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INVESTIGATION OF CO2 INSERTION INTO LANTHANIDE AMIDES, 
ALKOXIDES, AND MIXED AMIDE/ALKOXIDES 

Leigh Anna M. Ottley 

B.S., Chemistry, University of New Mexico, 2006 

M.S., Chemistry and Chemical Biology, University of New Mexico, 2009 

ABSTRACT 

 A novel set of lanthanide (Ln) alkoxycarbonates, [Ln(!-CO2-DBP)(DBP)2]2 

where Ln = lanthanide; and DBP = OC6H3-2,6-C(CH3)3, were isolated from a systematic 

study of the insertion of CO2(g) (referred to as CO2) into the Ln-O bonds of a series of 

new lanthanide alkoxides, Ln(OR)3.  This study was undertaken to determine if the 

deleterious metal carbonate [M(CO3)y] formation that promotes higher thermal budgets 

during processing could be avoided.  While processing controls can reduce the formation 

of the M(CO3)y phases, this is not always effective, and  preventing the formation of these 

phases is of interest.  Since CO2 insertion into transition metal alkoxides has been 

extensively studied and many structures reported, this research focused on CO2 insertion 

into the less-studied Ln-O bonds of Ln(OR)3. Initially a series of lanthanide amides 

[Ln(NR2)3 where R = SiMe3 and Ln = Ce (1), Sm (2), Dy (3), Yb (4), and Lu (5)] were 

synthesized following established routes.4-6  Subsequent conversion of the Ln(NR2)3 

species into a series of Ln(OR)3 was achieved by an amide/alcohol exchange route 

resulting in Ln(DBP)3 (Ln = Ce (6), Sm (7), Dy (8), Yb (9), and Lu (10); DBP = 2,6-di-

tert-butylphenoxide).7, 8  Once isolated, CO2 at low pressure (<5 psig) and ambient 

temperature was introduced to the Ln(OR)3 species to form a novel family of lanthanide 

alkoxycarbonate compounds identified as [Ln(!- O2C-DBP)(DBP)2]2  (Ln = Ce (11), Sm 
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(12), Dy (13), Yb (14), and Lu (15)).   Surprisingly, CO2 did not insert into all of the Ln-

O bonds, indicating that this process might be more controllable than initially expected.  

Higher-pressure CO2 experiments yielded the same carbonate compounds. Further 

manipulation of the ligand set, as a means to control CO2 insertion, was explored by 

using a mixed amide/alkoxide precursor generated in situ. This resulted in the formation 

of an unusual complex, Sm4(!-CO3)2(!-O)2(DBP)4(THF)2(!-DBP) (16).   From this 

fundamental study, it has been shown that the ligand may be able to impact the degree of 

CO2 insertion into Ln-O bonds. The synthesis and characterization of 1 - 16, as well as 

future implications of this work, will be discussed in detail. 
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1.1 M(OR)x Precursors Conversion to M(CO3)y 
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1.2 Interest of CO2 Insertion into Lanthanide Complexes    
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5$#5&6#-#K! ),&! 6&+5)-%-)4! $*! <=>* +#.! 0#/=L1H* +6&! +%+-'+7'&M>^! N,&6&*$6&8! -)! -(! #$)!

(J6P6-(-#K! ),+)! ),&6&! +6&! #$! 564()+''$K6+P,-5+''4! 5,+6+5)&6-V&.! 0#/=><=L1H! 5$IP$J#.(!

6&P$6)&.! ),+)! 6&(J')&.! *6$I! -#(&6)-$#! $*! <=>! -#)$! 0#;=L! 7$#.(M! G$C&%&68! (&%&6+'!

.-#J5'&+6! 0+;r#8! b.;<J8! +#.! N7;<J! 5$IP'&3&(! ,+%&! 7&&#! 5,+6+5)&6-V&.! ),+)! P$((&((!

I&),4'5+67$#+)$!'-K+#.(8!/=><=O&1M!N,&!5+67$#+)$!'-K+#.!&%$'%&.!*6$I!),&!6&+5)-$#!$*!

<=>!+#.!I&),+#$'!$6!+')&6#+)-%&'4!C+(!+!P6$.J5)!$*!6&+5)-$#!C-),!I$#$I&),4'5+67$#+)&!



(

'-K+#.(M!"K+-#8!#$#&!$*!),&(&!5$IP$J#.(!C&6&!(4#),&(-V&.!74!<=>!-#(&6)-$#!-#)$!+!O;=!

7$#.M>>8!>H!!!

! N,&6&*$6&8! ),&! *$5J(! $*! ),-(! 6&(&+65,! C+(! )$! &3P'$-)! ),&! J#-XJ&! XJ+'-)-&(! $*! 0#!

5+)-$#(! )$! J#.&6)+2&! +! (4()&I+)-5! -#%&()-K+)-$#! $*! <=>! -#(&6)-$#! -#)$! 0#/=L1H!

5$IP$J#.(M!N,-(!()J.4!&3P'$6&.!),&!*J#.+I&#)+'!6&+5)-%-)4!$*! ),&(&!P6&5J6($6(! )$!(I+''!

I$'&5J'&! -#(&6)-$#! 6&+5)-$#(! +#.! +))&IP)&.! )$! .&)&6I-#&!C,&),&6! ),-(! -(! +! 5$#)6$''+7'&!

P6$5&((M!!R-#5&!),&6&!+6&!^W!0#!5+)-$#(!-#!),&!(&6-&(8!-)!-(!J#6&+($#+7'&!)$!J#.&6K$!+!()J.4!

-#%$'%-#K! +''! $*! ),&(&! 5$IP$J#.(E! ),&6&*$6&8! +! I$6&! I+#+K&+7'&! (J7(&)! $*! ]! 5+)-$#(!

(P+##-#K!),&!(&6-&(!C+(!(&'&5)&.!/<&!/^M[^[!s18!RI!/^M[a!s18!?4!/^MZ[!s18!U7!/^MZF!s18!

+#.!0J!/^MZW!s1M^F! !N,&!%+6-+7'&(!&3P'$6&.!*$6! -#(&6)-$#!$*!<=>! -#)$!0#;&'&I&#)!7$#.(!

-#5'J.&.!),&!5+)-$#!(-V&8!),&!-.&#)-)4!$*!),&!'-K+#.8!+#.!),&!()&6-5!7J'2!$*!),&!'-K+#.M!Q-),!

),-(! 7+(-5! J#.&6()+#.-#K8! P6$%-.&.! -#! ),-(! ()J.48! -)! -(! +#)-5-P+)&.! ),+)! P6&%&#)-$#! $*!

'+#),+#-.&!5+67$#+)&!*$6I+)-$#8!%&64!J(&*J'!*$6!),&!P6$5&((-#K!$*!),&(&!P6&5J6($6(8!5+#!7&!

+5,-&%&.M!"(!C&''8! ),-(!I+4!'&+.!)$!-#56&+(&!-#!),&!#JI7&6!$*!5&6+I-5!I+)&6-+'!(4()&I(!

),+)!&IP'$4!0#!5+)-$#(M!!

1.3 Mechanisms of CO2 Insertion into Bonds  

! <=>*-(!+!J#-XJ&!(I+''!I$'&5J'&!),+)!,+(!+#!&'&5)6$P,-'-5!5+67$#!5&#)&6!C-),!

#J5'&$P,-'-5!$34K&#!+)$I(8!+''$C-#K!-)!)$!J#.&6K$!+!C-.&!6+#K&!$*!6&+5)-$#(M!N,-(!

6&+5)-%-)4!5+#!7&!.&)6-I&#)+'!*$6!I+)&6-+'(!P6$.J5)-$#8!+(!<=>*6&+.-'4!-#(&6)(!-#)$!O/=L1x!

7$#.(!.J6-#K!),&6I+'!P6$5&((-#K!/vide infra1M!N,&6&*$6&8!J#.&6()+#.-#K!,$C8!C,&6&8!+#.!

C,&#!<=>*-#(&6)(!-#)$!(P&5-*-5!7$#.(!C-''!P6$%-.&!*J#.+I&#)+'!6&+5)-%-)4!-#*$6I+)-$#!),+)!

5+#!7&!&3P'$-)&.!)$!5$#)6$'!),-(!6&+5)-%-)4M!<=>*,+(!7&&#!*$J#.!)$!-#(&6)!-#)$!(&%&#!)4P&(!

$*!I&)+';&'&I&#)!/O;c1!7$#.(!C,&6&!c!D!G8!<8!T8!=8!A8!R-!$6!+#$),&6!I&)+'8!)$!*$6I!C,+)!



)

-(!5$#(-.&6&.!),&!#$6I+'!-#(&6)-$#!P6$.J5)!/)$P1!$6!),&!+7#$6I+'!-#(&6)-$#!P6$.J5)!

/7$))$I1!N+89XD7*O1MH!!N,&!&'&I&#)!+))+5,&.!)$!),&!O!-#!),&!()+6)-#K!I+)&6-+'!.-5)+)&(!

C,+)!),&!-#(&6)-$#!P6$.J5)!7&5$I&(!/i.e.8!-*!c!D!G8!),&#!),&!-#(&6)-$#!P6$.J5)!5+#!7&!),&!

*$6I+)&!$6!I&)+''$5+67$34'-5!+5-.!5$IP'&3E! c!D!<8!5+67$34'+)&!$6!+!+'2$345+67$#4'!

5$IP'&3E!c!D!TE!5+67+I+)&E!c!D!=8!5+67$#+)&1MH!!!!!!!!

!

+89XD7*O=*<=>!-#(&6)-$#!-#)$!O!;!c!7$#.(M!H*

N,&6&!+6&!I+#4!&3+IP'&(!$*!-#(&6)-$#!-#)$!O;G8!O;<8!O;T8!+#.!O;=!7$#.(!/C,&6&!O!D!

)6+#(-)-$#!I&)+'18!7J)!+!'+5J#+!&3-()(!*$6!0#;T!+#.!&%&#!I$6&!(P&5-*-5+''4!0#;=!7$#.(M!!

! N,&!P6$.J5)(!),+)!+6&!$7)+-#&.!*6$I!-#(&6)-$#!$*!<=>*-#)$!+!O;=L!C,&6&!LD!+'24'!

$6!+64'!+6&!)&6I&.!5+67$#+)$!'-K+#.(!/=><=L18!C,-'&!*$6!L!D!G!-)!C$J'.!7&!)&6I&.!

,4.6$K&#!5+67$#+)$M^;H!!N,6&&!7-#.-#K!I$.&(!,+%&!7&&#!$7(&6%&.!*$6!5+67$#+)$!'-K+#.(!

-#!I$#$!$6!.-#J5'&+6!)6+#(-)-$#!I&)+'!5$IP'&3&(!+1! ^8!71! >8!51! >; >!/+89XD7*-1M!!N,&(&!

+6&!-#!5$IP+6-($#!C-),!),&!C&''!()J.-&.!7$#.-#K!I$.&(!$*!5+67+I+)&!/=><TL>1!'-K+#.(!

I-#J(!+!:>; H!I$.&M^;H!!

!

*+,+*

*+,+*



-

!
!
!
!
!
!

!!

!

1.4 Families of Lanthanide Compounds Selected for this Study 

! N,6&&!(&)(!$*!'+#),+#-.&!5$IP'&3&(!C&6&!(4#),&(-V&.!+#.!5,+6+5)&6-V&.!*$6!),-(!

6&(&+65,h!+I-.&(!e90#/R-O&H1>BHf8!+'2$3-.&(!90#/=L1HB8!!+#.!!I-3&.!+I-.&Y+'2$3-.&(!

t0#/=L19T/R-O&H1>B>uM!!N,&!0#9R-O&H1>BH!C+(!),&!*+%$6&.!+I-.&!.J&!)$!),&!&+(&!-)!5+#!

7&!I&)+()+(-V&.M!R-#5&!),&!+I-.&(!,+%&!+'6&+.4!7&&#!&3P'$6&.!C-),!'-I-)&.!(J55&((8!),&!

)C$!$),&6!'-K+#.!(&)(!/i.e.8!+'2$3-.&(!+#.!+I-.&Y+'2$3-.&(1!C&6&!()J.-&.!-#!)&6I(!$*!<=>*

-#(&6)-$#M>W!!G$C&%&68!7+52K6$J#.!-#*$6I+)-$#!$#!&+5,!$*!),&(&!(P&5-&(!-(!.&)+-'&.!7&'$CM!!!

O=R=O (B8Z7C**

! L+.i2$%!+#.!5$;C$62&6(!-#!^`[F!(4#),&(-V&.!+!(&6-&(!$*!)6-(+I-.$!'+#),+#-.&(!

e0#9T/R-O&H1>Bn,!C,&6&!0#!D!A68!T.8!RI8!cJ8!U7E!n D!>8!Hf!+#.!-#%&()-K+)&.!),&-6!

6&+5)-%-)-&(!C-),!<=>M*>W!!R-#5&!),&!P6$.J5)(!C&6&!#$)!564()+''-#&8!),&4!C&6&!$#'4!

-.&#)-*-&.!J(-#K!_N;SL!(P&5)6$(5$P4M!!N,&(&!-#%&()-K+)-$#(!6&%&+'&.!),+)!),&!I&)+';

+1! 71!

+89XD7*-=*<P! ^8!WP! >8!KP! >; >M!<+67$#+)$!'-K+#.!7-#.-#K!I$.&(!)$!&-),&6!+!
I$#$#J5'&+6!$6!.-#J5'&+6!I&)+'!+)$I!M^;H

!"

! !

#

!"

! !

#

!"

! !

# #

51



.

5$#)+-#-#K!P6$.J5)!C+(!5$#)+I-#+)&.!C-),!+!#JI7&6!$*!(&5$#.+64!P6$.J5)(8!-#5'J.-#K!

-($54+#+)&!/O&HR-T<=18!(-'$3+#&!9/O&HR-1>=B8!+#.!7-(/)6-I&),4'(-'4'15+67$.--I-.&!

/O&HR-TD<DTR-O&H1!(P&5-&(M!!!L&5&#)'48!<=>!-#(&6)-$#!$*!<&9T/R-O&H1>BH!C+(!()J.-&.!

J#.&6!+#!+6K$#!+)I$(P,&6&!+)!^]al<!+#.!*$J#.!)$!4-&'.!+#!+I$6P,$J(!5$IP$J#.!

-.&#)-*-&.!+(!t<&W9T/R-O&H1>B^>/<=>1ZMu!>]!!!N,-(!5$J'.!$#'4!7&!5,+6+5)&6-V&.!74!_N;SL!

+#.!&'&I&#)+'!+#+'4(-(!(-#5&!-)!C+(!#$)!+!564()+''-#&!P6$.J5)M!!S#!),&!P6&%-$J(!6&(&+65,8!

-($'+)-$#!$*!564()+'!()6J5)J6&(!)$!+55J6+)&'4!J#.&6()+#.!),&!P6$.J5)(!5$J'.!#$)!7&!6&+'-V&.!

*$6!),&(&!P+6)-5J'+6!+I-.&(!7J)!$),&6!0#;TL>!<=>!-#(&6)-$#!()6J5)J6&(!C&6&!$7)+-#&.!+(!

.-(5J((&.!-#!<,+P)&6!>M!G&#5&8!),&!-#%&()-K+)-$#!$*!<=>!-#(&6)-$#!-#!0#9T/R-O&H1>BH!C+(!

#$)!P&6*$6I&.!*$6!),-(!()J.4!7J)!C+(!-#()&+.!J(&!+(!P6&5J6($6(!*$6!(J7(&XJ&#)!5$#%&6(-$#!

)$!0#/=L1HM!!

O=R=- (?]GJ8Z7C*

! N$!()J.4!<=>*-#(&6)-$#(!-#)$!0#;=!7$#.(!$*!+'2$3-.&(8!+!C&'';5,+6+5)&6-V&.8!

()6J5)J6+''4!(-I-'+6!(&6-&(!$*!-.&#)-5+''4;'-K+)&.!0#/=L1H!(P&5-&(!C+(!6&XJ-6&.M!!

"I-.&Y+'5$,$'4(-(!,+(!P6$%&#!)$!7&!),&!I$()!&**&5)-%&!+#.!%&6(+)-'&!6$J)&!*$6!),&!

P6$.J5)-$#!$*!0#/=L1H 5$IP$J#.(!if!),&!0#/TL>1H!P6&5J6($6!-(!*6&&!$*!+'2+'-!I&)+'!(+')!

5$#)+I-#+)-$#M!R4#),&(&(!$*!),&!0#9T/R-O&H1>BH!P6&5J6($6(!C&6&!J#.&6)+2&#!+55$6.-#K!)$!

2#$C#!'-)&6+)J6&!P6$5&.J6&(!74!6&+5)-#K!'+#),+#-.&!,+'-.&(!/0#dH1!C-),!P$)+((-JI!

7-()6-I&)4'(-'4'+I-.& 9vT/R-O&H1>B!/7^*O1M!N,&!&35,+#K&!C-),!+'5$,$'(!/7^*-1!J(J+''4!

P6$5&&.(!6+P-.'4!+#.!5+#!7&!.$#&!-#!%+6-&)4!$*!$6K+#-5!($'%&#)(!+)!'$C!)&IP&6+)J6&!+#.!

C+(!),&6&*$6&!J(&.!)$!(4#),&(-V&!0#/=L1HM!!

/;5Q*_*Q*4"N%827QP-*****************************/;`"N%827QP-aQ*_*Q*45Q**********************************`Oa*



/

!/;`"N%827QP-aQ*_*Q*0b).*****************/;N).PQ*_*Q*0b"N%827QP-**************************`-a*

(*c*<?]<?8*B7><?*N/83*4*GD*"<Pd*5*c*AD*GD*,?**

_$6!),-(!()J.48!),&!+'5$,$'!>8F;.-;tert;7J)4'P,&#$'!/H;?@A1!C+(!6&+5)&.!C-),!),&!

+PP6$P6-+)&!+I-.&!),+)!6&(J')&.!-#!+!),6&&;5$$6.-#+)&!0#/?@A1H!90#D<&!/M18[!RI!/T18!?4!

/U18Z!U7!/V18!+#.!0J!/OL1B!5$IP'&3M!!N,-(!'-K+#.!C+(!5,$(&#!.J&!)$!-)(!()&6-5!7J'2!),+)!

+''$C(!*$6!'$C&6&.!5$$6.-#+)-$#!+6$J#.!),&!I&)+'!5&#)&68!&+(&!$*!564()+''-V+)-$#8!+#.!),&!

*$6I+)-$#!$*!I$#$I&6-5!(P&5-&(!+56$((!),&!0#!(&6-&(M!!O$#$I&6-5!(P&5-&(!C&6&!$*!

-#)&6&()!)$!2&&P!),&!P$((-7'&!%+6-+7'&(!)$!+!I-#-IJI!.J6-#K!),&!-#(&6)-$#!6&+5)-$#(M!

S#56&+(-#K!),&!#J5'&+6-)4!$*!),&!I$'&5J'&!5$J'.!-)(&'*!+**&5)!),&!-#(&6)-$#!$J)5$I&M!"!

(-I-'+6!.-()$6)&.!)6-K$#+'!P'+#+6!+66+#K&I&#)!$*!M*j!OL*+''$C&.!*$6!),&!&3P'$6+)-$#!$*!

5+)-$#!(-V&!&**&5)(!$#!),&!6&+5)-%-)4!$*!<=>!C-),!0#/=L1HM!!

O=R=Q 28J7Z*(B8Z76(?]GJ8Z7C*

! _J6),&6!-#%&()-K+)-$#!$*!),&!(&'&5)-%-)4!$*!<=>*-#(&6)-$#!-#)$!0#;T!$6!0#;=!7$#.(!

5$#5&#)6+)&.!$#!(4#),&(-(!$*!I-3&.!+I-.&Y+'2$3-.&!P6&5J6($6(!/7^*Q1M!!G$C&%&68!JP$#!

-($'+)-$#8!),&!P6&5J6($6(!P,+(&;(&P+6+)&.!-#)$!C,+)!+PP&+6(!)$!7&!),&!),&6I$.4#+I-5+''4;

()+7'&!,$I$'&P)-5!P6$.J5)(!9i.e.8!0#/TL>1H!+#.!0#/?@A1HBM!N,&6&*$6&8!)$!+%$-.!),-(!

P6$7'&I8!),-(!5$IP$J#.!C+(!K&#&6+)&.!in-situ!+#.!(J7(&XJ&#)!6&+5)-$#!C-),!<=>*C+(!

),&#!J#.&6)+2&#M!!!

/;`"N%827QP-aQ*_*n*0b1A\*****************/;`"N%827PQa-N1A\P*_*0b"N%827QP-***********`Qa*

n*c*O*
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1.5 Summary  

N,&! *$5J(! $*! ),-(! ),&(-(! -(! )$! .&%&'$P! ),&! *J#.+I&#)+'! J#.&6()+#.-#K! $*! <=>!

-#(&6)-$#!5$IP$J#.(!+(! -)! 6&'+)&(! )$! ),&!5+)-$#!(-V&!$*! ),&!0#/=L1HM!N,&!P6&%-$J(!C$62!

.$#&!$#!),&(&!(4()&I(!-(!.&(56-7&.!-#!<,+P)&6!>!/vide infra1M!!N$!+5,-&%&!),&!()+)&.!K$+'8!

+! (&6-&(!$*! ()6J5)J6+''4;(-I-'+6!0#/=L1H!P6&5J6($6(! ),+)! -#(&6)!<=>!+#.!4-&'.! 564()+''-#&!

P6$.J5)(! -(! #&5&((+64M! ! N,&! (4#),&(&(! +#.! 5,+6+5)&6-V+)-$#(! $*! 0#9T/R-O&H1>BH8!

0#/?@A1H8! t0#9T/R-O&H1>B>/?@A18u! +#.! ),&! (J7(&XJ&#)! <=>! -#(&6)-$#! P6$.J5)(! +6&!

.&(56-7&.!-#!.&)+-'!-#!<,+P)&6!HM!!S)!C+(!&3P&5)&.!),+)!<=>*C$J'.!6&+.-'4!+#.!*J''4!-#(&6)!

-#)$! ),&! 0#;=! 7$#.(M! ! N,&! (&'&5)-$#! $*! +! (4()&I! ),+)! C-''! 4-&'.! 564()+''$K6+P,-5+''4!

5,+6+5)&6-V+7'&!(P&5-&(!)$!J#&XJ-%$5+'!-.&#)-*4!),&!*-#+'!P6$.J5)(!-(!%&64!-IP$6)+#)M! ! !S#!

+..-)-$#8!-)!C+(!$*!-#)&6&()!)$!-($'+)&!I-3&.Y+I-.&!+'2$3-.&(!*$6!<=>*-#(&6)-$#M!!N,-(!-(!+!

%&64! 5,+''&#K-#K!P6$7'&I8! (-#5&! ;T/R-O&H1>! -(! 2#$C#! )$!7&! +! K$$.! '&+%-#K!K6$JPM>F8! >Z!

N,&6&*$6&8!+')&6#+)-%&!6$J)&(!)$!()J.4!<=>!-#(&6)-$#!-#)$!,&)&6$'&P)-5!'-K+)&.!(P&5-&(!#&&.(!

)$! 7&! .&%&'$P&.M! ?-(5J((-$#! $*! ),&! 6&+($#-#K! 7&,-#.! ),&! %+6-$J(! '-K+#.! (&'&5)-$#! +#.!

P6$5&((-#K!5$#.-)-$#(!&IP'$4&.!-(!P6&(&#)&.!-#!<,+P)&6!WM!!S)!-(!+#)-5-P+)&.!),+)!),&!&3)&#)!

$*!C,-5,!<=>!-(!+7'&!)$!-#(&6)! -#)$!),&!0#;=!7$#.(!$*!),&(&!(P&5-*-5!5$IP$J#.(!5+#!7&!

.&)&6I-#&.! )$! *J6),&6!.&*-#&! ),-(! 6&+5)-%-)4M! !<,+P)&6!W!+'($!P6&(&#)(! ),&!P$((-7'&! *J)J6&!

.-6&5)-$#(!),+)!5+#!7&!PJ6(J&.!7+(&.!$#!),&!6&(J')(!$7)+-#&.!*6$I!),-(!()J.4M!!!

*

*

*

*



$1

-= .7F87I*GH*.7?<>7Z*/8>7D<>XD7*

2.1 CO2 Insertion  

! N,&!()J.4!$*!<=>*-#(&6)-$#!-#)$!O;c!9O!/)6+#(-)-$#!I&)+'1E!c!/&'&I&#)1!D!G8!T8!

=8!<8!A8!R8!+#$),&6!OB!7$#.(!,+(!7&&#!()J.-&.!*$6!I+#4!4&+6(M^;H!!?J&!)$!),&!+7J#.+#5&!

$*!<=>!-#!),&!+)I$(P,&6&8!I+#4!6&(&+65,!&**$6)(!*$5J(-#K!$#!5,&I-5+'!(&XJ&()6+)-$#!$*!

5+67$#!+6&!J#.&6C+4M>8!H8!^W8!^]8!>[8!>`!!G$C&%&68!),&!7$J#)4!$*!<=>!+'($!P$(&(!+!P6$7'&I!*$6!

5&6+I-5!I+)&6-+'(!P6$5&((-#K8!5+J(-#K!*$6I+)-$#!$*!5+67$#+)&!-#)&6I&.-+)&(!+(!+!6&(J')!$*!

<=>!-#(&6)-$#!-#)$!O;c!7$#.(!+(!P6&%-$J('4!.&(56-7&.M^a;^>!!N,&!I&5,+#-(I(!74!C,-5,!

<=>!-#(&6)(!-#)$!),&(&!7$#.(!+#.!),&!7-#.-#K!I$)-*(!,+%&!7&&#!),$6$JK,'4!6&P$6)&.!-#!),&!

'-)&6+)J6&!*$6!)6+#(-)-$#!I&)+'(!+#.!+6&!6&'+)-%&'4!C&'';J#.&6()$$.M^;H!!!

"(!+!'-K+#.8!<=>!-(!J#-XJ&!-#!),+)!-)!,+(!7$),!#J5'&$P,-'-5!+#.!&'&5)6$P,-'-5!7$#.-#K!

(-)&(8!+''$C-#K!*$6!+!C-.&!6+#K&!$*!5$$6.-#+)-$#!5$IP'&3&(!*6$I!6&+5)-$#!C-),!I&)+'!

(P&5-&(M!!N,&!5,+6+5)&6-V+)-$#!$*!),&!*-#+'!P6$.J5)!-(!&3)6&I&'4!-IP$6)+#)8!&(P&5-+''4!

J)-'-V-#K!(-#K'&!564()+'!d;6+4!.-**6+5)-$#8!*$6!),&!&'J5-.+)-$#!$*!<=>!7$#.-#K!I$)-*(!

P6&(&#)!-#!),&!*-#+'!()6J5)J6&(M!S#!5$I7-#+)-$#!C-),!$),&6!+#+'4)-5+'!5,+6+5)&6-V+)-$#!

I&),$.(!(J5,!+(!IJ')-#J5'&+6!I+K#&)-5!6&($#+#5&!/TOL18!&'&I&#)+'!+#+'4(-(!/c"18!

_$J6-&6!)6+#(*$6I!-#*6+;6&. (P&5)6$(5$P4!/_N;SL18!+#.!I&')-#K!P$-#)!)&IP&6+)J6&!

.&)&6I-#+)-$#(!/IP18!)$!#+I&!+!*&C8!5,+6+5)&6-V-#K!),&!*-#+'!P6$.J5)(!5+#!7&!.$#&!C-),!

,-K,!5$#*-.&#5&M!!

-=O=O ,)-*!;C7D>8G;*8;*2b".-*N2*c*&D<;C8>8G;*GD*2<8;*'DGX[*27><?CP*

<=>!-#(&6)-$#!-#)$!O;TL>!/C,&6&!L!D!<!+#.!O!D!)6+#(-)-$#!$6!I+-#!K6$JP!I&)+'1!)$!

4-&'.!5+67+I+)&(!,+%&!7&&#!C&'';6&P$6)&.!-#!),&!'-)&6+)J6&M^H;^]8!Ha;H[!!N,&6&!+6&!)C$!



$$

5$II$#!6&+5)-$#!6$J)&(!J(&.!)$!(4#),&(-V&!),&(&!5$IP$J#.(h!-1!6&+5)-$#!$*!+#,4.6$J(!
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3.1 Amide Synthesis and Characterization 
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,7`"N%827QP-aQ**NOP=S!!n(&.!<&@6H!/]Maa!K8!^HM>!II$'18!vT/R-O&H1>!/ZM[]!K8!H`M]!II$'1!

+#.!xHaa!I0!$*!NG_M!!U-&'.!HM]W!K!/WHMWk1M!!_N;SL!/v@68!5I;^1h!>`]Z/(18!^>]>/(18!

^^[W/(18!^a^>/I18!`HF/I18![WW`(18!Z]]/I18!FZ[/I8!(,18!F]Z/(18!Fa`/(1M!^H<e^Gf!TOL!

/^aaM]!OGV8!<Z?[1! >M][!9T/R-CGH1HBM!IP!^W`;^]H!l<M]8![F!

%B`"N%827QP-aQ**N-P=MS!!n(&.!RI<'H!/]Maa!K8!^`M]!II$'18!vT/R-O&H1>!/^^MF!K8!][MW!

II$'1!+#.!xHaa!I0!$*!NG_M!!U-&'.!FM]a!K!/]>M`k1M!!_N;SL!/v@68!5I;^1h!>`]W/(18!

>[`Z/I18!>WZH/C18!^>W[/(18!^^[[/(18!`[[/I18!`HZ/(18![>`/I18!ZFZ/I18!FZZ/(18!F][/(18!

FaH/(1M!!^H<e^Gf!TOL!/^aaM]!OGV8!<Z?[1! >M][!9T/R-CGH1HBM IP!^]W;^]`!z<M![F8![Z!

1@`"N%827QP-aQ**N-P=MT!!n(&.!?4<'H!/]Maa!K8!^[MF!II$'18!vT/R-O&H1>!/^^M^!K8!]]M`!

II$'1!+#.!xHaa!I0!$*!NG_M!!U-&'.!ZM[a!K!/][MFk1M!!_N;SL!/v@68!5I;^1h!>`][/(18!

>`aa/I18!>HF>/C18!^>Wa/(18!^^[Z/(18!`Z[/(18!`H`/(18![H>/I18!ZZ^/(18!Z]W`(8(,18!FZZ/I18!

F][/I18!FaF/(1M!^H<e^Gf!TOL!/^aaM]!OGV8!<Z?[1! >MFa!9T/R-CGH1HBM !IP!^F^;^F]!z<M!
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*eW`"N%827QP-aQ*NRP=R!!n(&.!U7<'H!/]Maa!K8!^ZM`!II$'18!vT/R-O&H1>!/^aMZ!K8!]HM[!

II$'1!+#.!xHaa!I0!$*!NG_M!!U-&'.!HM]W!K!/HaMHk1M!!_N;SL!/v@68!5I;^1h!>`]`/(18!
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3.2 Alkoxide Synthesis and Characterization  
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KYI$'1h! !5+'5i.!k<!FFMZ>!kG![MWaM! !_$J#.!k<!FFMH^8!kG![MFZM!^H<e^Gf!TOL!/^aaM]!

OGV8!<Z?[1! !^]]M`8!^H]M`!^>aM>!!/CFGH18!HWMH!9-C/<GH1HB8!HaMH!9-</CGH1HBM!

%BN1A\PQ*NTP=!!n(&.!RI9T/R-O&H1>BH!/aM]a!K8!aMZ`!II$'18!G;?@A!/aM]Z!K8!>MZF!II$'1!

+#.!x^a!I0!$*!)$'M!!<$'$6!5,+#K&.!*6$I!P+'&!4&''$C!)$!$6+#K&M!!!U-&'.!aM]a!K!/[>Mak1M!

_N;SL!/v@68!5I;^1h!HFW>/I18!HaZ`/C18!>`]Z/I18!^][H/(18!^W^^/(18!^H[F/I8!(,18!^H][/(8!

(,18! ^HWZ/(18! ^>WW/I18! ^^`]/(18! ^^WH/(18! ^^>W/(18! ^a`[/I18! [F`/(18! [^`/(18! Z`F/(8! (,18!

ZW[/(18! F][/(18! ]FW/(18! ]W[/(18! W]>/(1M! ! c'&I&#)+'! "#+'4(-(! <W>GFH=HRI! /OQDZFFMHF!

KYI$'1h! ! ! 5+'5i.!k!<F]M[H!kG![M>`M!_$J#.!<k!FFM^F8!Gk![MHWM! ^H<e^Gf!TOL!/^aaM]!

OGV8!<Z?[1! !^]WM>8!^H]M`8!^>aMH!/CFGH18!HWMH!9-C/<GH1HB8!HaMH!9-</CGH1HBM!

1@N1A\PQ*NUP=T!!n(&.!?49T/R-O&H1>BH!/aM]a!K8!aMZ`!II$'18!G;?@A!/aM]F!K8!>MZ^!II$'1!

+#.!x^a!I0!$*!)$'M!!<$'$6!5,+#K&.!*6$I!5$'$6'&((!)$!P+'&!4&''$CM!!U-&'.!aMH[K!/F>MHk1M!!

_N;SL! /v@68! 5I;^1h HF]a/I18! >`][/I18! >HFH/C18! ^W][/(18! ^W>F/I8! (,18! ^HF>/I18!

^H^]/I18!^>F>/I18!^>H^/(8!(,18!^^`[/I18!^^WH/I8!(,18!^^>>/(18!^a>H/C18![FZ/(18![>^/(18!

[aF/I18! Z`]/(8! (,18! ZWZ/(18! F`^/I18! F]F/C1M! c'&I&#)+'! +#+'4(-(! <W>?4GFH=H!

/OQDZZ[MWF!KYI$'1h!<+'5i.!<k!FWM[a8!Gk![M^FM!_$J#.!<k!FWM]`8!Gk![MH>M!^H<e^Gf!

TOL! /^aaM]! OGV8! <Z?[1! ! ^]WM>8! ^H]M`8! ^>aM>! /CFGH18! HWMH! 9-C/<GH1HB8! HaMW! 9-

</CGH1HBM!
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[aF/I18!Z`]/I18!ZWZ/(18!FFZ/I18!][[/I18!WWF/I18!W^`/(1M!!c'&I&#)+'!+#+'4(-(!

<W>GFH=HU7!/OQDZ[`Maa!KYI$'1h!5+'5i.!<k!FHM`W!Gk![Ma]M!_$J#.!k<!FHMZF8!kG!

[M]>M!^H<e^Gf!TOL!/^aaM]!OGV8!<Z?[1! !^]WMH8!^H]M[8!^>aMH!/CFGH18!!HWMH!9-C/<GH1HB8!

HaMW!9-</CGH1HBM!

/XN1A\PQ*NOLP=!n(&.!0J9T/R-O&H1>BH!/aM]a!K8!aMZF!II$'18!G;?@A!/aM]]!K8!>MFZ!II$'1!

+#.!x^a!I0!$*! )$'M!<,+#K&.! *6$I!P+'&!4&''$C! )$! '-K,)!PJ6P'&M! ! !U-&'.!aMH`!K! /FWMFk1M!!!

_N;SL! /v@68! 5I;^1h! HFW]/I18! Ha[^/C8! (,18! >`]Z/I18! ^W]Z/I18! ^W>]/I18! ^H[[/(8! (,18!

^HFa/(8! (,18! ^H^F/(8! (,18! ! ^>]a/I8! (,18! ! ^>H^/(18! ^^`F/(8! (,18! ^^WH/(18! ^^>>/(18! ^a`]/(8!

(,18! ^a>H/I18! [Z[/(18! [WW/I18! [>^/I18! [aF/(8! (,18! Z`]/(18! ZWF/(18! FFZ/I18! ][[/I18!

]>Z/I18! WW`/I18! W^`/I1M ! c'&I&#)+'! +#+'4(-(! <W>GFH0J=H! /OQDZ`aM`HKYI$'1h! 5+'5i.!

k<!FHMZ[8!kG![MaHM!_$J#.!k<!FWM>^8!kG!ZM`[M! ^H<e^Gf!TOL!/^aaM]!OGV8!<Z?[1! !

^]WM>8!^H]M[8!^>aMH!/CFGH18!H]Ma!9-C/<GH1HB8!HaMW!9-</CGH1HBM!

3.3 Mixed Amide/Alkoxide Synthesis and Characterization 

! "))&IP)(! )$! -($'+)&! I-3&.! +I-.&Y+'2$3-.&! P6&5J6($6(! e0#/?@A19T/R-O&H1>B>f!

C&6&! +7+#.$#&.! .J&! )$! '-K+#.! 6&.-()6-7J)-$#! -#! ($'J)-$#! )$! 4-&'.! 0#9T/R-O&H1>BH! +#.!

0#/?@A1HM!nP$#!-($'+)-$#!-#!),&!($'-.;()+)&8!564()+'(!$*!&+5,!5$IP$#&#)!C&6&!-.&#)-*-&.!

74!(-#K'&!564()+'!d;6+4!.-**6+5)-$#M!N,&!0#9T/R-O&H1>BH!564()+'(!C&6&!),-#!#&&.'&(!+#.!

),&!0#/?@A1H!564()+'(!C&6&!5J7&(M!R)$-5,-$I&)6-5!($'J)-$#!I-3)J6&(!C&6&!5,$(&#!*$6!+''!

(J7(&XJ&#)!()J.-&(M!

3.4 CO2 Insertion Process and Characterization of Products 

! "!]H!IO!($'J)-$#!$*!),&!+PP6$P6-+)&!P6&5J6($6!/M*;*OLP!.-(($'%&.!-#!)$'J&#&!C+(!

PJ)!-#)$!+!)C$;#&52!6$J#.!7$))$I!6&+5)-$#!*'+(2!+#.!),+)!C+(!&XJ-PP&.!C-),!+!#-)6$K&#!



&)

+.+P)$6!+#.!+!6J77&6!(&P)JI!/+89XD7*T1M!N,&!*'+(2!5$#)+-#-#K!),&!($'J)-$#!C+(!5+6&*J''4!

)6+#(*&66&.!*6$I!),&!K'$%&7$3!)$!),&!R5,'&#2!'-#&!+#.!P'+5&.!J#.&6!+#!"6!+)I$(P,&6&M!

"#!$-'!7J77'&6!C+(!J(&.!)$!&#(J6&!+!P$(-)-%&!P6&((J6&!$*!K+(!C+(!I+-#)+-#&.!-#!),&!*'+(2M!

N&5,#-5+'! K6+.&! 5+67$#! .-$3-.&! /]! P(-K1! C+(! PJ6K&.! ),6$JK,! )J7-#K! &XJ-PP&.!C-),! +!

(46-#K&!#&&.'&!*$6!)C$!I-#J)&(!)$!5'&+#!),&!'-#&!$*!+-6!+#.!4-&'.!+!P$(-)-%&!P6&((J6&!$*!

<=>M!N,&!#&&.'&!C+(! ),&#!()J52! -#)$! ),&!(&P)JI!+#.!),&!+6K$#!(,J)!$**!($! ),+)! ),&!$-'!

7J77'&6!5$J'.!I$#-)$6!<=>**'$CM!N,&!($'J)-$#!C+(!()-66&.!J#.&6!+#!+)I$(P,&6&!$*!<=>*

*$6! Ha! I-#M! .J6-#K! C,-5,! #$! 5$'$6! 5,+#K&.! C+(! $7(&6%&.M! R$I&! $*! ),&! %$'+)-'&!

5$IP$#&#)(! C&6&! 6&I$%&.! via! %+5JJI! .-()-''+)-$#! +#.! ),&! 6&I+-#-#K! ($'J)-$#! C+(!

)6+#(*&66&.!)$!),&!K'$%&7$3!*$6!('$C!&%+P$6+)-$#!564()+'!K6$C),M!!!

*

0&K&#.!
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`,7N1A\P-Nf- Qb*)-,b1A\Pa-*NOOP=!!]H!IO!($'J)-$#!$*!M!/aMFa!K8!aMZ`!II$'1!-#!^]!I0!

)$'J&#&!C-),!]!P(-K!<=>!*$6!Ha!I-#M!!T$!5$'$6!5,+#K&!#$)&.M!U-&'.!aM>a!K!/H^M[k1M!!_N;

SL! /v@68! 5I;^1! HFWH/I18! >`Fa/(18! >[ZH/C8! (,18! ^F>]/C8! (,18! ^][`/(18! ^]ZZ/I8! (,18!

^W[>/C18! ^W>F/(18! ^W^^/C8! (,18! ^HF`/(18! ^HW`/(18! ^>H>/I8! (,18! ^>W[/(18! ^^`]/I18!

^^ZF/I18! ^^WH/(18! ^^a]/(18! ^aH`/C8! (,18! ^a>W/I18! [F^/(18! [WW/(8! (,18! [^`/(18! [aZ/(18!

Z`F/(18!ZWZ/(18!Z>>/(18!FZF/I18!F]H/(18!][[/I18!]WW/I18!W]a/(1M!!c'&I&#)+'!+#+'4(-(!*$6!

<[F<&>G^>F=^a!/OQD^FaaM^[!KYI$'1h!5+'5i.!k<!FWM]]8!kG!ZM`WE!*$J#.!k<!FWM^a8!kG!

[MaWM!!!

*`%BN1A\P-Nf- -b*)-,b1A\Pa-*g>G?*NO-P=!!]H!IO!($'J)-$#!$*!T!/aMF^!K8!aMZ`!II$'1!-#!^]!

I0!)$'J&#&!C-),!]!P(-K!<=>**$6!Ha!I-#M!!R$'J)-$#!5,+#K&.!*6$I!76-K,)!4&''$C!)$!+!K6&&#!

JP$#!<=>!+..-)-$#M!!U-&'.!aM]]!K!/[aM`k1M!!_N;SL!/v@68!5I;^1h!HFW>/I18!>`F>/(18^F>F/(18!

^][`/C18!^W[>/C18!^W^H/I18!^H[Z/I18!^HZa/(8!(,18!^HWZ/(18!^>H[/I18!^^[[/I18!^^WW/(18!

^^^]/(18!^a>H/I18![FZ/(18![WW/(8! (,18![>a/(18![aF/(8! (,18!Z`Z/(18!ZW`/(18!Z^]/I18!]F`/(1M!

]WZ/I18! W]a/I1M! ! c'&I&#)+'! +#+'4(-(! <[FG^>F=^aRI>! /OQD^Z^>M[[KYI$'E! C-),$J)!

)$'J&#&!^F>aMZWKYI$'1h!<+'5i.!<k!FHMZH8!Gk!ZM[WE!_$J#.!<k!FHM`Z8!Gk!ZM[FM!

`1@N1A\P-Nf- -b*)-,b1A\Pa-*g>G?*NOQP=!!]H!IO!($'J)-$#!$*!U!/aMF>!K8!aM[a!II$'1!-#!^]!

I0!)$'J&#&!C-),!]!P(-K!<=>!*$6!Ha!I-#M!!T$!5$'$6!5,+#K&!#$)&.M!!U-&'.!aMW]!K!/F]M>k1M!!!

_N;SL!/v@68!5I;^1h HFW>/I18!>`F^/I18!>>[W/C18!^F^`/I18!^][H/(8!(,18!^W[^/C18!^W>]/(1M!

^HZa/I8! (,18! ^HW[/I18! ^>FH/I18! ^>H^/(8! (,18! ^^[[/I18! ^^WW/I8! (,18! ^^^Z/(18! ^a>H/C18!

[ZH/(18! [WW/(18! ! [>>/(18! Z`F/(8! (,18! ZZa/(18! ZW[/(18! F`W/C18! FFH/I18! W]^/C1M! !c'&I&#)+'!

+#+'4(-(!<[FG^>F=^aRI>!|<ZGZ!/OQD^ZHZMa[!KYI$'1h!<+'5i.!<k!FWMHa8!Gk!ZMZ[E!_$J#.!

<k!FWM]^8!Gk![Ma^M!
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`eWN1A\P-Nf- -b*)-,b1A\Pa-*NORP=!!]H!IO!($'J)-$#!$*!V!/aMFH!K8!aM[a!II$'1!-#!^]!I0!

)$'J&#&!C-),!]!P(-K!<=>**$6!Ha!I-#M!!T$!5$'$6!5,+#K&!#$)&.M!!U-&'.!aMW>!K!/F>MZk1M!!!_N;

SL!/v@68!5I;^1h!HF]a!/I18!>`F^!/I18!>[ZW/C8!(,18!>HWZ/C18!^FHa/(18!^][]/(8!(,18!^W>a/(18!

^H[[/I18! ^HZ>/(18! ! ^H]H/I18! ^>F>/I18! ^>WF/I8! (,18! ^^[Z/(8! (,18! ^^WH/I18! ^^^[/(18!

^a>W/I18! [Z]/(18! [WW/(18! [>>/(18! [aW/(18! ZZ^/(8! (,18! Z]>/(18! Z^[/(18! FF]/(18! ]`a/I18!

W]>/(1M!!c'&I&#)+'!+#+'4(-(!<[aG^>F=^aU7>!/OQD^FFFMa>!KYI$'1h!<+'5i.!k<!F>Maa8!kG!

ZMF>E!*$J#.!k<!F>M>W!kG!ZM[ZM!

`/XN1A\P-Nf- -b*)-,b1A\Pa-* NOSP=! ! ]H!IO!($'J)-$#!$*!OL! /aMFH!K8!aM[a!II$'1! -#!^]!

I0!)$'J&#&!C-),!]!P(-K!<=>**$6!Ha!I-#M!!T$!5$'$6!5,+#K&!#$)&.M!!U-&'.!aMHF!K!/]HMZk1M!!!

_N;SL! /v@68! 5I;^1h! HFW[/I18! Ha[>/C8! (,18! >`]`/I18! >>a>/C18! ^W][/(18! ^HF`/(8! (,18!

^HW`/I18!^H^F/(8!(,18!!^>]^/I8!(,18!!^>Ha/(18!^^`W/(8!(,18!^^WH/(18!^^^Z/(18!^a`W/(8!(,18!

^a>H/I18! [Z`/(18! [WW/I18! [aF/(8! (,18! Z`]/(18! ZWF/(18! Z^H/I18! FZ[/I18! ][[/I18! WWF/I18!

W^`/I1M!!c'&I&#)+'!+#+'4(-(!*$6!<[FG^>F0J>=^a!/OQD^FF`M[[!KYI$'1h!<+'5i.!k<!F^M[F8!

kG!ZMF^E!_$J#.!k<!F>MW^8!kG![Ma>M!!

3.5 Elevated Pressure of CO2 for Insertion into Ln(DBP)3 

! <$IP$J#.!U!C+(!'$+.&.!-#)$!+!,&+%4!C+''&.!K'+((!%&((&'!C-),!+!P$P;)J7&!+.+P)$6!

&XJ-PP&.!C-),!+!.J+'!()+K&!K+(!6&KJ'+6!/+89XD7*U1M!!N,&!%&((&'!C+(!5+6&*J''4!)6+#(*&66&.!

*6$I! ),&! K'$%&7$3! )$! +! ,$$.! +#.! +! )&5,#-5+'! K6+.&! <=>! 54'-#.&6! C+(! +))+5,&.! )$! ),&!

6&KJ'+)$6M!!N,&!()-66-#K!($'J)-$#!C+(!PJ)!J#.&6!<=>*+)!+!P6&((J6&!$*!x[F;`H!P(-K!*$6!^!,6M!

N,&!($'J)-$#!)J6#&.!*6$I!5$'$6'&((!)$!.+62!76$C#M!N,&!+PP+6+)J(!C+(!),&#!&%+5J+)&.!in 

vacuo!J(-#K!+!R5,'&#2!'-#&!+#.!),&#!)6+#(*&66&.!7+52!-#)$!),&!K'$%&7$3M!N,&!.+62!($'J)-$#!
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C+(!PJ)!-#)$!+!%-+'!+#.!JP$#!('$C!&%+P$6+)-$#!$*!),&!($'%&#)!d;6+4!XJ+'-)4!564()+'(!C&6&!

$7)+-#&.M!N,&!J#-)!5&''!$*!),&!564()+'(!I+)5,&.!),&!I$#$;<=>!-#(&6)-$#!P6$.J5)!OQM!!!

!

+89XD7*U=*H!$V!b'+((!j!A6&((J6&!L&+5)-$#!g&((&'8!"#.6&C(!b'+((!<$M!

!

*

0&K&#.!
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FM RC+K&'$2!#&&.'&!%+'%&!j!RR;^LRWM!
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[M RC+K&'$2!%+'%&!j!RR!W>RW!/%&#)!%+'%&1M!
`M RC+K&'$2!P6&((J6&!K+JK&!H^F!RR!^aa!P(-M!
^aM A6&((J6&!6&+5)-$#!%&((&'!,&+.!j!()+-#'&((!()&&'!C-),!$;6-#K!+#.!*'+)!K+(2&)!(&+'(8!
-#5'J.-#K!6-#K!5$JP'-#K(M!
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3.6 CO2 Insertion into Mixed Amide/Alkoxide in Solution 

! R-#5&!+!I-3&.!+'2$3-.&Y+I-.&!5$J'.!#$)!7&!-($'+)&.8!),&!5$IP$J#.!C+(!K&#&6+)&.!

in-situ! +#.! ()-66&.! *$6! ^>! ,6M!"*)&6! ),-(! )-I&8! ]! P(-K! P6&((J6&! $*!<=>!C+(! +..&.! )$! ),&!

6&+5)-$#! I-3)J6&! +#.! '&*)! *$6! Ha! I-#M! ! N,&! I+o$6-)4! $*! ),&! %$'+)-'&! 5$IP$#&#)(! C&6&!

6&I$%&.!74!%+5JJI!.-()-''+)-$#!+#.!),&!6&(J')-#K!($'J)-$#!C+(!),&#!(&)!+(-.&!C-),!),&!5+P!

'$$(&M!!"*)&6!('$C!&%+P$6+)-$#!$*!),&!6&I+-#-#K!%$'+)-'&!I+)&6-+'!+)!6$$I!)&IP&6+)J6&!*$6!

^>!,68!564()+'(!C&6&! -($'+)&.M! !"!(-#K'&!d;6+4!XJ+'-)4!564()+'!C+(!$7)+-#&.!+#.!J(&.!*$6!

5,+6+5)&6-V+)-$#M!!!

%BRNfb,)QP-Nfb)P-N1A\PRN&0+P-Nfb*)-,b1A\P!/OM1M!!L&+5)&.!Q!/aM]a!K8!aMZ`!II$'1!

C-),!^!&XJ-%+'&#)!$*!H;?@A!/aM^F!K8!aMZ[!II$'1!)$!P6$.J5&!RI9T/R-O&H1>B>/?@A1!in-

situ.  U-&'.!}!^kM!_N;SL!/v@685I;^1!H]]a/7618!>`Fa/I18!>HF>/(18!>HH`/(18!^>F>/(18!

^a>]/I18![>a/C8!(,18![a^/I18!FF[/(18!W]Z/I18!W^`/(1M!!

3.7 General X-ray Crystal Structure Information  

! <64()+'(! C&6&! I$J#)&.! $#)$! +! K'+((! *-7&6! *6$I! +! P$$'! $*! _'J$6$'J7&~! +#.!

-II&.-+)&'4!P'+5&.!-#!+!5$'.!T>!%+P$6!()6&+I8!$#!+!@6J2&6!"dR!.-**6+5)$I&)&6!&XJ-PP&.!

C-),!+!RO"LN!^aaa!<<?!.&)&5)$6!J(-#K!K6+P,-)&!I$#$5,6$I+)-V&.!O$;v !6+.-+)-$#!/ !

D!aMZ^aZ!s1M! !0+))-5&!.&)&6I-#+)-$#!+#.!.+)+!5$''&5)-$#!C&6&!5+66-&.!$J)!J(-#K!RO"LN!

g&6(-$#!]Ma]W!($*)C+6&M!!?+)+!6&.J5)-$#!C+(!P&6*$6I&.!J(-#K!R"STNA0nR!g&6(-$#!FMa^!

($*)C+6&! +#.! 5$66&5)&.! *$6! +7($6P)-$#! J(-#K! ),&! R"?"@R! P6$K6+I!C-),-#! ),&! R"STN!

($*)C+6&!P+52+K&M!R)6J5)J6&(!C&6&!($'%&.!74!.-6&5)!I&),$.(!),+)!4-&'.&.!),&!,&+%4!+)$I(8!

+'$#K!C-),!+!#JI7&6!$*! ),&!'-K,)&6!+)$I(!$6!74!J(-#K!),&!A"NNcLR=T!I&),$.8!C,-5,!

4-&'.&.!),&!,&+%4!+)$I(M!!RJ7(&XJ&#)!_$J6-&6!(4#),&(&(!4-&'.&.!),&!6&I+-#-#K!'-K,);+)$I!
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P$(-)-$#(M! ! N,&! ,4.6$K&#! +)$I(!C&6&! *-3&.! -#! P$(-)-$#(! $*! -.&+'! K&$I&)64! +#.! 6&*-#&.!

J(-#K! RGc0dR! ($*)C+6&M[[;`a! ! N,&! *-#+'! 6&*-#&I&#)! $*! &+5,! 5$IP$J#.! -#5'J.&.!

+#-($)6$P-5! ),&6I+'! P+6+I&)&6(! *$6! +''! #$#;,4.6$K&#! +)$I(M! ! "''! *-#+'! <S_! *-'&(! C&6&!

5,&52&.!+)!,))PhYYCCCM-J56M$6KYM! !?-($6.&6!-#!),&!I&)+'!5&#)&6(!*$6!5$IP$J#.(*V*+#.!OL*

5$JP'&.!C-),!.-($6.&6!-#!),&!t;7J)4'!K6$JP(!I+.&!'$5+)-#K!(&%&6+'!P6$)$#(!$#!),&!I&),4'!

K6$JP(! .-**-5J')! )$! +(5&6)+-#M! ! N,&6&*$6&8! (&%&6+'! P6$)$#(! C&6&! $I-))&.! -#! ),&! *-#+'!

()6J5)J6&! ($'J)-$#8! 4&)! ),&! 6&*-#&I&#)! %+'J&(! C&6&! ()-''! -#! )$'&6+#5&! *$6! +55&P)+7'&!

5$IP$J#.(M! R-I-'+6! .-($6.&6!C+(! $7(&6%&.! *$6! 5$IP$J#.(! OR! +#.! OS8! +#.! ),&(&!C&6&!

)6&+)&.!J#.&6!),&!(+I&!5$#.-)-$#(M!<$IP$J#.!OO!5$#)+-#&.!.-($6.&6!-#!),&!)&6I-#+'!+#.!

76-.K-#K! '-K+#.(M! N,&! R"Oc! 5$II+#.! C+(! J(&.! -#! +))&IP)(! )$! I$.&'! ),-(! .-($6.&6!

,$C&%&6! -IP6$%&I&#)! $#! ),&! $%&6+''! ()6J5)J6&! C+(! #$)! $7(&6%&.M! N,&! .-($6.&6! -#! ),&!

()6J5)J6&!+'($!*$65&.!($'J)-$#!)$!7&!.$#&!-#!+!#$#;5&#)6$(4II&)6-5!(&))-#KM!N,&!.-(5J((-$#!

$*!+''!()6J5)J6&!($'J)-$#(!-#5'J.-#K!.-($6.&6!C-),-#!),&!()6J5)J6&(!+6&!P6&(&#)&.!-#!.&)+-'!-#!

<,+P)&6!WM!!

!

!

!

!

!

!

!
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R= .7CX?>C*<;Z*,G;K?XC8G;C**

! "#!$%&'%!($!)#&'%(*+'#!*!,-,('.*(/0!/#1',(/2*(/$#!$3!0*(/$#!,/4'!'33'0(!$3!<=>!

/#,'%(/$#!/#($!5#67!8$#&,9!/(!:*,!#'0',,*%-!($!;*1'!*!,'(!$3!/,$6,(%)0()%*<!5#=7>?@!

0$.A<'B',C!!D;'!3/%,(!,('A!:*,!($!2'#'%*('!(;'!+I-.&!P6&5J6($6(!0#9T/R-O&H1>BH!=!"#$?!

#''&'&!3$%!0$#1'%,/$#!/#($!(;'!*<+$B/&',9!0#/?@A1H!/7^*-18!+#.!!*-#+''4!)$!6&+5)!),&I!

C-),!<=>M!!<,+6+5)&6-V+)-$#!$*!),&(&!5$IP$J#.(8!P+6)-5J'+6'4!74!(-#K'&!564()+'!d;6+4!

.-**6+5)-$#8!P6$%&.!)$!7&!56-)-5+'!-#!-.&#)-*4-#K!),&!6&(J')-#K!5$IP$J#.(!+#.!5$66&5)'4!

.&)&6I-#-#K!),&!7$#.-#K!I$.&(!$*!),&!-#(&6)&.!<=>!I$-&)4M!S#!+..-)-$#8!$),&6!+#+'4)-5+'!

)$$'(!/_N;SL8!c"8!IP8!+#.!TOL1!C&6&!J(&.!)$!+-.!-#!),&!5,+6+5)&6-V+)-$#!$*!),&!7J'2!

I+)&6-+'(M!!?&)+-'(!$*!),&!(4#),&(&(8!P6$5&((-#K8!+#.!5,+6+5)&6-V+)-$#!$*!),&(&!#$%&'!

P6$.J5)(!+6&!.&(56-7&.!7&'$CM!!

4.1 Amides {Ln[N(SiMe3)2]3} 

! A6-$6!)$!P6&P+6+)-$#!$*!),&!.&(-6&.!0#/=L1H8!-)!C+(!#&5&((+64!)$!(4#),&(-V&!),&!

+I-.&!P6&5J6($6(!0#9T/R-O&H1>BHM!!N,&!;T/R-O&H1>!.&6-%+)-%&!-#!5$IP+6-($#!)$!),&!$),&6!

+%+-'+7'&!;TL>!I$-&)-&(!C+(!5,$(&#!.J&!)$!),&!(-IP'-5-)4!$*!&35,+#K&!C-),!+'2$3-.&(!+#.!

),&!6&'+)-%&!&+(&!$*!PJ6-*-5+)-$#!)$!6&I$%&!),&!+'2+'-!5$#)+I-#+#)(M!S#!+..-)-$#8!),&!

(4#),&)-5!6$J)&(!*$6!),&(&!+I-.&(!+6&!+%+-'+7'&!-#!),&!'-)&6+)J6&!*$6!I+#4!$*!),&!

'+#),+#-.&(M!W;F8!FW;Za8!`^!!N,&6&*$6&8!&+5,!0#9T/R-O&H1>BH!5$IP'&3!C+(!(4#),&(-V&.!+#.!

5,+6+5)&6-V&.!74!),&!I&),$.(!7&'$C!7&*$6&!(J7(&XJ&#)!6&+5)-$#(!C&6&!-#%&()-K+)&.M!



'&

R=O=O %@;>:7C8C**

! "!(&6-&(!$*!6&P6&(&#)+)-%&!0#9T/R-O&H1>BH!5$IP$J#.(!90#!D!<&!/O18!RI!/-18!?4!

/Q18!U7!/R18!+#.!0J!/S1B!C&6&!(4#),&(-V&.!+55$6.-#K!)$!7^*OMW;F8!F]8!FZ!!"!76-&*!.&(56-P)-$#!$*!

),&! 6&+5)-$#! -(! P6$%-.&.! 7&'$C! C-),! .&)+-'(! (JPP'-&.! -#! <,+P)&6! HM! "''! $*! ),&!

0#9T/R-O&H1>BH! 5$IP$J#.(! C&6&! (4#),&(-V&.! *6$I! ),&! 6&+5)-$#! $*! vT/R-O&H1>! -#!

)&)6+,4.6$*J6+#! /NG_1!C-),! ),&! +PP6$P6-+)&!0#dHM ! !N,&!v! (+')!C+(! J')-I+)&'4! .&5-.&.!

JP$#!(-#5&!PJ6-*-5+)-$#!$*!),&!+I-.&!*6$I!),-(!+'2+'-!I&)+'!,+(!P6$%&.!),&!I$()!(J55&((*J'!

/i.e.8 0-!+#.!T+!-#5'J(-$#!$55J6!I$6&!6&+.-'41M!!N,&!6&+5)-$#!C+(!+''$C&.!)$!()-6!*$6!^>!,6M!

+#.!),&#!),&!%$'+)-'&!5$IP$#&#)(!C&6&!6&I$%&.!74!%+5JJI!.-()-''+)-$#M!N,&!+I-.&!C+(!

&3)6+5)&.!C-),!,&3+#&(!+#.! ),&!vd!6&I$%&.!74!5&#)6-*JK+)-$#M! !N,&!I$),&6! '-XJ$6!C+(!

.6-&.!via! %+5JJI!.-()-''+)-$#! )$!4-&'.! +#!$**!C,-)&!P$C.&6M! !R-#5&!PJ6-*-5+)-$#!$*! ),&(&!

+I-.&(! -(! +! 56J5-+'! ()&P! )$! +%$-.! +'2+'-! I&)+'! (+')(! -#! (J7(&XJ&#)! 6&+5)-$#(! +..-)-$#+'!

PJ6-*-5+)-$#! 74! (J7'-I+)-$#! C+(! P&6*$6I&.! *$6! &+5,! +I-.&M! ! _$6! 5$IP'&)&#&((8! ),&!

5,+6+5)&6-V+)-$#! .+)+! *$6! +''! ),&! +I-.&(! C+(! -#5'J.&.! -#! ),&! c3P&6-I&#)+'! R&5)-$#!

/<,+P)&6! H1M! ! N,&(&! 6&(J')(! +6&! 5$#(-()&#)! C-),! ),&! P6&%-$J('4! 6&P$6)&.! +I-.&!

5$IP$J#.(MW;F8!F]8!FZ!!!

R=O=- *AX?]*,:<D<K>7D8h<>8G;**

R=O=-=O **(;<?@>8K<?*$F<?X<>8G;*GH*/;`"N%827QP-aQ*,GB[GX;ZC*

! N,&!#JI7&6!$*!+#+'4)-5+'!)$$'(!+%+-'+7'&!)$!.-()-#KJ-(,!PJ6&!0#9T/R-O&H1>BH!

(P&5-&(!*6$I!),&!+'2+'-!,+'-.&!5$#)+I-#+)&.!I+)&6-+'!-(!'-I-)&.M!_$6!&3+IP'&8!),&!c"!.+)+!

5$''&5)&.!*$6!5$IP$J#.(!$#6!%#-/'<&'&!/#0$#,/,('#(!%',)<(,C!D;/,!:*,!.$,(!</+'<-!*!

%'3<'0(/$#!$3!(;'!;/2;!1$<*(/</(/',!$3!(;'!<*#(;*#/&'!*./&',9!:;/0;!</./(,!(;'/%!)(/</(-!/#!(;'!



''

*1*/<*8<'!/#,(%).'#(CEF9!EG!!N,&6&*$6&8!+#!+')&6#+)-%&!I&),$.8!I&')-#K!P$-#)!.&)&6I-#+)-$#8!

C+(!&IP'$4&.M!!N,&!IP!*$6!),&!I+o$6-)4!$*!),&!0#9T/R-O&HBH!C&6&!+%+-'+7'&!*6$I!),&!

'-)&6+)J6&!*$6!5$IP+6-($#!+#.!),&!IP!%+'J&(!$7)+-#&.!*$6!O*b!-!+#.!R*;!S!C&6&!*$J#.!)$!7&!

-#!K$$.!+K6&&I&#)M[F!!G$C&%&68!#$!IP!,+.!7&&#!P6&%-$J('4!6&P$6)&.!*$6!Q8!7J)!),&!

I&+(J6&.!%+'J&!*&''!7&)C&&#!),&!IP(!*$6!),&!+.o+5&#)!0#!5$#K&#&6(M!N,-(!-#.-5+)&.!),+)!

PJ6&!I+)&6-+'(!C&6&!P6&(&#)M!!_J6),&6!5,+6+5)&6-V+)-$#!74!_N;SL!+#.!TOL!+6&!.-(5J((&.!

-#!.&)+-'!7&'$CM!

R=O=-=- **+&b!.*GH*/;`"N%827QP-aQ*,GB[GX;ZC*

! _N;SL!(P&5)6$(5$P4!C+(!J(&.!)$!5,+6+5)&6-V&!),&!*J#5)-$#+'!K6$JP(!*$6!),&!

0#9T/R-O&H1>BH!P6&5J6($6(M!N,&!*-#K&6P6-#)!6&K-$#!$*!),&!(P&5)6JI!/^]aa;Waa!5I;^1!

5$#)+-#(!),&!5,+6+5)&6-()-5!()6&)5,&(!*$6!O;0!7$#.(M!!_$6!5$IP$J#.(!O*;*S*),&!P6&(&#5&!$*!

),&!T;L>!()6&)5,&(!C&6&!$7(&6%&.!-#!),&!6+#K&!$*!F>a;Faa!5I;^!C,-5,!-(!+K6&&I&#)!C-),!

'-)&6+)J6&!%+'J&(M`>!!"!,(%$#2!8*#&!/#!8'(:''#!GHHIJKH!0.6L!:*,!('#(*(/1'<-!*,,/2#'&!)$!+!

0#;T!7$#.!()6&)5,!+(!#$)&.!74!7'+52!()+6(!-#!+89XD7*VM`H!!S#!+..-)-$#8!),&!*J#5)-$#+'!K6$JP!

6&K-$#!$*!),&!(P&5)6JI!/i.e.8!Waaa;^]aa!5I;^1!5$#)+-#(!),&!<;G!()6&)5,&(!/Haaa!5I;^1!*6$I!

),&!I&),4'!K6$JP(!$*!),&!+I-.&!'-K+#.(!/+89XD7*V1M!!

!!!!

*

*



'(

*

 

 

 

 

 

 

 

 

 

+89XD7*V=*R)+52&.!_N;SL!(P&5)6+!P'$)!$*!O!j!S*/C,&6&!7'+52!()+6(!-#.-5+)&.!),&!
0#;T!()6&)5,1M!

/X`"N%827QP-aQ*

eW`"N%827QP-aQ*

1@`"N%827QP-aQ*

%B`"N%827QP-aQ*

,7`"N%827QP-aQ*



')

R=O=Q ,D@C><?*%>DXK>XD7C*GH*/;`"N%827QP-aQ*,GB[?7J7C*

*
N,&!()6J5)J6&(!$*!5$IP$J#.(!O*;*S!,+%&!7&&#!P6&%-$J('4!6&P$6)&.!+(!I$#$I&6-5!

(P&5-&(!C-),!),&!+I-.&!'-K+#.(!-#!+!.-()$6)&.!)6-K$#+'!P'+#+6!+66+#K&I&#)!+6$J#.!),&!0#!

I&)+'!5&#)&6!6&(J')-#K!-#!?H!(4II&)64!/+89XD7*OL1MW;F8!F]8!FZ!!!"..-)-$#+''48!),&6&!C+(!z;

.-6&5)-$#!.-($6.&6!-#!),&!I&)+'!5&#)&6!+7$%&!+#.!7&'$C!),&!P'+#&!$*!(4II&)64!C,-5,!

6&XJ-6&.!I$.&'-#K!),+)!6&(J')&.!-#!]ak!P+6)-+'!$55JP+#54!$*!),&!)C$!0#!+)$I(MW;F8!F]8!FZ!!

G&66I+##!et al. 6&P$6)&.!),&!.&%-+)-$#(!-#!),&!z;.-6&5)-$#8!+(!C&''!+(!),&!7$#.!.-()+#5&(!

+#.!+#K'&(!*$6!I$()!$*!),&!0#9T/R-O&H1>BH!5$IP$J#.(MFZ!!N,&!J#-)!5&''!P+6+I&)&6(!C&6&!

J(&.!)$!5$#*-6I!),&!-.&#)-)4!$*!),&!5$IP$J#.(!O*;!SM!R)6J5)J6+'!($'J)-$#(!C&6&!$7)+-#&.!

+#.!),&!7$#.!.-()+#5&(!+#.!+#K'&(!+(!C&''!+(!.&%-+)-$#(!-#!),&!I&)+'!5&#)&6(!*$6!O*j!S*C&6&!

-#!+K6&&I&#)!C-),!'-)&6+)J6&!6&P$6)(MW;F8!F]8!FZ!!!

!

!

!

!

!

!

!

!

!



'-

+89XD7*OL=*R)6J5)J6&!P'$)!$*!-!),+)!-(!6&P6&(&#)+)-%&!$*!O!;!SM!!N,&6I+'!&''-P($-.(!$*!,&+%4!
+)$I(!+6&!.6+C#!+)!),&!Hak!'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!

5'+6-)4M!

!

!

=*)&#!-#!),&(&!()6J5)J6&(!),&!I&)+'!5&#)&6!-(!5'$(&!&#$JK,!)$!),&!+I-.$!'-K+#.(!/>M[;HM>s1!

)$!-#)&6+5)!C-),!),&!(-'-5$#!$6!I&),4'!K6$JP(M!N,&6&*$6&8!-)!C+(!$*!-#)&6&()!)$!.&)&6I-#&!-*!

),&!.-('$5+)-$#!$*!),&!I&)+'!+''$C(!*$6!-#)&6+5)-$#!C-),!),&!I&),4'!K6$JP(!$*!),&!j

T/R-O&H1>!-#!+#!+K$()-5!-#)&6+5)-$#M!!S)!-(!6&P$6)&.!),+)!),&!_N;SL!/vide infra%!0#;G;<!

()6&)5,&(!(,$J'.!+PP&+6!-#!),&!6+#K&!>F[[;>F`>!5I;^M!!R-#5&!#$!P&+2(!C&6&!P6&(&#)!-#!),-(!

+6&+!$*!),&!6&K-$#!*$6!ObS3!#$!+K$()-5!-#)&6+5)-$#(!5$J'.!7&!+((-K#&.!-#!),&(&!5$IP$J#.(M`W!

!

!



'.

R=O=R OQ,iO0j*"2.*GH*/;`"N%827QP-aQ*,GB[GX;ZC 

        
! N4P-5+''48!^G!+#.!^H<!TOL!.+)+!+6&!#$)!6&P$6)&.!*$6!),&!0#!5+)-$#(!.J&!)$!),&!

(JPP$(&.!.-()$6)-$#!$*!),&!I+K#&)-5!*-&'.!74!),&!J#P+-6&.!&'&5)6$#(!-#!),&!f;$67-)+'(M!!

Q,-'&!),-(!P6$%&.!)6J&!*$6!),&!^G!TOL!.+)+8!J(&*J'!-#*$6I+)-$#!5$J'.!7&!$7)+-#&.!*6$I!

),&!^H<!TOL!(P&5)6+!/+89XD7*OO1M!!_$6!&+5,!$*!),&!0#9T/R-O&H1>BH!5$IP'&3&(8!),&!

^H<e^Gf!TOL!(P&5)6JI!-#!)$'J&#&;d8!6&%&+'&.!+!(-#K'&!6&($#+#5&!*$6!),&!I&),4'!5+67$#(!

$*!),&!+I-.&!K6$JP8!+#.!),&!6&(J')(!+6&!)+7J'+)&.!-#!&<W?7*OM!!N,&!^H<e^Gf!(,-*)!*$6!

<&9T/R-/O&H1>BH!P6&%-$J('4!6&P$6)&.!)$!7&! !>M]a!PPI8F[!C+(!*$J#.!)$!7&!('-K,)'4!.$C#!

(,-*)&.!*$6!OM!!N,-(!I+4!7&!+!6&*'&5)-$#!$*!(+IP'&!5$#5&#)6+)-$#!$6!),&!*-&'.!()6&#K),!$*!),&!

I+K#&)!J(&.!*$6!&+5,!),&!-#.-%-.J+'!5$''&5)-$#M!!N,&!6&I+-#.&6!$*!),&!5,&I-5+'!(,-*)(!*+''!

C-),-#!+!(-I-'+6!6+#K&!+(!.-(5J((&.!*$6!),&!<&!.&6-%+)-%&M!

!

!

!

!

!

!

!

!

!

!

!

!

!



'/
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*

*

*

*

&<W?7*O=*^H<!TOL!5,&I-5+'!(,-*)(!/PPI1!*$6!5$IP$J#.(!O!k!S=*

<$IP$J#.! ^H<e^Gfh!
0#eT9R-/CGH1HB>fH!

<&9T/R-O&H1>BH!NOP! !>M][!PPI!!

RI9T/R-O&H1>BH!N-P! !>M][!PPI!!

?49T/R-O&H1>BH!NQP! !>MFa!PPI!!

U79T/R-O&H1>BH!NRP! !>M]W!PPI!!

0J9T/R-O&H1>BH!NSP! !>M]Z!PPI!!
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;R-/CGH1H!

N$'J&#&;.[

N$'J&#&;.[!

N Ln

Si

Si

CH3H3C

H3C

H3C

H3C

CH3
H

+89XD7*OO=*^H<!TOL!(P&5)6JI!$*!O!),+)!-(!6&P6&(&#)+)-%&!$*!O*;!SM*
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4.2 Alkoxides [Ln(OR)3] 

** O&)+'!+'2$3-.&(!+6&!$*!-#)&6&()!+(!P6&5J6($6(!*$6!5&6+I-5!I&)+'!$3-.&(!.J&!)$!),&-6!

&+(&!$*!564()+''-V+)-$#8!,-K,!%$'+)-'-)-&(8!5$II&65-+'!+%+-'+7-'-)4!$*!($I&!I&I7&6(8!+#.!

'$C!.&5$IP$(-)-$#!)&IP&6+)J6&(M!n#*$6)J#+)&'48!),&6&!+6&!*&C!5$II&65-+''4;+%+-'+7'&!

'+#),+#-.&!+'2$3-.&(!t0#/=L1Hu!!+#.!),&!5$IP$J#.(!6&P$6)&.!-#!),&!'-)&6+)J6&!.$!#$)!

J)-'-V&!),&!&#)-6&!'+#),+#-.&!(&6-&(8!),J(!'-I-)-#K!),&!P$((-7'&!P6&5J6($6!$P)-$#(M!N,&(&!

.&*-5-&#5-&(!'&.!)$!$J6!-#%&()-K+)-$#!$*!0#/=L1HM!S#!$J6!6&5&#)!6&%-&C8!+!'-()!$*!

564()+''$K6+P,-5+''4!5,+6+5)&6-V&.!t0#/=L1Hu!),+)!+6&!5J66&#)'4!+%+-'+7'&!+6&!'-()&.!74!

I&)+'!+#.!'-K+#.M[]!!*

R=-=O %@;>:7C8C**

! N,&! K&#&6+'! (4#),&(-(! *$6! 0#/=L1H! -(! (,$C#! -#! 7^=* -! /)&6I&.! +#! +I-.&!

+'5$,$'4(-(1! C,&6&! ),&! ($'%&#)! 5+#! 7&! #$#;5$$6.-#+)-#K! /i.e.8! ,&3+#&(! $6! )$'J&#&1! $6!

5$$6.-#+)-#K! /i.e.8! )&)6+,4.6$*J6+#! $6! P46-.-#&1M!"!C-.&! 6+#K&! $*!G=L(! 5+#! 7&! J(&.! )$!

I+#-PJ'+)&!),&!5$$6.-#+)-$#!+6$J#.!),&!0#!7+(&.!$#!),&!()&6-5!7J'2!$*!),&!'-K+#.M!!_$6!),-(!

P6$o&5)!+#!+64'!+'5$,$'!>8F;.-;tert;7J)+#$'!/H;?@A!$6!G=<FGH;>8F;</<GH1H1!C+(!5,$(&#!

.J&!)$!&+(&!$*!564()+''-V+)-$#!$*!),&!P6$.J5)(!+#.!+7-'-)4!)$!5$#)6$'!),&!*-#+'!()6J5)J6&!.J&!

)$! ),&! %$'JI&! ),&! '-K+#.! )+2&(! JP! +6$J#.! ),&! '+#),+#-.&! /N$'I+#! 5$#&! +#K'&! x^^a;

^^]l1M`]! ! S#! +..-)-$#8! 7J'24! '-K+#.(! '-2&! ?@A! 5+#! +%$-.! P$((-7'&! &XJ-'-76-JI! -((J&(!

7&)C&&#!I$#$I&6Y.-I&6!),+)!5+#!6&(J')!-#!I$6&!5$IP'-5+)&.!P6$.J5)(M!<$IP$J#.!M*+#.!

U! C&6&! P6&%-$J('4! 564()+''$K6+P,-5+''4;5,+6+5)&6-V&.! -#! ),&! '-)&6+)J6&! +#.! ),&! .+)+!

$7)+-#&.!*$6!),-(!6&P$6)!C&6&!-#!+K6&&I&#)!C-),!C,+)!C+(!6&P$6)&.MZ8![!N,&!+'2$3-.&(!C&6&!

5$IP'&)&'4!5,+6+5)&6-V&.!74!),&!I&),$.(!.-(5J((&.!-#!.&)+-'!7&'$CM!!!



(1

R=-=- AX?]*,:<D<K>7D8h<>8G;**

R=-=-=O **(;<?@>8K<?*$F<?X<>8G;*

! "'),$JK,!),&!c"!.+)+!C&6&!#$)!J(&*J'!*$6!),&!+I-.&!P6&5J6($6(8!-)!5$J'.!7&!

J)-'-V&.!*$6!),&!+'2$3-.&(!(-#5&!),&4!+6&!I$6&!'-2&'4!)$!.&5$IP$(&!6+),&6!),+#!%$'+)-'-V&!$6!

I&')!J#.&6!),&!5$#.-)-$#(!&IP'$4&.8 N,&!&'&I&#)+'!+#+'4(&(!$*!M*b*OL!C&6&!C-),-#!),&!

+55&P)&.!aM]k!&66$6!$*!),&!5+'5J'+)&.!%+'J&(!*$6!),&!564()+''-#&!5$IP$J#.(M!!S#!+..-)-$#8!

),&!+7(&#5&!$*!),&!TL>!!+#.!=G!()6&)5,&(!-#!),&!_N;SL!(P&5)6+'!+#+'4(-(!$*!M*k*OL*

-#.-5+)&(!),+)!),&!+I-.&!+'5$,$'!&35,+#K&!6&+5)-$#!,+(!K$#&!)$!5$IP'&)-$#M`>!!"!(&6-&(!$*!!

0#;=!()6&)5,&(!C,-5,!C&6&!#$)!P6&(&#)!*$6!),&!+I-.&(!+PP&+6!-#!),&!*-#K&6P6-#)!6&K-$#!+(!

-#.-5+)&.!74!7'+52!()+6(!-#!+89XD7*O-!-#!),&!6+#K&!*6$I!]`a;Waa!5I;^8!+K+-#!-#.-5+)-#K!

),+)!+I-.&!+'5$,$'4(-(!$55J66&.M`>!!"!76$+.!P&+2!-(!+'($!P6&(&#)!+6$J#.!HFaa!5I;^!),+)!

5$J'.!7&!*6$I!6&(-.J+'!+'5$,$'!/H;?@A1!),+)!C+(!6&)+-#&.!.J6-#K!(+IP'&!P6&P+6+)-$#M!

!

!

!

!

!

!

!

!



($

!

!

!

*

*

*

R=-=Q ,D@C><?*%>DXK>XD7*<;Z*27>D8K<?*1<><*GH*/;N).PQ*%[7K87C*

N,&!564()+'!()6J5)J6&(!$*!O/=L1x!$*)&#!5$#)+-#!.-($6.&6!C-),-#!),&!+)$I(!$*!),&!

'-K+#.!5,+-#8!5+J(-#K!,-K,&6!),+#!#$6I+'!*-#+'!5$66&'+)-$#(M`F;``!O$.&'-#K!.-($6.&6!-(!+!

.-**-5J')!P6$5&((!7J)!-)!5+#!7&!J#.&6)+2&#!-#!,$P&(!)$!-IP6$%&!),&!6&*-#&I&#)!%+'J&(!$*!),&!

$%&6+''!()6J5)J6&(M!N,&6&*$6&8!.&)+-'(!.&(56-7-#K!&+5,!()6J5)J6&!($'J)-$#!+6&!-#5'J.&.!*$6!

5'+6-)4!+#.!oJ()-*-5+)-$#!$*!),&!.-($6.&6M!!<$IP$J#.(*M*+#.*U!,+%&!7&&#!6&P$6)&.!-#!

'-)&6+)J6&!)$!+.$P)!)6-K$#+'!K&$I&)6-&(!+6$J#.!),&!I&)+'!5&#)&6(MZ8![!!@$),!5$IP$J#.(!,+%&!

.-($6.&6!-#!),&!I&)+'!5&#)&6(!*6$I!),&!P'+#&!-#!),&!z;.-6&5)-$#!/aM]W!s!+#.!aM][!s8!

6&(P&5)-%&'41M!N,&4!+PP&+6!)$!7&!*$65&.!-#)$!+!!)6-K$#+'!P46+I-.!(,+P&!.J&!)$!),&!()&6-5(!$*!

),&!'-K+#.8!#$)!+(!+!6&(J')!$*!+!'$#&!P+-6!$*!&'&5)6$#(!$#!),&!I&)+'!C,-5,!5$#%&#)-$#+''4!-(!

+89XD7*O-=*R)+52&.!_N;SL!(P&5)6+!P'$)!$*!M!j!OL*/C,&6&!),&!7'+52!()+6(!-#.-5+)&!
0#;=!()6&)5,1=!

,7N1A\PQ*

%BN1A\PQ*

1@N1A\PQ*

eWN1A\PQ*

/XN1A\PQ*



(&

C,+)!)6-K$#+'!P46+I-.+'!K&$I&)6-&(!6&XJ-6&MZ8![!!G$C&%&68!),&!0#;=!7$#.!+#K'&(!*$6!M*+#.*

U +6&!7&)C&&#!)6-K$#+'!P46+I-.+'!/^a`M]l1!+#.!)6-K$#+'!P'+#+6!/^>al1!.J&!)$!),-(!

.-()$6)-$#M!S#!+..-)-$#8!#&-),&6!()6J5)J6&!+PP&+6(!)$!,+%&!+#!-#)&6+5)-$#!7&)C&&#!),&!I&)+'!

+#.!),&!P&#.+#)!t;7J)4'!5,+-#(M!N,&!+%&6+K&!0#;=!7$#.!.-()+#5&!*$6!M!-(!>M^W!s!+#.!*$6!U!

-(!>Ma]!s8!C,-'&!),&!+%&6+K&!=;0#;=!7$#.!+#K'&(!+6&!^^WM^]!+#.!^^>M>Zl8!6&(P&5)-%&'48!

C,-5,!I+)5,!),&!'-)&6+)J6&!%+'J&(M!<$IP$J#.(!T8*V8*+#.*OL*,+%&!#$)!7&&#!P6&%-$J('4!

.-((&I-#+)&.!+#.!C&6&!*$J#.!)$!+.$P)!),&!(+I&!)6-K$#+'!K&$I&)64!+(!),&!0#/?@A1H!

()6J5)J6&(!6&P$6)&.!-#!'-)&6+)J6&M!R&'&5)&.!7$#.!.-()+#5&(!+#.!+#K'&(!+6&!'-()&.!-#!&<W?7*R!

*$6!),&(&!5$IP$J#.(!+#.!C&6&!-#!+K6&&I&#)!C-),!),&!0#/?@A1H!5$#K&#&6(!P6&%-$J('4!

.-(5J((&.M!!!<$IP$J#.!T!.-.!#$)!,+%&!.-($6.&6!-#!),&!I&)+'!5&#)&6!+#.!),&6&!+6&!)C$!

-#.&P&#.&#)!I$'&5J'&(!-#!),&!J#-)!5&''M!!!

!

!

!

!

!



('

+89XD7*OQ=*R)6J5)J6&!P'$)!$*!V!),+)!-(!6&P6&(&#)+)-%&!$*!M!;!OLM!!N,&6I+'!&''-P($-.(!$*!
,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!

*$6!5'+6-)4M*

!

_$6!V*+#.!OL8!),&6&!C+(!.-($6.&6!-#!),&!'$5+)-$#!$*!),&!0#!5&#)&6!C-),!+!aMWF!+#.!aM]Zs!

.&%-+)-$#8!6&(P&5)-%&'4!*6$I!),&!P'+#&M!"(!+!6&(J')!$*!),&!.-($6.&6!-#!V8!$#&!$*!),&!U7!

+)$I(!-(!5'$(&!&#$JK,!)$!#&-K,7$6-#K!I&),4'!K6$JP8!C,-5,!+'($!,+(!($I&!.-($6.&68!

-#.-5+)&!+!7$#.-#K!I$)-*!/6/0#;<1!HMa`!s1M!N,&6&*$6&8!-)!C+(!#$)!P$((-7'&!)$!'$5+)&!),&!

,4.6$K&#!+)$I!$#!),+)!I&),4'!K6$JP!*6$I!),&!(-#K'&!564()+'!d;6+4!.+)+!7&5+J(&!$*!),&!

0#;<!-#)&6+5)-$#M!!=#&!5+##$)!)&''!C,&),&6!+K$()-5!-#)&6+5)-$#(!+6&!P6&(&#)!$6!P&6,+P(!

($I&!(-IP'&!.-($6.&6!-#!),&!()6J5)J6&!)$!5+J(&!),&!0#;<!7$#.-#KM!"(!7&*$6&8!-)!C+(!$*!

-#)&6&()!)$!&3P'$6&!+K$()-5!-#)&6+5)-$#(!*6$I!),&!_N;SL!.+)+M!!_$6!5$IP$J#.(!M3*U3*+#.*V*

#$!SL!P&+2(!C&6&!*$J#.!-#!),&!+K$()-5!-#)&6+5)-$#!6+#K&!7J)!*$6!T*+#.*OL!%&64!C&+2!P&+2(!

C&6&!%-(-7'&!-#!),-(!6&K-$#M!!G$C&%&68!),&(&!P&+2(!C&6&!5$IP+6+7'&!)$!),&!#$-(&!-#!),&!

(P&5)6JI8!+#.!#$!+K$()-5!-#)&6+5)-$#!5$J'.!7&!+((-K#&.!C-),!5&6)+-#)4!-#!),&!+7(&#5&!$*!

$),&6!5,+6+5)&6-V+)-$#!I&),$.(M! !



((

R=-=R "2.*GH*/;N).PQ*,GB[GX;ZC*

R=-=R=O *O0*"2.*GH*/;N).PQ*%[7K87C*

!!! TOL!()J.-&(!-#!)$'J&#&;d8 C&6&!&3P'$6&.!)$!J#.&6()+#.!),&!($'J)-$#!7&,+%-$6!$*!

),&(&!5$IP$J#.(. c%&#!),$JK,!I+#4!$*!),&!'+#),+#-.&(!+6&!P+6+I+K#&)-5!+#.!K+6#&6-#K!

J(&*J'!-#*$6I+)-$#!*6$I!TOL!5+#!7&!5,+''&#K-#K[F!!^G!TOL!.+)+!C+(!5$''&5)&.!*$6!+''!$*!

),&!5$IP$J#.(!7J)!6&(J')&.!-#!%&64!76$+.!6&($#+#5&(!),+)!C&6&!J#;-.&#)-*-+7'&!.J&!)$!

$%&6'+PP-#K!P&+2(M!G$C&%&68!),&!^H<!TOL!(P&5)6+!'&.!)$!J(&*J'!-#*$6I+)-$#M**

R=-=R=- *OQ,iO0j*"2.*GH*/;N).PQ*%[7K87C*

! N,&!^H<e^Gf!TOL!(P&5)6+!C&6&!$7)+-#&.!/+89XD7*OS*b*+89XD7*OUP!*$6!5$IP$J#.(!

M*j*OLM!!!N,&!&3P&5)&.!(P&5)6JI!*$6!),&!),6&&;*$'.!(4II&)64!/?H1!$*!),&!!0#/?@A1H!

5$IP'&3!C+(!*$J6!6&($#+#5&(!+6-(-#K!*6$I!),&!5+67$#(!$*!),&!+6$I+)-5!6-#K!+PP&+6-#K!-#!

),&!^]a;^>a!PPI!6+#K&8!$#&!6&($#+#5&!*6$I!),&!XJ+)&6#+64!5+67$#8!+#.!$#&!6&($#+#5&!

*6$I!),&!I&),4'!5+67$#!$*!),&!t;7J)4'!K6$JP!),+)!+PP&+6!-#!),&!Wa;Ha!PPI!6+#K&M _$6!U!

+#.!V!),&!&3P&5)&.!5,&I-5+'!(,-*)(!+6&!P6&(&#)!C-),!),&!I&),4'!5+67$#(!$*!),&!t;7J)4'!

'$5+)&.!+)!HaMW!PPI8!+#.!),&!XJ+)&6#+64!<!6&($#+#5&!-(!+)!HWMH!PPI!*$6!7$),!5$IP$J#.(M!

N,&!I&),4#&!5+67$#(!$*!),&!6-#K!+6&!P6&(&#)!-#!),&!6&K-$#!$*!^]];^^[!PPI!C-),!+''!P&+2(!

%-(-7'&!&35&P)!),&!$#&!'$5+)&.!+)!^>]Ma!PPIM!N,-(!-(!.J&!)$!),&!$%&6'+P!C-),!),&!)$'J&#&;d8 

6&*&6&#5&!P&+28!C,-5,!.$&(!#$)!P&6I-)!6&($'J)-$#!$*!),+)!P&+2M!N,&!)+7'&!7&'$C!'-()(!),&!

6&($#+#5&(!*$6!),&!6&*&6&#5&!'-K+#.!H;?@A!+#.!),&!$7(&6%&.!6&($#+#5&(!*$6!5$IP$J#.(!M*

b!OL=*

*

*



()

!
&<W?7*-M!!^H<e^Gf!TOL!5,&I-5+'!(,-*)(!*$6!M*;*OLM!!

!
<$IP$J#.! !^H<e^Gfh!P,&#4'!5+67$#(+ ^H<e^Gfh!t;7J)4'!

5+67$#(!

;C/<GH1H! ;</CGH1H!

H;?@A!! *OSS=L* *OQS=V* *O-S=L* *O-L=Q* *QR=Q* *QL=Q*

NMP*<&/?@A1H! *OSS=V* *OQS=V* ;;;;;7 *O-L=-* !HZM^!

*QR=Q*

!H>MH!

*QL=Q*

NTP*RI/?@A1H! OSR=-* ^H[M[!

OQS=V*

;;;;;! O-L=Q*

^^[MZ!

!HFM>!

*QR=Q*

!HaM>!

!H^MH!

*QL=Q*

NUP*?4/?@A1H! OSR=-* *OQS=V* ;;;;; *O-L=-* *QR=Q* *QL=R*

NVP*U7/?@A1H! *OSR=Q* *OQS=U* ;;;;;! *O-L=Q* *QR=Q* *QL=R*

NOLP*0J/?@A1H! *OSR=-* *OQS=U* ;;;;;! *O-L=Q*

!^^[MW!

*QS=L* !H>M>!

*QL=R*
+!^H<e^Gf!TOL!(,-*)(!*$6!M*;*OLM!R,-*)(!-#!7$'.!,+%&!7&&#!5$#*-6I&.!)$!7&!),&!5$66&5)!
+((-K#I&#)(!*$6!&+5,!5+67$#!74!?cAN^H]!&3P&6-I&#)(M!
7;;;;;!6&($#+#5&(!5$J'.!#$)!7&!(&P+6+)&.!*6$I!),&!)$';d[!6&($#+#5&(!
!

!

N,&!^H<e^Gf!(P&5)6+!$*!5$IP$J#.(!M8!T8*+#.*OL!5$#)+-#&.!+..-)-$#+'!6&($#+#5&(!-#!),&!t;

7J)4'!+#.!+6$I+)-5!6&K-$#(M!N,&!P&+2(!-#!),&!+6$I+)-5!6&K-$#!C&6&!)&#)+)-%&'4!+((-K#&.!)$!

6&(-.J+'!#$#;.&J)&6+)&.!)$'J&#&!($'%&#)!-#!),&!(+IP'&(M!N,&!+..-)-$#+'!P&+2(!+6$J#.!),&!t;

7J)4'!6&K-$#!-#.-5+)&.!74!7'+52!.$)(!-#!+89XD7*OSW3*+89XD7*OMW3*+#.*+89XD7*OUW!5$J'.!7&!

+))6-7J)&.!)$!(&%&6+'!.-**&6&#)!5+J(&(h!/+1!P&6,+P(!+!.4#+I-5!P6$5&((!5+J(&.!74!),&!

(P-##-#K!$*!),&!t;7J)4'!K6$JP(E!/71!+#!+K$()-5!-#)&6+5)-$#!$*!),&!I&),4'!K6$JP(!C-),!),&!0#!

I&)+'E!$6!/51!-#)&6I$'&5J'+6!G;7$#.-#K!-#)&6+5)-$#!C-),!#&-K,7$6-#K!t;7J)4'!K6$JP(!



(-

N+89XD7*ORPM!!nP$#!-#(P&5)-$#!$*!),&!t;7J)4'!K6$JP( -#!),&!($'-.;()+)&!()6J5)J6&8!),&!

I&),4'(!+6&!p'$52&.i!-#!.-**&6&#)!P$(-)-$#(!C,-5,!C$J'.!4-&'.!J#-XJ&!TOL!&#%-6$#I&#)(!

*$6!&+5,!I&),4'!5+67$#M!!N,-(!(JKK&()(!),+)!+''!),&-6!6&($#+#5&(!(,$J'.!7&!$7(&6%+7'&!-#!

),&!^H<!(P&5)6JI8!,$C&%&6E!-#!($'J)-$#8!(-#5&!),&!'-K+#.(!+6&!*6&&!)$!6$)+)&8!),&!),6&&!

I&),4'!K6$JP(!(,$J'.!+%&6+K&!)$!+!(-#K'&!6&($#+#5&M!N,&!&3P&6-I&#)+'!(P&5)6+!$7)+-#&.!

*$6!M8*T8*+#.*OL*+PP&+6(!)$!7&!($I&C,&6&!-#;7&)C&&#!),&(&!)C$!(5&#+6-$(M!N,&6&*$6&8!+!

(&6-&(!$*!gN/%+6-+7'&!)&IP&6+)J6&1;^H<e^Gf!+#.!?cAN^H]!TOL!&3P&6-I&#)(!C&6&!

J#.&6)+2&#!)$!&'J5-.+)&!),&-6!($'J)-$#!7&,+%-$6M!!

!

!

!

*

<P!L$)+)-$#!$*!),&!t;7J)4'!K6$JP(M!WP!O&),4'!K6$JP(!P$-#)-#K!)$C+6.!I&)+'!'&.!)$!+K$()-5!
-#)&6+5)-$#M!KP!S#)&6I$'&5J'+6!-#)&6+5)-$#!$*!#&-K,7$6-#K!t;7J)4'!K6$JP(!.J&!)$!()&6-5!

,-#.6+#5&!$*!),&!'-K+#.M!

!
!
!

!

W*
<*

K*

+89XD7*OR=*R5,&I+)-5!$*!0#/?@A1H!P$)&#)-+'!($'J)-$#!7&,+%-$6!



(.

!

+89XD7*OS=*<P!_J''!^H<!TOL!(P&5)6JI!*$6!MM!WP!c3P+#(-$#!$*!t;7J)4'!6&K-$#*

+1!

*

WP @'+52!.$)(!-#.-5+)&!+..-)-$#+'!P&+2(!*$J#.!-#!),&!(P&5)6JI*

*

* *
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(/

*

+89XD7*OM=*<P!_J''!^H<!TOL!(P&5)6JI!*$6!TM!WP!c3P+#(-$#!$*!t;7J)4'!6&K-$#*

<P*

*

WP**@'+52!.$)(!-#.-5+)&!+..-)-$#+'!P&+2(!*$J#.!-#!),&!(P&5)6JI*

*

! !
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R=-=R=Q *#&bOQ,*"2.*GH*/;N).PQ*%[7K87C*

gN;^H<!TOL!(P&5)6+!C&6&!5$''&5)&.!*$6!M8*T8!+#.*OL!-#!+#!+))&IP)!)$!-.&#)-*4!),&!

(PJ6-$J(!P&+2(!$7(&6%&.!-#!),&!^H<!(P&5)6+!),+)!C&6&!#$)!5$#(-()&#)!C-),!),&!(-IP'&!($'-.!

()+)&!()6J5)J6&M!S)!C+(!&3P&5)&.!),+)!JP$#!,&+)-#K!$*!),&(&!5$IP$J#.(!),&!'-K+#.(!(,$J'.!

7&!*6&&!)$!6$)+)&!+#.!+!(-#K'&)!(,$J'.!7&!$7(&6%&.!*$6!),&!I&),4'!5+67$#(M!!G$C&%&68!

,&+)-#K!5$IP$J#.!M!)$!qFa!l<!6&(J')&.!-#!+!I$.-*-&.!C-),!)$!)C$!(-#K'&)(!+)!HaMH!PPI!*$6!

),&!CGH!5+67$#(!+#.!HWMH!PPI!*$6!),&!XJ+)&6#+64!5+67$#!$*!),&!t;7J)4'M!?J&!)$!

-#()6JI&#)i(!)&IP&6+)J6&!'-I-)+)-$#(8!$%&65$I-#K!),&!7+66-&6!*$6!*6&&!'-K+#.!6$)+)-$#!

5$J'.!#$)!7&!+5,-&%&.M!N,&6&*$6&8!),&!+..-)-$#+'!P&+2(!-#!),&!^H<!TOL!(P&5)6JI!C&6&!

+((JI&.!)$!7&!.J&!)$!,-#.&6&.!6$)+)-$#!$*!),&!()&6-5+''4!7J'24!t;7J)4'!K6$JPM!!N,-(!6&(J')(!

-#!),&!<GH!K6$JP(!)$!&3P&6-&#5&M!!"')&6#+)-%&'48!+)!'$C!)&IP&6+)J6&(/;Wa!l<1!-)!C+(!

&3P&5)&.!),+)!),&!'-K+#.(!C$J'.!'$52!-#)$!+!(-#K'&!5$#*$6I+)-$#8!6&(J')-#K!-#!IJ')-P'&!

I&),4'!K6$JP!6&($#+#5&(E!,$C&%&68!.&56&+(-#K!),&!)&IP&6+)J6&!*$6!M!5+J(&.!P6&*&6&#)-+'!

P6&5-P-)+)-$#!*6$I!($'J)-$#!+#.!#$!J(&*J'!-#*$6I+)-$#!5$J'.!7&!K+-#&.M!N,-(!7&,+%-$6!C+(!

+'($!$7(&6%&.!-#!),&!(P&5)6JI!*$6!TM!!_$6!5$IP$J#.!OL*),&!(P&5)6JI!.-.!#$)!%+64!-#!),&!

,-K,!)&IP&6+)J6&!6+#K&!-#%&()-K+)&.M!!"K+-#8!),&!-#()6JI&#)!'-I-)+)-$#!P6&%&#)(!),&!

$7(&6%&.!5$+'&(5&#5&!$*!),&!(P'-))-#K!*$6!),&!I&),4'!6&($#+#5&(!$*!5$IP$J#.(!M8!T8!+#.!

OLM!!S#!+..-)-$#8!5$$'-#K!5+J(&.!),&!(+IP'&!)$!P6&5-P-)+)&!$J)!($!),+)!#$!-#*$6I+)-$#!5$J'.!

7&!K+-#&.M!!?J&!)$!),&!'-I-)&.!-#*$6I+)-$#!$7)+-#&.!*6$I!),&!gN;TOL!.+)+8!+')&6#+)-%&!

()J.-&(!C&6&!#&&.&.!)$!5$#*-6I!P&+2!-.&#)-*-5+)-$#!+#.!)$!.&)&6I-#&!),&!($'J)-$#!

P6$5&((&(!$55J66-#K!*$6!),&(&!(+IP'&(!+)!+I7-&#)!)&IP&6+)J6&M!!!
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R=-=R=R **1$\&OQS*"2.*GH*/;N).PQ*%[7K87C*

! !S#!?cAN^H]!TOL!&3P&6-I&#)(!P&+2(!+))6-7J)&.!)$!$..!#JI7&6!P6$)$#+)&.!

5+67$#!5&#)&6(!/i.e.8!<G!+#.!<GH1!P$-#)!JP!C,-'&!P&+2(!.J&!)$!&%&#!#JI7&6&.!$#&(!/i.e.8!

<G>1!P$-#)!.$C#8!C,-'&!XJ+)&6#+64!5+67$#(!+#.!.&J)&6+)&.!($'%&#)!P&+2(!C-''!#$)!7&!

P6&(&#)M!!N,&!&3P&5)&.!(P&5)6JI!*$6!+!0#/?@A1H!5$IP'&3!C$J'.!5$#(-()!$*!*$J6!P&+2(!
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^G!(P&5)6+!+)!>]l<! ^G!(P&5)6+!+)!Fal<!



).

R=-=R=M **,G;K?XC8G;C*HGD*%G?X>8G;b%><>7*/;N).PQ*,GB[GX;ZC*

@&5+J(&!),&!($'-.;()+)&!d;6+4!564()+'!()6J5)J6&(!$*!5$IP$J#.(!M*k*OL*C&6&!#$)!

.&*-#-)-%&!-#!.&*-#-#K!),&!0#;'-K+#.!-#)&6+5)-$#!/i.e.,!+K$()-5!-#)&6+5)-$#!$6!#$)18!$),&6!

+#+'4(&(!C&6&!.$#&M!!TOL!.+)+!(JKK&()!),+)!#$!+K$()-5!-#)&6+5)-$#(!5+#!7&!+((-K#&.M!N,&!

+..-)-$#+'!P&+2(!P6&(&#)!C&6&!5$#*-6I&.!)$!7&!*6$I!()&6-5!,-#.6+#5&!$*!),&!'-K+#.!5+J(-#K!

('$C!6$)+)-$#!-#!($'J)-$#!4-&'.-#K!),&!I&),4'!K6$JP(!),+)!5$J'.!#$)!7&!+%&6+K&.!74!,&+)!

-#)$!+!(-#K'&!6&($#+#5&M*!!N,&!_N;SL!.+)+!5$#)+-#(!+!%&64!C&+2!P&+2!-#!),&!0#;G;<!()6&)5,!

6&K-$#!/>F[[;>F`>!5I;^1!*$6!T*+#.*OLE!,$C&%&68!),&!P&+2(!+6&!$*!),&!(+I&!I+K#-)J.&!+(!

),&!#$-(&!-#!),&!(P&5)6JI8!+#.!($!),&4!C&6&!#$)!+((-K#&.!+(!+K$()-5!-#)&6+5)-$#(M!"(!*$6!

),&!6&()!$*!),&!5$IP$J#.(!/M3*U3*+#.*V1!#$!+K$()-5!()6&)5,&(!+6&!P6&(&#)!-#!),&!SL!(P&5)6+M!!

N,&6&*$6&8!),&!0#;T/R-O&H1>!-#)&6+5)-$#(!-#!),&!564()+'!()6J5)J6&!I$.&'!C+(!+))6-7J)&.!)$!

),&!z;.-6&5)-$#!.-($6.&6!-#!),&!I&)+'!5&#)&6(!+#.!#$)!+K$()-5!-#)&6+5)-$#(M!!!

!

!

!

!

!



)/

4.3 Mixed Amide/Alkoxide 

R=Q=O *%@;>:7C8C**

! N,&6&!+6&!%&64!*&C!0#!I-3&.!+I-.&Y+'2$3-.&!5$IP'&3&(!6&P$6)&.!-#!'-)&6+)J6&!),+)!

5$#)+-#(!),&!;T/R-O&H1>!I$-&)-&(M^aa;^a>!!L&+5)-$#!$*!5$IP$J#.(!O*;!S!C-),!$#&!$6!)C$!

&XJ-%+'&#)(!$*!H;?@A!-#!)$'J&#&!C+(!P&6*$6I&.!-#!,$P&(!$*!$7)+-#-#K!+!I-3&.!

+I-.&Y+'2$3-.&M!!nP$#!564()+''-V+)-$#!$*!&-),&6!I-3&.!+I-.&Y+'2$3-.&!+1!

0#/?@A19T/R-O&H1>B>!$6!71!0#/?@A1>9T/R-O&H1>B!/0#!D!RI1!)C$!P6$.J5)(!C&6&!

$7)+-#&.8!0#/?@A1H!+#.!0#9T/R-O&H1>BHM!N,&(&!+PP&+6!)$!7&!),&!),&6I$.4#+I-5+''4!

()+7'&!P6$.J5)!C,-5,!C+(!P6&(JI&.!+*)&6!IJ')-P'&!+))&IP)(!C&6&!I+.&!)$!-($'+)&!I-3&.!

(P&5-&(8!+'C+4(!6&(J')-#K!-#!),&!K&#&6+)-$#!$*!),&(&!P6$.J5)(M!N,&6&*$6&8!),&!in-situ 

K&#&6+)&.!P6$.J5)!C+(!J#.&6)+2&#M!S*!),&!I-3&.!+I-.&Y+'2$3-.&!C+(!P6&(&#)!),&#!<=>*

-#(&6)-$#!5$J'.!7&!.$#&!+#.!),&!(J7(&XJ&#)!P6$.J5)!5,+6+5)&6-V&.M!!!

R=Q=- "2.*GH*28J7Z*(B8Z76(?]GJ8Z7*

! !^H<!TOL!(P&5)6$(5$P4!$*!tRI9T/R-O&H1>BH;n!/?@A1nu!/C,&6&!n!D!^!$6!>1!

6&%&+'&.!+!jT9R-/CGH1HB>!*6+KI&#)!+)!>MF!PPI!+#.!),& t;7J)4'!6&($#+#5&(!+)! !HaM]!+#.!

>WM]!PPIM!N,&!P6&%-$J(!P6$.J5)(!,+.!6&($#+#5&(!+)!>MF!PPI!*$6!RI9T/R-O&H1>BH!+#.!HWMH!

+#.!HaMH!PPI!*$6!),&!t;7J)4'!6&($#+#5&(!$*!RI/?@A1HM!!N,&!5+67$#(!$#!),&!+64'!6-#K!+K+-#!

$%&6'+PP&.!C-),!),&!)$'J&#&!($'%&#)M!"''!*-#+'!+((-K#I&#)(!C&6&!5$#*-6I&.!74!?cAN^H]!

TOL!(P&5)6$(5$P4M!!@&5+J(&!$*!),&!&'&5)6$#&K+)-%-)4!.-**&6&#5&!*$6!),&!)C$!'-K+#.(8!),&!

0#;c!7$#.(!+6&!P$'+6-V&.!)$C+6.!),&!I$6&!&'&5)6$#&K+)-%&!+)$I!/=18!6&(J')-#K!-#!+#!

JP*-&'.!(,-*)!+(!(&&#!*$6!),&!t-7J)4'!5+67$#(!7J)!+#!-#(-K#-*-5+#)!(,-*)!C+(!$7(&6%&.!*$6!),&!



)0

+I-.&!5+67$#M!!N,&(&!6&(J')(!(JKK&()!),+)!7$),!'-K+#.(!+6&!+))+5,&.!)$!),&!0#!I&)+'!-#!

($'J)-$#M!

4.4 CO2 Insertion Products 

R=R=O '7;7D<?*%@;>:7C8C*

! N,&6&!+6&!I+#4!C+4(!)$!-#)6$.J5&!<=>!-#)$!6&+5)-$#(M!_$6!),-(!6&(&+65,8!<=>!-#!

K+(&$J(!*$6I!C+(!J(&.!7&5+J(&!$*!),&!(-IP'-5-)4!$*!),&!&3P&6-I&#)+'!(&)JP!+#.!),&!

-#(&6)-$#!(J55&((!$J6!K6$JP!,+.!J(-#K!I+-#!K6$JP!5$IP'&3&(M^W8!^]8!>`!!"!(5,&I+)-5!$*!),&!

&3P&6-I&#)+'!(&)JP!-(!(&&#!-#!+89XD7*T*+#.!.&(56-7&.!+(!*$''$CM*!N,&!+PP6$P6-+)&*

5$IP$J#.!.-(($'%&.!-#!)$'J&#&!C+(!&3P$(&.!)$!]!P(-K!<=>**$6!Ha!I-#M!J(-#K!()+#.+6.!

R5,'&#2!'-#&!)&5,#-XJ&(M!!G+'*!),&!%$'JI&!$*!),&!%$'+)-'&!5$IP$#&#)(!C+(!6&I$%&.!via!

%+5JJI!.-()-''+)-$#8!-#56&+(-#K!),&!5$#5&#)6+)-$#!+#.!P6$I$)-#K!564()+'!K6$C),M!!N,&!

6&(J')-#K!564()+'(!C&6&!$7)+-#&.!74!('$C!&%+P$6+)-$#!$*!),&!6&I+-#.&6!$*!),&!($'J)-$#!+#.!

C&6&!),&#!5,+6+5)&6-V&.!+(!.&(56-7&.!7&'$CM!

R=R=- (B8Z7C*,)-*!;C7D>8G;**

! "(!P6&%-$J('4!.-(5J((&.8!+))&IP)(!)$!()J.4!<=>*-#(&6)-$#!$*!),&!0#9T/R-O&H1>BH!

C+(!#$)!PJ6(J&.!*$6!),-(!6&(&+65,!7&5+J(&!$*!P6&%-$J(!6&P$6)(!(JKK&()-#K!),+)!564()+''-#&!

P6$.J5)(!5$J'.!#$)!7&!$7)+-#&.M!

R=R=Q (?]GJ8Z7*,)-*!;C7D>8G;*.7CX?>C**

* <=>!-#(&6)-$#!6&+5)-$#(!C&6&!J#.&6)+2&#!-#.-%-.J+''4!*$6!5$IP$J#.(!M!j!OL!+(!

.-(5J((&.!-#!<,+P)&6!HM!"!(&6-&(!$*!'+#),+#-.&!+'2$345+67$#+)&(8!OO!j!OS3*C&6&!P6&P+6&.M!!

S#!76-&*8!),&!0#/=L1H!6&+K&#)!C+(!.-(($'%&.!-#!!)$'J&#&!+#.!<=>!7J77'&.!),6$JK,!+)!6$$I!



-1

)&IP&6+)J6&!+#.!P6&((J6&M!N,&!6&(J')-#K!5$IP$J#.(!C&6&!-.&#)-*-&.!+(!90#/:;=><;

?@A1/?@A1>B>!74!(-#K'&!564()+'!d;6+4!.-**6+5)-$#!/+89XD7*-R j +89XD7*-U1*+#.!!

5,+6+5)&6-V&.!74!),&!*$''$C-#K!I&),$.(M*

R=R=Q=O **AX?]*,:<D<K>7D8h<>8G;*GH*`/;Nfb)-,b1A\PN1A\P-a-*%[7K87C*

4.4.3.1.1 Analytical Evaluation 

* N,&!&'&I&#)+'!+#+'4(&(!$*!OO*;*OS!C&6&!C-),-#!),&!+55&P)+7'&!aM]k!&66$6!$*!),&!

5+'5J'+)&.!%+'J&(!*$6!),&!564()+''-#&!5$IP$J#.(M!_$6!5$IP$J#.!O-8!$#&!)$'J&#&!I$'&5J'&!

,+.!)$!7&!6&I$%&.!*6$I!),&!5+'5J'+)-$#M!N,&!'+52!$*!($'%&#)!5+#!7&!+))6-7J)&.!)$!.64-#K!

),&!564()+'(!74!%+5JJI!.-()-''+)-$#!P6-$6!)$!+#+'4(-(M!_N;SL!+#+'4(&(!-#.-5+)&.!),+)!+!

5+67$#+)$!*J#5)-$#+'!K6$JP8!/=><=L18!C+(!P6&(&#)!+(!(,$C#!74!+!(,+6P!7+#.!-#!),&!6+#K&!

$*!^FWa;^F>a!5I;^M!S*!),&!'-K+#.!C+(!76-.K-#K!+(!*$6!OO*j!OM!/+89XD7*-R*j!+89XD7*-U18!$6!

5,&'+)-#K!+(!#$)&.!*$6!5$IP$J#.!OO!/+89XD7*-R18!+!(&5$#.!C&+2&6!<=!%-76+)-$#+'!7+#.!-#!

),&!6+#K&!$*!^H]];^HH]!5I;^!C$J'.!7&!P6&(&#)MW`8!`>8!^aH8!^aW!!N,&!=><=L!P&+2(!C&6&!

$7(&6%&.!*$6!OO*+)!^FHa8!O-!+)!^F>F8!OQ!+)!^F^`8!OR!+)!^FHa8!+#.!OS!+)!^FHF!5I;^8!

6&(P&5)-%&'4!+(!-#.-5+)&.!74!7'+52!)6-+#K'&(!-#!+89XD7*-QM!S#!+..-)-$#8!C&+2&6!7+#.(!C&6&!

+'($!P6&(&#)!+(!-#.-5+)&.!74!7'+52!()+6)(!-#!),&!*-KJ6&!*$6!OO!+)!^HWF8!O-*+)!^HWZ8!OQ!+)!

^HW[8!OR!+)!^H]H8!+#.!OS*+)!^HW`!5I;^8!6&(P&5)-%&'48!C,-5,!(JKK&()!),&!7$#.-#K!I$.&(!$*!

),&!5+67$#+)$!K6$JP(!+6&!76-.K-#K!$6!5,&'+)-#KM!N,-(!()6J5)J6+'!*&+)J6&!C+(!5$#*-6I&.!-#!

),&!(-#K'&!564()+'!d;6+4!()6J5)J6&(M!S#!+..-)-$#!+!76$+.!P&+2!-(!P6&(&#)!+6$J#.!HFaa!5I;^!

C,-5,!-(!+))6-7J)&.!)$!6&(-.J+'!+'5$,$'!/H;?@A1!P6&(&#)!.J6-#K!(+IP'&!P6&P+6+)-$#M*

!



-$

+89XD7*-Q=*R)+52&.!_N;SL!(P&5)6+!P'$)!$*!OO!j!OS!/C,&6&!),&!=><=L!P&+2(!+6&!-#.-5+)&.!
74!7'+52!)6-+#K'&(!+#.!()+6(1M!

*

*

*

R=R=Q=- ,D@C><?*%>DXK>XD7C*<;Z*27>D8K<?*1<><*GH*`/;Nfb)-,b1A\PN1A\P-a-*

,GB[?7J7C*

! R-#K'&! 564()+'! d;6+4! .-**6+5)-$#! P6$%-.&.! ),&! 7&()! -#(-K,)! +(! +! I$.&'! $*! ),&!

5$IP$J#.(!-#!564()+''-#&!*$6IM!<$IP$J#.!OO!($'%&.!+(!+!.-I&6!C-),!&+5,!<&!+)$I!7&-#K!

];5$$6.-#+)&8!+.$P)-#K!+!.-()$6)&. )6-K$#+'!7-P46+I-.+'!K&$I&)64!),+)!6&(&I7'&(!I$6&!$*!

+! .-()$6)&.! );(,+P&! 5$#*-KJ6+)-$#! .J&! )$! ),&! :> H;=><;?@A! '-K+#.! /+89XD7* -R1M! N,&!

K&$I&)64!-(!.-5)+)&.!74!),&!5,&'+)-#KY76-.K-#K!'-K+#.8!C,-5,!5+J(&(!($I&!6-K-.-)4!-#!),&!

*-#+'!5$#*$6I+)-$#M!!N,&6&!C+(!.-($6.&6!-#!),&!?@A!K6$JP(!6&(J')-#K!-#!'+6K&6!),+#!#$6I+'!

),&6I+'!P+6+I&)&6(!+#.!+!('-K,)'4!,-K,&6!6&*-#&I&#)!%+'J&M! ?-($6.&6!C-),-#!),&!+)$I(!$*!

`,7N)-,b1A\PN1A\P-a-*

`%BN)-,b1A\PN1A\P-a-*

`1@N)-,b1A\PN1A\P-a-*

`eW*N)-,b1A\PN1A\P-a-*

`/X*N)-,b1A\PN1A\P-a-*



-&

),&!P&#.+#)!,4.6$5+67$#!5,+-#!-(!#$)!J#5$II$#!*$6!+'2$3-.&(!.J&!),&!*'&3-7-'-)4!$*!),&!

'-K+#.8! 6&(J')-#K! -#! ,-K,&6! *-#+'! 5$66&'+)-$#(! ),+#! -(! )4P-5+''4! $7(&6%&.! *$6! ()6J5)J6&!

($'J)-$#(M`F;``8! ^a]8! ^aF! ! "''! +))&IP)(! )$! 564()+''-V&! ,-K,&6! XJ+'-)4! P6$.J5)(! C&6&! #$)!

(J55&((*J'8!C-),!.-($6.&6!#$)&.!*$6!&+5,!($'J)-$#M!<$IP$J#.!OO!C+(!),&!$P)-I+'!()6J5)J6&!

*-#+'-V&.M!!N,&!.-($6.&6!6&I$%&.!(4II&)64!-#!),&!I$'&5J'&!+#.!6&XJ-6&.!),&!()6J5)J6&!)$!

7&! ($'%&.! -#! +!#$#;5&#)6$(4II&)6-5! (&))-#K8!A^M! S#! +))&IP)(! )$! 6&($'%&! ),&!.-($6.&6! ),&!

R"Oc! 5$II+#.! C-),-#! ),&! RGc0d! ($*)C+6&! P+52+K&! C+(! J(&.! )$! J#-*4! ),&! 7$#.!

.-()+#5&(!+#.!+#K'&(!-#!),&!'-K+#.(M!"*)&6!+''!),&!I$.&'-#K8!),&!6&*-#&I&#)!%+'J&!.-.!#$)!

-IP6$%&8! ($! *J6),&6! +))&IP)(!C&6&! +7+#.$#&.!C,&#! -)!C+(! .&)&6I-#&.! ),+)!L^! +#.!L>!

C&6&!C-),-#!+55&P)+7'&!)$'&6+#5&!%+'J&(!*$6!.-($6.&6&.!+'2$3-.&(M! ! !"..-)-$#+''48!$#&!$*!

),&!t;7J)4'!K6$JP(!,+.!(-K#-*-5+#)!.-($6.&6!+#.!'$5+)-$#(!$*!),&!,4.6$K&#!+)$I(!C&6&!#$)!

P$((-7'&M!?&(P-)&!),&!.-($6.&6!+!6&+($#+7'&!6&*-#&I&#)!%+'J&!C+(!$7)+-#&.!+#.!),&!J#-XJ&!

7$#.-#K!I$)-*! *$6! ),&! 5+67$#+)&! '-K+#.! P6$%&.! )$! 7&! -#! +K6&&I&#)!C-),!C,+)! ,+(! 7&&#!

6&P$6)&.!-#!),&!'-)&6+)J6&!*$6!+!(-I-'+6!<&!5+67+I+)&!5$IP$J#.MZH!!

!

!

!

!

!

!



-'

+89XD7*-R=**R)6J5)J6&!P'$)!$*!OOM!!N,&6I+'!&''-P($-.(!$*!,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!
'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!5'+6-)4M!Noteh!.-($6.&6!-#!),&!
'-K+#.(!5+J(&.!+7#$6I+'!),&6I$;P+6+I&)&6(!*$6!),&!$34K&#!+#.!5+67$#(!),&6&*$6&!),&(&!

C&6&!&35'J.&.!*$6!5'+6-)4M!

!

!

<$IP$J#.(!O-bOS!C&6&! *$J#.! )$!($'%&! -#! ),&!(+I&!K&#&6+'!.-#J5'&+6!+66+#K&I&#)!C-),!

$#&! 76-.K-#K! :> >;=><;?@A! '-K+#.(! +#.! )C$! )&6I-#+'!?@A! '-K+#.(! *$6! &+5,! 0#M! c+5,!

I&)+'! 5&#)&6! -(! W;5$$6.-#+)&! C-),! ),&! '-K+#.(! +66+#K&.! -#! )6-K$#+'! 7-P46+I-.+'! /)7P1!

K&$I&)64!/+89XD7*-S 9 +89XD7*-U1*

*

*



-(

+89XD7*-S=**R)6J5)J6&!P'$)!$*!O-M!!N,&6I+'!&''-P($-.(!$*!,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!
'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!5'+6-)4M!

!



-)

+89XD7*-M=**R)6J5)J6&!P'$)!$*!OQM!N,&6I+'!&''-P($-.(!$*!,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!
'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!5'+6-)4M*

!



--

*

+89XD7*-T=**R)6J5)J6&!P'$)!$*!ORM!N,&6I+'!&''-P($-.(!$*!,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!
'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!5'+6-)4M!



-.

*

+89XD7*-U=*R)6J5)J6&!P'$)!$*!OSM!N,&6I+'!&''-P($-.(!$*!,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!
'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!5'+6-)4M*

!

<$IP$J#.(!O-*+#.!OQ*5$#)+-#!)C$!-#.&P&#.&#)!I$'&5J'&(!-#!),&!J#-)!5&''!-#!+..-)-$#!)$*

$#&!)$'J&#&!I$'&5J'&!-#!),&!'+))-5&!C,-'&!),&!$),&6(!+6&!($'%&#);*6&&M!?-($6.&6!-#!)C$!$*!

),&!t;7J)4'!K6$JP(!*$6!OR*6&(J')&.!-#!'+6K&!),&6I+'!&''-P($-.(8!C,-5,!I+.&!'$5+)-#K!),&!

,4.6$K&#!+)$I(!$#!)C$!$*!),&!I&),4'!K6$JP(!.-**-5J')M!?J&!)$!),&!.-($6.&6!+6$J#.!),&!

I&)+'!+)$I8!),&!U7!+)$I!C+(!-#!5'$(&!P6$3-I-)4!C-),!)C$!I&),4'!K6$JP(8!+''$C-#K!+#!

U7;<!-#)&6+5)-$#!-#!),&!I$.&'M!<$IP$J#.!OS!,+(!),&!(+I&!.-($6.&6!-#!)C$!t;7J)4'!K6$JP(!

+#.!6&(J')(!-#!.-**-5J')4!-#!'$5+)-#K!,4.6$K&#!+)$I(!$#!),&!.-($6.&6&.!I&),4'!K6$JP(M!

N,&6&*$6&8!+#!-#)&6+5)-$#!7&)C&&#!),&!0J!+#.!I&),4'!5+67$#!(&&I!)$!7&!P6&(&#)M!

G$C&%&68!#$!+K$()-5!-#)&6+5)-$#(!+6&!P6&(&#)!-#!),&!_N;SL!(P&5)6+!*$6!OR*$6*OS!+#.!($!),&!



-/

0#;<!-#)&6+5)-$#!5+#!7&!+))6-7J)&.!)$!),&!.-($6.&6!-#!),&!()6J5)J6&!I$.&'M!_$6!.-6&5)!

5$IP+6-($#(!$*!),&!#$%&'!5$IP$J#.(!OO*;*OS3*+%&6+K&!7$#.!.-()+#5&(!+#.!+#K'&(!$*!

-#)&6&()!+6&!)+7J'+)&.!-#!&<W?7*SM!

R=R=Q=Q *%G?X>8G;*A7:<F8GD*GH*`/;Nfb)-,b1A\PN1A\P-a-*%[7K87C*

! N,&!<=>!-#(&6)-$#!P6$.J5)(!/OO*;!OS1!(J**&6&.!*6$I!'-I-)&.!($'J7-'-)48!+#.!5$JP'&.!

C-),!),&!&3P&5)&.!('$C!6&'+3+)-$#!)-I&(!$*!0#!(P&5-&(!I+.&!$7)+-#-#K!J(&*J'!TOL!

(P&5)6+!.-**-5J')M!!N,&!^H<!TOL!6&($#+#5&!+((-K#&.!)$!5+67$#+)&!'-K+#.(!+6&!6&P$6)&.!)$!

7&!#&+6! !^`aMa!PPIM^aZ!!c3)&#.&.!.+)+!5$''&5)-$#!+))&IP)(!.-.!#$)!-IP6$%&!),&!(-K#+'!)$!

#$-(&!6+)-$!+#.!#$!I&+(J6&+7'&!(-K#+'(!5$J'.!7&!$7(&6%&.M!R$'-.!()+)&!TOL!(P&5)6$(5$P4!

C+(!#$)!.$#&!*$6!+#4!$*!),&!5$IP$J#.(!7&5+J(&!),&!P+52-#K!.-($6.&6(!),+)!+'2$3-.&(!5+#!

&3,-7-)!7+(&.!$#!6&()6-5)&.!6$)+)-$#!),+)!4-&'.(!&66$#&$J(!P&+2(!+#.!#$!J(&*J'!-#*$6I+)-$#!

*$6!),&!5$IP$J#.(M[^!!

R=R=R 089:*\D7CCXD7*.7<K>8G;C*GH*,)-*8;>G*/;N).PQ*%[7K87C*

_$6!'$C!P6&((J6&(!$*!<=>8!-#(&6)-$#!$55J66&.!-#)$!$#'4!$#&!0#;=!7$#.!$*!

0#/=L1H8!*$6I-#K!+#!+'2$345+67$#+)&!5$IP'&3M!N$!&3P'$6&!C,&),&6!),&!5$IP$J#.!5$J'.!

-#5$6P$6+)&!I$6&!<=>-#)$!),&!$),&6!0#;=!7$#.(8!&'&%+)&.!P6&((J6&(!C&6&!J(&.!*$6!

+))&IP)&.!-#(&6)-$#!-#)$!UM!!N,-(!5$IP$J#.!C+(!5,$(&#!*$6!),&!()J.4!7&5+J(&!$*!-)(!

+%+-'+7-'-)4!-#!'+6K&!XJ+#)-)-&(M!!_$6!),&!-#56&+(&!),&!<=>*P6&((J6&!6&+5)-$#(!+!]H!IO!

($'J)-$#!$*!U!-#!)$'J&#&!C+(!P6&P+6&.!+#.!)6+#(*&66&.!)$!),&!K'+((!6&+5)-$#!%&((&'!&XJ-PP&.!

C-),!+!P$P;)$P!6&KJ'+6!+PP+6+)J(!/+89XD7*U1M!N,&!%&((&'!C+(!)6+#(*&66&.!*6$I!),&!

K'$%&7$3!)$!R5,'&#2!'-#&!C,&6&!),&!<=>!C+(!+))+5,&.!)$!),&!6&KJ'+)$6M!"*)&6!&%+5J+)-$#!

$*!),&!'-#&(8!<=>*6&KJ'+)&.!+)!+PP6$3-I+)&'4!`a!P(-K!C+(!-#)6$.J5&.!)$!),&!()-66-#K!
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($'J)-$#!*$6!^!,6M!N,&!5$'$6'&((!($'J)-$#!)J6#&.!.+62!76$C#!+*)&6!Ha!I-#M!C-),!#$!*J6),&6!

5$'$6!5,+#K&!#$)-5&.M!<64()+'(!C&6&!$7)+-#&.!JP$#!('$C!&%+P$6+)-$#!$*!),&!($'J)-$#!+#.!

4-&'.&.!+#!-.&#)-5+'!()6J5)J6&!($'J)-$#!+(!OQM!!N,&6&*$6&!&'&%+)&.!P6&((J6&!$*!<=>*.-.!not!

*+%$6!+..-)-$#+'!<=>!-#(&6)-$#!-#)$!I$6&!0#;=!7$#.(M!_J6),&6!5,+6+5)&6-V+)-$#!$*!),-(!

P6$.J5)!C+(!#$)!.$#&!(-#5&!),&!564()+'!()6J5)J6&!I+)5,!),+)!$*!),&!P6&%-$J(!6&(J')M!

R=R=S *,)-*!;C7D>8G;*8;>G*28J7Z*(B8Z76(?]GJ8Z7*

R=R=S=O *%@;>:7C8C*

! "(!P6&%-$J('4!()+)&.!),&!-($'+)-$#!$*!),&!I-3&.!+I-.&Y+'2$3-.&!(P&5-&(!4-&'.&.!),&!

*J''! +'2$3-.&!$6! +I-.&!JP$#!564()+''-V+)-$#M!"))&IP)(! )$!I$#-)$6! ),&!P6&*&6&#5&!$*!<=>!

-#(&6)-$#!-#)$!&-),&6!+#!0#;=L!$6!0#;TL!7$#.!-#!+!5$IP$J#.!),+)!5$#)+-#(!7$),!K6$JP(!

C+(!()-''!$*!-#)&6&()M!N,&6&*$6&8!<=>*-#(&6)-$#!C+(!.$#&!$#!),&!in-situ!K&#&6+)&.!P6$.J5)M!

_$''$C-#K!),&!P6$5&.J6&!*$6!<=>!-#(&6)-$#!+)!'$C!P6&((J6&(!.&(56-7&.!+7$%&!C&!$7)+-#&.!

OMM!N,&!5$IP$J#.!*$6I&.!-#!&3)6&I&'4!'$C!4-&'.!/+!(-#K'&!564()+'!C+(!-($'+)&.!+#.!d;6+4!

.-**6+5)-$#!.+)+!C&6&!5$''&5)&.1!+#.!6-K$6$J(!+))&IP)(!)$!6&P6$.J5&!),-(!(P&5-&(!P6$%&.!)$!

7&! .-**-5J')! +#.! C&6&! +7+#.$#&.! C-),! #$! *J6),&6! 6&(J')(M! _N;SL! C+(! +'($! .$#&! $#! ),&!

5$IP$J#.!7J)!.J&!)$!),&!'$C!XJ+#)-)4!*J6),&6!5,+6+5)&6-V+)-$#!5$J'.!#$)!7&!5$IP'&)&.M!

4.4.5.1.1 Analytical Evaluation 

! N,&!'$C!4-&'.!$*!5$IP$J#.!OM!+''$C&.!*$6!d;6+4!.-**6+5)-$#!$#!+!(-#K'&!564()+'!

+#.!_N;SL!$*!),&!7J'2!I+)&6-+'M!S#!),&!_N;SL!(P&5)6JI8!+!(,+6P!P&+2!+)!^F]H!5I;^!C+(!

$7(&6%&.!*$6!=><=L!'-K+#.!/+89XD7*-V1M!!G$C&%&68!.J&!)$!),&!5$IP'&3-)4!$*!),&!(P&5)6+8!

),&!<=!P&+2!),+)!-#.-5+)&(!76-.K-#K!=><=L!'-K+#.!5$J'.!#$)!7&!-.&#)-*-&.M!!S#!+..-)-$#8!+!

76$+.!=G!()6&)5,!C+(!$7(&6%&.!+)!H]aa!5I;^!),+)!5$J'.!7&!+))6-7J)&.!)$!,4.6$3-.&(!-#!),&!
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()6J5)J6&!$6!),&!P6&(&#5&!$*!*6&&!'-K+#.!/H;?@A1!$6!C+)&6!-#!),&!(+IP'&M!@$),!&3+IP'&(!

+6&!.-(5J((&.!*J6),&6!-#!),&!564()+'!()6J5)J6&!+#+'4(-(!7&'$CM!

!

+89XD7*-V=*_N;SL!(P&5)6+!P'$)!$*!OM=*

!

R=R=S=- **,D@C><?*%>DXK>XD7*<;Z*27>D8K<?*1<><*HGD*,)-*!;C7D>8G;*8;>G*

(B8Z76<?]GJ8Z7**

! <64()+'!()6J5)J6&!P+6+I&)&6(!*$6!),&!p7&();*-)i!()6J5)J6&!$*!OM*+6&!'-()&.!-#!&<W?7*RM!!

_$6!),&!)&)6+#J5'&+6!5$IP'&3!),&!5$$6.-#+)-$#!+6$J#.!),&!RI!+)$I(!+')&6#+)&!7&)C&&#!F!

+#.!Z;5$$6.-#+)&M!N,&!'-K+#.(!$*!),&!Z;5$$6.-#+)&!RI!+)$I(!+6&!+66+#K&.!-#!.-()$6)&.!

P&#)+K$#+'!7-P46+I-.!K&$I&)64!C,-'&!),&!F;5$$6.-#+)&!RI!+)$I(!,+%&!),&!'-K+#.(!-#!+!

.-()$6)&.!$5)+,&.6+'!+66+#K&I&#)M!c+5,!RI!,+(!$#&!)&6I-#+'!?@A!'-K+#.!+#.!),&!Z;



.$

5$$6.-#+)&!RI!,+(!+!NG_!($'%&#)!I$'&5J'&!7$J#.M!N,&!RI!+)$I(!+6&!76-.K&.!-#!+! >!

*+(,-$#!74!+')&6#+)-#K!=><;?@A!$6!C,+)!+PP&+6(!)$!7&!+! >;$3$!'-K+#.M!!S#!+..-)-$#!)C$!

XJ+.6JP'4!76-.K-#K!<=H;>!$6!T=H;!I$-&)-&(!/5$J'.!#$)!5$#*-6I!-.&#)-*-5+)-$#!74!

564()+''$K6+P,41!'-#2!),&!*$J6!RI!+)$I(!/+89XD7*QL1M!!

+89XD7*QL=*R)6J5)J6&!P'$)!$*!OMM!N,&6I+'!&''-P($-.(!$*!,&+%4!+)$I(!+6&!.6+C#!+)!),&!Hak!
'&%&'!+#.!5+67$#!+)$I(!+6&!(,$C#!+(!7+''(!+#.!()-52(!*$6!5'+6-)4M*

!

N,&!-.&#)-)4!$*!),&!)C$!K6$JP(!),+)!'-#2!+''!*$J6!RI!+)$I(!-(!+I7-KJ$J(E!,$C&%&68!),&6&!

+6&!),6&&!P$((-7-'-)-&(!*$6!),-(!()6J5)J6&!),+)!I+2&!-)!5,&I-5+''4!5,+6K&;7+'+#5&.h!^1!)C$!!

W;<=H;>!'-K+#.(!76-.K&!)$K&),&6!),&!*$J6!RIqH!+)$I(8!!6&XJ-6-#K!),&!)C$!'$#&!76-.K-#K!

$34K&#!+)$I(!)$!7&!,4.6$3-.&(E!>1!)C$! W;T=H;!!'-K+#.(!76-.K&!),&!*$J6!RIqH!+)$I(8!

6&XJ-6-#K!),&!$34K&#!+)$I(!)$!7&!$3$i(8!$6!H1!),&!5$IP$J#.!-(!+#!&XJ-I-3)J6&!$*!

RIq>YRIqH!I&)+'!5&#)&6(8!C-),!76-.K-#K! W;<=H;>!'-K+#.(!),+)!6&XJ-6&!),&!$34K&#(!+K+-#!
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)$!7&!,4.6$3-.&(!)$!7+'+#5&!),&!5,+6K&M!!0$5+)-$#!$*!P$((-7'&!,4.6$K&#!+)$I(!$#!+#4!

$34K&#!+)$I(!5$J'.!#$)!7&!+5,-&%&.!-#!),&!564()+'!()6J5)J6&M!S#!+..-)-$#8!5,+#K-#K!*6$I!

<=H;>!)$!T=H;!.J6-#K!()6J5)J6&!($'J)-$#(!.-.!#$)!5,+#K&!),&!6&*-#&I&#)!%+'J&8!L^!D!

FM`FkM!!N,&!J#2#$C#!I$-&)4!-(!P'+#+6!C,-5,!-(!5,+6+5)&6-()-5!$*!<=H;>M!!_$6!#-)6+)&(8!),&!

'$#&!P+-6!$*!&'&5)6$#(!$#!),&!#-)6$K&#!5+#!*$65&!),&!K&$I&)64!*6$I!)6-K$#+'!P'+#+6!)$!

P46+I-.+'M!G$C&%&68!(-#5&!),&!K6$JP!-(!IJ')-;76-.K-#K!),&!RI!+)$I(8!+!P'+#+6!K&$I&)64!

-(!$7(&6%&.!+#.!5+##$)!7&!+((-K#&.!)$!+!T=H;!$6!<=H;>!C-),$J)!*J6),&6!+#+'4(-(M!!"!

5$IP+6-($#!$*!7$#.!.-()+#5&(!+#.!+#K'&(!*$6!&+5,!5$IP'&3!/T=H;!$6!<=H;>1!C+(!)+7J'+)&.!

-#!&<W?7*Q*6&(J')-#K!-#!-#(-K#-*-5+#)!.-**&6&#5&(M!!

&<W?7*Q=*O&)6-5+'!P+6+I&)&6(!*$6!OMM!

AG;Z*Z8C><;K7C*<;Z*
<;9?7C*N<F=P*

OM**

N")QbP!

AG;Z*Z8C><;K7C*<;Z*
<;9?7C*N<F=P*

OM**

N,)Qb-P!

/;b).** >Ma`! /;b).*! >Ma[!

/;b)*

NHGD*f- -b*)-,b1A\P*

>MHW! /;b)*

NHGD*f-
-b,)-1A\P*!

>MHW!

/;b*)Q"** >M]a! /;b*)Q,*! >M]a!

/;b)*

NHGD*GJGP*

>MHa! /;b)*

NHGD*GJGP!

>MHa!

.)b/;b)*

NHGD*f- -b*)-,b1A\P*

^aFM[]! .)b/;b)*

NHGD*f-
-b*)-,b1A\P!

^a^Ma>!

)b/;b).* `FM`a! )b/;b).! `FM`a!

%Bb)b%B* ^aFM[a! %Bb)b%B! ^aZMa^!

%Bb)Q"b%B** `>M[]! %Bb)Q,b%B*! ^a]M]!

*
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<,&I-5+''48!+6KJI&#)(!5$J'.!7&!I+.&!*$6!&+5,!()6J5)J6&!$P)-$#E!),&6&*$6&8!*J6),&6!

+#+'4(-(!74!_N;SL!+#+'4(-(!C+(!.$#&M!!N,&!5+67$#+)&!'-K+#.!()6&)5,!-(!P6&(&#)!7J)!<=H;>!

+#.!),&!=><;?@A!'-K+#.!C-''!,+%&!(-I-'+6!SL!()6&)5,&(M!!S#!+..-)-$#8!),&!=G!()6&)5,!

$7(&6%&.!5$J'.!+55$J#)!*$6!),&!)C$!76-.K-#K!,4.6$3-.&(!#&&.&.!-#!),&!()6J5)J6&!-*!),&!

)6-P'4;76-.K-#K!K6$JP!-(!'+7&'&.!+!5+67$#+)&M!G$C&%&68!-*!),+)!K6$JP!-(!+((-K#&.!+(!+!

#-)6+)&!I$-&)48!),&#!#$!,4.6$3-.&(!+6&!#&&.&.!*$6!5,+6K&!7+'+#5&M!N,&6&!C+(!),&!

P$((-7-'-)4!),+)!*6&&!'-K+#.!/H;?@A1!C+(!P6&(&#)!-#!),&!(+IP'&!.J6-#K!.+)+!5$''&5)-$#!

C,-5,!C$J'.!K-%&!+#!=G!()6&)5,M!!N,&6&*$6&8!),&!_N;SL!.+)+!.$&(!#$)!.&*-#-)-%&'4!5$#*-6I!

+#4!$*!),&(&!()6J5)J6&!)4P&(!+#.!.J&!)$!),&!'$C!4-&'.!+#.!'$C!6&P6$.J5-7-'-)4!$*!),-(!

5$IP$J#.!#$!.&*-#-)-%&!()+)&I&#)(!5+#!7&!I+.&!+)!),-(!)-I&M!!

4.5 Conclusion 

R=S=O 18CKXCC8G;*GH*,)-*!;C7D>8G;*8;>G*/;N).PQ*,GB[?7J7C*

! N,&!5$IP$J#.(!6&(J')-#K!*6$I!),-(!6&(&+65,!,+%&!P6$%&.!)$!7&!%&64!-#)&6&()-#KM!

Q&!,+%&!(,$C#!),+)!+)!'$C!P6&((J6&(!<=>*(&'&5)-%&'4!-#(&6)(!-#)$!$#'4!($I&!$*!),&!0#;=!

7$#.(!$*!0#/=L1H!)$!*$6I!90#/:;=><;?@A1/?@A1>B>M!N,-(!$55J66&.!-#.&P&#.&#)!$*!),&!

+)$I-5!6+.--M!!c%&#!+)!,-K,&6!<=>*P6&((J6&(8!-#(&6)-$#!-#)$!I$6&!0#;=!7$#.(!5$J'.!#$)!7&!

+5,-&%&.M!!N,&!()J.4!$*!-#(&6)-$#!-#)$!+!I-3&.!+I-.&Y+'2$3-.&!6&(J')&.!-#!+!J#-XJ&!

5$IP'&3!C-),!C,+)!+PP&+6&.!)$!7&!+!)6-P'4!76-.K-#K!<=H;>!'-K+#.!P6&(&#)M!!N,&6&!+6&!$#'4!

)C$!$),&6!(-I-'+6!564()+''$K6+P,-5+''4;5,+6+5)&6-V&.!&3+IP'&(!-#!),&!'-)&6+)J6&!$*!

5$IP'&3&(!6&'+)&.!)$!$J6(E!,$C&%&68!#&-),&6!$*!),&(&!C&6&!*$6I&.!74!<=>*-#(&6)-$#!-#)$!

+'2$3-.&!7$#.(M^aZ8!^a[!!N,&!*+5)!),+)!<=>*.$&(!#$)!-#(&6)!-#)$!+''!$*!),&!0#;=L!7$#.(!-(!+!

P6$I-(-#K!*&+)J6&M!N,-(!(JKK&()(!),+)!-#(&6)-$#!-#)$!),&(&!P6&5J6($6(!I-K,)!7&!P6&%&#)+7'&!



.(

-*!),&!5$66&5)!'-K+#.!(&)!-(!5,$(&#M!!S#!+..-)-$#8!-*!+!<=>!6&(-()+#)!P6&5J6($6!5$J'.!7&!

+5,-&%&.!),&6I+'!P6$5&((-#K!-#)$!),&!.&(-6&.!5&6+I-5!I&)+'!$3-.&(!C$J'.!P6$5&&.!+)!

IJ5,!'$C&6!)&IP&6+)J6&(!via!74P+((-#K!5+67$#+)&!*$6I+)-$#M!!N,-(!C$J'.!7&!%&64!

-IP$6)+#)!*$6!I+)&6-+'(!6&(&+65,!7&5+J(&!),&!5$()!$*!),&6I+'!7J.K&)(!5$J'.!7&!I-#-I-V&.M!

S#!+..-)-$#8!J#.&(-6&.!*'J$6-.&;5$#)+-#-#K!5$IP$J#.(!),+)!,+%&!),&!P$((-7-'-)4!)$!&%$'%&!

_>/K1!$6!G_!5+#!7&!+%$-.&.!-*!!),&6I+'!P6$5&((-#K!$*!+'2$3-.&(!),+)!.$!#$)!&%$'%&.!),$JK,!

+!5+67$#+)&!-#)&6I&.-+)&!C&6&!+5,-&%&.M!!

R=S=- !B[?8K<>8G;C*GH*+X>XD7*.7C7<DK:**

! R-#5&!+#!$%&6+''!K$+'!-(!)$!.&56&+(&!J#.&(-6&.!<=>!-#(&6)-$#(!-#)$!I&)+'!+'2$3-.&(!

.J6-#K!P6$5&((-#K!-#)$!5&6+I-5!I+)&6-+'(8!*-#.-#K!P6&5J6($6(!),+)!+)!&'&%+)&.!)&IP&6+)J6&(!

+#.!+)I$(P,&6-5!5$#.-)-$#(!+6&!&%&#!I$6&!6&(-()+#)!)$!-#(&6)-$#!-(!$*!-#)&6&()M!N$!+5,-&%&!

),-(8!),&6&!+6&!(&%&6+'!%+6-+7'&(!),+)!5+#!7&!I+#-PJ'+)&.!-#!$6.&6!)$!.&)&6I-#&!),&!P6$P&6!

P6&5J6($6(!)$!+''$C!),-(!K$+'!)$!7&!6&+5,&.M!!"!*-6()!()&P!-#!*J)J6&!C$62!C$J'.!7&!)$!)&()!

$),&6!'-K+#.!(&)(!J#.&6!),&!(+I&!5$#.-)-$#(!),+)!C&6&!J(&.!*$6!),-(!6&(&+65,!)$!(&&!-*!
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S= (\\$"1!,$%*

5.1 Appendix A: TABLES 

&<W?7*R=**<64()+''$K6+P,4!.+)+!5$''&5)-$#!P+6+I&)&6(!*$6!T8!V!;!OMM!#$)&h!564()+''$K6+P,4!
.+)+!*$6!O*;!M8!U!+6&!6&P$6)&.!-#!),&!'-)&6+)J6&MW;[8!F]8!FZ*

<$IP$J#.* T* V* OL* OO* O-g>G?*

<,&IM!_$6IM* <W>GFH=HRI! <W>GFH=HU7 <W>GFH0J!=H <[F<&>G^>F=^a* <[FG^>F=^aRI>g*
<ZG[!

_$6IM!C&-K,)* ZFFMHF! Z[`Maa! Z`aM`H! ^FaaM^[ ^Z^>MZa!

)&IP!/v1* ^ZH/>1! ^ZH/>1! ^ZH/>1! ^ZH/>1! !!^ZH/>1!

(P+5&!K6$JP* O$#$5'-#-58!!
A>/^1!

O$#$5'-#-58!!
A>/^1Y5!

O$#$5'-#-58!!
A>/^1Y5!

N6-5'-#-58!A^! O$#$5'-#-58!!
A>/^1Y5!

a /s1* ^^M>Z]^/^F1! ^^M^^[[/^>1! ^^M^^HH/^W1! ^>MWWF/H1! >]MZZa/W1!

b /s1* H^MZ]`/]1! H^M`HZ/H1! H^M`Z^/W1! ^HM^W^/W1! ^ZMFHZ/H1!

c /s1* ^^MF^HW/^F1! ^^MFH[H/^>1! ^^M]`Z^/^W1! ^HMFHa/W1! >^M^[H/H1!

!/.&K1* ! ! ! F`M`aW/Z1! !

!/.&K1* ^a]MaH^/>1! ^aWMHW]/>1! ^aWMHF[/>1! Z]MZWW/F1! `]M`[F/H1!

!/.&K1* ! ! ! ZFMH^^/F1! !

g!/sH1* Wa^FMH/^a1! WaaWMa/Z1! H``^MF/[1! >aaaMW/`1! `]ZF/H1!

r* >! W! W! ^! W!

?5+'5i./OKYIH1* ^M>FZ! ^MH>>! ^MH^F! ^MH>^! ^M^[[!

:8/O$8!v 1/II;^1! ^MW`F! >MHZa! >M]aZ! ^M^Z`! ^M>F]!

L^+/k1/+''!.+)+1!

CL>7/k1/+''!.+)+1!

HMZ>/HM[]1!

`MH`/`MFF1!

]M]F/[MaW1!

^HM`W/^]MFZ1!

WM^[/WMZ>1!

^^M]^/^>MaW1!

`MHH!/^]M^F1!

^ZM^`!/^[MHH1!

]M^>/FM]F1!

^^M]W/^>M^1!
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&<W?7*R!/<$#)-#J&.1!

<$IP$J#.* OQg>G?* OR* OS* OM*

<,&IM!_$6IM* <[FG^>F?4>=^a
g*<ZG[!

<[FG^>F=^aU7>! <[FG^>F0J>=^a! <`WG^W>T>=>aRIW!

_$6IM!C&-K,)* ^ZHZMaa! ^FFFMa>! ^FF`M[[! >>>^M]a!

)&IP!/v1* !!^ZH/>1! ^ZH/>1! ^ZH/>1! ^ZH/>1!

(P+5&!K6$JP* O$#$5'-#-58!!
A>/^1Y5!

O$#$5'-#-58!!
A>/^1Y#!

O$#$5'-#-58!!
A>/^1Y#!

O$#$5'-#-58!!
A>/^1Y#!

a /s1* >]M]`/F1! ^WM][W]/^[1! ^WMFaWZ/^F! ^WMH^W/H1!

b /s1* ^ZMZW/W1! ^WM[^]`/^`1! ^WM[>^F/^F1! >>MZ[^/W1!

c /s1* >^Ma]/]1! >aMaH[/H1! >aMa^Z/>1! ^FMH>^/H1!

/.&K1* ! ! ! !

!/.&K1* `]M]`/W1! ^a[M>HH/>1! ^a[MaZ[/>1! ^^>M^H>/W1!

!/.&K1* ! ! ! !

g!/sH1* `]a`/W^1! W^^>M]/`1! W^^`Ma/[1! W`>`M[/^]1!

r* W! >! >! >!

?5+'5i./OKYIH1* ^M>^H! ^MHWa! ^MHW]! ^MW`Z!

:8/O$8!v 1/II;^1! ^MF^a! >MH^W! >MWHZ! >MW^>!

L^+!!/k1!/+''!.+)+1!

CL>7/k1!/+''!.+)+1!

^aMH>!/^^MH>1!

>HM]>/>HM[`1!

FMFW/^aM]>1!

^HM[`/^]MH[1!

WMFZ/ZMZ^1!

ZM`H/[MZW1!

FM`]/^WMa>1!

^>M[F/^]MH[1!

!"# $ % %&'% %&(% % ) %&'% * #++ ,-". $ / - 0 &'. &(. 1. ) 0- %&'%.1.2#). * #++3
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&<W?7*S=*O&)6-5+'!P+6+I&)&6(!*$6!T8!V;!OSM!

AG;Z* Z8C><;K7C* <;Z* <;9?7C*
N<F=P*

T! V! OL! OO!

/;b).** >M^^! >Ma>! >MaZ! >M^H!

.)b/;b).** ^^aMHZ! ^^HM[^! ^^>MHa! >HHM>!

/;b)*

NHGD*K:7?<>7*f- Qb*)-,b1A\P*

;;;;;;;;;;! ;;;;;;;;;;! ;;;;;;;;;;! >MW]!

/;b)**

NHGD*WD8Z97*f- Qb*)-,b1A\P*

;;;;;;;;;;! ;;;;;;;;;;! ;;;;;;;;;;! >M]`!

)b/;b)*

NHGD*K:7?<>7*f- Qb)*P*

;;;;;;;;;;! ;;;;;;;;;;! ;;;;;;;;;;! ]^M]]!

)b/;b*)*

NHGD*WD8Z97*f- Qb)P*

;;;;;;;;;;! ;;;;;;;;;;! ;;;;;;;;;;! FZM`!

/;b)b/;*

NHGD*f- Qb)P*

;;;;;;;;;;! ;;;;;;;;;;! ;;;;;;;;;;! ^^>Ma]!

* O-! OQ* OR* OS*

/;b).** >M^a! >Ma]! >Ma>! >Ma^!

/;b)*

NHGD*f- -b*)-,b1A\P*

>MHa! >M>F! >M^F! >M^]!

.)b/;b).** ^a[Ma`! ^^HM^a! ^^`M^a! ^^[MHH!

.)b/;bf- -b)* ^^HM^Z! ^^>Maa! ^^aMWH! ^^aMW[!

)b/;b)*

NHGD*f- -b)P*

`FM^W! `>M`[! `^M[a! `>MFH!

! ;;;;!7$#.!.-()+#5&!$6!+#K'&!-(!#$)!P6&(&#)!-#!()6J5)J6&!

!
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]M! L&&(!�J#-$68!QM!RME!�J()8!=ME!g+#!?&6%&&68!?M!RM8!Journal of Materials Chemistry 
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`M! n#-%&6(+'!S#.J()6-+'!b+(&(!,))PhYYCCCMJ-K-M5$IY5+67$#.-$3-.&M,)I'!!!<+67$#!
?-$3-.&!A6$P&6)-&(8!n(&(8!"PP'-5+)-$#(M!/+55&((&.!=5)$7&6!^>8!>aa`1M!

^aM! O5S#)46&8!AM!<ME!<-I+8!OM!�ME!TK8!OM!_M8!Journal of Applied Physics OVVL3!688!
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