&0K!K4&Y!_"<!=]!&'!H#C!Mb!F99!

2/2W)K(22(23!K0/Z4a!&7'40!&!)(23+4!)@&2!>('%!7&)'!04@Q@+4!64+&Q)!_"!)4@/26a#!

6.1.4. Summary 

$4!%&[4!K04)42'46!&!@/9K04%42)([4!(2[4)'(3&'(/2!/7!;<*4!GE1!K0/K40'(4)!(2!&![&0(4'Q!

/7! 'QK(@&+! 3409&2&'4)! '/! 4[&+A&'4! (')! K/'42'(&+! 7/0! )'0A@'A0&+! )'A6(4)#! D4)K('4! (')!

A27&[/A0&Z+4!GE1!K0/K40'(4)b!(2'40K04'&Z+4!)K4@'0&!>404!/Z'&(246!(2!&+9/)'!&++!@&)4)b!

649/2)'0&'(23! '%&'! ;<*4!GE1! ()!2/! +/2340!&2! (2&@@4))(Z+4!2A@+4A)#!M%4!4+4@'0(@! 7(4+6!

30&6(42'!&'!3409&2(A9!()!34240&++Q!)'0&(3%'7/0>&06!'/!94&)A04!(2!'409)!/7!MU!&26!&b!

>%404! '%4! 7/0940! &KK4&0)! '/! Z4! 6/9(2&'46! ZQ! '%4! [&0(&'(/2! (2! *4W5! Z/26! +423'%)b!

>%(+4! '%4! +&''40! 047+4@')! '%4! 3409&2(A9! +/@&+! )Q994'0Q#! $%(+4! ()/'0/K(@! @%49(@&+!

)%(7')! &04! 6(77(@A+'! '/! 94&)A04! >('%! %(3%! K04@()(/2! 6A4! '/! Z0/&6! K4&Y! >(6'%)b! '%4Q!

)%/>! &! @+4&0! @/004+&'(/2! >('%! @//06(2&'(/2! 2A9Z40b! >('%! (2@04&)(23! @//06(2&'(/2!

04)A+'(23!(2!&!)%(7'!'/!+/>40!704TA42@(4)#!!

! D42)('QW7A2@'(/2&+! '%4/0Q!@&+@A+&'(/2)!A)(23!8J.McS!&26!$LcG-Y!3([4!9(^46!

04)A+')#!M%4!9&32('A64)!/7!'%4!TA&60AK/+4!@/AK+(23!@/2)'&2')!&04!04+(&Z+Q!K046(@'46b!

&+Z4('! )Q)'49&'(@&++Q! A26404)'(9&'46b! )A334)'(23! '%&'! '%4! 4^@%&234W@/004+&'(/2!

7A2@'(/2&+! ()! A2)A('&Z+4! 7/0! '%4)4! @&+@A+&'(/2)#! UA&60AK/+&0! &)Q994'0Q! K&0&94'40)!

&04! (2! 34240&++Q! K//0! &3044942'! >('%! 4^K40(942'b! 4^@4K'! >%42! &^(&+! )Q994'0Q! ()!

(9K/)46! ZQ! '%4! @0Q)'&+! )Q994'0Q#! L)/'0/K(@! @%49(@&+! )%(7')! &04! )Q)'49&'(@&++Q!

A26404)'(9&'46b! ZA'! 9(00/0! '%4! 4^K40(942'&+! '0426! >('%! @//06(2&'(/2! 2A9Z40#!

8/9K+4942'(23! '%4! 4^K40(942'&+! 6&'&! >('%! @&+@A+&'(/2)! K0/[4)! '/! Z4! &! K/>407A+!



Germanates 

 

______________________________________________________________________ 
 

V. K. Michaelis 

263!

&KK0/&@%!'/!4)'&Z+()%!A)47A+!04+&'(/2)%(K)!Z4'>442!GE1!/Z)40[&Z+4)!&26!3409&2(A9!

)'0A@'A0&+!42[(0/2942')#!!

! J+'%/A3%! ;<*4!GE1!)K4@'0&! @&2!A)A&++Q!Z4! 04&6(+Q!&@TA(046!>('%!3//6!

)42)('([('Q! A)(23! U8SE*b! +&034! TA&60AK/+&0! (2'40&@'(/2)! 34240&++Q! Q(4+6! K//0! )('4!

04)/+A'(/2! (2! /^(64)! &26! '%()!>(++! +(9('! (')! &KK+(@&Z(+('Q! (2!9&'40(&+)! @%&0&@'40(]&'(/2!

>%404! 9A+'(K+4! 3409&2(A9! 42[(0/2942')! &04! 4^K4@'46! '/! Z4! K04)42'#! M%()! ()!

(++A)'0&'46! ZQ! '%4! 9A+'(W)('4! t-*4P5";#! L2! &+Y&+(! 3409&2&'4! 3+&))4)b! >%404! (2%4042'!

)'0A@'A0&+!6()/0640!Z0/&642!K4&Y)!&26!40/64)!+(24)%&K4!74&'A04)b!'%4)4!K0/Z+49)!&04!

@/9K/A2646b! 9&Y(23! '%4! (642'(7(@&'(/2! &26! TA&2'(7(@&'(/2! /7! )%/0'W0&234! /0640!

4^@446(23+Q! @%&++423(23#! G4[40'%4+4))b! '%()! )'A6Q! 04K04)42')! '%4! 7(0)'! )Q)'49&'(@!

(2[4)'(3&'(/2! /7! ;<*4! GE1! (2! 'QK(@&+! /^(64)b! &26! '%4! '0426)! 4)'&Z+()%46! %404(2! >(++!

K0/[4!A)47A+!>%42!(9K0/[46!)K4@'0&+!04)/+A'(/2!@&2!Z4!&@%(4[46b!9&Y(23!GE1!@42'0&+!

'/!'%4!)'A6Q!/7!*4WZ4&0(23!9&'40(&+)#!$('%!'%()!(27/09&'(/2!>4!2/>!'A02!'/!'%4!9/04!

6(77(@A+'!'&)Y!/7!A)(23!;<*4!'/!&2&+Q]4!&9/0K%/A)!9&'40(&+)b!&26!>4!&''49K'!'/!&6604))!

'%4!+/23W)'&26(23!TA4)'(/2!/7!>%&'!@&A)4)!'%4!N3409&2&'4!&2/9&+QO,!

6.2. Germanate Glasses 

6.2.1. The Germanate Anomaly 

L26A)'0(&+! &KK+(@&'(/2)! (2[/+[(23! 3409&2&'4! 3+&))4)! (2@+A64! 7(Z40! /K'(@)b-HH! /K'(@&+!

&KK+(@&'(/2)<RRb<R"! _+42)4)b! (270&046b! 4'@#a! &26! )/+&0! @4++)#<R-b<R<! M%4! +/@&+! )'0A@'A04! /7!

'%4)4!3+&))4)b!%/>4[40!&04!K//0+Q!A2640)'//6#!*409&2(A9!()!7/A26!>('%(2!30/AK!"Cb!

Z424&'%! )(+(@/2! &26! (2! '%4/0Q! )%/A+6! Z4%&[4! )(9(+&0+Q! >%404! UC! A2(')! (2! *45-! >(++!

Z04&Y! 6/>2! 7/09(23! GX5)! &)! &+Y&+(! /^(64! ()! &6646#! .(+(@&'4! 3+&))4)! %&[4! +(24&0!
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K0/K40'Q! '0426)!>('%! &+Y&+(! +/&6(23! 6A4! '/! 64K/+Q940()&'(/2! _(#4#b! .(5-! _UCa! l! ?(!"!

?(.(5C!_U<a!l!?(!"!?(-.(5C!_U-ab!4'@#a#!*409&2&'4!3+&))4)!%/>4[40!Z4%&[4!6(774042'+Q!

70/9!)(+(@&'4)b!&)!)%/>2!(2!:(3A04!I#"P#!!

! M%()! A2(TA4! Z4%&[(/A0! (9K+(4)! '%&'! 64K/+Q940()&'(/2! /7! '%4! 3409&2&'4!

24'>/0Y! ()! 2/'! '%4! /2+Q! )'0A@'A0&+! @%&234! '%&'! ()! /@@A00(23#! M%4! Z&)()! 7/0! '%()!

Z4%&[(/A0!>&)!K0/K/)46!(2!'%4!"HIR{)!ZQ!'>/!30/AK)!)A334)'(23!'%&'!&'! +/>40!&+Y&+(!

+/&6(23)! &! @//06(2&'(/2! @%&234! /@@A0)#"Fb<RC! M%4)4! 30/AK)! )A334)'46! '%&'! [('04/A)!

*45-! _dCe*4b!UCa!@/2[40')! '/!&!%(3%40!@//06(2&'4!3409&2(A9!K/+Q%460/2!_dFe*4hdIe*4a!

&)!&+Y&+(!/^(64!()!&6646#!M%()!%(3%W@//06(2&'4!9/64+!>&)!K0/K/)46!/2!'%4!Z&)()!/7!'%4!

Z/0&'4! N&2/9&+QO! &26! '%A)! 2&946! '%4! 3409&2&'4! &2/9&+Q#! D4)K('4! &! [&0(4'Q! /7!

4^K40(942'&+!04)A+')!)AKK/0'(23!'%()!9/64+-b""b-IRb<RFW<"-!)/94!(2@/2)()'42@(4)!)A334)'!

'%4!)('A&'(/2!()!2/'!)/!)(9K+4#!!
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!

?-*#(&!P;LT;!D42)('Q!Z4%&[(/A0!7/0!_&a!)(+(@&'4!&26!_Za!3409&2&'4!3+&))4)!&)!?(!&26!G&!

9/6(7(40!()!&6646#-b<RC!

!

! J2! &+'402&'4! 9/64+! >&)! K0/K/)46! (2! '%4! 4&0+Q! "HHR{)! ZQ! =42640)/2! &26!

:+44'#<"<! M%4Q! K0/K/)46! &! @/9Z(2&'(/2! /7! '%044W949Z40! *45C! 0(23)! &26!

64K/+Q940()&'(/2#!=42640)/2!&03A4)!'%&'!'%4!/0(3(2&+!9/64+!%&)!'>/!9&Ü/0!7&A+')b!/24!

Z4(23!2/!4[(642@4!/7!GX5)! 7/09(23!&'!4&0+Q!&+Y&+(! +/&6(23)#-IRb<"C!M%4!/'%40! (2[/+[4)!

'%4! +423'%42(23! /7! '%4! *4W5! 6()'&2@4! Z4(23! &))/@(&'46! >('%! &! %(3%40! @//06(2&'(/2!
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42[(0/2942'#!=4!)'&'4)!'%&'!GX5)!&04!/Z)40[46!>('%!'%4!/2)4'!/7!&+Y&+(! +/&6(23)!&26!

'%4! Z/26! +423'%42(23! &'! '%4! 4&0+Q! /2)4'! _&''0(ZA'46! '/! %(3%! @//06(2&'(/2a! ()! 2/'!

)AKK/0'46!&'!%(3%40!+/&6(23)!Z4@&A)4!'%4!*4W5!Z/26!+423'%!6/4)!2/'!64@04&)4!_&)!/24!

>/A+6! 4^K4@'! '/! /@@A0! >%42! %(3%40W@//06(2&'4! )K4@(4)! Z04&Y! 6/>2! (2'/! 7/A0W

@//06(2&'4! GX5)a! &7'40! '%4!9&^(9A9! ()! 04&@%46! (2! '%4! K%Q)(@&+! K0/K40'(4)! _:(3A04!

I#"Pa#-IR! =42640)/2! 6/4)! &@Y2/>+4634! '%&'! 24A'0/2! 6(770&@'(/2! 6&'&! )A334)'! &! dFe*4!

)K4@(4)!()!K04)42'!(2!)9&++!&9/A2')!ZA'!'%()!(2@04&)4!(2!@//06(2&'(/2!()!2/'!&))/@(&'46!

>('%! '%4! Z4%&[(/0! /7! '%4! 3+&))#-IR! :/0! -R! Q4&0)! '%4! )@(42'(7(@! @/99A2('Q! %&)! Z442!

A2&Z+4!'/!&3044!/2!&!)(23+4!9/64+#<"F!GE1!)%/A+6!Z4!&Z+4!'/!&6604))!>%&'!@&A)4)!'%4!

3409&2&'4! &2/9&+Q#! GE1! ()! '%4! /Z[(/A)! @%/(@4! &)! ('! K0/Z4)! +/@&++Q! &26! @&2! 04[4&+!

)'0A@'A0&+! (27/09&'(/2! )A@%! &)! Z/26(23! &00&234942'! &26! +/@&+! @//06(2&'(23!

42[(0/2942'#!:/0!3409&2&'4)b!)/+(6W)'&'4!GE1!@&2!K0/Z4!3409&2(A9!6(04@'+Q!_;<*4a!

/0! (26(04@'+Q! _";5a#!$4!>(++! 7/@A)! /2! '%4!6(04@'!94'%/6!%404b! ZA'!>(++! K0/[(64! &! 74>!

64'&(+)!(2!043&06)!'/!>%&'!%&)!Z442!6/24!A)(23!";5!EJ.!GE1#!

6.2.2. 17O MAS NMR Studies 

";5!GE1!%&)!Z4@/94![40Q!(9K/0'&2'!(2!'%4!K&)'!64@&64!>('%!/[40!;F!KAZ+(@&'(/2)!_[)#!

m"IR!)(2@4!'%4!"HFR{)a!(2!)/+(6W)'&'4!GE1#!M/!K0/Z4!'%4!3409&2&'4!&2/9&+Qb!";5!EJ.!

GE1! %&)! Z442! A)46! &)! &2! (26(04@'! 94'%/6! 7/0! 64'409(2(23! +/@&+! @//06(2&'(/2!

42[(0/2942')!/2! 3409&2(A9#! ";5! ()! &! LgFh-!2A@+4A)!>('%! &!9/640&'4! 3Q0/9&324'(@!

0&'(/! _W<#I-P! 0&6hM)a! &26! &! TA&60AK/+&0! 9/942'! /7! W-#FI! 79-#! =/>4[40b! ('! ()! /2+Q!

R#R<;w! 2&'A0&++Q! &ZA26&2'b! (2%(Z('(23! GE1! /Z)40[&'(/2! >('%/A'! 420(@%942'#! M/!

/[40@/94! '%4)4! ())A4)b! /24! 'QK(@&++Q! ()/'/K(@&++Q! 420(@%4)! '%4! )&9K+4! _mü"RRRh3! /7!

HRw!=-";5p!m!FRR!93!/7!)'&0'(23!9&'40(&+!420(@%46!Z4'>442!CR!'/!IRwp!(#4#b!üFRR!K40!
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)&9K+4a#!";5!420(@%942'!()!6/24!0&'%40!'%&2!;<*4!420(@%942'b!&)! ('! ()! +4))!4^K42)([4b!

%&)!&!%(3%40!04@4K'([('Qb!&!)9&++40!TA&60AK/+&0!9/942'!&26!Z4''40!A2640)'//6!GE1!

K&0&94'40)#!M%4047/04b!)'A6(4)!%&[4!7/@A)46!/2!'%()!2A@+4A)#!X0(63(23!/^Q342)!@&2!Z4!

/Z)40[46! '/! 64'409(24! 6(774042'! Z/26(23! (2'40&@'(/2)#! 5^Q342{)! TA&60AK/+&0!

(2'40&@'(/2!_";5a!()!)42)('([4!&26!@&2!6()'(23A()%!X5)!_8U!m!CW;!E=]a!&26!GX5)!_8U!m!

-W<!E=]a#<"I!M%4!@%49(@&+!)%(7'!()!&+)/!)42)('([4b!>%404!'%4!6(774042@4!Z4'>442!X5!&26!

GX5! ()! /2! '%4! /0640! /7! m"RR! KK9#<"I! M%()! ()! K04@()4+Q! '%4! 94'%/6! '%&'! %&)! Z442!

&KK+(46!'/!)'A6Q!&!)40(4)!/7!@0Q)'&++(24!&26!&9/0K%/A)!3+&))4)#!J!)40(4)!/7!@0Q)'&++(24!

@/9K/A26)! >('%! 7/A0W! &26! )(^W@//06(2&'4! 3409&2(A9! >404! )'A6(46! ZQ! DA! &26!

.'4ZZ(2)i<";! 2&94+Q! dCbIe*45-b! G&CdCbIe*4H5-R! &26! G&-dCe*45<#! M%4Q! )4+4@'46! '%4)4!

)K4@(4)!&)!&![&0(4'Q!/7!X5!&26!GX5!)K4@(4)!&04!K04)42'!&26!@&2!Z4!A)46!'/!9&K!/A'!'%4!

@%49(@&+! )%(7')! 7/0! '%4)4! 42[(0/2942')#! B)(23! '%4)4! K&0&94'40)! &)! &! 7(2340K0(2'b! &!

)40(4)! /7! )/6(A9! 3409&2&'4! 3+&))4)! 0&23(23! 70/9!R! '/! -;!9/+w!G&-5!>404! )'A6(46!

A)(23!";5!EUEJ.#!143(/2)!7/0!3409&2&'4)!>404!64'409(246i!dCe*4W5WdCe*4!_W-F!'/!WFR!

KK9ab!dCe*4W5WdIe*4!_WFR!'/!W"RR!KK9a!&26!dIe*4W5WdIe*4!_W""R!KK9!'/!W"FR!KK9ab!&(6(23!

'%4! (642'(7(@&'(/2! /7! )(9(+&0! 42[(0/2942')! >('%(2! '%4! 3409&2&'4! 3+&))4)#! J+'%/A3%!

K4&Y!>(6'%)!>('%(2!3+&))4)!&04!Z0/&64246!ZQ!&!6()'0(ZA'(/2!/7!)('4)b!'%4!EUEJ.!6&'&!

>404!TA('4!@+4&2b!Q(4+6(23!&!9(2(9A9!/7!'>/!)('4)!&26!K0/[(6(23!4[(642@4!/7!%(3%40W

@//06(2&'(23!)K4@(4)#!!

! =/>4[40b! =42640)/2{)! 9/64+-IR! K046(@')! Z/'%! %(3%40W@//06(2&'4! )K4@(4)! _&)!

)442! ZQ! 24A'0/2! 6(770&@'(/2a! &26! 0(23)#! 1(23)! @&A)4! Z/26! +423'%42(23! )(9(+&0! '/!

%(3%40W@//06(2&'4!)K4@(4)b!K/'42'(&++Q!@04&'(23! ())A4)! (2!'%4! (2'40K04'&'(/2!/7! '%4!";5!

GE1! 04)A+')b! )A@%! &)!>%4'%40! '%4)4! /^Q342)! &04! 70/9! dCe*4! (2! 0(23)! /0! dFbIe*4! A2(')#!
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5'%40!)'A6(4)!A)(23!";5<"PW<-"!%&[4!@/2@+A646!'%&'!&2!(2@04&)4!(2!@//06(2&'(/2!/@@A0)!

ZA'!2/24!%&[4!)'A6(46!'%4!";5!)K4@'0&+!)(32&'A04!/7!&!'%044W949Z40!0(23#!J+'%/A3%!'%4!

%(3%40W@//06(2&'(/2!9/64+! ()! >(64+Q! &@@4K'46b! 64Z&'4! @/2'(2A4)! 043&06(23! '%4! '0A4!

@&A)4!/7!'%4!3409&2&'4!&2/9&+Q#!!

;<*4!GE1!()!&!6(04@'!K0/Z4!'%&'!@/A+6!Z4!A)46!'/!64@(64!Z4'>442!'%4)4!9/64+)#!

B)(23!'%4!@0Q)'&++(24!)40(4)!&Z/[4b!'%044!3+&))4)!>404!)'A6(46!(2!&2!&''49K'!'/!K0/[(64!

7A0'%40!)'0A@'A0&+!(27/09&'(/2#!

6.2.3. Materials and Methods 

6.2.3.1. Synthesis 

J9/0K%/A)! 3409&2&'4)! >404! )Q2'%4)(]46! &'! "CFR/8! (2! &! [40'(@&+W'AZ4! %(3%W

'49K40&'A04! 7A02&@4! (2! f*.! K+&'(2A9h3/+6_Fwa! @0A@(Z+4)#! UA&0']WK%&)4! *45-! >&)!

%4&'46! 7/0! IR! 9(2A'4)! '%42! TA42@%46! _(2! 64(/2(]46! >&'40a! '/! 7/09! [('04/A)! *45-#!

?('%(A9! &26! )/6(A9! 3409&2&'4! 3+&))4)! >404! 9&64! >('%! &KK0/K0(&'4! 70&@'(/2)! /7!

?(-85<! /0! G&-85<! &26! 9(^46! >('%! @0Q)'&++(24! *45-! (2! &2! &3&'4! 9/0'&0! &26! K4)'+4#!

M%4)4! 9(^'A04)! >404! 64@&0Z/2&'46! &'! IFR! Ñ! ;FR/8! 7/0! '>/! %/A0)b! 0430/A26b! &26!

K+&@46! (2'/! '%4! %(3%W'49K40&'A04! 7A02&@4! 7/0! IR! 9(2A'4)b! 7/++/>46! ZQ! TA42@%(23#!

*+&))4)!>404!&2&+Q]46!A)(23!K/+&0(]46!+(3%'!9(@0/)@/KQ!&26!(26(@&'46!2/![()A&+!)(32)!

/7!(2@+A)(/2)!/0!@0Q)'&++(]&'(/2#!!

6.2.3.2. Nuclear Magnetic Resonance 

G/2W)K(22(23! ;<*4!GE1!)K4@'0&!/7! '%4!3+&))4)!>404!&@TA(046!/2!&!X0AY40!J[&2@4! LL!

HRR!_-"#"!Ma!)K4@'0/94'40!>('%!&!;99!EJ.!+/>W3&99&!K0/Z4#!.&9K+4)!>404!K&@Y46!

>('%(2!;99!_/#6#a!@Q+(260(@&+!)&9K+4!%/+640)b!&26!KA+)4!>(6'%)!>404!@&+(Z0&'46!'/!-!
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v)! _)/+(6! rh-a#! ;<*4! )K4@'0&! >404! &@TA(046! A)(23! 4('%40! &! )/+(6! 4@%/! /0! U8SE*!

_UA&60AK/+&0W8&00WSA0@4++WE4(Z//9W*(++a! )4TA42@4#-PRb-P"! c&@%! )K4@'0A9! >&)!

@/++4@'46! (2! )4[40&+! _'>/! '/! 7/A0a! K(4@4)b! '%42! )A9946! '/! /Z'&(2! '%4! /[40&++!

4^K40(942'&+! )K4@'0A9#! 14@Q@+4! 64+&Q)! >404! '>/! )4@/26)! &26! @/++4@'(/2)! (2[/+[46!

"R-C!'/!CRHI!@/W&6646!'0&2)(42')!_K40!K(4@4a#!M%4!2A9Z40!/7!@/++4@'46!4@%/4)!6A0(23!

&@TA()('(/2! _U8SE*a! [&0(46! Z4'>442! <-! &26! "-P#! E&3(@W&23+4! )K(22(23! GE1! >&)!

6/24!/2!RW*45-!&'!&!)K(22(23!)K446!/7!;#RRR!_õR#RR-a!Y=]#!J++!)K4@'0&!>404!0474042@46!

'/!*48+C!&'!<R#H!KK9!04+&'([4!'/!*4_8=<aC!_R!KK9a#!

6.2.4. Results 

6.2.4.1. Vitreous-Germanate, GeO2 

\('04/A)W*45-! _:(3A04! I#"H! &26! :(3A04! I#-Ra! %&)! &! *&A))(&2! )%&K46! 04)/2&2@4!

(26(@&'([4!/7!&!6()'0(ZA'(/2!/7!3409&2(A9!)('4)!&26!&!)K4@'0&+!>(6'%!/7!"bFRR!KK9!_C;!

Y=]b! :$=E! /7! IRR! KK9a! @/9K&0&Z+4! '/! '%4! TA&0']W+(Y4! @0Q)'&++(24! K%&)4#! M%4!

04)/2&2@4! ()! &Z/A'! %&+7! '%4! Z04&6'%! /7! '%4! 0A'(+4W+(Y4! *45-! K%&)4! Z4&0(23! &! )(^W

@//06(2&'4!3409&2(A9#!J2!AKK40!Z/A26!/2!'%4!8U!@&2!/2+Q!Z4!4)'(9&'46!70/9!7(''(23!

'%4!Z04&6'%!/7! '%4!@42'0&+! '0&2)('(/2!&)!n!"R#F!E=]!A)(23!$./+(6)#!M%4)4!6&'&!&3044!

>('%!K04[(/A)!K046(@'(/2)!ZQ!/'%40)!&26!/A0!EJ.!6&'&#-IF!M%4!4@%/!&26!U8SE*!04[4&+!

&! @42'04W/7W30&[('Q! )%(7'! /7! &Z/A'! --R! KK9#! J@@/A2'(23! 7/0! '%4! )4@/26! /0640!

TA&60AK/+&0!)%(7'b!'%()!(9K+(4)!&!`()/!ê!W<R!õ!<R!KK9#!!
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?-*#(&!P;LW;!;<*4!GE1!/7![('04/A)!*45-!_'/Ka!4@%/!&26!_Z/''/9a!U8SE*#!

!

?-*#(&!P;JK;!;<*4!U8SE*!EJ.!GE1!)K4@'0A9!/7!RW*45-!&'!P!Y=]!)K(22(23!704TA42@Qb!

(2'42)('Q!&'!mWFRR!KK9!()!&!)K(22(23!)(64!Z&26#!
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6.2.4.2. Lithium Germanate Glass  

M%4! ;<*4! GE1! )K4@'0A9! /7! +('%(A9! 3409&2&'4! _H#<!9/+w! ?(-5a! ()! )%/>2! (2! :(3A04!

I#-"#!M%4!)K4@'0&+!>(6'%!&'! '%4!Z&)4! ()!mCbFRR!KK9b!>('%!&!:$=E!/7!"bHRR!KK9#!J2!

4)'(9&'4!/7!'%4!TA&60AK/+&0! (2'40&@'(/2!70/9!'%4!@42'0&+!'0&2)('(/2!()!m!-"!õ!-!E=]#!

J66(23!&!)9&++!&9/A2'!/7!?(-5!@&A)4)! '%4!)K4@'0&+!>(6'%!_&'! '%4!Z&)4a! '/!9/04! '%&2!

'0(K+4! >%42! @/9K&046! '/! RW*45-! )A334)'(23! '%&'! '%4! TA&60AK/+&0! (2'40&@'(/2!

(2@04&)46#! M%4! `@3)! êW-PR! õ! FR! KK9p! (2@/0K/0&'(23! '%4! TA&60AK/+&0! (2'40&@'(/2b! &2!

4)'(9&'4!/7!'%4!()/'0/K(@!)%(7'! ()!64'409(246!'/!Z4!mW"-R!õ!;R!KK9#!M%()! ()!&!)%(7'!'/!

+/>40!704TA42@Q!04+&'([4!'/!RW*45-#!

!

?-*#(&!P;JL;!!;<*4!U8SE*!GE1!)K4@'0A9!/7!H#<!9/+w!+('%(A9!3409&2&'4!3+&))#!

!
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6.2.4.3. Sodium Germanate Glass 

M%4!;<*4!GE1!)K4@'0A9!/7!)/6(A9!3409&2&'4!_"<#P!9/+wa!3+&))! ()!)%/>2!(2!:(3A04!

I#--#!J)!/Z)40[46!7/0!+('%(A9b!'%4!)K4@'0&+!Z04&6'%!(2@04&)4)!'/!mFbRRR!KK9!&26!%&)!&!

`@3)!g!mW<RR!õ!FR!KK9#!M%4!TA&60AK/+&0!(2'40&@'(/2!64'409(246!70/9!'%4!Z04&6'%!/7!

'%4!@42'0&+!'0&2)('(/2!()!m-<!õ!-!E=]!&26!K0/[(64)!&2!4)'(9&'4!/7!'%4!`()/!ê!W"CR!õ!;R!

KK9#!

!

?-*#(&!P;JJ;!;<*4!GE1!)K4@'0A9!/7!"<#P!9/+w!)/6(A9!3409&2&'4!3+&))!

!

6.2.4.4. Alkali Germanates Glasses 

J2! &66('(/2&+! 7/A0! &9/0K%/A)! 3409&2&'4)! >404! )Q2'%4)(]46! _<-G&-5!"RR*45-b! <<!

t-5!"RR*45-b!C-t-5!"RR*45-!&26!FI8)-5!"RR*45-a!&26!GE1!6&'&!&@TA(046!&'!%(3%!

7(4+6#!J@@/06(23! '/! '%4!/Z)40[46!K%Q)(@&+!K0/K40'Q! '0426)!&26!9/64+)b! '%4)4! )K4@(4)!

)%/A+6!Z4!K)4A6/W'4'0&%460&+! dCe*4!)'0A@'A04)!&26!)%/A+6!)%/>!)(9(+&0!Z4%&[(/A0! '/!

&+Y&+(!)(+(@&'4!3+&))4)#!M%4Q!&04!(64&+!'/!)'A6Qb!&)!&++!dIe*4!/0!0(23)!)%/A+6!2/'!Z4!K04)42'!

(2!&KK04@(&Z+4!&9/A2')!&26!/2+Q!UC!&26!U<_/0-a! )%/A+6!Z4!K04)42'#!B27/0'A2&'4+Qb!&++!
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7/A0! 3+&))4)! )A774046! 70/9! A27&[/A0&Z+4! Y3! 04+&^&'(/2! 0&'4)! _&)! >4! %&[4! )442! (2!

)(+(@&'4)! >('%! GX5)a! K04[42'(23! )A@@4))7A+! U8SE*! &@TA()('(/2#! c@%/4)! @/A+6! %&[4!

Z442!&''49K'46!ZA'!'%4!+423'%!/7!'%4!4^K40(942')!&26!+/>!4^@('&'(/2!K04@+A646!)A@%!

&2!&''49K'!7/0!'%4)4!3+&))4)#!

6.2.5. Discussion 

M%4! ;<*4! GE1! )K4@'0&! _:(3A04! I#-<a! )%/>! '%&'! )(32(7(@&2'! )K4@'0&+! @%&234)! &04!

(26A@46! ZQ! '%4! &66('(/2! /7! &+Y&+(! /^(64)#! =/>4[40b! '%4! +&@Y! /7! )K4@'0&+! 04)/+A'(/2!

9&Y4)!'%4!(2'40K04'&'(/2!/7!)A@%!)K4@'0&!6(77(@A+'#!X&)46!/2!'%4!7/043/(23!04)A+')!70/9!

'%4! @0Q)'&++(24! @/9K/A26)b! &++! /7! 7/A0Wb! 7([4W! &26! )(^W@//06(2&'4! 3409&2(A9! 9&Q!

K/))4))!+&034!8U)!&26!'%4Q!&04!@&K&Z+4!/7!K0/6A@(23!Z0/&6!)K4@'0&#!M%4!&)Q994'0Q!()!

'QK(@&++Q!)442!>%42!'%404!()!&!6()'0(ZA'(/2!/7!TA&60AK/+&0!@/AK+(23)!@/2)'&2')#!
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!

?-*#(&!P;JM;!;<*4!GE1!/7!_'/Ka!RW*45-b!_9(66+4a!H#<!9/+w!+('%(A9!3409&2&'4!3+&))!

&26!_Z/''/9a!"<#P!9/+w!)/6(A9!3409&2&'4!3+&))#!

!

! =/>4[40b! '%4! 0(23! )'0A@'A04)! K04)42'! (2! Z/'%! X(-*4<5H! &26! .0*45<! K0/6A@4!

@/9K&0&Z+4!TA&60AK/+&0!(2'40&@'(/2)!/7!<-!'/!j!IR!E=]b!)/!'%404!9&Q!2/'!Z4!&!>4++W

647(246!)K4@'0/)@/K(@!)(32&'A04!7/0!%(3%W@//06(2&'4!3409&2(A9!&26!0(23)b!4)K4@(&++Q!

(7!2/2WZ0(63(23!/^Q342)!&04!&+)/!(2[/+[46#!$%(+4!'%4!K4&Y!9&^(9&!)%(7'!ZQ!&Z/A'!"RR!

KK9!'/!+/>40!704TA42@Q!/7!'%4!*45-!3+&))b!'%4!Z04&6'%!/7!'%4!K4&Y)!9&Y4!('!6(77(@A+'!'/!

&))40'!'%&'!'%()!()!&!'0A4!@%&234!(2!()/'0/K(@!@%49(@&+!)%(7'#!:(2&++Qb!'%4!+(Y4+Q!K04)42@4!

/7!9A+'(K+4! 6()'(2@'! 3409&2(A9! +/@&+! 42[(0/2942')! (2! &! 3([42! 3+&))!94&2)! '%&'! +/>!

+4[4+)!/7!Z0/&6!/[40+&KK(23!K4&Y)!>/A+6!Z4!A264'4@'&Z+4#!S/))(Z+4!)/+A'(/2)! (2@+A64!

%(3%40!9&324'(@!7(4+6)!_j"#P!*=]a!&26!7&)'!9&3(@W&23+4!)K(22(23!_jCR!Y=]a!'/!(9K0/[4!

04)/+A'(/2b!&+/23!>('%!()/'/K(@!420(@%942'!'/!42%&2@4!)42)('([('Q#!
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! $%&'!>4!6/!Y2/>!()!'%&'!RW*45-!/@@A0)!(2!7/A0W@//06(2&'4!K/+Q%460&!_UCa!&26!

@/2'&(2)! &! )9&++! 8U! 04)49Z+(23! TA&0']W+(Y4! @0Q)'&++(24! *45-! &26! +('%(A9!

/0'%/3409&2'4!_?(C*45Cb!URa#<"F!J66('(/2!/7!&+Y&+(!/^(64!_+('%(A9!&26!)/6(A9a!@&A)4)!

'%4!Z04&6'%!/7! '%4! @42'0&+! '0&2)('(/2! '/! (2@04&)4! _ZQ! '>/! '/! '%044! '(94)!&'! (')!Z&)4a#!

M%()! (26(@&'4)! &! )(32(7(@&2'! @%&234! (2! '%4! +/@&+! )'0A@'A04! Z&)46! /2! '%4! @0Q)'&++(24!

3409&2&'4)! &26! '%4! )42)('([('Q! /7! 8U! &26! Z/26! +423'%! 6()'/0'(/2! K&0&94'40#! M%4!

)'0A@'A0&+!@%&234)!@&22/'!Z4!@/2@+A)([4b!&!%(3%40!@//06(2&'(/2!_dFebdIe*4ab!0(23)!/0!Z/'%!

@/A+6! @&A)4! '%4)4! @%&234)#! 524! (9K/0'&2'! &)K4@'! 70/9! '%()! )'A6Q! (2[/+[4)! GX5)!

>%(@%b!&)!)'&'46!ZQ!=42640)/2b!7/09!(9946(&'4+Q!&26!@/A+6!4^K+&(2!Z0/&642(23!/7!'%4!

+('%(A9! &26! )/6(A9! 3409&2&'4! )K4@'0&! _7/09&'(/2! /7! U<! )K4@(4)! @/A+6! %&[4! +&0340!

TA&60AK/+&0!(2'40&@'(/2)a#!:/0'A2&'4+Qb!";5!EJ.!GE1!6&'&!&04!4^@4++42'!7/0!7(26(23!X5!

&26!GX5)#!GX5)!>404!2/'!/Z)40[46!7/0!'%4!m"C!9/+w!)/6(A9!&26!mH!9/+w!+('%(A9!

3409&2&'4!3+&))4)b!4+(9(2&'(23!&)!&!K/))(Z+4!4774@'!(2!+(24)%&K4!&26!Z04&6'%#<";!L7!'%4)4!

3+&))4)!@/2'&(246!)(32(7(@&2'!@/2@42'0&'(/2)!/7!0(23)b!>4!>/A+6!4^K4@'!'%4!Z04&6'%)!/7!

'%4! )K4@'0A9! '/! Z4! &'! +4&)'! FRw! +&0340! '%&2!94&)A046! %404b! R(5+! )E=.&#! .(2@4! 0(23!

)'0A@'A04)!%&[4!+&034!TA&60AK/+&0!(2'40&@'(/2)!&26!&04!4^K4@'46!'/!Z4!7/A26!(2!)9&++!

@/2@42'0&'(/2)!_n-Rwab! '%()!@/A+6!Z4!6(77(@A+'! '/!K0/[4!&26!K0/Z4!>('%!'%4!@A0042'+Q!

&[&(+&Z+4!'4@%2/+/3Q#!:A0'%40!>/0Y!>(++!2446!'/!Z4!6/24!'/!7A0'%40!A2640)'&26!>%&'!()!

/@@A00(23#
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6.3. Summary 

M%4! /0(3(2! /7! '%4! 3409&2&'4! &2/9&+Q! 049&(2)! 4+A)([4b! %/>4[40! ";5! &26! ;<*4! GE1!

K0/[(64!4[(642@4!'%&'!'%4!/0(3(2&+!'%4/0Q!/7!EA0'%Q!&26!LK"F!9&Q!Z4!@/004@'#!.'A6Q(23!

/'%40!0(23!Z&)46!3409&2&'4)!)A@%!&)!]4/+('4)!9&Q!K0/[(64!&!3//6!7/A26&'(/2!04+&'(23!

@%49(@&+! )%(7'b! TA&60AK/+&0! (2'40&@'(/2! &26! 0(23! )'0A@'A04)! 7/0! '%4)4! )K4@(4)#! ;<*4!

GE1!()!K/))(Z+4b!&+'%/A3%!+(9('&'(/2)!4^()'b!)A@%!&)!)%/0'!Y3)!&26!+/>!K40@42'!/7!*4!(2!

'%4! )&9K+4#! DA4! '/! '%4! +/>! 2&'A0&+! &ZA26&2@4b! )4[404! TA&60AK/+&0! (2'40&@'(/2! &26!

+/>! 3Q0/9&324'(@! 0&'(/b! >4! &04! )'(++! &'! '%4! 70/2'(40)! /7! ;<*4! GE1! (2! 3409&2(A9!

@/2'&(2(23! )/+(6)#! =(3%40! 9&324'(@! 7(4+6)! &26! (9K0/[4942')! (2! K0/Z4)! _'/! %&26+4!

%(3%40!K/>40)a!>(++!K&[4! '%4!>&Q! 7/0! 7A'A04!;<*4!GE1!>/0Yb!&26! '%4!)'A6Q!/7!/'%40!

+/>W3&99&!2A@+4(!(2!9&'40(&+)b!)A@%!&)!C<8&b!P;.0!&26!K40%&K)!4[42!"H;JA#!

!
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7. 1500 Days of 

Glass and NMR 

7.1. Synergy of Oxide Materials 

524{)!04)4&0@%!@&22/'!Z4!647(246!&)!&!A2(TA4!K(4@4!/7!>/0Yb!('!()!&!@/++4@'(/2!/7!(64&)b!

4^K40(942')b! %&06! %/A0)b! &26! &'! @40'&(2! '(94)! Z+//6b! )>4&'! &26! '4&0)! _'%4! +&''40! ()!

4)K4@(&++Q!'0A4!>%42!>/0Y(23!&'!%(3%!'49K40&'A04)a#!c&@%!7&@'/0!@/2'0(ZA'4)!&!K(4@4!'/!

&!KA]]+4#!M%()!KA]]+4!()!)/+[46!&)!/24!6()@A))4)b!A2640)'&26)!&26!04+&Q)!'%4!04)A+')!(2!&!

'%4)()! /0! KAZ+(@&'(/2! 7/0! /'%40)! '/! 04&6b! +4&02! &26!9/[4! /2#! M%4! *044Y)! @&++46! '%()!

N)Q2W403/)Op!'/6&Q!('!()!Y2/>2!&)!)Q2403Qb!>%404!&!@/++4@'(/2!/7!K(4@4)!K+&@46!'/34'%40!

K0/[(64!&!9/04!@/2@04'4!K(@'A04!>('%!304&'40!A2640)'&26(23#!!

! M%()! '%4)()! ()! 9Q! @/2'0(ZA'(/2! '/! '%4! @/99A2('Q! '%&'! )'A6(4)! /064046! &26!

6()/064046! /^(64! 9&'40(&+)#! M%4! '%4)()! K0/[(64)! &! @/9K04%42)([4! 6()@A))(/2! /2!

Z/0&'4W@/2'&(2(23!3+&))4)!0&23(23!70/9!)(9K+4!Z(2&0Q!)Q)'49)!'/!@/9K+4^!TA&'402&0Q!

3+&))4)#!M%4!)(^'%!@%&K'40!4^'426)!'%4)4!)'A6(4)!ZQ!04'A02(23!'/!&!Z(2&0Q!)Q)'49!'%&'!

%&)!'0/AZ+46!Z/'%!3+&))!)@(42'()')!&26!GE1!)K4@'0/)@/K()')!7/0!9/04!'%&2!FR!Q4&0)b!(2!

&2! &''49K'! '/! 64'409(24! &+'402&'4!94'%/6)! /7! )'A6Q(23! 3409&2&'4)#! M%4! @0&7'(23! /7!

'%()! '%4)()!>&)!64)(3246! '/! (++A)'0&'4!&![&0(4'Q!/7!GE1!94'%/6)!K&0'(@A+&0+Q! 7/@A)46!

/2!6()/064046!)Q)'49)b!&+'%/A3%!'%4)4!94'%/6)!@&2!Z4!&KK+(46!'/!)/+(6)!(2!34240&+#!L'!
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&+)/! +&Q)! &! 7/A26&'(/2! 7/0! 7A'A04! )'A6(4)! 7/0! /'%40)!>('%(2! /A0! 30/AK! '/! ZA(+6! AK/2#!

X4+/>b! L! 6()@A))! 7A0'%40! '%044! 04@A00(23! &)K4@')! >('%(2! '%4! '%4)()! &26! K04)42'! &2!

/[40[(4>!/7!K/))(Z+4!&[42A4)!7/0!7A'A04!4^K+/0&'(/2!/7!'%4)4!9&'40(&+)#!

! M%4! 64Z&'4! /[40! '%4! Z4)'! 94'%/6! 7/0! )'0A@'A04! 64'409(2&'(/2! /7! )/+(6)! 9&Q!

24[40!7(2()%b!2/0!()!'%()!'%4!K+&@4!7/0!)A@%!&!6()@A))(/2#!=/>4[40b!GE1!()!(26446!&!2(@4!

@/9K+4942'&0Q!'//+!'%&'!()!&[&(+&Z+4!'/!K0/[(64!7A0'%40!(27/09&'(/2!'%&'!()!)/94'(94)!

6(77(@A+'! '/! 6(&32/)4! )/+4+Q! 70/9! ^W0&Q! 6(770&@'(/2! 4^K40(942')#! c^&9K+4)! /7! '%()! &04!

&KK&042'! (2! '%4! +('40&'A04! &26! '%()! &04&! /7! 04)4&0@%! ()! /7'42! 04740046! '/! &)! ìGE1!

80Q)'&++/30&K%Q{b!>%404!&!@/9Z(2&'(/2!/7!@&+@A+&'(/2)!&26!GE1!&04!A)46!'/!64'409(24!

&!@0Q)'&+!)'0A@'A04!>%404&)!&9Z(3A('Q!4^()')!>%42!A)(23!^W0&Q!'4@%2(TA4)!&+/24#<--W<-P!

M%()! 04(27/0@4)! >%Q! GE1! ()! &6[&2'&34/A)! 4)K4@(&++Q! (2! 6()/064046! 9&'40(&+)! &)! ('!

K0/Z4)!+/@&+!)%/0'W0&234!/0640!'%&'!()b!'%4!)=+;(&'(->#!VW0&Q!&26!24A'0/2!6(770&@'(/2!&04!

A)46! 'QK(@&++Q! '/! )'A6Q! '%4! ZA+Y! /7! &! )&9K+4#! GE1! ()! 2A@+4A)W)K4@(7(@b! '%&'! ()! ('! ()! &!

)+:+;'(R+!K0/Z4!/7!&!K&0'(@A+&0!2A@+4A)!/0!)4'!/7!2A@+4(!64K426(23!/2!'%4!4^K40(942'b!

42&Z+(23!)%/0'W!&26!946(A9W0&234!(27/09&'(/2#!M%4!7(2&+!04@A00(23!'%494!'%&'!>(++!Z4!

6()@A))46!()!.+)-:E'(->#!M%4!+&@Y!/7!04)/+A'(/2!@&2!/7'42!+(9('!(2'40K04'&'(/2#!$4!)%/>!

'%&'!&![&0(4'Q!/7!94'%/6)!)A@%!&)!%(3%!7(4+6)b!7&)'!EJ.!&26!()/'/K(@!64K+4'(/2!&04!>&Q)!

'/!(9K0/[4!04)/+A'(/2!(2!GE1!/7!)/+(6)#!

7.1.1. Speciation 

M%4! &Z(+('Q! '/! (642'(7Q! +/@&+! )'0A@'A04!>('%! &! [&0(4'Q! /7! GE1!94'%/6)! ()! @0('(@&+! 7/0!

64'409(2(23! )%/0'W! &26! 946(A9W0&234! /0640! (2! 3+&))4)#! B2640)'&26(23! )'0A@'A04W

K0/K40'Q!04+&'(/2)%(K)!42&Z+4)!A)!'/!64)(32!Z4''40!9&'40(&+)b!&[/(6(23!&2Q!A2>&2'46!

K0/K40'(4)#!J!3//6!4^&9K+4!/7!'%()!()!'%4!)'A6Q!/7!+('%(A9!42[(0/2942')!(2!?(8/5-#!J)!
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'%()!9&'40(&+!()!'%4!(26A)'0(&+!)'&26&06!7/0!Z&''40Q!Z&)46!&KK+(@&'(/2)b!A2640)'&26(23!

'%4!42[(0/2942'!&26!6Q2&9(@)!/7!+('%(A9!%&)!42&Z+46!/'%40!94'&+)!'/!Z4!@/2)(64046!

_9&23&24)4b! 2(@Y4+! &26! [&2&6(A9a#";-b"P"! =(3%W+4[4+! 0&6(/&@'([4! >&)'4! ()! &! >4++!

)'A6(46! &26! A2640)'//6! 7(4+6b! ZA'! '%4! (2%(Z('(/2! /7! @0Q)'&++(]&'(/2! &26! (2@04&)46!

+/&6(23! @&K&@('Q! &04! &04&)! >%(@%! @/A+6! Z4! (9K0/[46! AK/2! 7/0! +/>40(23! K0/@4))(23!

@/)')#!GE1!()!/24!K&0'(@A+&0!&KK0/&@%!'%&'!()!Z4(23!A)46!'/!)'A6Q!'%4)4!&)K4@')!6A4!'/!

(')!&Z(+('Q!'/!K0/Z4!+/@&+!)'0A@'A04#<-Hb<<R!

! L2! 043&06)! '/! )K4@(&'(/2b! '%4! 4774@')! /7! &+A9(2A9! (2! &+Y&+(! Z/0/)(+(@&'4)! %&[4!

Z442! )'A6(46#! -;J+! EJ.! GE1! %&)! 649/2)'0&'46! &! @%&234! (2! @//06(2&'(/2! /7! J+-5<!

_dIeJ+a! '/! dCeJ+!>('%(2! '%4!Z/0/)(+(@&'4!3+&))#!M%4!4774@')!/7!&+A9(2A9!&04!&+)/!)442! (2!

-H.(! &26! ""X!EJ.!GE1b!&)! )(+(@/2!U<!K/+Q%460&!64@04&)4!&)!&+A9(2A9! ()! &6646#!M%4!

70&@'(/2!/7!dCeX!>&)!)%/>2!'/!64@04&)4!>('%!'%4!(2@/0K/0&'(/2!/7!&+A9(2A9#!M%()!>&)!

&''0(ZA'46! '/!G&l!9/[(23! '/!&+A9(2A9!K/+Q%460&b!64@04&)(23! '%4!2446! 7/0! dCeX#!?4&6!

Z/0/&+A9(2&'4)b!Z/0/3&++&'4)!&26!Z/0/&+A9(2/)(+(@&'4)!%&[4!&+)/!Z442!)'A6(46!ZQ!/A0!

30/AK!'/!64'409(24!&+A9(2A9!&26!3&++(A9!)K4@(&'(/2#!M%4)4!)Q)'49)!>404!)%/>2!'/!

@/2'&(2! '%044! 6(774042'! @//06(2&'(/2! 42[(0/2942')! 7/0! Z/'%! &+A9(2A9! &26!

3&++(A9#"CbH"! GE1! /7! '/A09&+(24)! %&)! &+)/! Z442! 6/24! 7/0! (')! &Z(+('Q! '/! (642'(7Q! )9&++!

&9/A2')!_m"!'/!H!wa!/7!dCeX!&26!dCeJ+!'%&'!&04!K04)42'!>('%(2!'%4)4!9(240&+)#PPbPHb<<"b<<-!

! GE1!()!&2!&''0&@'([4! '//+! 7/0!)'A6Q(23!@//06(2&'(/2!42[(0/2942')! (2!)/+(6)#! L'!

%&)!Z442!)%/>2!'%&'!7/0!&![&0(4'Q!/7!2A@+4(!_4#3#b!Xb!.(b!J+b!G&b!?(b!E3b!4'@#a!&2!(2@04&)4!(2!

@%49(@&+! )%(7'! '/! %(3%40! 704TA42@Q! ()! 'QK(@&++Q! &))/@(&'46! >('%! &! 64@04&)4! (2!

@//06(2&'(/2!2A9Z40#!$4!%&[4!2/'46!'%()!'0426!>('%!/A0!)'A6(4)!/7!<Htb!P;1Zb!"<<8)b!F"\!

&26! ;<*4#! M%()! >&)! K0/[42! '/! Z4! '%4! @&)4! 7/0! Z/'%! F"\! &26! ;<*4! @/2'&(2(23! /^(64)#!
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=/>4[40b! 7A0'%40!>/0Y! ()! )'(++! 04TA(046! /2! <Htb! P;1Z! &26! "<<8)! @0Q)'&++(24! /^(64)! '/!

@/27(09!'%()!'0426!(2!64@+(2(23!@//06(2&'(/2!2A9Z40#!!!

! M%4!&Z(+('Q! '/! (642'(7Q!)K4@(&'(/2! (2!GE1!6/4)!2/'!64K426!)/+4+Q!/2!@%49(@&+!

)%(7'#!5[40!;Rw!/7! '%4!GE1!&@'([4!2A@+4(!>('%(2!'%4!S40(/6(@!M&Z+4!&04!TA&60AK/+&0#!

M%4)4! 2A@4+(! @&2! 4^%(Z('! &! TA&60AK/+&0! (2'40&@'(/2! '%&'! @&2! Z4! A)46! '/! (642'(7Q!

)K4@(&'(/2#! J2! 4^@4++42'! 4^&9K+4! ()! ""X! )K4@(&'(/2#! M%4! d<eX! 04)/2&2@4! K/))4))4)! &!

)4@/26W/0640! TA&60AK/+&0! +(24)%&K4b! >%404&)! dCeX! 6/4)! 2/'#! M%4! %(3%40! +/@&+!

)Q994'0Q! /7! '%4! dCeX! (2%(Z(')! )4@/26W/0640! Z0/&642(23! /7! '%4! 04)/2&2@4#! \&2&6(A9!

42[(0/2942')!6()K+&Q!&!)(9(+&0!)@42&0(/!&)!""X#!M%4![&0(/A)!7/A0W@//06(2&'4![&2&6&'4)!

%&[4! )(9(+&0! TA&60AK/+&0! @/AK+(23! @/2)'&2')! n! -!E=]! _:$=E!/7!mF! '/! "R! Y=]a#! L2!

@/9K&0()/2! '%4! dFe\! %&)! &! +/>40! +/@&+! )Q994'0Qb! 04)A+'(23! (2! &! +&0340! TA&60AK/+&0!

(2'40&@'(/2b!m<#-!E=]!_:$=E!/7!m-F!Y=]a#!J![40Q!>4++!Y2/>2!4^&9K+4!'%&'!A)4)!'%4!

TA&60AK/+&0! (2'40&@'(/2!7/0!)K4@(&'(/2!()!";5!EJ.!GE1#!";5!GE1!/7!/^(64)!%&)!Z442!

)%/>2!'/!Z4!)42)('([4!'/!>%4'%40!'%4!/^Q342!()!(2!&!Z0(63(23!_8U!m!C!W!;!E=]a!/0!2/2W

Z0(63(23!_8U!n!<!E=]a!42[(0/2942'#!$4!%&[4!A)46!'%()!>4++!6/@A942'46!K%42/942/2!

7/0!/A0!)'A6(4)!/7!@4)(A9!Z/0/)(+(@&'4!3+&))#-RRb-<-b<"I!

! =(3%!7(4+6)!_j"C!Ma!&26!6/AZ+4W04)/2&2@4!94'%/6)!_(#4#b!1cD51b!8Sb!4'@#a!%&[4!

Z442!A)46!'/! (2[4)'(3&'4!)%/0'W0&234!)K4@(&'(/2#!=(3%!7(4+6)!%&[4!Z442!A)46!'/!)'A6Q!

'%4!24(3%Z/A0(23!42[(0/2942')!/7!dCeXb!>%(+4!1cD51!>&)!)%/>2!'/!&(6!(2!(642'(7Q(23!

>%404!@&'(/2!)K4@(4)!04)(64!>('%(2!'%4!Z/0&'4!24'>/0Y#!1cD51!>&)!&+)/!)%/>2!'/!Z4!&!

A)47A+! '//+! 7/0! 64'409(2(23! )('4W)K4@(7(@! 6Q2&9(@)b! 0&'%40! '%&2! 3+/Z&+! 6Q2&9(@)! (2!

@4)(A9!Z/0&'4!3+&))4)#!1cD51!%&)!Z442!A)46!4^'42)([4+Q!ZQ!/A0!30/AK!&26!/'%40)!'/!
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)'A6Q!)K4@(&'(/2b!&+Y&+(!&26!24'>/0YW7/0940!K0/^(9('Q!&26!@/224@'([('Q!>('%(2!&+Y&+(!

Z/0/)(+(@&'4)b!Z/0/[&2&6&'4)!&26!Z/0/K%/)K%&'4!3+&))4)#PFb""Hb"IHb-FRb<<<!!

7.1.2. Selectivity 

E/)'! @%49(@&++Q! 04+4[&2'! )Q)'49)! &04! @/9K/)46! /7! 9&2Q! 4+4942')! (2! 6(774042'!

&00&234942')#!8%//)(23!'%4!K0/K40!94'%/6!'/!)'A6Q!'%4)4!)Q)'49)!@&2!Z4!6(77(@A+'#!VW

0&Q!6(770&@'(/2!K0/[(64)! (27/09&'(/2! (2('(&++Q!ZQ!6()K+&Q(23!6(770&@'(/2!K4&Y)! '%&'!&04!

047(246!(2'/!&!)K4@(7(@!@0Q)'&++(24!)K&@4!30/AKb!(004)K4@'([4!/7!'%4!4+4942')!>('%(2!'%4!

9&'40(&+#! M%()! 42&Z+4)! /24! '/! 64'409(24! &2! &KK0/K0(&'4! )'0A@'A04#! =/>4[40b! )/94!

Y2/>+4634!/7! '%4!4+4942')!>('%(2! '%&'!)'0A@'A04! ()!04TA(046! (7!9(^(23!/@@A0)#!VW0&Q)!

K0/[(64!&2!&[40&34!/7!'%4!4+4@'0/2!642)('Qb!>%(@%!()!A)46!'/!&))(32!4+4942'&+!K/)('(/2)!

(2! '%4! +&''(@4#! L7! '%404! &04! 9&2Q! 4+4942')! >('%! )(9(+&0! 4+4@'0/2! 642)('(4)! /0! )/94!

9(^(23!/@@A0)b! '%4)4!&[40&34)!@/A+6!Z4!&))(3246! '/! (2&KK0/K0(&'4! (/2)! (2! '%4! +&''(@4#!

GE1!@&2!04[4&+! (27/09&'(/2!043&06(23! 7A++Q!/064046!9&'40(&+)b! 7A++Q!6()/064046!/0!&!

9(^'A04! /7! Z/'%#<-FW<-;b<-H! GE1! ()! 9/04! )4+4@'([4! (2! '%&'! ('! @&2! )K4@(7(@&++Q! K0/Z4! &!

K&0'(@A+&0!2A@+4A)!/7!(2'404)'#!M%4!&6[&2'&34!/7!)4+4@'([('Q!9&Q!2/'!Z4!&KK&042'!&'!7(0)'!

ZA'!()!04&6(+Q!649/2)'0&'46!(2!9&2Q!9&'40(&+)#!:/0!4^&9K+4b!^W0&Q!6(770&@'(/2!@&2!%&[4!

6(77(@A+'Q! 6(774042'(&'(23! Z4'>442! 9&'40(&+)! @/9K/)46! /7! )(9(+&0! 4+4@'0/2! 642)('(4)!

)A@%! &)b! 8! h! G! /0! E3! h! J+! h! .(#! VW0&Q! 6(770&@'(/2! &+)/! %&)! +(9('&'(/2)! (2! (642'(7Q(23!

)K4@(4)!@/2'&(2(23!%Q60/342b!+('%(A9!&26!7/A0W@//06(2&'4!Z/0/2#!J2!4^&9K+4!/7!^W0&Q!

6(770&@'(/2! %&[(23! 6(77(@A+'Q! (2! 6(774042'(&'(23! Z4'>442! )(9(+&0! 4+4@'0/2! 642)('(4)!

/@@A0)! (2! '%4! )'A6Q! /7! @Q&2(64! Z4&0(23! 9&'40(&+)! _@&0Z/2! [40)A)! 2('0/342a#! M%()!

@04&'4)! 6(77(@A+'(4)! (2! 64'409(2(23! '%4! /0640(23! 70/9! ^W0&Q! 6(770&@'(/2! &+/24#! GE1!

42&Z+4)!'%4!42[(0/2942'_)a!/7!'%4!2A@+4A)!'/!Z4!K0/Z46!6(04@'+Qb!K0/[(6(23!)'0A@'A0&+!
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/0640(23!7/0!'%4)4!@Q&2(64!@/2'&(2(23!9&'40(&+)b!(#4#b!@Q&2(64!30/AK)!'%&'!&04!'409(2&+b!

Z0(63(23!/0!2('0/342!Z/A26!A)(23!"<8!&26!"FG#<<CW<<;!!

! D/AZ+4W04)/2&2@4! GE1! 94'%/6)! )4+4@'(23! '>/! )K(2WK&(0)! _4#3#b! ""Xx"<<8)yb!

""Xx-<G&y!&26!""Xx-;J+ya!>404!A)46!'/!K0/Z4!'%4!(2'40&@'(/2)!Z4'>442!Z/'%!d<eX!&26!dCeX!

42[(0/2942')!>('%!)/6(A9!&26!@4)(A9!&26!K0/[(64!4[(642@4!/7!dCeXW5WdCeJ+!&[/(6&2@4#!

D/AZ+4W04)/2&2@4! GE1! 42&Z+4)! '%4! )'A6Q! /7! '>/! (2'40&@'(23! 2A@+4(! &26! '%4!

64'409(2&'(/2! /7! %/>! '%4Q! &774@'! 4&@%! /'%40{)! 42[(0/2942')#! 80/))WK/+&0(]&'(/2! ()! &!

6/AZ+4W04)/2&2@4! 94'%/6! '%&'! (2[/+[4)! K/+&0(]&'(/2! '0&2)740! 70/9! /24! 2A@+4A)! '/!

&2/'%40#!M%()! ()! @/99/2+Q!A)46!&)! &! '//+! 7/0! )42)('([('Q! 42%&2@4942'p!%/>4[40b!>4!

%&[4!A)46! '%()!94'%/6!&)!&! )4+4@'([4! '4@%2(TA4! '/!6(774042'(&'4!Z4'>442!K%/)K%&'4)!

@/2'&(2(23! %Q60/342! 24(3%Z/A0)! &26! '%/)4! '%&'! 6/! 2/'#! ! 14@42'+Qb! &! 8&2&6(&2!GE1!

30/AK!_f>&2](340!GE1!30/AKa!&'!D&+%/A)(4!B2([40)('Q!%&)!649/2)'0&'46! '%4!&Z(+('Q!

'/!K0/Z4!24'>/0Y!@/224@'([('Q!Z4'>442! ()/'/K4)!/7! '%4! )&94!4+4942'!A)(23!1cD51#!

""Xx"RXy!1cD51!@&2!Z4!(9K+4942'46!'/!A2640)'&26!%/>!dCeX!(2'40&@')!>('%!/'%40!d<eX!

&26! dCeX#! 1cD51!42&Z+46! )4+4@'([('Q! 7/0! 6(774042'! Z/0/2! 42[(0/2942')! &26! '%4047/04!

+46!'/!&!Z4''40!A2640)'&26(23!/7!(')!+/@&+W!&26!946(A9W0&234!/0640#!

7.1.3. Resolution 

14)/+A'(/2! (2! &2Q! )K4@'0/)@/K(@! 94'%/6! ()! &+>&Q)! &! @%&++4234b! GE1! Z4(23! 2/!

4^@4K'(/2#! 14)/+A'(/2! ()! 6(77(@A+'! '/! /Z'&(2!>%42! 64&+(23!>('%! TA&60AK/+&0! 2A@+4(! (2!

6()/064046!42[(0/2942')!6A4!'/!'%4(0!'QK(@&++Q!Z0/&64246!K4&Y)#!L2!'%4!K&)'!64@&64b!

7&)'40! EJ.! &26! %(3%40! 9&324'(@! 7(4+6)! %&[4! @/2'0(ZA'46! 304&'+Q! '/! (9K0/[(23!

04)/+A'(/2#!!

! J2! GE1! K0/Z4! %&)! Z442! 64[4+/K46! '/! (2@04&)4! (')! )K(22(23! )K446! 70/9!



1500 Days of Glass and NMR 

 

______________________________________________________________________ 
 

V. K. Michaelis 

283!

m<R! Y=]! '/! ;R! Y=]#! ! M%()! (2@04&)4! (2! )K446! %&)! K0/[(646! Z4''40! 04)/+A'(/2! 7/0!

9&'40(&+)! Z4&0(23! 9A+'(K+4! )('4)#! M%4! (9K0/[4942'! (2! 04)/+A'(/2! ()! 04+&'46! '/! '%4!

046A@'(/2!/7!&2()/'0/K(@! (2'40&@'(/2)#!:&)'40!EJ.! 7A0'%40!K0/[(64)!&!94&2)! '/!)'A6Q!

2A@+4(!>('%!+&034!TA&60AK/+&0!(2'40&@'(/2)#!L'!42&Z+4)!'%4!)'A6Q!/7! +&034!TA&60AK/+&0!

(2'40&@'(/2)!&)! ('!&++/>)!'%4!@42'0&+! '0&2)('(/2!'/!Z4!/Z)40[46!>('%/A'!'%4!/[40+&K!/7!

))Z)#! J2! (26(04@'! &6[&2'&34! 04+&'46! '/! (2@04&)46! 04)/+A'(/2! 70/9! 7&)'40! EJ.! ()!

(2@04&)46!)42)('([('Q#!M%4!(2@04&)46!)42)('([('Q!()!04+&'46!'/!'%4!046A@'(/2!(2!))Z)!&26!

'%4!&[40&3(23!/7!'%4!&2()/'0/K(@!(2'40&@'(/2)#!

! L2!GE1{)!(27&2@Qb! (0/2WZ&)46!4+4@'0/9&324')!K0/[(646!7(4+6!)'0423'%)!/7!n-!M#!

$('%! '%4! (2'0/6A@'(/2! /7! )AK40@/26A@'(23! 9&324')! _)'&0'(23! &'! -#<F! Ma! )(32(7(@&2'!

(9K0/[4942')! 7/0!Z/'%! Lg"h-!&26! Lj"h-!2A@+4(! %&[4!Z442! &@@/9K+()%46#!14@42'+Q! &!

)AK40@/26A@'(23!9&324'!/7!-<#C!M!_"!*=]b!A+'0&W%(3%!7(4+6a!%&)!Z442!(2'0/6A@46!ZQ!'%4!

GE1!(26A)'0Q#!M%()!(2@04&)4!(2!7(4+6!)'0423'%!()!Z4247(@(&+!7/0!04)/+A'(/2#!J2!(2@04&)4!

(2!)K4@'0&+!04)/+A'(/2!/@@A0)!&)!'%4!04)/2&2@4!704TA42@Q!()!(2@04&)46!K40!KK9!_4#3#b!"=!

&'!C#;!M![)#!-<#C!Mb!'%4!04)/2&2@4!704TA42@Q!()!7([4W'(94)!+&0340!K40!KK9!&'!'%4!%(3%40!

7(4+6b! 42&Z+(23! Z4''40! 04)/+[46! )('4)b! 04)/+[4! %(3%40! /0640! |W@/AK+(23b! 4'@#a#! :/0!

TA&60AK/+&0! 2A@+4(b! '%4! %(3%! 7(4+6! 64@04&)4)! '%4! )4@/26W/0640! TA&60AK/+&0!

Z0/&642(23!@/9K/242'!/7!'%4!@42'0&+!'0&2)('(/2b!'%404ZQ!(2@04&)(23!04)/+A'(/2#!

! M%4!046A@'(/2!/7!.5Uc!&'!%(3%!7(4+6!>&)!A)46!(2!'%4!)'A6Q!/7!;<*4!&)!('!046A@4)!

'%4! Z04&6'%! /7! '%4! 8M#! 5'%40! 30/AK)! %&[4! )'A6(46! 2A@+4(! )A@%! &)! <<.b! CHM(b! "";h""HL2b!

-RHX(b! 4'@#! Z4@&A)4! /7! '%4! &6[&2'&34! 04+&'46! '/! '%4! 046A@'(/2! /7! .5Uc! &'! %(3%40!

7(4+6)#<<PW<C-!$4!%&[4!&+)/!A)46!'%()!(2@04&)4!(2!04)/+A'(/2!&'!%(3%W7(4+6)!'/!)'A6Q!-<G&!

(2! @0Q)'&++(24! )&9K+4)#! J'!9/640&'4! 7(4+6)! _"C! Ma! 4[(642@4! /7! '>/! )/6(A9! )('4)!>&)!
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/Z'&(246#!EUEJ.!K0/[(646!4[(642@4!/7!&!'%(06!)/6(A9!)('4#!M%()!>&)!+&'40!64'409(246!

'/! Z4! '%044! 6(774042'! @0Q)'&++(24! K%&)4)! @/W4^()'(23! (2! '%4! 9&'40(&+! /7! (2'404)'#!

J@TA(0(23!'%4)4!6&'&!&'!-"!M!A)(23!&!)(23+4WKA+)4!_X+/@%!64@&Qa!4^K40(942'!K0/[(646!

04)/+A'(/2! /7! '%4! '%044! )('4)#! =(3%W7(4+6! GE1! K0/[46! &6[&2'&34/A)! &)! ('! (2@04&)46!

04)/+A'(/2b!>%(+4!64@04&)(23!'%4!&@TA()('(/2!'(94)!_-"!M!X+/@%b!m"R!9(2A'4)!>%404&)!

"C!M!EUEJ.b!m<I!%/A0)a#!M%4!046A@'(/2!(2!)4@/26W/0640!TA&60AK/+4!Z0/&642(23!>&)!

&+)/! A)46! 7/0! Z/'%! K/'&))(A9! &26! 0AZ(6(A9! Z/0&'4! 3+&))4)b! >('%! <Ht! K/'42'(&++Q!

6()K+&Q(23! 4[(642@4! /7! &! )4@/26! )('4! &'! %(3%40! 7(4+6)! &26! 7&)'40! EJ.! _.4@'(/2! <#-a#!

=(3%W7(4+6! ";5! EJ.! GE1! >&)! A)46! ZQ! /A0! 30/AK! (2! &! @4)(A9! Z/0/)(+(@&'4! 3+&))! '/!

04)/+[4!9A+'(K+4!/^Q342!)('4)!&'!-"!Mb!>('%!@/9K&0&Z+4!04)/+A'(/2!'/!'%4!";5!EUEJ.!

&@TA(046! &'! "C! M#! J3&(2b! &2! &6[&2'&34! (2! '(94! _P! %0)! _-"! Ma! [)#! ;! 6&Q)! _"C! Maa! &26!

04)/+A'(/2!>&)!&@%(4[46#!

! M%044!&)K4@')i!)=+;(&'(->b!)+:+;'(R('I!&26!.+)-:E'(->!%&[4!Z442!&!@/99/2!'%494b!

&(6(23!(2!&2)>40(23!TA4)'(/2)!&Z/A'!Z/0&'4!&26!3409&2&'4!Z&)46!9&'40(&+)#!J![&0(4'Q!

/7! 4^&9K+4)! %&)! Z442! 942'(/246! '/! %(3%+(3%'! %/>! )K4@(&'(/2b! )4+4@'([('Q! &26!

04)/+A'(/2!%&[4!Z442!&@%(4[46!>('%(2!'%()!'%4)()b!(2!/'%40!9&'40(&+)!)'A6(46!>('%(2!'%4!

30/AK! &26! ZQ! /'%40)#! M%(2Y(23! @0('(@&++Q! &Z/A'! &! 9&'40(&+b! K%Q)(@&+! K0/K40'(4)! &26!

>&Q)!/7!A)(23! '%4)4! '%044! &)K4@')!>(++! 42&Z+4! '%4!K0/K40! 4^K40(942')! '/!Z4!A)46! (2!

/0640! '/! &2)>40! '%4! A2640+Q(23! TA4)'(/2)#! B2640)'&26(23! '%4! '//+)! +&(6! /A'! %404!

)%/A+6!42&Z+4!/24!'/!K/)4!&!TA4)'(/2!&26!@%//)4!&2!&KK0/K0(&'4!4^K40(942'!'%&'!@&2!

&2)>40!('#!
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7.2. Future Studies of Borate-Based 

Glasses and Low-Gamma Nuclei 

M%4![&0(/A)!)'A6(4)!/A'+(246!&Z/[4!/2!Z/0&'4W!&26!3409&2&'4WZ4&0(23!)Q)'49)!%&[4!

K0/[(646! &! 304&'! 64'&(+! /7! (27/09&'(/2! 043&06(23! )K4@(&'(/2b! 9/6(7(40W7/0940!

04+&'(/2)%(Kb! )/94! (2)(3%'! (2'/! &+Y&+(! 9/Z(+('Qb! 4'@#! L! >(++! 2/>! 6()@A))! K/))(Z+4!

4^'42)(/2)! 7/0! '%4)4! )'A6(4)! (2'/! &! ì7A'A04! >/0Y){! )4@'(/2b! '/! K0/[(64! &! 3+(9K)4! /7!

K/))(Z+4! &[42A4)! /24! @/A+6! '&Y4#! $%(+4b! )/94! /7! '%4)4! 9&Q! 04TA(04! )K4@(&+(]46!

4TA(K942'b!9/)'!@/A+6!Z4!&''49K'46!>('%!'%4!'//+)!&'!%&26#!!

7.2.1. Binary Borates 

X/0&'4WZ&)46! 3+&))4)! %&[4! Z442! )'A6(46! 4^'42)([4+Q! (2! GE1#! E/6402! %(3%! 7(4+6!

(2)'0A942')!_ë!""#;!Ma!K0/[(64!04)/+A'(/2!Z4'>442!'%044W!&26!7/A0W@//06(2&'4!Z/0/2#!

=/>4[40b!946(A9W0&234!/0640!>('%(2!%4&[(40!&+Y&+(!Z/0&'4)!@/A+6!Z4!)'A6(46!7A0'%40!

(2! /0640! '/! A2640)'&26! '%4! K%Q)(@&+! /0(3(2! /7! '%4! )4@/26! dCeX! )('4#! J! )40(4)! /7! %4&[Q!

&+Y&+(!Z/0&'4!Z&)46!@0Q)'&++(24!9&'40(&+)!@/2'&(2(23!&![&0(4'Q!/7!0(23!)'0A@'A04)!@/A+6!

Z4! K0/Z46! ZQ! GE1b! &)! [(Z0&'(/2&+! )K4@'0/)@/KQ! 4^K40(942')! %&[4! )A334)'46! 0(23W

Z&)46! )K4@(4)! 4^()'#! L2! K&0'(@A+&0b! ""Xx"RXy! 1cD51! /0! /'%40!9A+'(W6(942)(/2&+! GE1!

94'%/6)! )A@%! &)! ""Xx"RXy!=cM851! _=cM40/2A@+4&0! 85104+&'(/2! 4^K40(942'b! 04+&'4)!

)K4@(4)!'%&'!&04!@/224@'46!ZQ!&!'>/W6(942)(/2&+!4^K40(942'ab!@/A+6!Z4!A)46!'/!K0/Z4!

'%4!XWX!(2'40&@'(/2)#!M%4/04'(@&+!@+A)'40!@&+@A+&'(/2)!@/A+6!Z4!@&00(46!/A'!&26!A)46!(2!

@/2ÜA2@'(/2!>('%! '%4!4^K40(942'&+!04)A+')! '/!64'409(24! '%4!4774@')!/2!@%49(@&+!)%(7'!

&26! 8U! /7! 0(23)! (2! [&0(/A)! @0Q)'&++(24! 9&'40(&+)#! M%4! 6&'&! )A00/A26(23! '%4!
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@%&0&@'40(]&'(/2!/7!@0Q)'&++(24!Z/0&'4)!@/A+6!'%42!Z4!&KK+(46!'/!3+&))4)!(2!'%4!%/K4!/7!

A2640)'&26(23!'%4!+/@&+W!&26!946(A9W0&234!)'0A@'A0&+!@/9K/242')#!!

! ;?(! &26! "<<8)! [&0(&Z+4! '49K40&'A04! GE1! /7! Z/0&'4! 3+&))4)!>&)! K407/0946! '/!

94&)A04!6Q2&9(@)!>('%(2! '%4!Z/0&'4! 70&94>/0Y#!M%4)4! )'A6(4)!>404! +(9('46!ZQ! '%4!

K0/Z4b! &)! '%4! 9&^(9A9! 4^K40(942'&+! '49K40&'A04! >&)! m"-R/8#! "<<8)! %(3%!

'49K40&'A04!GE1!/2!@4)(A9!Z/0&'4!3+&))4)!()!&!2&'A0&+!@%/(@4!7/0!7A'A04!)'A6(4)#!M%()!

@/A+6! K0/[(64! (27/09&'(/2! /2! '%044! &04&)! /7! (2'404)'i! &@'([&'(/2! 42403(4)b! 'QK4_)a! /7!

9/Z(+('Q!&26!'%4!/2)4'!/7!@0Q)'&++(]&'(/2!&)!@4)(A9!Z/0&'4!3+&))4)!&04!&224&+46!>('%(2!

'%4! )K4@'0/94'40#! X(2&0Q! Z/0&'4)! 9&Q! )449! Z&)(@! ZA'! %(3%! '49K40&'A04! "<<8)! EJ.!

GE1! 7/0! 3+&))4)! %&)! 2/'! Z442!>4++! @%&0&@'40(]46! (2! '%4! 4^()'(23! +('40&'A04#! X/0&'4)!

>/A+6! K0/[(64! &! )Q)'49! '%&'! ()! >4++! @%&0&@'40(]46! )'0A@'A0&++Q! (2! >%(@%! /24! @/A+6!

Z4''40! A2640)'&26! '%4! 94&)A046! 4774@')! &26! 4[42'A&++Q! 9/[4! '/! 9/04! @/9K+4^!

)Q)'49)! )A@%! &)! Z/0/)(+(@&'4)#! M%4)4! 04)A+')! @/A+6! &+)/! K0/[(64! (2)(3%'! (2'/! 2A@+4&0!

>&)'4! 3+&))4)! '%&'! 'QK(@&++Q! %&[4! (2'402&+! '49K40&'A04)! /7! -RR! '/! <RR/8! 6A0(23!

)'/0&34#! J! @/9Z(2&'(/2! /7! )&'A0&'(/2! 04@/[40Q! &26! cV.q! 4^K40(942')! A)(23! ;?(! &26!

"<<8)!>/A+6!&++/>!@%&0&@'40(]&'(/2!/7! '%4!K/'42'(&+!6Q2&9(@)!&26!K40%&K)!K0/[(6(23!

4[(642@4!/7!K40@/+&'(/2!@%&224+)#!

! 80Q)'&++(24! Z/0&'4)! &26! Z/0/)(+(@&'4)! (2[/+[(23! K/'&))(A9b! 0AZ(6(A9! &26!

@4)(A9!%&[4!2/'!Z442!)'A6(46!4^'42)([4+Q!ZQ!&+Y&+(!GE1#!M%4!4^K4@'46!@%49(@&+!)%(7')!

&26!TA&60AK/+&0!@/AK+(23)! 7/0! <Htb! P;1Z!&26!"<<8)!%&[4! 7/@A)46!&0/A26!)(9K+4!)&+')b!

+4&[(23!'%4!/KK/0'A2('Q!'/!)'A6Q!3+&))!&26!9(240&+/3(@&++Q!04+4[&2'!)K4@(942)#!!J)!&++!

'%044! )K4@'0/)@/K(@! K0/Z4)! )A334)'46! &! 64@04&)4! (2! @//06(2&'(/2! 2A9Z40! &)! &+Y&+(!

+/&6(23! (2@04&)46b! 64'409(2(23! '%4! &[40&34! @//06(2&'(/2! 42[(0/2942'! >/A+6! Z4!
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%4+K7A+b!K/))(Z+Q!+4&6(23!'/!&!64'409(2&'(/2!/7!'%4!@//06(2&'(/2!2A9Z40_)a!(2!3+&))4)#!

J!)Q)'49&'(@!)'A6Q! (2[/+[(23!&!)40(4)!/7!K/'&))(A9b! 0AZ(6(A9!&26!@4)(A9!@/2'&(2(23!

Z/0&'4!&26!Z/0/)(+(@&'4!@0Q)'&+)!>('%![&0Q(23!&+Y&+(!@//06(2&'(/2!42[(0/2942')!@/A+6!

Z4! K0/Z46! ZQ! GE1! '/! Z4''40! 647(24! '%4! TA&60AK/+&0! @/AK+(23)! &26! @%49(@&+! )%(7'!

0&234)! 4^K4@'46! 7/0! '%4)4! )K4@(4)#! M%4)4! @/A+6! '%42! Z4! 04+&'46! '/! Z/0&'4! &26!

Z/0/)(+(@&'4!3+&))!@/9K/)('(/2)!'/!7A0'%40!'%4!9/6(7Q(23!0/+4)!/7!&+Y&+(!@&'(/2)#!J+Y&+(!

GE1! %&)! Z442! 6/24! (2! '%()! 9&2240! (2! '%4! K&)'! 7/0! +('%(A9! &26! )/6(A9!

Z/0/)(+(@&'4)#"-"b"<-!X/'%!K/'&))(A9!&26!0AZ(6(A9!>/A+6!Z4247('!70/9!%(3%40!7(4+6)!&)!

<Ht! ()! &! +/>Wâ! 2A@+4A)! >%(+4! P;1Z! %&)! Z442! )%/>2! '/! @/2'&(2! +&034! TA&60AK/+&0!

@/AK+(23)#!1AZ(6(A9!&+)/!%&)! '>/!GE1!&@'([4! ()/'/K4)!_PF1Z!&26!P;1Zab!>%(@%!@/A+6!

Z/'%! Z4! K0/Z46! '/! 4^'0&@'! 9/04! &@@A0&'4! 8U)! &26! K/))(Z+Q! @%49(@&+! )%(4+6(23!

(2'40&@'(/2)#!.4+4@'(/2!@0('40(&!/7!'%4!@0Q)'&+)!>/A+6!&+)/!Z4!(9K/0'&2'!)/!'%&'!&!3//6!

)&9K+(23! /7! @//06(2&'(/2! 42[(0/2942')! @&2! Z4! )'A6(46! _I! '/! "-b! 64K426(23! /2! '%4!

&+Y&+(!@&'(/2a#!

! ?('%(A9! ()/'/K4! )AZ)'('A'(/2! >&)! )%/>2! '/! Z4! &2! &+'402&'([4! 94'%/6! 7/0!

&@TA(0(23!%(3%W04)/+A'(/2!;?(!EJ.!GE1#!L)/'/K(@!6(+A'(/2!/7!;?(!@/A+6!Z4!&''49K'46!7/0!

+('%(A9!Z/0&'4)b!Z/0/)(+(@&'4)!&26!Z/0/[&26&'4)!&'!+/>40!_n!"RR!ta!'49K40&'A04)#!M%4!

+/>40! '49K40&'A04)!>/A+6! (2%(Z('! +('%(A9!9/Z(+('Qb! 046A@(23! &2Q! @%&2@4! /7! )K4@'0&+!

@/&+4)@42@4#!8%//)(23!Z/0&'4)b!Z/0/)(+(@&'4)!&26!Z/0/[&2&6&'4)!>/A+6!K0/[(64!'%044!

6(774042'! 24'>/0Y)! '%&'! >/A+6! %&[4! &! [&0(4'Q! /7! @%&034W@/9K42)&'(23! 24'>/0YW

7/09(23! K/+Q%460&#! M%4)4! 6(774042@4)! (2! )K4@(&'(/2! >('%! ()/'/K(@! 64K+4'(/2! @/A+6!

K/'42'(&++Q! 04[4&+! 6(774042'! +('%(A9! )('4)#! L7! 9A+'(K+4! )('4)! >404! 04)/+[46b! '%4! )'A6Q!

@/A+6! Z4! 7A0'%4046! ZQ! 64'409(2(23! >%(@%! &2(/2(@! K/+Q%460/2! _4#3#b! M-b! U<b! dCeXa!
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K0474042'(&++Q! (2'40&@'! >('%! '%4! ?(l#! \&0(&Z+4! '49K40&'A04! cV.q! @/A+6! Z4! A)46! '/!

64'409(24! &KK0/^(9&'4! '(94W)@&+4)! 7/0! &+Y&+(W%/KK(23! >('%(2! '%4)4! 3+&))4)! &26!

K/'42'(&+!&@'([&'(/2!42403(4)b!4'@#!!

7.2.2. Borovanadates 

GE1!/7!&+Y&+(!Z/0/[&2&6&'4!3+&))4)!%&)!/2+Q!Z442!6/24!04@42'+Qb!>('%!&!304&'!&9/A2'!

/7!(27/09&'(/2!Z4(23!4^'0&@'46!&)!)%/>2!_8%&K'40!Ca#!=/>4[40b!&!74>!&04&)!/7!(2'404)'!

(2@+A64! 7A0'%40! @%&0&@'40(]&'(/2! /7! &+Y&+(! &26! 24'>/0YW7/09(23! 42[(0/2942')#!

B2640)'&26(23!'%4!@&A)4!/7!946(A9W0&234!/0640!/Z)40[46!/2!dCeX!>&)!&@@/9K+()%46!

A)(23! &2! &03A942'! Z&)46! /2! Z/0/)(+(@&'4)! &26! TA&2'A9! @%49(@&+! @&+@A+&'(/2)#! M/!

7A0'%40! @/27(09! /A0! &))(32942')b! ""XxF"\y! 1cD51! @/A+6! Z4! A)46! '/! K0/Z4! '%4!

K0/^(9('Q!Z4'>442![&2&6(A9!&26!Z/0/2!24'>/0Y!7/0940)b! (2!K&0'(@A+&0b! '%4!'>/! dCeX!

04)/2&2@4)!'%&'!&04!/Z)40[46#!524!>/A+6!4^K4@'!'/!)44!)'0/2340!64K%&)(23!@A0[4)!7/0!

'%4! dCeXW)('4!24(3%Z/A0(23!&![&2&6(A9!K/+Q%460/2b!&(6(23! (2!&))(32942')#!80Q)'&++(24!

&26!3+&))!)&9K+4)!K/))4))(23!6(774042'!643044)!/7![&2&6(A9!)AZ)'('A'(/2!/2!dCeX!@/A+6!

&+)/!Z4!K0/Z46b!K0/[(6(23!&!@%49(@&+!)%(7'!ì7(2340K0(2'{!7/0!946(A9W0&234!/0640!4774@')!

(2!Z/0/[&2&6&'4)#!J2!&+'402&'([4!&KK0/&@%!@/A+6!Z4!""XxF"\y!8SW=cM851b!>%404! '%4!

dCeX! )('4! (2'40&@'(23!>('%! F"\!>/A+6! K0/6A@4! &! @0/))WK4&Y#! M%4)4! 4^K40(942')! @/A+6!

&++/>!7/0!7A0'%40!)'0A@'A0&+!64'&(+)!'/!Z4!94&)A046!(2!Z/0/[&2&6&'4)#!

! J+Y&+(! Z/0/[&2&6&'4)! &04! /7! (2'404)'! &)! @/26A@'([4! 9&'40(&+)! '%&'! 6()K+&Q! &2!

(2@04&)46! @/26A@'([('Q! >('%! '49K40&'A04#! =(3%! '49K40&'A04! GE1! /7! Ih;?(b! -<G&! &26!

"<<8)! Z/0/[&2&6&'4)! >/A+6! Z4! Z4247(@(&+! (2! '%4! )'A6Q! /7! &+Y&+(! &@'([&'(/2! 42403(4)b!

&+Y&+(! 9/Z(+('Q! &26! K/))(Z+4! @0Q)'&++(24! K%&)4! '0&2)('(/2)#! J+'%/A3%! 2/'! 6()@A))46!

&Z/[4b! '%4! @4)(A9! Z/0/[&2&6&'4! 3+&))4)! %&[4! 6()K+&Q46! [40Q! +/>! 3+&))! '0&2)('(/2!
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'49K40&'A04)#! M%4! @0Q)'&++(24W3+&))! '0&2)('(/2! '49K40&'A04)! 7/0! '%4! Z/0/[&2&6&'4!

3+&))4)!@/A+6!Z4!7A0'%40!)'A6(46!ZQ!%(3%!'49K40&'A04!GE1!&)!&!>&Q!'/!64'409(24!'%4!

/2)4'!/7!@0Q)'&++(]&'(/2!4('%40!ZQ!&+Y&+(!/0!""XhF"\!EJ.!GE1#!!

7.2.3. Borosilicates 

84)(A9!(2@/0K/0&'(/2! (2!3+&))4)!&26! (')!4774@'! (2! +(9('(23![/+&'(+(]&'(/2! ()!&2!/23/(23!

(2'404)'!7/0!2A@+4&0!>&)'4!3+&))4)!&)!"<F!s!"<;8)!&04!@/99/2!>&)'4!K0/6A@')#!L2!8%&K'40!

F! >4! 9&64! 0474042@4! '/! 8)-5_3a! Z4(23! &! K/))(Z+4! [/+&'(+(]46! K0/6A@'#! J+'%/A3%! >4!

)'&'46! '%&'! '%4! 4^&@'! K%&)4! ()! A2Y2/>2b! )/94! 7A0'%40! )'A6(4)! (2! 64'409(2(23! '%()!

>/A+6!Z4!7A26&942'&+#!M%()!9&Q!Z4!&@@/9K+()%46!ZQ!A)(23!9&))!)K4@'0/94'0Q!_E.a#!

J)! '%4! )&9K+4! ()! %4&'46b! '%4! [/+&'(+(]46! 3&)! 9&Q! K&))! '%0/A3%! &! E.b! 42&Z+(23! '%4!

(642'(7(@&'(/2!/7! '%4!4^&@'! )K4@(4)! '%&'! +4&[4)! '%4!94+'#!X&)46!/2! '%4!cESJb! L8S!&26!

K&)'-<P!04)A+')b!>4!&04!@/27(642'!'%&'!@4)(A9!()!+4&[(23b!'%A)!64)(32(23!&2!&KK0/&@%!7/0!

9(2(9(](23!@4)(A9!+/))!)%/A+6!Z4!@/2)(64046#!M%404!&04!'%044!6(774042'!>&Q)b!(2!>%(@%!

'%()! @/A+6! Z4! &''49K'46#! :(0)'b! /24! @/A+6! &66! @40'&(2! /^(64)! '%&'! 04&@'!>('%! @4)(A9!

TA(@Y+Q#! M%()! @/A+6! K/'42'(&++Q! @&A)4! '%4! @4)(A9! '/! Z4! (2@/0K/0&'46! (2'/! &! K%&)4_)a!

'%&'!%&)! &!%(3%40!Z/(+(23!K/(2'b! '%4047/04! (2%(Z('(23!Z/(+W/77#!J+'402&'([4+Qb! /24! @/A+6!

&66!/'%40!/^(64)!)A@%!&)!S-5Fb!>%(@%!+/>40!'%4!>/0Y(23!'49K40&'A04)b!'%A)!42&Z+(23!

@4)(A9! @&K'A04! >('%/A'! Z/(+W/77#! J! 9/04! )/K%()'(@&'46! &KK0/&@%! 9(3%'! (2[/+[4!

)Q2'%4)(](23!9&'40(&+)!'%&'!@/A+6!(2@/0K/0&'4![/+&'(+4!@4)(A9!)K4@(4)!)A@%!&)!&!]4/+('4b!

/0!&!+/>40!94+'(23WK/(2'!/^(64b!/0!K40%&K)!&!@&346!)'0A@'A04b!K0(/0!'/!'%4!Z/0/)(+(@&'4!

[('0(7(@&'(/2! )'&34#! 524! @/A+6! A)4! Z/0&'4b! Z/0/K%/)K%&'4)! /0! +4&6WZ&)46!9&'40(&+! '/!

42@&K)A+&'4!@4)(A9!@&'(/2)!(2!/24!/7!'%4)4!+/>W'49K40&'A04!K04@A0)/0)#!M%4)4!94+')!

_64K426(23!/2!Z/(+(23!'49K40&'A04)a!@/A+6!'%42!Z4! (2'0/6A@46!(2'/!'%4!9/04!0/ZA)'!
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Z/0/)(+(@&'4! 9&'0(^#! M%4)4! '49K+&'4)! @/A+6! (2%(Z('! [/+&'(+(]&'(/2! >%(+4! 9&(2'&(2(23!

3//6!3+&))W7/09(23!@%&0&@'40()'(@)!&26!)'0423'%!&)!'%4)4!&04!&6646!(2'/!&!Z/0/)(+(@&'4!

94+'#! *+&))! '0&2)('(/2! '49K40&'A04)! &26! 4+4@'0/2! 9(@0/K0/Z4! &2&+Q)()! >/A+6! Z4!

4))42'(&+!'//+)!7/0!64'409(2(23!'%4!/K'(9&+!9&'40(&+)#!GE1!>/A+6!Z4!A)46!'/!(642'(7Q!

'%4!K/))(Z+4!@0Q)'&++(24!K%&)4)!&26!&+)/!&)!&!K0/Z4!/7!%/9/3424/A)!9(^(23#!

! L2! '%4! )'A6Q! /7! 2A@+4&0!>&)'4! 3+&))4)b! K%&)4! )4K&0&'(/2! (2! Z/0/)(+(@&'4)! ()! &2!

())A4#!5A0!30/AK!%&)!9/[46!(2'/!'%()!&04&!04@42'+Q!&26!/24!@&2!4^'426!'%()!'/!(2@+A64!

9/+QZ642A9b!](2@b!](0@/2(A9b!+&2'%&2A9!&26!'('&2(A9!>%(@%!&04!@/99/2+Q!7/A26!(2!

Z/0/)(+(@&'4! >&)'4! 3+&))4)! &26! &@'! &)! 2A@+4&'(/2! )('4)b! K0/9/'(23! @0Q)'&++(]&'(/2! /7!

K/'42'(&++Q!>&'40W)/+AZ+4!K%&)4)#!VW0&Q!@0Q)'&++/30&K%Q!@&2!Z4!A)46!'/!(642'(7Q!@40'&(2!

9&Ü/0! K%&)4)! )A@%! &)! f05-! &26! 8&E/5Cb! ZA'! ('! /7'42! 7&(+)! '/! (642'(7Q! /'%40! 9/04!

@/9K+4^b! 9(2/0! K%&)4)! '%&'! @/2'&(2! @4)(A9! )A@%! &)! G&8)E/5Cb! G&8)<E/-5P! &26!

8)-f0.(I5"F#<-H! "<<8)! EJ.! GE1! @&2! Z4! A)46! '/! )'A6Q! '%4)4! 64[('0(7(46! K0/6A@')! (2!

9/64+! 2A@+4&0! >&)'4#! J04&)! /7! (2'404)'! (2@+A64! (642'(7Q(23! 64[('0(7(46! )K4@(4)! A)(23!

&+Y&+(! GE1b! &26! 9&'40(&+)! 64)(32! '/! (2%(Z('! '%4! /2)4'! /7! @0Q)'&++(]&'(/2! /0! '%4!

7/09&'(/2!/7!2/2W)/+AZ+4!@0Q)'&++(24!K%&)4)b!>%(@%!@&2!&+)/!Z4!@%&0&@'40(]46!ZQ!GE1#!

M/! )'A6Q! '%4! (2%(Z('(/2! /7! @0Q)'&++(24! 9&'40(&+)b! '%4! &66('(/2! /7! K%/)K%/0A)b!

&+A9(2(A9b!3&++(A9!&26!(26(A9!Z&)46!/^(64)!@/A+6!Z4!3//6!)'&0'(23!/^(64)!7/0!)A@%!&!

K0/Ü4@'#! M%4)4! /^(64)! K&0'(@(K&'4! (2! '%4! 3+&))! 24'>/0Yb! (2@04&)(23! @/224@'([('Q! &26!

&(6(23! 3+&))! 9(^(23#! M%4! 7/A0! 4+4942')! +()'46! &Z/[4! 'QK(@&++Q! 7/09! 7/A0W@//06(2&'4!

K/+Q%460&b!Z4&0(23!&!243&'([4!64+/@&+(]46!@%&034!_J+b!*&b!L2a!/0!7/09!GX5!_Sa#!!

! M%4)4!@%&234)!>/A+6!04+(4[4!'%4!@%&034!Z&+&2@4!70/9!dCeXb!d<eX!GX5b!&26!U<!&)!

'%4!&+Y&+(!@&'(/2)!>(++!K0474042'(&++Q!(2'40&@'!>('%!&+A9(2A9b!3&++(A9!&26!(26(A9#!M%()!
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>/A+6!42&Z+4!K/'42'(&++Q!Z4''40!9(^(23!&26!(2%(Z('!'%4!&+Y&+(!@&'(/2)!70/9!(2'40&@'(23!

>('%! '%4! 2A@+4&'(23! &342')#!E&2Q! 24'>/0YW7/09(23! &26!9/6(7Q(23! )K4@(4)! &04! GE1!

&@'([4!)/!A)(23!X+/@%!64@&Q!/0!)K(2!4@%/!KA+)4!)4TA42@4)!)%/A+6!Z4!(64&++Q!)A('46!'/!

(642'(7Q(23!)9&++!&9/A2')!/7! @0Q)'&++(2('Q#!D/AZ+4W04)/2&2@4!GE1!94'%/6)!@/A+6!Z4!

&KK+(46! '/! 64'409(24! 3+&))! %/9/3424('Q! &26! 94&)A04! '%4! 643044! /7! (2'40&@'(/2!

Z4'>442! &+Y&+(! 9/6(7(40h3+&))! 7/0940! &26! 3+&))! 7/0940h3+&))! 7/0940b! 4#3#b!

""Xx-<G&b"<<8)yb!-;J+x"<<8)yb!-H.(x""Xyb!4'@#a#"IHb<-H!

! E46(A9W0&234! /0640! (2[/+[(23! dCeX! )K4@(4)! >&)! )442! (2! Z/0/)(+(@&'4)#! M%4)4!

6&'&! )%/>46! dCeX_"Xb<.(a! )K4@(4)! 64@04&)(23! >%(+4! '%4! dCeX_RXbC.(a! 42[(0/2942'! >&)!

9&(2'&(246!/[40!'%4![&0(/A)!%4&'(23!'(94)#!M%()!04)A+'!()!(2'404)'(23!(2!'%&'!('!(26(@&'4)!

)/94! )/0'! /7! K0474042'(&+! (2'40&@'(/2! /0! Z&+&2@4! (2! Y(24'(@)#! M%()! @/A+6! Z4! &2!

(2'404)'(23! &04&! '/! )'A6Q! ZQ! )Q2'%4)(](23! &! )40(4)! /7! +('%(A9b! )/6(A9b! K/'&))(A9b!

0AZ(6(A9!/0!@4)(A9!Z/0/)(+(@&'4)!&26!&6ÜA)'(23!'%4!94+'!'(94)#!J2&+Q](23!'%4!""X!EJ.!

GE1!6&'&! 7/0! 04+&'([4! 70&@'(/2)! /7! '%4! '>/! )('4)! &)! &! 7A2@'(/2! /7! %4&'(23! '(94! @/A+6!

K0/[(64! (2)(3%'! (2'/!'%4!Y(24'(@!Z4%&[(/A0!Z4'>442!'%4!'>/! dCeX!04)/2&2@4)#! L2!/'%40!

>/06)b! 64'409(2(23! '%4! )('4! K0474042@4)! /7! '%4! &+Y&+(! @&'(/2)#! J)! '%4! @&'(/2! )(]4!

)%0(2Y)b! '%4![/+&'(+('Q!&+)/!64@04&)4)#!B2640)'&26(23!'%4! (9K&@'!/7! 7(4+6!)'0423'%!&26!

[/+&'(+('Q!/2!'%4!dCeX!04)/2&2@4_)a!@/A+6!K0/[(64!)'0A@'A0&+!(27/09&'(/2!/2!>%(@%!&+Y&+(!

@&'(/2)!K04740!@40'&(2!dCeX!42[(0/2942')#!1cD51!@/A+6!&+)/!Z4!A)46!'/!K0/Z4!9/6(7(40!

&26!7/0940!4774@')b!64'409(2(23!>%404!'%4!@&'(/2)!)A@%!&)!@4)(A9!&26!)/6(A9!K04740!

'/!(2'40&@'!>('%!'%4!&2(/2(@!K/+Q%460&!_X5<Wb!X5CWb!.(5CWa#!

! E46(A9W0&234!/0640!(2!)(+(@/2!42[(0/2942')!%&)!&!)%(7'!4774@'!/2!24(3%Z/A0(23!

)K4@(4)#!J)! )442! (2! '%4! &+A9(2/Z/0/)(+(@&'4!942'(/246!&Z/[4b! &+A9(2A9!24(3%Z/A0)!
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@&A)4! &! )%(7'! '/!%(3%40! 704TA42@Q#!M%4!*0&26(24''(! 30/AK!%&)! 04@42'+Q! )%/>2!&! '>/W

6(942)(/2&+! -H.(! 4^K40(942'! '%&'! @/2'&(2)! &!EJ.! N"DO! )K4@'0A9! (2! /24! 6(942)(/2b!

>%(+4!'%4!/'%40!6(942)(/2!K0/[(64)!&!)('4W)K4@(7(@!K/>640!K&''402!7/0!4&@%!UW)K4@(4)!

7/A26!(2!'%4!3+&))!_4#3#b!UCb!U<b!4'@#a#<C<!M%()!94'%/6!@/A+6!Z4!4^'42646!'/!Z/0/)(+(@&'4)b!

&+A9(2/)(+(@&'4)!&26!Z/0/K%/)K%&'4)! '/!4^'0&@'! '%4!8.J!@/9K/242')!/7! -H.(!&26! <"S#!

.(+(@/2!/0!K%/)K%/0A)!)K4@(4)!9&Q!Z4!(642'(7(&Z+4!ZQ!'%4(0!@%&0&@'40()'(@!8.J!K&''402)!

'%&'!/@@A0!>%42!)AZ)'('A'(/2!/7!Z/0/2!/0!&+A9(2A9!()!(2[/+[46#!M%4!)AZ)'('A'(/2!>(++!

@&A)4! '%4! UCb! .(W5W.(! 42[(0/2942'! '/! @%&234! >('%! &+A9(2A9b! >('%! &! @/2)4TA42'!

@%&234! (2! '%4! +/@&+! )Q994'0Q! /7! '%4! )('4#! M%4! 4774@')! /7! &+A9(2A9! /2! &! )(+(@/2!

K/+Q%460/2!%/>4[40b!9&Q!Z4!A264'4@'&Z+Q!)9&++#!M/!42%&2@4!'%4!8.J!(2'40&@'(/2!/24!

>/A+6!2446!'/!&''49K'!'%4)4!4^K40(942')!&'!%(3%W7(4+6#!M%()!>/A+6!Z4!&''0&@'([4!&26!

@/A+6!Z4!7A0'%40!&KK+(46!'/!/'%40!Lg"h-!)K4@(4)!)A@%!&)!<"Sb!PHq!&26!-RHSZ#!

! J224&+(23! 4774@')! (2! &9/0K%/A)! 9&'40(&+)! &04! /7! (2'404)'! (2! )/94! )Q)'49)#!

*+&))4)!&04!9&(2'&(246!&0/A26!YN! 7/0!4^'42646!K40(/6)!/7!'(94b!>%(@%!&++/>)!@40'&(2!

)K4@(4)! '/!Z43(2! '/! @0Q)'&++(]4#!M%4! 4774@')! &04! )'A6(46!ZQ! &! [&0(4'Q!/7! &224&+(23! &26!

)&9K+4! &@TA()('(/2! )'4K)! )/! '%&'! /24! @&2! '0&@Y! %/>! '%4! 3+&))! @%&234)! 70/9! &!

6()/064046! )/+(6! '/! &2! /064046! )/+(6#! M%4! 643044! /7! @0Q)'&++(]&'(/2! ()! 'QK(@&++Q!

64'409(246! ZQ! @/9Z(2(23! Z/'%! ^W0&Q! 6(770&@'(/2! &26! GE1! /2! '%4! [&0(/A)! %4&'W

'04&'942')!'%4!)&9K+4!A26403/4)#!$('%!&!%(3%W'49K40&'A04!EJ.!K0/Z4!'%4)4!3+&))4)!

@/A+6!Z4!&224&+46!(2!'%4!)K4@'0/94'40!&26!GE1!6&'&!@/++4@'46!(2W)('A#!M%()!&++/>)!&!

04&+W'(94!94&)A04942'!/7!>%&'!()!/@@A00(23!(2!'%4!3+&))!6A0(23!'%4!&224&+(23!K0/@4))#!

L7!6/24!K0/K40+Qb!2/'!/2+Q!@&2!/24!)'/K!'%4!4^K40(942'!&'!'%4!@/004@'!&224&+(23!K/(2'b!
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ZA'!&+)/!'%4!/2)4'!/7!@0Q)'&++(]&'(/2!@/A+6!Z4!94&)A046!&)!&!7A2@'(/2!/7!'(94b!'%4047/04!

42&Z+(23!'%4!94&)A04942'!/7!04&@'(/2!Y(24'(@)#!

7.2.4. Germanium-73 

;<*4!GE1!()!)'(++!(2!(')!(27&2@Qb!&+'%/A3%!('!%&)!Z442!A)46!9/04!'%()!K&)'!Q4&0!'%&2!(2!

'%4! K04[(/A)! 7([4! Q4&0)! ZQ! /A0! 30/AK! &26! /'%40)#-ICb-I;b<CC! M%4! (2@04&)46!A)4! /7! ;<*4!

GE1!%&)!Z442!7&@(+('&'46!ZQ!'%4!64[4+/K(23!&Z(+('Q!'/!2/>!)'A6Q!'%()!2A@+4A)!&'!%(3%!

7(4+6)#-IC! =/>4[40b! +(9('&'(/2)! )'(++! 4^()'b! K&0'(@A+&0+Q! (2! %(3%40! 9&324'(@! 7(4+6)! &26!

K0/Z4)!@&K&Z+4!/7!%&26+(23!%(3%40!K/>40)!&26!@/9K+4^!KA+)4!)4TA42@4)!'%&'!@/A+6!&(6!

(2!K/KA+&'(/2!42%&2@4942')!&04!04TA(046#!M%4!)(32(7(@&2@4!/7!%(3%40!7(4+6)!)%/A+6!2/'!

Z4! A26404)'(9&'46#! .(9A+&'(/2)! )%/>! '%&'! 7(4+6)! /7! CF!M! &26! )K(22(23! )K446)! /7! FR!

Y=]! >(++! Z4! 04TA(046! '/! 04)/+[4! 04)/2&2@4)! 7/0! 'QK(@&+! dCe*4! &26! dIe*4! )('4)#! $%(+4!

)A77(@(42'+Q! 7&)'! EJ.! @&2! Z4! &@%(4[46! &'! K04)42'b! '%4! 046A@46! )&9K+4! )(]4! @&A)4)! &!

)(32(7(@&2'! )42)('([('Q! ())A4#! M%4! &Z(+('Q! 7/0! K0/Z4)! '/! (2@/0K/0&'4!9/04! )&9K+4! &26!

)K(2! TA(@Y+Q! ()! 2/'! K/))(Z+4! &)! '%4! EJ.! 0&'4! ()! A)A&++Q! +(9('46! ZQ! S%Q)(@)! &26! 2/'!

94@%&2(@&++Q#! M/!KA'! ('! )(9K+Qb! '%4! 0/'/0! @&22/'!Z04&Y! '%4! )K446!/7! )/A26b!>%(@%! ()!

&KK0/&@%46!4&0+(40!&)!'%4!0/'/0!)(]4!(2@04&)4)b!+(9('(23!'%4!)K446!&'!>%(@%!('!@&2!)K(2#!!

M%4!)K446!/7!)/A26! ()!<C<b-RR!99h)b!&)! '%4!0/'/0!64@04&)4)! (2!)(]4! '%4!0/'/0!)K446!

@&2! (2@04&)4! 6A4! '/! '%4! 6()'&2@4! '0&[4+46! 64@04&)4)! _(#4#b! 0/'/0! @(0@A974042@4!

_r!6_99aa! 64@04&)4)a#! =/>4[40b! /Z'&(2(23! %(3%40! 07! K/>40)! @/A+6! Z4! 64[4+/K46b!

42&Z+(23!/'%40!'4@%2(TA4)!)A@%!&)!EUEJ.!/0!.MEJ.!_)&'4++('4!M0&2)('(/2!E&3(@!J23+4!

.K(22(23a! '/!Z4!A)46#!EUEJ.!/0! .MEJ.!>/A+6! 42&Z+4!/24! '/! 04)/+[4!9A+'(K+4! )('4)!

'%&'!)A7740!70/9!/[40+&K!6A4!'/!)4@/26W/0640!Z0/&642(23!/7!'%4!8M#!E4'%/6)!)A@%!&)!

DJ.! _6Q2&9(@! &23+4! )K(22(23a! &26! D51! _6/AZ+4! 0/'&'(/2a! >/A+6! Z4! 6(77(@A+'#! D51!
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>/A+6! @&A)4! +&034! &9/A2')! /7! ))Z! /[40+&K! >%(+4! DJ.! 04TA(04)! +/2340! Y3)b! '%&2!

2/09&++Q! 7/A26! (2! '%4)4! 9&'40(&+)#! M/! (2@04&)4! )42)('([('Qb! K/KA+&'(/2! '0&2)740!

94'%/6)!@/A+6!Z4!49K+/Q46#!M%4)4!94'%/6)!%&[4!Z442!A)46!/7'42!7/0!Lg<h-!&26!Fh-!

2A@+4(b!K0/[(6(23!&!Z&)()!7/0!&''49K'(23!'%4)4!'4@%2(TA4)!/2!)(9(+&0!2A@+4(#!J)!/2+Q!&!

%&267A+!/7!2A@+4(!%&[4! LgHh-b! '%4)4!%&[4!2/'!Z442!&''49K'46! '/!&2Q! 04&+! 4^'42'! &26!

)/94! ì'0(&+! &26! 400/0{! ()! 04TA(046! '/! /K'(9(]4! '%4)4! )4TA42@4)#! M%044! )4TA42@4)! /7!

K&0'(@A+&0! (2'404)'! (2@+A64! 1JSM<CFb<CI! _0/'/0W&))()'&2@4WK/KA+&'(/2! '0&2)740ab! >%(@%!

>/A+6!Z4!(64&+!7/0!EJ.!@/26('(/2)p!D:.<C;b<CP!_6/AZ+4W704TA42@Q!)>44Ka!&26!=.<CHb<FR!

_%QK40Z/+(@! )4@&2'a! >%(@%! &04! 94'%/6)! '%&'! @&2! Z4! A)46! 7/0! )K(22(23! &26! 2/2W

)K(22(23! )&9K+4)#! 5K'(9(]&'(/2! /7! '%4)4! '%044! 94'%/6)! @/A+6! Z4! 6/24! A)(23! H<GZ!

GE1b! &)! ('! ()! &2! 4&)(40! &26!9/04! 04@4K'([4! LgHh-! 2A@+4A)! '%&2! ;<*4#! M%4! /K'(9(]46!

K&0&94'40)!)%/A+6!'0&2)740!477(@(42'+Qb!K0/[(646!)(9(+&0!TA&60AK/+&0!(2'40&@'(/2)!&26!

07! K/>40)! &04! A)46#! M%4! 3&(2! (2! .hG!>/A+6! Z4! /2! '%4! /0640! /7! '%044! '/! 7/A0! '(94)b!

>%(@%b! 7/0! ;<*4!GE1b!>/A+6!&++/>!9/04!0/A'(24!/Z)40[&'(/2!&'!%(3%! 7(4+6!&26!>(642!

'%4!K/'42'(&+!&KK+(@&'(/2)!&'!+/>40!7(4+6)#!

! $4!%&[4!)'A6(46!3409&2(A9!/^(64!&26!%&+(64!9&'40(&+)b!>('%!&2!/KK/0'A2('Q!'/!

4^'426! /A0! )'A6(4)! '/! /03&2/W3409&2(A9! @/9K/A26)#! J)! /03&2(@)! 'QK(@&++Q! @/2'&(2!

9&2Q! %Q60/342! /0! 7+A/0(24! 2A@+4(b! @0/))WK/+&0(]&'(/2! @/A+6! K/'42'(&++Q! Z4! A)46! '/!

)'A6Q! '%49! ZQ! GE1#! 8S! (2[/+[4)! '0&2)7400(23! '%4! K/+&0(]&'(/2! 70/9! &! %(3%W3&99&!

2A@+4A)!_4#3#b!"=a!'/!&!+/>40!3&99&!2A@+4A)!_4#3#b!;<*4ab!'%404ZQ!@&A)(23!&2!(2@04&)4!(2!

)42)('([('Q#! 80/))WK/+&0(]&'(/2! 7/0! +/>! 704TA42@Q! TA&60AK/+&0! 2A@+4(! ()! 6(77(@A+'! (2!

K0&@'(@4!&)!7(26(23!'%4!&KK0/K0(&'4!9&'@%!@/26('(/2)!()!2/'!'0([(&+#!M/!&++4[(&'4!'%()b!>4!

@/A+6! Z43(2! ZQ! )4+4@'(23! )&9K+4)! >('%! +(''+4! '/! 2/! TA&60AK/+&0! (2'40&@'(/2#! M%4)4!
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)K4@(4)!Z4%&[4!+(Y4!Lg"h-!2A@+4(!&26!9&Y4!('!4&)(40!'/!7(26!'%4!=&0'9&2W=&%2!9&'@%#!

L2!'%4!K04)42@4!/7!TA&60AK/+&0!(2'40&@'(/2)!/0!EJ.b!KA+)4!@&+(Z0&'(/2)!Z43(2!'/!@%&234!

9&Y(23! '%4! 9&'@%! @/26('(/2)! 9/04! 6(77(@A+'! '/! 7(26#! :/0! +/>! 3&99&! TA&60AK/+&0!

2A@+4(! '%4! @/2'&@'! '(94)! _(#4#b! '%4! '(94! 04TA(046! '/! 477(@(42'+Q! '0&2)740! "=! )K(2W

K/+&0(]&'(/2! '/! 3409&2(A9a! &04! +/2340! _m-R! '/! IR! 9)a#! M%4)4! +/2340! '(94)! @04&'4!

4^@4))! %4&'(23! &26! K/'42'(&++Q! 6&9&34! '%4! K0/Z4#! M%4! >(64WZ/04! 9&324'! (2)'&++46!

4&0+(40!'%()!Q4&0!(2!/A0!+&Z/0&'/0Q!()!(64&+!7/0!&2!&''49K'!&'!8Sb!&)!'%4!@/004)K/26(23!

K0/Z4)! &04! 9/04! 0/ZA)'#! J! )40(4)! /7! )&9K+4)! >('%! &! 0&234! /7! )9&++! '/! 9/640&'4!

TA&60AK/+&0!@/AK+(23)!>/A+6!Z4!(64&+!7/0!/K'(9(](23!'%()!94'%/6#!M%()!>/A+6!K0/[(64!

@/9K04%42)([4!K&0&94'40)! '%&'! @/A+6!Z4! 7A0'%40! (9K+4942'46! (2'/! &! +&034! 0&234!/7!

@%&0&@'40(]&'(/2!'//+)!7/0!)/+(6!/03&2(@WZ4&0(23!3409&2(A9!@/9K/A26)#!

! EUEJ.!>/A+6! Z4! &! 2&'A0&+! @%/(@4! '/! &''49K'! 04)/+A'(/2! /7!9A+'(K+4! )('4)! (2!

)Q)'49)!@/2'&(2(23!9/04!'%&2!/24!3409&2(A9!)('4#!M%4)4!4^K40(942')!>/A+6!Z4!Z4)'!

&@@/9K+()%46! &'! '%4! A+'0&%(3%! 7(4+6! 7&@(+('Q#! M%4! @A0042'! K0/Z4! _;99! EJ.a! )K(2)!

)+/>+Q!_nP!Y=]a!&26!%&)!&!0&'%40!K//0!à07! _";!Y=]ab! (2%(Z('(23! '%4!&Z(+('Q! '/!K407/09!

EUEJ.#! J! 7&)'40! EJ.! K0/Z4! _m-R! Y=]a! >/A+6! &++/>! @40'&(2! ;<*4! )&9K+4)! '/! Z4!

)'A6(46! >('%/A'! /[40+&K! /7! ))Z! >('%(2! '%4! 8Mb! 7A0'%40! (2@04&)(23! 04)/+A'(/2! &26!

)42)('([('Q#!M%4!046A@'(/2!(2!@/(+!)(]4!_>%(@%!()!04TA(046!'/!)K(2!7&)'40a!K0/[(64)!Z4''40!

7(++(23!7&@'/0)!&26!'%4!&Z(+('Q!'/!/Z'&(2!%(3%40!07!KA+)4)#!M%4)4!'>/!@%&234)!&04!(64&+!7/0!

42&Z+(23!EUEJ.!&)!&!K/))(Z+4!'>/W6(942)(/2&+!94'%/6!7/0!04)/+[(23!9A+'(K+4!)('4)#!!

! M%4! 64@04&)4! (2! )&9K+4! [/+A94! +(9(')! '%4! &9/A2'! /7! ;<*4! (2! '%4! 0/'/0#! M/!

@(0@A9[42'!'%()!&26!(9K0/[4!)42)('([('Q!7/0!'%4!EUEJ.!94'%/6b!420(@%(23!>('%!;<*4!

>/A+6! 2446! '/! Z4! @/2)(64046#! L)/'/K(@! 420(@%942'! >/A+6! &++4[(&'4! 9&2Q! /7! '%4!
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6(77(@A+'(4)! (2! &@TA(0(23! &! ;<*4!GE1! )K4@'0A9#!J)!EUEJ.! ()! 2/'! '0([(&+! 7/0! )K(2!Hh-!

2A@+4A)b!/K'(9(]&'(/2!/2! H<GZ!@/A+6!Z4!&''49K'46b!>('%!K&0&94'40)!A)46!&)!)'&0'(23!

@/26('(/2)!7/0!;<*4#!L7!'%4)4!4^K40(942')!K0/[46!'/!Z4!70A('7A+!/2!Z&)(@!)Q)'49)!)A@%!&)!

*45-b!&![&0(4'Q!/7!'%4!)&9K+4)!)'A6(46!(2!8%&K'40!I!@/A+6!Z4!04)/+[46!>('%/A'!'%4!2446!

7/0!CRl!M!9&324')b!&26!9&Q!K/))(Z+Q!K0/[(64! (2)(3%'! (2'/!'%4!3409&2&'4!&2/9&+Q#!J!

60&>Z&@Y! ()! '%4!@/)'!/7!420(@%942'#!M%4!@/)'!/7! ;<*4!420(@%942'!>&)!&KK0/^(9&'4+Q!

ü"-!B.D! h!93! 7/0! *45-! &)! /7! +&'4W-R"R#! J! C!99! 0/'/0! @&2! &@@/99/6&'4!m"RR!93!

/^(64i! &)! &2! 4^&9K+4b! 7/0! *45-! >('%! HFw! ;<*4b! >/A+6! @/)'! &0/A26! ü"-RR#! .(23+4!

04)/2&2@4! 4^K40(942')! )A@%! &)!U8SE*! &26! )K(2! 4@%/!>/A+6! 2/'! 04TA(04! )A@%! %(3%!

420(@%942'b!+/>40(23!'%4!&[40&34!@/)'!K40!)&9K+4b!%/>4[40!7/0!EUEJ.!'/!Z4!&![(&Z+4!

/K'(/2b!9&^(9A9!420(@%942'!_HFwa!>/A+6!Z4!4))42'(&+#!L7!'%4!@0Q)'&++(24!)Q)'49)!&04!

)A@@4))7A+b!>4!>/A+6!04TA(04!m!"!3!_7/A0!)&9K+4)!&'!<RR!93a!'/!&''49K'!'/!)/+[4!'%4!

3409&2&'4!&2/9&+Q#!J!@0A64!4)'(9&'4!7/0!'%4)4!)&9K+4)!()!m!ü"C!RRRb!>%(@%!()!(2!K&0'!

>%Q!2/!&''49K'!%&)!Z442!9&64#*!

! 577W&23+4! _/0! [&0(&Z+4! &23+4a! 4^K40(942')! %&[4! Z442! A)46! >('%! )/94!

)A@@4))#<F"W<F<! J)! /A0! 30/AK! )4&0@%4)! 7/0! &! >&Q! '/! 046A@4! '%4! +&034! )4@/26W/0640!

TA&60AK/+&0! 4774@'! /2! '%4! 8M! 7/0! ;<*4b! )/94! '%/A3%'! %&)! 3/24! (2'/! /77W&23+4!

4^K40(942')#! !J)!6()@A))46! (2!8%&K'40!"b!&++!9&Ü/0!&2()/'0/K(@! (2'40&@'(/2)!@/2'&(2!&!

'409! _<@/)-ñW"a! '%&'! 3/4)! '/! ]40/! (7! /24! )K(2)! N(27(2('4+Q! 7&)'O! &'! '%4! 9&3(@! &23+4!

_FC#;/a#! =/>4[40b! '%4! )4@/26W/0640! (2'40&@'(/2! ()! )AZÜ4@'! '/! &2! &66('(/2&+! )K&'(&+!

04+&'(/2! _SC_@/)ñaa! 64)@0(Z46! ZQ! '%4! 7/A0'%W/0640! ?4342604! K/+Q2/9(&+#! M%4! 9&3(@!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*!:/0!0474042@4b!/'%40!()/'/K4)!A)46!/0!@/2)(64046!>404b!I?(!&'!m!üR#R<!h!93b!";5!&'!

mü"#<;h!93b!HFE/!&'!mü<#FRh93b!<<.!&'!müC#<R!h!93!&26!-H.(!&'!müP#RR!h!93#!
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&23+4! 64&+)! >('%! '%4! S-_@/)ña! ZA'! '%4! SC_@/)ña! '409! /2+Q! K&0'(&++Q! &[40&34)! /A'! &)!

942'(/246!(2!8%&K'40!"i!

SC_@/)ña!g!R#"-F_<F@/)ñCW<R@/)ñ-l<a! ! ! _;#"a!

:/0! '%()! (2'40&@'(/2! '/! Z4! &[40&346! ('! 9A)'! Z4! 0/'&'46! &'! 4('%40! <R#I/! /0! ;R#"/#!

B27/0'A2&'4+Qb! '%404! ()! 2/'! &! )(23+4! &23+4! '%&'! &[40&34)! Z/'%! /7! '%4)4! K/+Q2/9(&+)!

)(9A+'&24/A)+Q! ZA'! >4! @&2! @%&234! '%4! K0/Z4! &23+4! '/! 9(2(9(]4! Z/'%#C! L'! %&)! Z442!

/Z)40[46! '%&'! [&0(&Z+4! &23+4! )K(22(23! /7! "<<8)! GE1! &'! &2! &23+4! /7! F-#-F/! K0/[(646!

477(@(42'!9(2(9(]&'(/2!/7!'%4!TA&60AK/+&0!&26!8.J!@/2'0(ZA'(/2)#<FC!J+'%/A3%!;<*4!>(++!

%&[4!&!+&0340!TA&60AK/+&0!(2'40&@'(/2!)(9(+&0!4^K40(942')!@/A+6!Z4!&''49K'46#!L7!'%()!

>404! &@%(4[&Z+4b! '%4! )(32(7(@&2'! 046A@'(/2! (2! '%4! Z04&6'%! /7! '%4! @42'0&+! '0&2)('(/2!

@/A+6! K/'42'(&++Q! &++/>! 04)/+A'(/2! /7! 9A+'(K+4! )('4)b! &)! '%4! /77W&23+4! &^()! 9(2(9(]4)!

7A0'%40! '%4! )4@/26W/0640! TA&60AK/+&0! (2'40&@'(/2! >%(+4! 9&(2'&(2(23! 477(@(42'!

&[40&3(23!/7!'%4!@%49(@&+!)%(4+6(23!&26!7(0)'W/0640!TA&60AK/+&0!(2'40&@'(/2#!L7!@40'&(2!

)K4@(&+'Q!K0/Z4)!>404!&[&(+&Z+4! )A@%!&)!D51!/0!&!DJ.!K0/Z4b! '%4)4!>/A+6!Z4!>/0'%!

&''49K'(23!&)!'%4Q!)K(2!&'!'>/!&23+4)b!'%4!9&3(@!&23+4!_FC#;/a!&26!'%4!&23+4!&'!>%(@%!

'%4!)4@/26W/0640!TA&60AK/+&0! (2'40&@'(/2! ()!&[40&346!_<R#I/a#!M%4)4!K0/Z4)!6/!%&[4!

+(9('&'(/2)b!&)!)+/>!)K(22(23!/7! '%4!/A'40!0/'/0! (2!D51!>(++!K0/6A@4!&! ì2(3%'9&04{!/7!

))Z)b! (2%(Z('(23! 04)/+A'(/2#! DJ.! K0/[(64)! 7&)'40! )K(22(23! >%(@%! @&2! K0/[4! '/! Z4!

Z4247(@(&+! ZA'! ('! 04TA(04)! '%4! )&9K+4! '/! %&[4! +/2340! Y3)! _j"RRR! v)ab! >%(@%! ()! 2/'!

'QK(@&++Q!'%4!@&)4!7/0!/A0!)&9K+4)#!

! J! [&0(4'Q! /7! &[42A4)! %&[4! Z442! )A334)'46! 7/0! Z/0&'4WZ&)46! 3+&))4)! &26!

3409&2(A9WZ4&0(23! )Q)'49)#! E&2Q! /7! '%4)4! >/A+6! %&[4! Z442! (64&+! '/! '0Q! >%(+4!

)'A6Q(23! '%4)4!9&'40(&+)b!%/>4[40!9/)'!>(++!2/'!Z4!&942&Z+4!>('%(2!/A0! +&Z/0&'/0Q!
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)4''(23! A2'(+! 4&0+Q! 24^'! Q4&0#! M%4! 9/)'! (2'404)'(23! )Q)'49)! '/! (2[4)'(3&'4! 7A0'%40!

(2@+A64! Z/0/)(+(@&'4)b! &)! '%4)4! 9&'40(&+)! &04! '%4! 9/)'! (26A)'0(&++Q! 04+4[&2'! 3+&))4)!

>('%!&![&0(4'Q!/7!6(04@'(/2)!>/0'%!KA0)A(23#!5A0!30/AK!%&)!)'A6(46!;<*4!GE1!&26!%&)!

9&64! 9&Ü/0! @/2'0(ZA'(/2)! '/! '%()! &04&! %/>4[40! &! 74>! Y4Q! &04&)! &04! )'(++! >/0'%!

KA0)A(23#! L2! K&0'(@A+&0b! '%4! &Z(+('Q! '/! /Z'&(2! 9/04! %(3%+Q! 04)/+[46! )K4@'0&! &26!

&''49K'(23!@0/))WK/+&0(]&'(/2!7/0!/03&2(@WZ4&0(23!3409&2(A9#!
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8. References 

! _"a! E®++40W$&09A'%b!$#p!c@Y40'b!=#!V%I)(;)!S+=-.')!LWTJb!??b!H"W"CH#!

! _-a! .%4+ZQb! |#! c#! O>'.-5E;'(->! '-! F:&))! 9;(+>;+! &>5! Y+;%>-:-NIp! -! 46#p! 1.8i!

8&9Z0(634b!-RRF#!

! _<a! f&@%&0(&)42b!$#!=#! o-E.>&:! -6! '%+! D1+.(;&>! M%+1(;&:! 9-;(+'I!LWMJb!GCb!

<PC"#!

! _Ca! E&@Y42](4b! t#! |#! D#p! .9('%b! E#! c#! 4E:'(>E;:+&.! 9-:(5K9'&'+! *4S! -6!

O>-.N&>(;!4&'+.(&:)p!"!46#p!S403&9/2b!-RR-#!

! _Fa! DAK044b!1#p!=/++&26b!D#p!E/0'A]&b!E#!*#!*&'E.+!LWTQb!@3?b!C"I#!

! _Ia! .'4ZZ(2)b!|#!:#p!:&02&2b!L#p!VA4b!V#!M%+1(;&:!F+-:-NI!LWWJb!P2b!<;"#!

! _;a! q/A239&2b! 1#! c#p! =&AZ0(@%b! .#! M#p! f>&2](340b! |#! $#p! |&2(@Y4b! E#! M#p!

8%94+Y&b!X#!:#!9;(+>;+!LWWOb!32Pb!"C"I#!

! _Pa! X0&Qb!S#!|#!O>-.N&>(;&!M%(1(;&!D;'&!LWWWb!3?Pb!"F;#!

! _Ha! t0/4Y40b!.#p!.'4ZZ(2)b!|#!:#!O>-.N&>(;!M%+1()'.I!JKKLb!CBb!I-<H#!

! _"Ra! 1&/b!t#!|#!9'.E;'E.&:!M%+1()'.I!-6!F:&))+)p!c+)4[(40i!G4>!q/0Yb!-RR-#!

! _""a! =/KK4b! B#p! t0&2/+6b! 1#p! $4Z40b! =#! |#p! =&22/2b! J#! 8#! o-E.>&:! -6! *->K

M.I)'&::(>+!9-:(5)!LWWWb!3C?b!"#!

! _"-a! t4'4+&&0b!|#!J#!J#!f+/N&[!LWMPb!PGb!H#!

! _"<a! E&@Y42](4b! t#! |#! D#p! .9('%b! E#! c#! 4E:'(>E;:+&.! 9-:(5K9'&'+! *4S! -6!

O>-.N&>(;!4&'+.(&:)p!S403&9/2i!?/26/2b!-RR-p!\/+#!I#!

! _"Ca! $042b!|#!c#!8#p!E(@%&4+()b!\#!t#p!t0/4Y40b!.#!O>!V.+=&.&'(->!JKLK#!
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! _"Fa! EA0'%Qb!E#!t#p!LKb!|#!*&'E.+!LWPNb!3B"b!-PFW-PI#!

! _"Ia! ?(64b! D#! 1#!MSM!c&>5H--/! -6! M%+1()'.I! &>5! V%I)(;)p! P-! 46#p! 818! S04))i!

:+/0(6&b!-RR"#!

! _";a! =&>'%/024b! :#! 8#! 9=+;'.-);-=(;! 4+'%-5)! (>! 4(>+.&:-NI! &>5! F+-:-NIp!

E(240&+/3(@&+!./@(4'Q!/7!J940(@&i!8%4+)4&b!"HPPp!\/+#!"P#!

! _"Pa! .Y//3b! D#! J#p! =/++40b! :#! |#p! G(49&2b! M#! J#! V.(>;(=:+)! -6! O>)'.E1+>'&:!

D>&:I)()p!F!46#p!X0//Y)h8/+4i!B.Jb!"HHP#!

! _"Ha! E&2(Ab!D#p!L+(4)@Ab!M#p!J064+4&2b!.#p!8(2'&WS(2]&0Ab!.#p!M&0@4&b!G#p!t(4740b!$#!

o-E.>&:!-6!4-:+;E:&.!9'.E;'E.+!JKKMb!2G"b!CPF#!

! _-Ra! 80&940b!8#!|#!U))+>'(&:)!-6!M-1=E'&'(->&:!M%+1()'.Il!Y%+-.(+)!&>5!4-5+:)p!

$(+4Qi!$4)'!.A))4^b!-RRF#!

! _-"a! .+(@%'40b! 8#! S#! V.(>;(=:+)! -6! 4&N>+'(;! S+)->&>;+p! =&0K40! s! 1/>i! G4>!

q/0Yb!"HI<#!

! _--a! :AYA)%(9&b!c#p!1/4640b! .#!X#!U[=+.(1+>'&:!VE:)+!*4Sp!J66()/2W$4)+4Qi!

?/26/2b!"HP"#!

! _-<a! ?4[(''b!E#!=#!9=(>!LI>&1(;)l!<&)(;)!-6!*E;:+&.!4&N>+'(;!S+)->&>;+p!$(+4Q!

s!./2)!?'6i!8%(@%4)'40b!-RR"#!

! _-Ca! ?&09/0b!|#!V%(:-)-=%(;&:!4&N&p(>+!LTWQb!CCb!FR<#!

! _-Fa! 50426'b!J#!E#!M%+1(;&:!9%(6'!Y+>)-.!4+&)E.+1+>'!(>!9-:(5)p!$(+4Qb!-RR;#!

! _-Ia! DA40b!E#!|#!9-:(5K9'&'+!*4S!9=+;'.-);-=Ip!X+&@Y>4++!.@(42@4i!8&9Z0(634b!

-RR-#!

! _-;a! $&)Q+()%42b!1#!c#!U>;I;:-=+5(&!-6!*4Sb!"HHIp!\/+#!<#!

! _-Pa! 8/%42b!E#!=#p!14(7b!:#!9-:(5!9'&'+!V%I)(;)!LWOQb!Gb!<-"#!
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! _-PIa! q&'4)b! |#! 1#p! S(@Y&06b! 8#! |#p! S&Q24b! E#! 8#p! E&A0(b! :#! o-E.>&:! -6! M%+1(;&:!

V%I)(;)!JKKMb!""?b!F;CI#!

! _-P;a! J6(3&b!.#p!J4Z(b!D#p!X0Q@4b!D#!?#!M&>&5(&>! o-E.>&:!-6!M%+1()'.I!JKKQb!?Gb!

CHI#!

! _-PPa! =/%42Z403b!S#p!t/%2b!$#!V%I)(;&:!S+R(+,!<!LWPNb!"@2b!PIC#!

! _-PHa! 146%&9940b! *#! |#p! 1/'%b! *#p! J9'%&A40b! *#p! ?/''409/)40b! $#! D;'&!

M.I)'&::-N.&=%(;&!<!JKKTb!2Cb!-I"W-;"#!

! _-HRa! =&+>&^b!c#p!\/4++42Y+4b!=#!4->&')%+6'+!6E.!M%+1(+!LWTOb!""2b!"<I;#!

! _-H"a! =/@%b!8#p!1/4%0b!8#!f+(');%.(6'!6E+.!*&'E.6-.);%E>N!JKKLb!G2b!"-FI#!
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! _-H-a! J3&7/2/[b!\#p!t&%2b!J#p!E(@%4+b!D#p!S404]!q!|/0Z&b!E#!o-E.>&:!-6!9-:(5!9'&'+!

M%+1()'.I!LWTPb!23b!CR-#!

! _-H<a! *&4>6&23b! M#p! 8%&9(2&64b! |#! S#p! *0&[404&Ab! S#p! *&0@(&b! J#p! :/A&))(40b! 8#p!

S/A@%&06b!E#p!=&3429A++40b! S#p! |&@TA(40b! X#!f+(');%.(6'! 6r.!D>-.N&>();%+!

E>5!D::N+1+(>+!M%+1(+!LWWNb!23Bb!"HIF#!

! _-HCa! G()%(b!:#!D;'&!M.I)'&::-N.&=%(;&!M!LWWQb!G@b!<HHWCR"#!

! _-HFa! E(32/2b! 8#p!E(++/'b! q#p!E&2b! S#! S#!M-1='+)! S+>5E)! M%(1(+!JKKNb!8b! C-FW

C<R#!

! _-HIa! 1/Z(2)/2b!t#p!*(ZZ)b!*#!\#p!1(ZZ4b!S#!=#!9;(+>;+!LWQKb!"83b!FI;WF;R#!

! _-H;a! :+44'b!E#!c#!4(>+.&:-N(;&:!4&N&p(>+!LWQPb!CBb!F<"WF<<#!

! _-HPa! t(Z&+@%42Y/b!E#p!q&'4)b!|#!1#p!S&)3A&04++/b!J#!o-E.>&:!-6!V%I)(;)l!M->5+>)+5!

4&''+.!JKLKb!33b!"CFFR"#!

! _-HHa! |(&23b! V#p! ?/A)'4&Ab! |#p! .%42b! .#p! |%&b! J#! o-E.>&:! -6! *->KM.I)'&::(>+! 9-:(5)!

JKKWb!@GGb!-R"F#!

! _<RRa! S4'0/[b! *#! L#p! q&Y/[+4[b! \#! \#p! E(2Y/[)Y(b! G#! L#! X='(;)! M-11E>(;&'(->)!

JKKNb!33Pb!CC"#!

! _<R"a! M/004)b! :#p! G&0('&b! t#p! X42(2/b! q#p! :AÜ(>&0&b! M#p! t/9&')Ab! M#! o-E.>&:! -6!

D==:(+5!V%I)(;)!JKKMb!PCb!F-IF#!

! _<R-a! $&23b! |#p! =4b! q#p! M&/b! |#p! =4b! |#p! f%&23b! $#p! G(Ab! .#p! q&2b! f#! M%+1(;&:!

M-11E>(;&'(->)!JKLKb!C2b!F-FR#!

! _<R<a! t('(Q&2&2b! J#p! t&'/b! M#p! .A]AY(b! q#p! q/)%(Y&>&b! .#! o-E.>&:! -6!

V%-'-;%+1()'.I!&>5!V%-'-H(-:-NI!Dl!M%+1()'.I!JKKPb!"8Pb!"<R#!

! _<RCa! L[&2/[b!J#!5#p!c[)'0//K(4[b!t#!.#!D/Y+#!JY&6#!G&AY!...1!LWPJb!"CGb!;H;!



References 

 

______________________________________________________________________ 
 

V. K. Michaelis 

323!

#!

! _<RFa! EA0'%Qb!E#!t#p!t(0ZQb!c#!E#!V%I)(;&:!;%+1()'.I!-6!F:&))+)!LWPNb!Gb!"CC#!

! _<RIa! =42640)/2b!*#!.#p!$&23b!=#!UE.-=+&>!o-E.>&:!-6!4(>+.&:-NI!JKKJ!"C#!

! _<R;a! t&9(Q&b!t#p!.&YY&b!.#!V%I)(;&:!M%+1()'.I!-6!F:&))+)!LWQWb!3Bb!IR#!

! _<RPa! t&9(Q&b!t#p!q/Y/b!M#p! L'/%b!q#p! .&YY&b! .#! o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!

LWTQb!PGb!-RH#!

! _<RHa! B42/b!E#p!E()&>&b!E#p!.A]AY(b!t#!V%I)(;&!<!LWTMb!"3Bb!<C;#!

! _<"Ra! =A&23b!$#!8#p!|&(2b!=#p!E4(']240b!*#!o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!LWWPb!

"P2b!"FF#!

! _<""a! L'(4b! |#! S#p! S/+(&2b! J#p! 8&+&)b! *#p! S4'(&Ab! |#p! :/2'&(24b! J#p! M/+42'(2/b! =#!

V%I)(;&:!S+R(+,!k+''+.)!LWTWb!2@b!<HP#!

! _<"-a! |&(2b!=#p!t&9(')/)b!c#!L#p!q(&22/K/A+/)b!q#!D#p!8%0Q))(Y/)b!*#!D#p!=A&23b!$#!

8#p!tA@%40b!1#p!t&240'b!5#!o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!LWWPb!3B@b!<-R#!

! _<"<a! =42640)/2b!*#!.#p!:+44'b!E#!c#!o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!LWWLb!"@Cb!

-FHW-IH#!

! _<"Ca! =42640)/2b!*#!.#p!$&23b!=#!E#!UE.-=+&>!o-E.>&:!-6!4(>+.&:-NI!JKKJb!"Cb!

;<<#!

! _<"Fa! E(@/A+&A'b!E#p!8/09(40b!?#p!=42640)/2b!*#!.#!o-E.>&:!-6!V%I)(;)l!M->5+>)+5!

4&''+.!JKKPb!"?b!1;F<W1;PC#!

! _<"Ia! J)%Z0//Yb!.#!c#p!.9('%b!E#!c#!M%+1(;&:!9-;(+'I!S+R(+,)!JKKPb!@Gb!;"PW;<F#!

! _<";a! DAb!?#!.#p!.'4ZZ(2)b!|#!:#!o-E.>&:!-6!V%I)(;&:!M%+1()'.I!<!JKKPb!""Bb!"-C-;W

"-C<;#!
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! _<"Pa! 8+&0Yb!M#!E#p!*0&26(24''(b!S#!|#!o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!JKKKb!32Gb!

;FWP-#!

! _<"Ha! =A))(2b!1#p!=/++&26b!D#p!DAK044b!1#!o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!LWWTb!

3@3K3@Cb!CCRWCCF#!

! _<-Ra! ?44b! .#!t#p! ?44b!X#!=#! o-E.>&:!-6!V%I)(;&:!M%+1()'.I!<!JKKPb!""Bb! "ICRPW

"IC"-#!

! _<-"a! S423b!?#p!.'4ZZ(2)b!|#!:#!o-E.>&:!-6!*->KM.I)'&::(>+!9-:(5)!JKKQb!@G@b!C;<-W

C;C-#!

! _<--a! $(66(7(4+6b!8#!E#p!X0Q@4b!D#!?#!V%I)(;&:!M%+1()'.I!M%+1(;&:!V%I)(;)!JKKWb!

""b!;"-R#!

! _<-<a! 5'%9&2b!J#p!=&00()b!1#!t#p!=/6Y(2)/2b!S#p!8%0()'/K%40b!c#!J#p!?&2@&)'40b!1#!

$#!*+,!o-E.>&:!-6!M%+1()'.I!JKKTb!@3b!";HI#!

! _<-Ca! =&00()b!1#!t#p!$&)Q+()%42b!1#!c#p!DA40b!E#! |#!*4S!M.I)'&::-N.&=%Ip!$(+4Qb!

-R"R#!

! _<-Fa! J%&042b! M#p! *0446&2b! |#! c#p! X0(634)b! 8#! J#p! J@]4+b! J#p! 1/60(3A4]b! |#p!

E&@D/A3&++b!*#p!?AY4b!*#!E#p! L9&(b!M#p!E(@%&4+()b!\#!t#p!t0/4Y40b!.#p!f%/Ab!

*#p!$(4Z4b!8#!1#p!80&2)>(@Yb!?#!E#!D#!V%I)(;&:!S+R(+,!<!JKLKb!?"b!--CCRH#!

! _<-Ia! J%&042b! M#p! *0446&2b! |#! c#p! X0(634)b! 8#! J#p! J@]4+b! J#p! 1/60(3A4]b! |#p!

E&@D/A3&++b! *#p! ?AY4b! *#! E#p! E(@%&4+()b! \#! t#p! t0/4Y40b! .#p!$(4Z4b! 8#! 1#p!

f%/Ab!=#p!80&2)>(@Yb!?#!E#!D#!V%I)(;&:!S+R(+,!<!JKLKb!?"b!RICC<I#!

! _<-;a! J%&042b!M#p!*0446&2b!|#!c#p!G(23b!:#p!L9&(b!M#p!E(@%&4+()b!\#!t#p!t0/4Y40b!.#p!

f%/Ab!=#p!$(4Z4b!8#!1#p! 80&2)>(@Yb! ?#!E#!D#!V%I)(;&:!S+R(+,!<!JKKWb!?Bb!

"<CC-<#!
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! _<-Pa! X0/A>40b!D#!=#!o-E.>&:!-6!D1+.(;&>!M%+1(;&:!9-;(+'I!JKKTb!"@Bb!<RHF#!

! _<-Ha! t0/4Y40b! .#p! =(39&2b! 8#! .#p! E(@%&4+()b! \#! t#p! .[426&b! G#! X#p! .@%A++40b! .#!

9;(+>'(6(;!<&)()!6-.!*E;:+&.!$&)'+!4&>&N+1+>'!JJJOO!JKLK#!

! _<<Ra! E(@%&4+()b! \#! t#p! t0/4Y40b! .#! V%I)(;&:! M%+1()'.I! (>! F:&))+)l! UE.-=+&>!

o-E.>&:!-6!F:&))!9;(+>;+!&>5!Y+;%>-:-NI!<!JKKWb!GBb!-CH#!

! _<<"a! ?A))(40b!J#! |#p!JZ6Ab!q#p!=&>'%/024b!:#!8#p!E(@%&4+()b!\#!t#p!J3A(&0b!S#!E#p!

t0/4Y40b!.#!M&>&5(&>!4(>+.&:-N()'!JKLKH!&;;+='+5#!

! _<<-a! ?A))(40b! J#! |#p! =&>'%/024b! :#! 8#p! =40>(3b! .#p! JZ6Ab! q#p! J3A(&0b! S#! E#p!

E(@%&4+()b!\#!t#p!t0/4Y40b!.#!4(>+.&:-N(;&:!4&N&p(>+!JKKTb!8Gb!HHH#!

! _<<<a! 8%42b! X#p! $40240Wf>&2](340b! B#p! G&)@(942'/b! E#! ?#! :#p! *%A))2b! ?#p!

f&2/''/b!c#!D#p!f>&2](340b!|#!$#!o-E.>&:!-6!V%I)(;&:!M%+1()'.I!M!JKKWb!""@b!

-R;-F#!

! _<<Ca! t0/4Y40b!.#p!$&)Q+()%42b!1#!c#p!=&22&b!|#!\#!o-E.>&:!-6!D1+.(;&>!M%+1(;&:!

9-;(+'I!LWWWb!"3"b!"FP-#!

! _<<Fa! =&00()b!t#!|#p!$&)Q+()%42b!1#!c#!O>-.N&>(;!M%+1()'.I!JKKWb!C?b!-<"I#!

! _<<Ia! J3A(&0b! S#!E#p! t&']b!E#! |#p! ?4]2/77b! D#! X#p! t0/4Y40b! .#!V%I)(;&:! M%+1()'.I!

M%+1(;&:!V%I)(;)!JKKWb!""b!IH-F#!

! _<<;a! *4()%4(940b!J#!1#p!$042b!|#!c#!8#p!E(@%&4+()b!\#!t#p!t/Z&Q&)%(b!E#p!.&Y(Y&(b!

t#p!t0/4Y40b!.#p!?4]2/77b!D#!X#!O>-.N&>(;!M%+1()'.I!JKLKb!9EH1(''+5#!

! _<<Pa! =&9&46b! =#p! q4b! c#p! B6&@%(2b! t#p! .@%A0Y/b! 1#! $#! o-E.>&:! -6! V%I)(;&:!

M%+1()'.I!<!JKLKb!""Cb!IR"C#!

! _<<Ha! 8%42b! :#p! E&b! *#p! X402&06b! *#p! 8&[4++b! 1#p! E@D/2&+6b! 1#p! :403A)/2b! E#p!

$&)Q+()%42b!1#!c#!o-E.>&:!-6!D1+.(;&>!M%+1(;&:!9-;(+'I!JKLKb!"@3b!FC;H#!
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! _<CRa! $(66(7(4+6b!8#!E#p!X0Q@4b!D#!?#!o-E.>&:!-6!V%I)(;&:!M%+1()'.I!D!JKLKb!""Cb!

-"R-#!

! _<C"a! E/A60&Y/[)Y(b! L#p! ?&23b! .#p! S&'@%Y/[)Y((b! .#p! 1(K944)'40b! |#! o-E.>&:! -6!

V%I)(;&:!M%+1()'.I!D!JKLKb!""Cb!<RH#!

! _<C-a! =&9&46b!=#p! ?&)@%AYb!E#p! M40)Y(Y%b!\#! \#p! .@%A0Y/b!1#!$#! o-E.>&:! -6! '%+!

D1+.(;&>!M%+1(;&:!9-;(+'I!JKKWb!"@"b!P-;"#!

! _<C<a! D&[()b!E#!8#p!t&)49&2b!D#!8#p!S&0[&2(b!.#!E#p!.&2640)b!t#!|#p!*0&26(24''(b!S#!

|#p! E&))(/'b! D#p! :+/0(&2b! S#! o-E.>&:! -6! V%I)(;&:! M%+1()'.I! D! JKLKb! ""Cb!

FFR<#!

! _<CCa! .A'0()2/b! J#p!=&2)/2b!E#! J#p! 1AK&0b! S#! J#p! M40)Y(Y%b! \#! \#p! X&(24)b! t#!E#p!

=A&23b!q#!M%+1(;&:!M-11E>(;&'(->)!JKLKb!L2!S04))#!

! _<CFa! S0&)&6b! .#p! t>&Yb! =#! M#p! 8+&0Yb! M#p! *0&26(24''(b! S#! |#! o-E.>&:! -6! D1+.(;&>!

M%+1(;&:!9-;(+'I!JKKJb!"3Cb!CHIC#!

! _<CIa! q&/b!f#p!t>&Yb!=#!M#p!.&Y4++&0(/Ab!D#p!c9)+4Qb!?#p!*0&26(24''(b!S#!|#!M%+1(;&:!

V%I)(;)!k+''+.)!JKKKb!@38b!PF#!

! _<C;a! t42'342)b!J#!S#!E#p!\40%&342b!1#!M%+1(;&:!V%I)(;)!k+''+.)!LWWWb!@BBb!C<F#!

! _<CPa! \&2! \442426&+b! c#p! E4(40b! X#! =#p! t42'342)b! J#! S#! E#!4-:+;E:&.! V%I)(;)!

LWWTb!P@b!"HF#!

! _<CHa! .(434+b! 1#p! G&Y&)%(9&b! M#! M#p!$&)Q+()%42b! 1#! c#!M%+1(;&:! V%I)(;)! k+''+.)!

JKKNb!@??b!CC"#!

! _<FRa! .(+[40b!E#!.#p!|/)4K%b!1#!|#p!=/A+'b!D#!|#!V%I)(;&:!S+R(+,!D!LWTOb!@"b!-;F<#!

! _<F"a! J)%b! |#! M#p!M04&)4b!G#!E#p!*0&26(24''(b! S#! |#! o-E.>&:! -6!D1+.(;&>!M%+1(;&:!

9-;(+'I!JKKTb!"@Bb!"RPFP#!



References 

 

______________________________________________________________________ 
 

V. K. Michaelis 

327!

! _<F-a! J9/A04A^b! |#! S#p! M04Z/)@b! |#! o-E.>&:! -6! 4&N>+'(;! S+)->&>;+! JKKPb! "8Pb!

<""#!

! _<F<a! ?A3&b! D#p! E/0&()b! 8#p! *&2b! f#p! G4A[(++4b! D#! 1#p! 8/09(40b! ?#p! E&))(/'b! D#!

o-E.>&:!-6!D1+.(;&>!M%+1(;&:!9-;(+'I!JKKOb!"38b!""FCR#!

! _<FCa! t0/4Y40b!.#p!c(@%4+4b!t#p!$&)Q+()%42b!1#!c#p!X0(''42b!|#!:#!o-E.>&:!-6!V%I)(;&:!

M%+1()'.I!<!LWWQb!"B"b!<;-;#!
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