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1.0 Introduction 

1.1 Background 

#$'!5-*'!)5!WW#1?!-!H-45)&3!g+12'-&!P'%'&C-*")4!*-40!/-%*'!1)4%*"*+'4*?!"%!-!,-h)&!P"C'&!Q&)*'1*")4!
Q&)h'1*!52)/%$''*!+41'&*-"4*6L!!#$'!0'6!3&"C'&!*)!*$"%!52)/%$''*!+41'&*-"4*6!"%!-%%)1"-*'3!/"*$!*$'!
D4*'A&-*'3!T"%()%-2!8-1"2"*6!Q'&5)&,-41'!\%%'%%,'4*!WW#1!&"%0!3'*'&,"4-*")4%L!Q&'C")+%!-**',(*%!*)!
&',)C'!WW#1!5&),!H-45)&3!*-40!/-%*'!+%"4A!-4!")4B'@1$-4A'!(&)1'%%!%('1"5"1!*)!('&*'1$4'*-*'!7#1GbBV!
8"A+&'!=L=\:!/'&'!)426!%),'/$-*!%+11'%%5+2!3+'!*)!*$'!(&'%'41'!)5!)*$'&!C-2'4*!-43!1),(2'@'3!5)&,%!)5!
WW#1!"4!*$'!/-%*'!%+('&4-*-4*L!!D4!5"%1-2!6'-&!789:!;<=;?!-!%*+36!&'C"'/'3!(&")&!/)&0!-%!*)!*$'!4-*+&'!-43!
'@*'4*!)5!*$"%!4)4B('&*'1$4'*-*'?!-20-2"4'B%)2+K2'!#1!"4!*$'!H-45)&3!/-%*'!*-40%!7P-(0)!'*!-2L!;<=>:L!!\%!
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2.0 Results 

2.1 Tc(I) Synthesis, Characterization, and Speciation 

2.1.1 Aqueous Synthesis of fac-Tc(CO)3
+ 
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2.1.2 99Tc-NMR Characterization of the Aqueous Reaction Products 
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2.1.3 Time Dependence of Reaction Products in [Tc(CO)3(OH)(H2O)2] Syntheses 
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2.1.4 Tetrahydrofuran Synthesis of fac-Tc(CO)3
+
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('&%"%*'3L!!\4!-33"*")4-2!-K)+*!><!,2!)5!-!=!Z!dH>!%)2+*")4!"4!#H8!/-%!-33'3!+4*"2!*$'!6'22)/!1)2)&!
3"%-(('-&'3L!!82+%$"4A!*$'!&'-1*")4!C'%%'2!/"*$!1-&K)4!,)4)@"3'!/-%!1)4*"4+'3!5)&!>!$)+&%!-*!&)),!
*',('&-*+&'L!!T+&"4A!*$"%!*",'!*$'!&'-1*")4!,"@*+&'!*+&4'3!K&)/4L!

#$'!&'-1*")4!,"@*+&'!/-%!3"C"3'3!"4*)!*/)!()&*")4%L!!\!=!Z!HF2!%)2+*")4!/-%!-33'3!*)!)4'!%-,(2'V!
4)!A-%!'C)2+*")4!/-%!)K%'&C'3?!%+AA'%*"4A!*$-*!-22!dH>!/-%!1)4%+,'3!(&")&!*)!*$'!HF2!-33"*")4L!!#)!'-1$!
%-,(2'?!<L=b!A!EU*bgIF2!/-%!-33'3!-43!2'5*!%*"&&"4A!)C'&4"A$*!*)!1&6%*-22".'!-46!'@('1*'3!
EU*bgI;E#17FG:>F2>I!(&)3+1*L!!\!%,-22!-,)+4*!)5!/$"*'!(&'1"("*-*'!/-%!5)&,'3L!!8)+&"'&!#&-4%5'&!D45&-&'3!
78#DP:!%('1*&-!78"A+&'!;L=:!)5!*$'!&',-"4"4A!%)2+*")4!%$)/'3!*$'!(&'%'41'!)5!*$'!*-&A'*'3!(&)3+1*!-%!
K-%'3!)4!"*%!1$-&-1*'&"%*"1!FG!K-43%!-*!=W><!-43!;<><!1,B=?!-**&"K+*'3!*)!*$'!%6,,'*&"1!1-&K)462!%*&'*1$?!

7>:!
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-43!-*!=_;=!-43!=_]>!1,B=?!-%%"A4'3!*)!*$'!-%6,,'*&"1!1-&K)462!%*&'*1$!7#-0-6-,-!'*!-2L!;<<`:L!!#$'!
%)2"3!5&-1*")4!'@$"K"*'3!-!4'-&26!"3'4*"1-2!8#DP!(&)5"2'!78"A+&'!;L=:L!

!
#$%&'(!1*)*! 8#DP!R('1*&-!)5!*$'!c"[+"3!P'-1*")4!Z"@*+&'%!5&),!R64*$'%"%!_!7%'((-!.'6:(:!-43!

R64*$'%"%!^!778&(!.'6:(:!-43!)5!*$'!R)2"3!a'4'&-*'3!5&),!*$'!P'-1*")4!Z"@*+&'!5&),!
R64*$'%"%!_!7'(;!.'6:(:!*$-*!F)4*-"4!E#17FG:>F2>I;B!Q&)3+1*L!!#$'!"4%'*!%$)/%!*$'!
%6,,'*&"1!7-*!=W><!-43!;<><!1,B=:!-43!-%6,,'*&"1!7-*!=_]>!-43!=_;=!1,B=:!FfG!
%*&'*1$"4A!,)3'%L!

+,-./(0$0!I*!!R64*$'%"%!_!/-%!&'('-*'3!/"*$!*$'!5)22)/"4A!1$-4A'%Y!*$'!*)*-2!-,)+4*!)5!=BZ!dH>!
&'3+1*-4*!"4!#H8!/-%!"41&'-%'3!*)!]<!,2L!!#$'!&'-1*")4!,"@*+&'!/-%!0'(*!+43'&!FG!-*,)%($'&'!-*!-K)+*!
]< F!5)&!*$&''!3-6%?!+4*"2!"*%!1)2)&!*+&4'3!5&),!6'22)/jK&)/4!*)!1)2)&2'%%L!!\33"*")4!)5!EU*bgIF2!
1&6%*-22".'3!-!%,-22!-,)+4*!)5!*$'!5"4-2!(&)3+1*L!!#$"%!%64*$'%"%!/-%!&'('-*'3!5)+&!*",'%!/"*$!1)4%"%*'4*!
&'%+2*%L!!8#DP!%('1*&-!)5!*$'!2"[+"3!($-%'%!3',)4%*&-*'3!*$'!(&'%'41'!)5!#1BFG!K-43%!"3'4*"1-2!*)!*$)%'!
)K%'&C'3!"4!*$'!(&)3+1*!)5!R64*$'%"%!_!78"A+&'!;L=:L!!#$'!-,)+4*!)5!1&6%*-22".'3!EU*bgI;E#17FG:>F2>I!
(&)3+1*!"4!*$"%!(&)1'3+&'!/-%!*))!%,-22!*)!1)4C'&*!*)!*$'!*-&A'*!E#17FG:>7H;G:>IJ!,-*'&"-2!-43!1)43+1*!
-46!gZP!1$-&-1*'&".-*")4V!*$'&'5)&'?!*$'!2"[+"3!&'-1*")4!(&)3+1*!1)4*-"4"4A!EU*bgI;E#17FG:>F2>I!/-%!
+%'3!5)&!%+K%'[+'4*!%*+36L!

2.1.5 99Tc NMR Characterization of the THF Reaction Product 

#$'!#H8!,"@*+&'!1)4*-"4"4A!E#1F2>7FG:>I;B!&'-1*")4!(&)3+1*!/-%!,"@'3!/"*$!/-*'&!"4!-!=Y=!&-*")!-43!
$'-*'3!-*!-K)+*!]< F!5)&!*$&''!$)+&%L!!\5*'&!$'-*"4A?!*$'!%)2+*")4!(H!/-%!"41&','4*-226!-3h+%*'3!+%"4A!
HF2!)&!g-GH!74)*'Y!*$'!-K%)2+*'!(H!C-2+'!1)+23!4)*!K'!)K*-"4'3!3+'!*)!*$'!(&'%'41'!)5!#H8!"4!*$'!

5001000150020002500300035004000
Wavenumber (cm-1)

1600180020002200
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%)2+*")4V!*$'&'5)&'?!*$'!(H!/-%!"41&'-%'3!&'2-*"C'!*)!*$'!"4"*"-2!-1"3"1!C-2+':L!!#)!*$'!&'%+2*"4A!%)2+*")4%!
T;G!/-%!-33'3!"4!-!>Y=!T;G!*)!H;G!&-*")!-43!WW#1BgZP!%('1*&-!/'&'!1)22'1*'3L!!#$'!&'%+2*%!)5!*$'!gZP!
-4-26%"%!-&'!&'()&*'3!"4!#-K2'!;L;L!

5678(!1*1*!!WW#1BgZP!F$-&-1*'&".-*")4!)5!*$'!#H8!P'-1*")4!Q&)3+1*!5&),!R64*$'%"%!^!

+98&.$9-!J'(B6'6.$9-!

??5:!@(09-6-:(!

"00$%-=(-.!6K!
F$',"1-2!R$"5*?!

((,!
H-25B/"3*$?!

H.! D4*'A&-*")4!
L'$%$-68!@(6:.$9-!

M$N.&'(!
<!
B^]]!
BW<`!

!
_<!
_<!

<L;!
=L<!
<L<=!

#1GbB!
E#17FG:>7H;G:>IJ!
E#17FG:b7H;G:;IJ!

@N-*!M$N.&'(!O6'=(;!
E$./!O6.('A!BCP2!

<!
B^]]!

!
]<!

<L=`!
=L<!

#1GbB!
E#17FG:>7H;G:>IJ!

@N-*!M$N.&'(!O6'=(;!
E$./!O6.('A!BCP4!

<!
B^]]!
B^W;!
BW<b!

!
]<!
W<!
]<!

<L;!
=L<!
=L<!
<L<;!

#1GbB!
E#17FG:>7H;G:>IJ!
E#17FG:>F2>I;B!
E#17FG:b7H;G:;I!J(

@N-*!M$N.&'(!O6'=(;!
E$./!O6.('A!BCPH!

<!
B^]_!
BW`>!
B=<`]!

!
_<!
]`!
=<<!

<L=!
=L<!
<L=!
<L;!

#1GbB!
E#17FG:>7H;G:>IJ!
E#17FG:>F2;IB!

E#17FG:>7GH:7H;G:;I(
@N-*!M$N.&'(!O6'=(;!
E$./!O6.('A!BCP)1!

B=<`_! =<<! =L<! E#17FG:>7GH:7H;G:;I(

a) Assignment is based on reports by Alberto et al. 1998c, Gorshkov et al. 2000, Gorshkov et al. 2003. 

2.1.6 Diglyme Synthesis of fac-Tc(CO)3
+ 

UC'4!*$)+A$!*$'!%64*$'*"1!&)+*'!K-%'3!)4!*$'!&'3+1*")4!)5!#17MDD:!*)!#17D:!"4!#H8!%)2C'4*!
7R64*$'%'%!]!*$&)+A$!^:!(&)3+1'3!*$'!*-&A'*!(&)3+1*?!*/)!1$-22'4A'%!$-C'!K''4!)K%'&C'3Y!=:!"4%+55"1"'4*!
1)4C'&%")4!2'-3"4A!*)!*$'!(&'%'41'!)5!+4&'-1*'3!#1GbB!+()4!1),(2'*")4!)5!*$'!%64*$'%"%?!-43!;:!-!3"55"1+2*!
(+&"5"1-*")4!(&)1'3+&'L!!D4!-4!-**',(*!*)!)C'&1),'!*$'%'!%$)&*1),"4A%?!-!3"55'&'4*!%64*$'*"1!-((&)-1$!*)!
)K*-"4"4A!*$'!E#17FG:>F2>I;B!(&'1+&%)&!)5!*$'!3'%"&'3!E#17FG:>7H;G:>IJ!(&)3+1*!/-%!"4C'%*"A-*'3L!!#$"%!
4'/!-((&)-1$?!K-%'3!)4!)4'!)5!*$'!5"&%*!&'()&*'3!%64*$'%'%!)5!E#17FG:>F2>I;B!7\2K'&*)!'*!-2L!=WW`:?!
"4C)2C'%!-!*/)B%*'(!&'3+1*")4!)5!#17MDD:!*)!#17D:L!!D4!*$'!5"&%*!%*'(?!#1GbB!"%!&'3+1'3!*)!#17M:!"4!*$'!5)&,!
)5!%*-K2'!1),()+43!Ed+bgIE#1GF2bI!7%''!P'-1*")4!b:?!/$"1$!1-4!K'!'-%"26!"%)2-*'3L!!#$"%!%$)+23!(&)C"3'!
-!,)&'!%*-K2'!#17M:!%)+&1'!*$-4!*$'!*6("1-226!+4%*-K2'!#17M:!5)&,'3!#4(2#-3L!

! ! 7b:!

#$'!%'1)43!&'3+1*")4!%*'(!5&),!#17M:!*)!#17D:!"%!3'%1&"K'3!K6!P'-1*")4!`Y!

! ! 7`:!
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g)*'!*$-*!*$'!K)"2"4A!()"4*!)5!3"A26,'!"%!=]; F?!%)!*$'!&'-1*")4!,"@*+&'!1-4!K'!%-5'26!$'-*'3!*)!-!
$"A$'&!*',('&-*+&'?!*6("1-226!==<B=;< F!*$-4!1-4!K'!3)4'!/"*$!#H8L!!#$"%!E#17FG:>F2>I;B!(&'1+&%)&!1-4!
*$'4!K'!1)4C'&*'3!*)!E#17FG:>7H;G:>IJ!(&)3+1*!K6!*$'!'@1$-4A'!&'-1*")4!>L!

2.1.6.1 Synthesis 9 

Step 1L!!=<<!,A!)5!gHb#1Gb!/-%!3"%%)2C'3!"4!b!,2!/-*'&!7<L`<<!,Z)2:!-43!%2)/26!-33'3!*)!b<!,2!)5!
1)41'4*&-*'3!HF2!%)2+*")4!%*"&&'3!"4!-!K'-0'&L!!#$'!%)2+*")4!*+&4'3!6'22)/BA&''4L!!\5*'&!=<!,"4+*'%?!
=;^!,A!)5!d+bgF2!3"%%)2C'3!"4!b!,2!/-*'&!/-%!-33'3?!(&)3+1"4A!-!2"A$*!A&''4!(&'1"("*-*'L!!#$'!
(&'1"("*-*'!/-%!5"2*'&'3!-43!$'-*'3!"4!-!52-%0!)C'&4"A$*!-*!b<iF!*)!3&6!)55!*$'!HF2!-43!-46!&'%"3+-2!/-*'&L!

Step 2L!!#$'!A&''4BK&)/4!(&'1"("*-*'!A'4'&-*'3!"4!R*'(!=!/-%!3"%%)2C'3!"4!;<!,2!)5!3"A26,'!*)!
(&)3+1'!-!6'22)/BK&)/4!%)2+*")4!78"A+&'!;L;:L!!FG!/-%!(-%%'3!*$&)+A$!*$'!%)2+*")4!5)&!><!,"4+*'%L!!
#$&''!,"22"2"*'&%!)5!=BZ!dH>j#H8!/-%!-33'3!3&)(B/"%'!)C'&!`!,"4+*'%?!&'%+2*"4A!"4!-!3"&*6!K&)/4!
%)2+*")4L!!D*!/-%!$'-*'3!*)!==<iF!+43'&!FG!-*,)%($'&'L!!\5*'&!5"C'!$)+&%?!*$'!%)2+*")4!/-%!1))2'3!*)!
&)),!*',('&-*+&'!-43!;!,2!,)&'!dH>B#H8!/'&'!-33'3L!!#$'!%)2+*")4!'C)2C'3!A-%!-43!-!5+&*$'&!>!,2!)5!
dH>B#H8!/'&'!-33'3!+4*"2!4)!,)&'!5+,'%!/'&'!)K%'&C'3!5)22)/"4A!K)&-4'!-33"*")4L!!R+K%'[+'4*26?!*$'!
%)2+*")4!/-%!$'-*'3!*)!==<iF!)C'&4"A$*!+43'&!1)4%*-4*!FG!K+KK2"4AL!

!
#$%&'(!1*1*! 7\:!9'22)/BK&)/4!R)2+*")4!8)&,'3!\5*'&!T"%%)2C"4A!7d+bg:E#1GF2bI!"4!T"A26,'!"4!

R*'(!;!)5!R64*$'%"%!WV!7d:!T-&0!d&)/4!R)2+*")4!P'%+2*"4A!5&),!\33"*")4!)5!dH>B#H8!
R)2+*")4!*)!7d+bg:E#1GF2bI!"4!T"A26,'!

#$'!5)22)/"4A!3-6?!*$'!3"&*6!K&)/4!%)2+*")4!/-%!1))2'3!*)!&)),!*',('&-*+&'!-43!>]<!,A!d+bgF2!
7=L>!,Z)2:!/'&'!-33'3!-43!%*"&&'3!5)&!=!$)+&L!!8"2*&-*")4!(&)3+1'3!-!3"&*6!K&)/4!(&'1"("*-*'?!(&'%+,-K26!
*$-*!)5!7d+bg:;#1F2]!78"A+&'!;L;:L!!#$'!(&'1"("*-*'!/-%!/-%$'3!/"*$!;!n=<!,2!3"A26,'L!!#$'!1),K"4'3!
5"2*&-*'!-43!/-%$!%)2+*")4%!/'&'!(+*!"4!-!12'-4?!3&6!52-%0?!<L]^<!,A!)5!U*bgF2!/-%!-33'3?!-43!*$'!%)2+*")4!
/-%!/-&,'3!*)!]<iF!)C'&4"A$*L!!\!/$"*'BA&''4!(&'1"("*-*'!%'**2'3!"4!*$'!52-%0!78"A+&'!;L>:L!!#$'!
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(&'1"("*-*'!/-%!1)22'1*'3!-43!3&"'3?!*$'4!3"%%)2C'3!"4!>!,2!H;G!-43!/-&,'3!5)&!*/)!$)+&%L!!WW#1BgZP!
%('1*&+,!)5!*$'!%)2+*")4!/-%!&'1)&3'3!"4!T;G!-43!%$)/'3!C'&6!2"**2'!(&'%'41'!)5!*$'!3'%"&'3!
E#17FG:>7H;G:>IJ!(&)3+1*!-*!-K)+*!B^]`!((,V!*$'&'5)&'?!-!,)3"5"'3!(&)1'3+&'!/-%!-**',(*'3L!

!
#$%&'(!1*2*! 7\:!O$"*'BA&''4!Q&'1"("*-*'!8)&,'3!\5*'&!O-&,"4A!*$'!P'-1*")4!Z"@*+&'!)5!R64*$'%"%!W!

/"*$!U*bgF2!GC'&4"A$*!-*!]<iFV!7d:!*$'!O$"*'BA&''4!Q&'1"("*-*'!

#$'!2)/!6"'23!)5!*$"%!%64*$'%"%!"%!-**&"K+*'3!*)!*$'!"4%+55"1"'4*!(&'1"("*-*")4!)5!*$'!d+bgE#1GF2bI!
(&)3+1*!)5!R*'(!=!-%!/'22!-%!(&'%+,-K2'!(&'%'41'!)5!&'%"3+-2!HF2!"4!*$'!%*-&*"4A!,-*'&"-2?!/$"1$?!"4!-!
1),('*"4A!%"3'!&'-1*")4?!&'-1*%!"&&'C'&%"K26!/"*$!*$'!dH>!&'3+1*-4*V!*$+%?!-!,)3"5"'3!(&)1'3+&'!/-%!
-**',(*'3L!

2.1.6.2 Synthesis 10 

Step 1L!!Q)/3'&'3!%)2"3!gHb#1Gb!7><<!,A?!=L]]!,Z)2:!/-%!3"%%)2C'3!"4!b!,2!)5!3"%*"22'3!/-*'&L!!#$'!
&'%+2*-4*!%)2+*")4!/-%!%2)/26!-33'3!*)!b<!,2!)5!1)41'4*&-*'3!HF2!%)2+*")4!%*"&&'3!"4!-!K'-0'&L!!O"*$"4!
=<!,"4+*'%?!*$'!1)2)&!)5!*$'!%)2+*")4!*+&4'3!5&),!6'22)/!*)!A&''4L!!\5*'&!-4)*$'&!=`!,"4+*'%?!b!,2!)5!_`o!
/j/!d+bgF2!"4!/-*'&!/-%!-33'3!*)!*$'!A&''4!%)2+*")4!3&)(B/"%'L!!#$"%!&'%+2*'3!"4!*$'!5)&,-*")4!)5!
,"1&)B1&6%*-22"4'!A&''4!(&'1"("*-*'L!!#$'!(&'1"("*-*'!/-%!1'4*&"5+A'3!-43!1)22'1*'3!K6!5"2*&-*")4L!!#$'!%)2"3!
/-%!-22)/'3!*)!-"&!3&6!-*!&)),!*',('&-*+&'L!!G41'!3&6?!*$'!%)2"3!/-%!3"%%)2C'3!"4!"%)(&)(-4)2!-43!-22)/'3!
*)!1&6%*-22".'!K6!%2)/!'C-()&-*")4L!!#$'!Ed+bgIE#1GF2bI!1&6%*-2%!/'&'!1)22'1*'3!K6!A&-C"*6!5"2*&-*")4!
*$&)+A$!-!A2-%%B5&"*!-43!-"&!3&"'3!5)&!%+K%'[+'4*!+%'L!!#$'!(&)3+1*!/-%!3"%%)2C'3!"4!3'+*'&-*'3!-1'*)4"*&"2'!
-43!1$-&-1*'&".'3!K6!WW#1!gZP!7#-K2'!;L>:L!!#$'!&'%+2*"4A!%('1*&+,!%$)/'3!)426!-!C'&6!%,-22!
('&*'1$4'*-*'!%"A4-2L!!D*!"%!-%%+,'3!*$-*!*$'!#17M:!&'%)4-41'!)5!*$'!E#1GF2bIB!%('1"'%!"%!C'&6!K&)-3!-43!
*$'&'5)&'!1)+23!4)*!K'!)K%'&C'3L!!O$'4!*$'!Ed+bgIE#1GF2bI!,-*'&"-2!/-%!3"%%)2C'3!"4!T;G?!"*%!1)2)&!
",,'3"-*'26!1)4C'&*'3!5&),!K&"A$*!A&''4!*)!3-&0!K&)/4?!(&'%+,-K26!3+'!*)!-!3"%(&)()&*")4-*")4!&'-1*")4?!
/"*$!A'4'&-*")4!)5!#17DM:!"4!*$'!5)&,!)5!#1G;!-43!#17MDD:!-%!#1GbBL!!WW#1!gZP!1)45"&,'3!*$-*!*$'!
1)&&'%()43"4A!%-,(2'!1)4*-"4'3!-!C'&6!%*&)4A!#1GbB!%"A4-2L!
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Step 2L!!#/'4*6!,"22"2"*'&%!)5!3"A26,'!/-%!-33'3!*)!`<!,A!7<L=!,Z)2:!)5!A&''4!1&6%*-22"4'!K2)10%!)5!
Ed+bgIE#1GF2bI!*)!(&)3+1'!-!A&''4!%)2+*")4!78"A+&'!;Lb\:L!!FG!/-%!K+KK2'3!*$&)+A$!*$'!%)2+*")4!5)&!
=!$)+&L!!R+K%'[+'4*26?!=`!,2!)5!=BZ!dH>B#H8!/-%!-33'3!3&)(B/"%'!)C'&!-!('&")3!)5!`!,"4+*'%?!/$"1$!
&'%+2*'3!"4!-!3-&0!K&)/4!%)2+*")4L!!#$'!&'-1*")4!,"@*+&'!/-%!$'-*'3!*)!==<iF!+43'&!*$'!FG!-*,)%($'&'L!!
\5*'&!5"C'!$)+&%?!*$'!%)2+*")4!*+&4'3!(-2'!K&)/4!78"A+&'!;Lbd:L!!FG!/-%!K+KK2'3!*$&)+A$!"*!)C'&4"A$*!-*!
==<iFL!!d6!*$'!4'@*!3-6?!*$'!%)2+*")4!$-3!*+&4'3!6'22)/!78"A+&'!;LbF:L!!D*!/-%!1))2'3!*)!&)),!*',('&-*+&'!
-43!>]<!,A!7=L>!,Z)2:!Ed+bgIF2!/-%!-33'3L!!#$'!,"@*+&'!/-%!%*"&&'3!5)&!=!$)+&L!!82+556!6'22)/"%$!
(&'1"("*-*'!)5!Ed+bgI;E#1F2]I!/-%!5)&,'3?!/$"1$!/-%!5"2*'&'3!-43!*$'!5"2*&-*'!*&-4%5'&&'3!*)!-!12'-4!52-%0L!!
#)!*$'!5"2*&-*'!<L]^<!,A!7;L=_!,Z)2:!)5!EU*bgIF2!/-%!-33'3!-43!*$'!%)2+*")4!/-&,'3!*)!]<iF!)C'&4"A$*L!!
\!/$"*'!(&'1"("*-*'!5)&,'3!-43!/-%!5"2*'&'3!)+*!5)&!-4-26%"%!K6!8#DP!78"A+&'!;L`:L!!#$'!8#DP!%('1*&+,!
/-%!4'-&26!"3'4*"1-2!*)!*$'!%('1*&+,!)5!EU*bgI;E#17FG:>F2>I!(&)3+1*!)K*-"4'3!"4!R64*$'%'%!_!-43!^!
78"A+&'!;L=:?!1)45"&,"4A!*$'!(&'%'41'!)5!*$'!1-&K)462!(&)3+1*L!!\!WW#1BgZP!%('1*&+,!)5!*$'!(&'1"("*-*'!
3"%%)2C'3!"4!FT>Fg!/-%!1)22'1*'3!78"A+&'!;L]:L!!#$'!gZP!%('1*&+,!%$)/%!-!%$-&(!&'%)4-41'!
-*!B==b<!((,!3'4)*"4A!*$'!(&'%'41'!)5!*$'!E#17FG:>F2>I;B!%('1"'%L!!\4!-33"*")4-2!%$-&(!&'%)4-41'!
-*!B===_!((,!"%!%('1+2-*"C'26!-%%"A4'3!*)!*$'!E#17FG:>F2;IB!%('1"'%L!!\!K&)-3!&'%)4-41'!*$-*!-(('-&'3!
-*!B`W_!((,!/-%!4)*!"3'4*"5"'3L!

!
#$%&'(!1*3*! 7\:!a&''4!R)2+*")4!8)&,'3!\5*'&!T"%%)2C"4A!7d+bg:E#1GF2bI!"4!T"A26,'!"4!R*'(!;!)5!

R64*$'%"%!=<V!7d:!T-&0!d&)/4!R)2+*")4!P'%+2*"4A!5&),!\33"*")4!)5!dH>B#H8!R)2+*")4!*)!
7d+bg:E#1GF2bI!"4!T"A26,'V!7F:!9'22)/!R)2+*")4!a'4'&-*'3!\5*'&!H'-*"4A!*$'!P'-1*")4!
Z"@*+&'!-*!==<iF!GC'&4"A$*!
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!
#$%&'(!1*4*! D45&-&'3!R('1*&+,!)5!O$"*'!R)2"3!a'4'&-*'3!5&),!R64*$'%"%!=<L!!D4%'*!%$)/%!%6,,'*&"1!

7=W>`!-43!;<><!1,B=:!-43!-%6,,'*&"1!7=_]`!-43!=_=b!1,B=:!FfG!%*&'*1$"4A!,)3'%L!

!
#$%&'(!1*G*! WW#1BgZP!R('1*&+,!)5!*$'!O$"*'!Q&'1"("*-*'!GK*-"4'3!"4!R64*$'%"%!=<!P'1)&3'3!"4!

FT>FgL!!#$'!%('1*&+,!%$)/%!-!&'%)4-41'!-*!B===_!((,!1)&&'%()43"4A!*)!*$'!
E#17FG:>F2;IB!%('1"'%!-43!)4'!-*!B==b<!((,!1)&&'%()43"4A!*)!*$'!E#17FG:>F2>I;B!%('1"'%?!
-2)4A!/"*$!-!%*&)4A!#1GbB!%"A4-2!-*!`!((,L!

! !
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R64*$'%"%!=<!/-%!&'('-*'3!/"*$!,"4)&!,)3"5"1-*")4%!*)!)K*-"4!,)&'!(&'1"%'!"45)&,-*")4!)4!*$'!6"'23L!

2.1.6.3 Synthesis 11 

Step 1L!!#$'!1&6%*-22"4'!(&)3+1*?!)K*-"4'3!-%!3'%1&"K'3!"4!R64*$'%"%!=<!R*'(!=?!/-%!'@*'4%"C'26!/-%$'3!
/"*$!3"'*$62!'*$'&!-43!2'5*!*)!3&6!)C'&4"A$*L!

Step 2L!G4'!A&-,!7;!,Z)2:!)5!'*$'&B/-%$'3!Ed+bgIE#1GF2bI!/-%!3"%%)2C'3!"4!;`!,2!)5!3"A26,'!*)!
6"'23!-!K&"A$*!A&''4!%)2+*")4L!!#$'!%)2+*")4!/-%!-4-26.'3!K6!2"[+"3!%1"4*"22-*")4!1)+4*"4AL!!#$'!WW#1!
1)41'4*&-*")4!/-%!;LbW!,Aj,2L!!#)*-2!WW#1!/-%!];L>!,A?!/$"1$!1)&&'%()43%!*)!>=`!,A!)5!Ed+bgIE#1GF2bI!
7ZOf`<<:!(&'%'4*!"4!=!A&-,!)5!*$'!%*-&*"4A!%)2"3!,-*'&"-2L!

FG!/-%!(-%%'3!*$&)+A$!*$'!%)2+*")4!5)&!><!,"4+*'%!-43!=<!,2!)5!=BZ!dH>j#H8!/-%!*$'4!-33'3!
3&)(B/"%'!)C'&!;!,"4+*'%L!!\4!"4*'4%'!'C)2+*")4!)5!A-%!/-%!)K%'&C'3L!!#$'!1)2)&!)5!*$'!%)2+*")4!*+&4'3!
A&''4BK&)/4L!!\4)*$'&!=<!,2!)5!dH>B#H8!/-%!-33'3!-43!*$'!A-%!'C)2+*")4!%*)(('3L!!#$'!&'-1*")4!52-%0!
/-%!$'-*'3!-*!l==<iF!5)&!`!$)+&%!/$"2'!%",+2*-4')+%26!(-%%"4A!FG!*$)+A$!"*L!!#$'!%)2+*")4!1)2)&!
&',-"4'3!A&''4BK&)/4L!!#$'!&'-1*")4!,"@*+&'!/-%!1))2'3!3)/4!-43!-4)*$'&!=<!,2!dH>B#H8!/-%!-33'3V!
4)!5+&*$'&!A-%!'C)2+*")4!/-%!)K%'&C'3L!!8)22)/"4A!-33"*")4!)5!*$'!*$"&3!=<B,2!()&*")4!)5!K)&-4'B#H8?!*$'!
1)2)&!)5!*$'!%)2+*")4!*+&4'3!6'22)/B2"A$*!K&)/4L!!#$'!%)2+*")4!/-%!$'-*'3!-*!W<iF!)C'&4"A$*L!

#$'!4'@*!,)&4"4A!$'-*"4A!/-%!3"%1)4*"4+'3L!!#$'!&'-1*")4!,"@*+&'!/-%!"4*'4%'26!6'22)/!-43!-!%,-22!
-,)+4*!)5!1)2)&2'%%!(&'1"("*-*'!/-%!(&'%'4*!)4!*$'!52-%0!%+&5-1'!-*!*$'!+(('&!'3A'!)5!%)2+*")4L!!#$'!WW#1!
1)41'4*&-*")4!K6!2"[+"3!%1"4*"22-*")4!1)+4*"4A!-4-26%"%!/-%!3'*'&,"4'3!*)!K'!=L_=!,Aj,2L!!#$'!C)2+,'!)5!
*$'!&'-1*")4!,"@*+&'!/-%!>_!,2!-43!*$'!*)*-2!-,)+4*!)5!WW#1!/-%!]>Lb!,AL!!P'1)C'&6!/-%!=<=L^oL!

8"C'B$+43&'3!,"22"A&-,%!7=L^!,Z)2:!)5!Ed+bgIF2!/-%!-33'3!*)!*$'!/-&,!%)2+*")4!-43!1),(2'*'26!
3"%%)2C'3L!!#$'!,"@*+&'!/-%!2'5*!)C'&4"A$*!*)!(&'1"("*-*'!-46!A'4'&-*'3!Ed+bgI;E#1F2]IL!!#$'!%,-22!
-,)+4*!)5!(&'1"("*-*'!5)&,'3!)C'&4"A$*!/-%!5"2*'&'3!)+*!+%"4A!-!A2-%%!5&"*!5"2*'&L!!#$'!WW#1!1)41'4*&-*")4!"4!
*$'!5"2*&-*'!7>_!,2:!/-%!=L`>!,Aj,2L!!#$'!*)*-2!-,)+4*!)5!WW#1!"4!*$'!5"2*&-*'!/-%!`]L_!,A!7W=o:!-43!*$'!
*)*-2!-,)+4*!)5!WW#1!"4!*$'!Ed+bgI;E#1F2]I!(&'1"("*-*'!/-%!]>Lb!p!`]L_!f!]L_!,AL!



PNNL-22957 
EMSP-RPT-018 

=`!

#)!*$'!5"2*&-*'?!`<<!,A!7>!,Z)2:!EU*bgIF2!/-%!-33'3!*)!(&'1"("*-*'!*$'!3'%"&'3!&'-1*")4!(&)3+1*!
EU*bgI;E#17FG:>F2>IL!!#$'!%)2+*")4!/-%!$'-*'3!/"*$!1)4%*-4*!%*"&&"4A!*)!W<iFL!!\5*'&!*/)!$)+&%!-4!
)55B/$"*'!(&'1"("*-*'!5)&,'3L!!H'-*"4A!-43!%*"&&"4A!/'&'!%*)(('3!-43!%)2+*")4!/-%!2'5*!*)!%*-43!)C'&!*$'!
/''0'43L!

\*!*$"%!*",'?!*$'!)55B/$"*'!(&'1"("*-*'!/-%!5"2*'&'3!)+*!+%"4A!*$'!A2-%%!5&"*!5"2*'&L!!#$'!6'22)/!5"2*&-*'!
7><!,2:!1)4*-"4'3!=L;<!,Aj,2!WW#1L!!#$'!*)*-2!-,)+4*!)5!WW#1!"4!*$'!5"2*&-*'!/-%!*$'&'5)&'!>`L^!,A!7`_L`o!
)5!"4"*"-2!#1!(&'%'4*V!]>L=o!)5!#1!-C-"2-K2'!-*!*$'!K'A"44"4A!)5!*$"%!%*'(:L!!#$'!*)*-2!WW#1!"4!*$'!
EU*bgI;E#17FG:>F2>I!(&'1"("*-*'!/-%!`]L_!p!>`L^!f!;<LW!,A!7>>o!K-%'3!)4!#1:L!

#$'!EU*bgI;E#17FG:>F2>I!(&'1"("*-*'!/-%!/-%$'3!/"*$!;<!,2!)5!'*$'&L!!#$'!WW#1!1)41'4*&-*")4!5)+43!
"4!*$'!'*$'&!/-%$!/-%!<L<^^`!,Aj,2L!!#$'!*)*-2!-,)+4*!)5!WW#1!"4!*$'!'*$'&!/-%$!/-%!5)+43!*)!K'!=L^!,A!
-43!-5*'&!/-%$"4A!*$'!*)*-2!-,)+4*!/-%!;<LW!p!=L^!f!=WL=!,AL!!#$"%!,-%%!1)&&'%()43%!*)!=<]!,A!)5!
EU*bgI;E#17FG:>F2>I!7ZO!f!`bWL`:!1),()+43!(&'%'4*!"4!*$'!(&'1"("*-*'L!!#$'!(&)3+1*!6"'23?!K-%'3!)4!
(&'1"("*-*'!-4-26%"%?!/-%!7=WL=!,Aj];L>!,A:!n!=<<o!f!><L`oL!!H)/'C'&?!WW#1BgZP!-4-26%"%!&'C'-2'3!
*$-*!-!%"A4"5"1-4*!()&*")4!)5!4)4B1&6%*-22".'3!(&)3+1*!&',-"4'3!"4!*$'!,)*$'&!2"[+)&L!

#$'!(&'1"("*-*'!/-%!2'5*!)C'&4"A$*!*)!3&6L!!#$'!3&6!(&'1"("*-*'!/-%!/'"A$'3!-43!6"'23'3!<L^>!A?!
"43"1-*"4A!*$-*!*$'!EU*bgI;E#17FG:>F2>I!7=<]!,A?!%''!-K)C':!1)4%*"*+*'3!l=>L>o!)5!*$'!(&'1"("*-*'L!!#$'!
)*$'&!1),()4'4*%!)5!*$'!1&6%*-22"4'!($-%'!/'&'!(&'%+,-K26!1),()%'3!)5!-!,"@*+&'!)5!EU*bgIF2!-43!
Ed+bgIF2V!*$"%!(&'%+,(*")4!"%!%+(()&*'3!K6!*$'!8#DP!%('1*&+,!)5!*$'!%)2"3!,-*'&"-2L!

#$"&*6!,"22"A&-,%!)5!*$'!(&'1"("*-*'!/'&'!3"%%)2C'3!"4!>!,2!)5!TD!/-*'&!-43!*$'!&'%+2*"4A!%)2+*")4N%!(H!
/-%!-3h+%*'3!*)!l=L`!K6!*$'!-33"*")4!)5!`!Z!HF2L!!#$'!%-,(2'!/-%!-4-26.'3!K6!WW#1!gZPL!!#$'!%('1*&+,!
%$)/'3!-!2-&A'!K-43!-*!B^]^!((,?!1)&&'%()43"4A!*)!E#17FG:>7H;G:>IJ?!-43!-!%,-22!K-43!-*!BW<;!((,?!
/$"1$!1)&&'%()43%!*)!#17FG:b7H;G:;L!g)!#1GbB!/-%!5)+43!"4!*$'!%-,(2'L!

2.2 Preliminary Speciation Analysis of [Tc(CO)3(H2O)3]+ 

#$"&*6!,"22"A&-,%!)5!*$'!EU*bgI;E#17FG:>F2>IB1)4*-"4"4A!(&'1"("*-*'!)K*-"4'3!"4!R64*$'%"%!==!/-%!
3"%%)2C'3!"4!>!,2!)5!TD!/-*'&V!*$'!%)2+*")4N%!(H!/-%!-3h+%*'3!*)!l=L`!K6!*$'!-33"*")4!)5!`!Z!HF2L!!#$'!
WW#1!1)41'4*&-*")4!"4!*$"%!%)2+*")4!/-%!'%*",-*'3!*)!K'!=L=!,ZL!!D4!)&3'&!*)!"3'4*"56!*$'!K+55'&!.)4'!)5!
E#17FG:>7H;G:>IJ?!*$'!%)2+*")4!(H!/-%!"41&','4*-226!"41&'-%'3!K6!*$'!-33"*")4!)5!g-GH!-43!*$'!
WW#1BgZP!%('1*&+,!/-%!&'1)&3'3!-5*'&!'-1$!-33"*")4L!!R"41'!*$'!3"55'&'4*!#17D:!*&"1-&K)462!%('1"'%!
'@$"K"*!1$-&-1*'&"%*"1-226!3"%*"41*!1$',"1-2!%$"5*%?!WW#1!gZP!1-4!K'!+%'3!-%!-!1)4C'4"'4*!,)3'!)5!
#17D:B*&"1-&K)462!%('1"-*")4!-4-26%"%L!!#$'!)K%'&C'3!&'%+2*%!-&'!3"%(2-6'3!"4!#-K2'!;Lb!-43!#-K2'!;L`?!-43!
8"A+&'!;L_!-43!%+,,-&".'3!K'2)/L!

 (H!&-4A'!=L=`!*)!]L]Y!!\22!#17D:!'@"%*%!-%!E#17FG:>7H;G:>IJL!

 (H!)5!b!-43!-K)C'Y!!\!%,-22!-,)+4*!)5!('&*'1$4'*-*'!-(('-&'3!"4!*$'!%)2+*")4L!!D*%!1)41'4*&-*")4!
A&-3+-226!"41&'-%'3?!(&'%+,-K26!3+'!*)!)@"3-*"C'!3'1),()%"*")4!)5!E#17FG:>7H;G:>IJ!-43j)&!"*%!
$63&)26%"%!(&)3+1*L!

 (H!&-4A'!]L^!*)!_LbY!!#$'!()264+12'-&!*'*&-,'&"1!%('1"'%!E#17FG:>7GH:Ib?!'C"3'41'3!K6!*$'!1$',"1-2!
%$"5*!-*!-((&)@",-*'26!B`^]!((,?!-(('-&'3!"4!*$'!%('1*&-L!!#$'!1)41'4*&-*")4!)5!E#17FG:>7GH:Ib!
"41&'-%'3!/"*$!"41&'-%"4A!(H?!-%!'C"3'4*!5&),!*$'!"4*'A&-2!C-2+'%!7%''!#-K2'!;Lb:L!!D4*'&'%*"4A26?!*$'!
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*'*&-,'&"1!%('1"'%!/-%!)K%'&C'3!-*!*$'!2)/'&!(H!(&")&!*)!*$'!-(('-&-41'!)5!*$'!5"&%*!$63&)26%"%!(&)3+1*!
E#17FG:>7GH:7H;G:;I!"*%'25?!/$"1$!%+AA'%*%!*$'!A&'-*'&!%*-K"2"*6!)5!*$'!*'*&-,'&"1!%('1"'%L!

 (H!&-4A'!_Lb!*)!_L^Y!!#$'!A'4'&-*")4!)5!E#17FG:>7GH:7H;G:;I?!'C"3'41'3!K6!*$'!)K%'&C'3!1$',"1-2!
%$"5*!-*!-K)+*!B=<`]!((,!"%!)K%'&C'3L!!#$'!1)41'4*&-*")4%!)5!E#17FG:>7GH:7H;G:;I!-43!
E#17FG:>7GH:Ib!"41&'-%'3!/"*$!(H!/$"2'!*$'!1)41'4*&-*")4!)5!E#17FG:>7H;G:>IJ!3'1&'-%'3L!!D43''3?!
K6!-!(H!)5!_L^!*$'!1)41'4*&-*")4!)5!E#17FG:>7GH:Ib!'@1''3'3!*$-*!)5!E#17FG:>7H;G:>IJL!!#$'!
1)41'4*&-*")4!&-*")!)5!*)*-2!$63&)26%"%!%('1"'%!qE#17FG:>7GH:Ib!J!E#17FG:>7GH:7H;G:;Ir!*)!
E#17FG:>7H;G:>IJ!"%!=L=`bY=L!

 (H!^L<Y!!R+33'4!"41&'-%'!)5!E#17FG:>7GH:7H;G:;I!-43!3'1&'-%'!)5!E#17FG:>7GH:Ib!1)41'4*&-*")4!
%+1$!*$-*!*$'"&!1)41'4*&-*")4%!K'1),'!1),(-&-K2'?!%+AA'%*"4A!1)4C'&%")4!)5!*$'!*'*&-,'&!*)!
E#17FG:>7GH:7H;G:;IL!!#$'!1)41'4*&-*")4!&-*")!)5!*)*-2!$63&)26%"%!%('1"'%!qE#17FG:>7GH:Ib!J!
E#17FG:>7GH:7H;G:;Ir!*)!E#17FG:>7H;G:>IJ!"%!=L=W`Y=?!/$"1$!1)&&'%()43%!*)!*$'!(HB1)4%"%*'4*!
"41&'-%'!)5!*$'!*)*-2!(&)3+1*%!&'%+2*"4A!5&),!*$'!5"&%*!$63&)26%"%!%*'(L!

 (H!f!=bY!!D4!-33"*")4!*)!('&*'1$4'*-*'?!)426!E#17FG:>7GH:7H;G:;I!%('1"'%!/-%!5)+43!"4!*$'!%('1*&+,?!
%+(()&*"4A!*$'!1)412+%")4!*$-*!*$'!(&'3),"4-4*!'@"%*'41'!)5!*$'!*'*&-,'&!%('1"'%!2"'%!)426!"4!-!2","*'3?!
%2"A$*26!-20-2"4'!(H!&-4A'L!

 D4!-22!%('1*&-!'@1'(*!*$'!)4'%!1)&&'%()43"4A!*)!-!(H!)5!^!-43!=b?!*$'!(&'%'41'!)5!*$'!
E#17FG:b7H;G:;IJ!%('1"'%!-*!l!BW<`!((,!"%!)K%'&C'3L!

 g)!(&'1"("*-*'!5)&,-*")4!/-%!)K%'&C'3!*$&)+A$)+*!*$'!*"*&-*")4!'@('&",'4*L!

!
#$%&'(!1*H*! R('1"-*")4!\4-26%"%!)5!E#17FG:>7H;G:>IJ!-%!-!8+41*")4!)5!(H!S%"4A!WW#1BgZP!

R('1*&)%1)(6!

-1400-900-400100
(ppm)

pH=8

pH=7.8

pH=7.7

pH=7.6

pH=7.5

pH=7.4

pH=7.3

pH=7.2

pH=7

pH=6.8

pH=6.6

pH=6.4

pH=6.2

pH=6

pH=5.4

pH=3.3

pH=1.15
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5678(!1*3*! F$-&-1*'&".-*")4!)5!R('1"-*")4!8&),!=K!-%!-!(H!8+41*")4!GK%'&C'3!K6!WW#1BgZP!
R('1*&)%1)(6L!!d-43!1$',"1-2!%$"5*%?!$-25B/"3*$?!-43!"4*'A&-*")4!C-2+'%!4)&,-2".'3!*)!=K!
+42'%%!)*$'&/"%'!4)*'3L!

BC!

</(=$:68!+/$>.!9>!
??5:!@(09-6-:(A!

BB=!
C68>DE$;./!9>!??5:!
@(09-6-:(A!CF! R-.(%'6.$9-! X98&=(!9>!+98&.$9-A!=8!

)*)4! B^]^! ^<! =! bL<<!

2*Y! B^]_!
BW<`!

_<!
_<!

=!
<L<=_! bL<b!

3*Y!
=!
B`^`!
B^]W!

b<!
;`<!
_<!

<L<<>!
<L<<<=!
<LW^^!

bL<_!

4*Y!
B=!
B`^`!
B^]W!

b<!
;`<!
_<!

<L<<>!
<L<<<=!
<LW^^!

bL<W!

G*Y!
B=!
B^]W!
BW<]!

b<!
_<!
_<!

<L<<]!
=!

<L<==!
bL=<`!

G*1!
=!
B^]W!
BW<`!

b<!
_<!
^<!

<L<<]!
=!

<L<<]!
bL=>!

G*3!
;L]!
B^]W!
BW<`!

b<!
_`!
^<!

<L<<_!
=!

<L<<]!
bL=^!

G*G!
;L]!
B^]^!
BW<`!

b<!
_`!
_<!

<L<<_!
=!

<L<<]!
bL;^!

G*I!

=!
B`^_!
B^]W!
BW<>!

b<!
;b<!
^<!
_<!

<L<<]!
<L<=>!
=!

<L<<]!

bL>b!

H*Y!

=!
B`^]!
B^]W!
BW<b!

b<!
;`<!
=<<!
=<<!

<L<<W!
<L<>;!
=!

<L<<]!

bL`<!

H*1!

=L=!
B`^_!
B^]_!
BW<`!

b<!
;b<!
^`!
^<!

<L<=^!
<L<_^!
=!

<L<^;!

bL]b!

H*2!

=L=!
B`^_!
B^]W!
BW<]!

`<!
;`<!
^<!
^<!

<L<=<!
<L><b!
=!

<L=W>!

bL^b!

H*3!

;L]!
B`^`!
B^]W!
BW<`!

b<!
;`<!
^<!
^<!

<L<;_!
<Lb><!
=!

<L<]_!

`L=b!
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BC!

</(=$:68!+/$>.!9>!
??5:!@(09-6-:(A!

BB=!
C68>DE$;./!9>!??5:!
@(09-6-:(A!CF! R-.(%'6.$9-! X98&=(!9>!+98&.$9-A!=8!

H*4!

=L=!
B`^]!
B^]W!
BW<`!
B=<`_!

b<!
;`<!
^<!
^<!
=<<!

<L<=]!
<LbW`!
=!

<L<]_!
<L<;>!

`L`b!

H*G!

=!
B`^_!
B^]W!
BW<`!
B=<`b!

`<!
;b<!
^<!
^<!
=<<!

<L<;<!
<L_<<!
=!

<L<`;!
<L<b>!

`L^b!

H*H!

;L]!
B`^`!
B^]W!
BW<`!
B=<`_!

`<!
;b<!
^<!
^<!
W<!

<L<`b!
<L_^<!
=!

<L<;]!
<L<`<!

]L<b!

H*I!

;L]!
B`^`!
B^]W!
BW<`!
B=<`_!

`<!
;b<!
^<!
^<!
^<!

<L<];!
=L<_<!
=!

<L<;=!
<L<^b!

]L=;!

I*Y!6K!

=!
B`^`!
B^]W!
B=<`]!

`<!
;b<!
=<<!
^<!

<L<]_!
<L]`b!
=!

<L`b=!

]L;^!

)3*Y! ;L>!
B=<`]!

b`!
^<!

<L=!
=!K:! ]L`!

a) Titration experiment was interrupted at a pH of 8 due to a power outage and shutdown of the NMR instrument. 
b) Due to the absence of [Tc(CO)3(H2O)3]+ species, normalization is based on the [Tc(CO)3(OH)(H2O)2] band. 

! !
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5678(!1*4*! F$-&-1*'&".-*")4!)5!=K!R('1"-*")4!-%!-!(H!8+41*")4!GK%'&C'3!K6!WW#1BgZP!R('1*&)%1)(6L!!
d-43!-%%"A4,'4*!)5!'-1$!%('1"'%!/"*$!('&1'4*!5&-1*")4!%$)/4!"4!1)2+,4%L!

BC!
Z5:[<LK2[C1LK2\]!!

DIG?!BB=!
Z5:[<LK3[C1LK1\]!

D?Y4!BB=!
Z5:[<LK2[LCK\3
D4I4!BB=!

Z5:[<LK2[LCK[C1LK1\!
D)Y4G!BB=!

5:L3D!
)!BB=!

)*)4! =! <! <! <! <!
2*Y! =! <! <! <! <!
3*Y! <LWW<! <L<<]! <L<<=! <! <L<<>!
4*Y! <LWW<! <L<<]! <L<<=! <! <L<<>!
G*Y! <LWW<! <L<<]! <L<<=! <! <L<<>!
G*1! <LWW<! <L<<]! <L<<=! <! <L<<>!
G*3! <LWW<! <L<<]! <L<<=! <! <L<<>!
G*G! <LWW<! <L<<]! <L<<=! <! <L<<>!
G*I! <LW_]! <L<<]! <L<=>! <! <L<<`!
H*Y! <LW`^! <L<<]! <L<>=! <! <L<<]!
H*1! <L^`]! <L<_<! <L<]_! <! <L<<_!
H*2! <L_``! <L<Wb! <L=b;! <! <L<<W!
H*3! <L]]<! <<b;! <L;^b! <! <L<=b!
H*4! <L];>! <L<>^! <L><W! <L<=b! <L<=]!
H*G! <L``<! <L<=]! <L>^;! <L<;b! <L<;^!
H*H! <L`;b! <L<<]! <Lb<W! <L<;]! <L<b^!
H*I! <Lbb_! <L<<<! <Lb_^! <L<>^! <L<`b!
I*Y! <Lbb;! <L<<<! <L;^W! <L;>W! <L<]<!
)3*Y! <! <! <! <LW<<! <L=!

#$'!1),(2'*'!%('1"-*")4!3"-A&-,!"%!(&'%'4*'3!"4!8"A+&'!;L^L!!Q'&*'1$4'*-*'!-43!E#17FG:b7H;G:;IJ!
1)4%*"*+*'!)426!,"4)&!1)4%*"*+'4*%!)5!*$'!,"@*+&'L!

!
#$%&'(!1*I*! R('1"-*")4!T"%*&"K+*")4!)5!#17D:B*&"1-&K)462!R('1"'%!-43!Q'&*'1$4'*-*'!-%!-!8+41*")4!)5!(H!

d-%'3!)4!*$'!3-*-!&'()&*'3!"4!#-K2'!;Lb?!*$'!(H!%('1"-*")4!3"-A&-,!1)4*-"4"4A!5&-1*")4%!)5!*$'!
E#17FG:>7H;G:>IJ!-43!1),K"4'3!qE#17FG:>7GH:Ib!J!E#17FG:>7GH:7H;G:;Ir!$63&)26%"%!%('1"'%!/-%!
1)4%*&+1*'3!78"A+&'!;LW:L!!#$'!5"&%*!(!-!C-2+'!)5!*$'!E#17FG:>7H;G:>IJ!%('1"'%!/-%!'%*",-*'3!*)!K'!_L_`!
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K-%'3!)4!*$'!(H!C-2+'!-*!/$"1$!1)41'4*&-*")4%!)5!*$'!(-&'4*!E#17FG:>7H;G:>IJ!%('1"'%!-43!$63&)26%"%!
(&)3+1*!/'&'!'[+-2L!

!
#$%&'(!1*?*! E#17FG:>7H;G:>IJ!R('1"-*")4!T"-A&-,!GK*-"4'3!"4!*$'!(H!#"*&-*")4!U@('&",'4*L!!d2+'!

*&-1'Y!('&1'4*!5&-1*")4!)5!*$'!E#17FG:>7H;G:>IJ!%('1"'%L!!P'3!*&-1'Y!('&1'4*!5&-1*")4!)5!*$'!
1),K"4'3!qE#17FG:>7GH:Ib!J!E#17FG:>7GH:7H;G:;Ir!%('1"'%L!!8&-1*")4%!)5!*$'!
E#17FG:b7H;G:;IJ!-43!#1GbB!%('1"'%!-&'!),"**'3!5)&!12-&"*6L!

2.3 Preparation and Characterization of the [Tc(CO)3(gluconate)]2- 
Complex 

#$'!"4"*"-2!-**',(*!*)!(&'(-&'!-!E#17FG:>7A2+1)4-*':I;B!1),(2'@!/-%!,-3'!+%"4A!-!%)2+*")4!)5!
E#17FG:>7GH:7H;G:;I!"4!=!Z!g-GH!,"@'3!"4!-!=Y=!&-*")!/"*$!<L;!Z!()*-%%"+,!A2+1)4-*'j=!Z!g-GH!
%)2+*")4L!!d-%'3!)4!*$'!WW#1BgZP!3-*-?!*$"%!,'*$)3!3"3!4)*!A'4'&-*'!*$'!*-&A'*!(&)3+1*V!)426!*$'!
E#17FG:>7GH:7H;G:;I!%('1"'%!/-%!"3'4*"5"'3!"4!*$'!%('1*&+,L!!#$"%!&'%+2*!/-%!'@(2-"4'3!K6!*$'!%*&)4A!
-55"4"*6!)5!*$'!E#17FG:>IJ!,)"'*6!*)!*$'!$63&)@62!A&)+(!-43!()%%"K2'!%2)/!0"4'*"1%!)5!GHB!'@1$-4A'!/"*$!
*$'!A2+1)4-*'!2"A-43L!

D4!-4!-2*'&4-*"C'!&)+*'?!E#17FG:>7A2+1)4-*':I;B!1),(2'@!/-%!(&'(-&'3!K6!*$'!-33"*")4!)5!*$'!-1"3"1!
E#17FG:>7H;G:>IJ!%)2+*")4!*)!*$'!<L;BZ!()*-%%"+,!A2+1)4-*'j;BZ!g-GH!,"@*+&'!"4!-!=Y=!&-*")L!!D*!/-%!
)K%'&C'3!*$-*!*$"%!,'*$)3!A'4'&-*'3!K)*$!E#17FG:>7GH:7H;G:;I!-43!*$'!E#17FG:>7A2+1)4-*':I;B!%('1"'%!"4!
*$'!&'%+2*"4A!%)2+*")4L!

D4!)&3'&!*)!%+((&'%%!*$'!5)&,-*")4!)5!*$'!E#17FG:>7GH:7H;G:;I!%('1"'%?!*$'!1)41'4*&-*")4!)5!
()*-%%"+,!(2+1)4-*'!/-%!"41&'-%'3!-43!*$'!1)41'4*&-*")4!)5!g-GH!/-%!3'1&'-%'3L!!D4!*$"%!,'*$)3?!*$'!
-1"3"1!E#17FG:>7H;G:>IJ!%)2+*")4!/-%!-33'3!*)!*$'!<L`BZ!()*-%%"+,!A2+1)4-*'j=L`BZ!g-GH!,"@*+&'!"4!-!
=Y=!&-*")L!!#$'!(&'(-&-*")4!)5!*$'!E#17FG:>7A2+1)4-*':I;B!1),(2'@!K6!*$"%!,'*$)3!/-%!&'('-*'3!%'C'&-2!
*",'%!/"*$!,"@'3!&'%+2*%L!!#$'!A'4'&-2!1)412+%")4!"%!*$-*!-*!%,-22'&!*)*-2!#17D:!1)41'4*&-*")4%!*$'!
5)&,-*")4!)5!*$'!E#17FG:>7GH:7H;G:;I!%('1"'%!"%!&'3+1'3L!!d+*!&'(&)3+1"K"2"*6!)5!*$'!)K*-"4'3!
1)41'4*&-*")4!&-*")!)5!E#17FG:>7GH:7H;G:;I!-43!E#17FG:>7A2+1)4-*':I;B!1),(2'@!/-%!())&L!!D43''3?!*$'&'!
/'&'!5'/!&'('*"*")4%!"4!/$"1$!*$'!5)&,-*")4!)5!*$'!E#17FG:>7GH:7H;G:;I!%('1"'%!/-%!4)*!)K%'&C'3L!!D*!
%$)+23!K'!4)*'3!*$-*!*$'!E#17FG:>7GH:7H;G:;I!1-4!1)4C'&*!*)!*$'!E#17FG:>7A2+1)4-*':I;B!1),(2'@!-%!
3'%1&"K'3!K'2)/L!
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D4!-22!(&'(-&-*")4%?!5)&,-*")4!)5!C-&"-K2'!%,-22!-,)+4*%!)5!#1GbB!/-%!5)+43L!

O'!1)412+3'!*$-*!%'C'&-2!5-1*)&%!A)C'&4!*$'%'!1),('*"*"C'!E#17FG:>IJ!&'-1*")4%?!%('1"5"1-226!
$63&)26%"%!/"*$!1),(2'@-*")4!*)!A2+1)4-*'L!!#$'%'!5-1*)&%!"412+3'Y!*$'!#17D:YA2+1)4-*'!1)41'4*&-*")4!
&-*")?!*$'!C)2+,'%!)5!*$'!,"@"4A!%)2+*")4%?!*$'!,'*$)3!)5!,"@"4A!&'-1*-4*%?!-43!)*$'&%L!

#$'!WW#1BgZP!%('1*&+,!)5!*$'!E#17FG:>7A2+1)4-*':I;B!1),(2'@!3',)4%*&-*'3!*/)!K-43%!-*!B=;><!
-43!B=;b_!((,!/"*$!1)&&'%()43"4A!$-25B/"3*$%!)5!;_<!-43!><<!H.L!!#$'!()%"*")4%!-43!(&)5"2'%!)5!*$'%'!
&'%)4-41'%!/'&'!)K%'&C'3!*)!K'!4'-&26!"3'4*"1-2!5)&!-22!E#17FG:>7A2+1)4-*':I;B!%-,(2'%!*'%*'3?!&'A-&32'%%!
)5!*$'!(&'(-&-*")4!,'*$)3!)&!#17D:YA2+1)4-*'!1)41'4*&-*")4!&-*")L!!#$'!1)4%"%*'4*!-(('-&-41'!)5!*/)!
&'%)4-41'%!%+AA'%*%!*$'!(&'%'41'!)5!*/)!4)4B'[+"C-2'4*!#17D:!1'4*'&%!"4!*$'!#1B*&"1-&K)462BA2+1)4-*'!
1),(2'@L!

#$'!8#DP!%('1*&+,!)5!*$'!A2+1)4-*'!1),(2'@!78"A+&'!;L=<:!'@$"K"*%!K)*$!*$'!%6,,'*&"1!1-&K)462!
%*&'*1$!C"K&-*")4%!-*!=W;]!-43!;<><!1,B=!-43!*$'!-%6,,'*&"1!1-&K)462!%*&'*1$!C"K&-*")4%!-*!=_;`!-43!
=___!1,B=L!!#$'%'!K-43%!-&'!4'-&26!"3'4*"1-2!*)!*$'!1)&&'%()43"4A!1-&K)462!K-43%!"4!E#17FG:>F2>I;B!
78"A+&'!;L=!-43!8"A+&'!;L`:L!

!
#$%&'(!1*)Y*! D45&-&'3!R('1*&+,!)5!E#17FG:>7A2+1)4-*':I;BL!!D4%'*!%$)/%!*$'!%6,,'*&"1!7=W;]!-43!

;<><!1,B=:!-43!-%6,,'*&"1!7=_=b!-43!=_]`!1,B=:!FfG!%*&'*1$"4A!,)3'%L!

2.4 Ultraviolet Characterization of the [Tc(CO)3]+ Species 

#$'!,)%*!(&),"4'4*!E#17FG:>IJ!%('1"'%?!"412+3"4A!E#17FG:>7H;G:>IJ!"4!*$'!-1"3"1!<L;!Z!HF2!
%)2+*")4?!E#17FG:>7GH:Ib!"4!*$'!,"2326!-20-2"4'!%)2+*")4?!E#17FG:>7GH:7H;G:;I!-*!(H!)5!=b?!-43!
E#17FG:>7A2+1)4-*':I;B!1),(2'@!"4!<L;`!Z!()*-%%"+,!A2+1)4-*'j<L_!Z!g-GH!/'&'!1$-&-1*'&".'3!K6!
+2*&-C")2'*!7SM:!%('1*&)%1)(6!78"A+&'!;L==:L!!#$'!E#17FG:>7H;G:>IJ!%('1"'%!'@$"K"*'3!-!K&)-3!K-43!-*!
-K)+*!;><B><<!4,!"4!-A&'','4*!/"*$!-4!'-&2"'&!&'()&*!K6!a)&%$0)C!'*!-2L!7;<<<:L!!#$'!SM!(&)5"2'%!)5!

5001000150020002500300035004000
Wavenumber (cm-1)

150017001900210023002500



PNNL-22957 
EMSP-RPT-018 

;;!

,)4)B$63&)@)!%('1"'%!/'&'!5)+43!*)!K'!%","2-&?!/"*$!*$'!;^<!4,!K-43!1)&&'%()43"4A!*)!
E#17FG:>7GH:7H;G:;I!%$"5*'3!*)!;W<!4,!5)&!*$'!*'*&-,'&!1),()+43L!!#$'!E#17FG:>7A2+1)4-*':I;B!
1),(2'@!'@$"K"*%!*/)!%*&)4A!K-43%!-*!;b]!-43!;__!4,L!

!
#$%&'(!1*))*! SMBM"%"K2'!R('1*&-!)5!"[+')+%!R)2+*")4%!)5!E#17FG:>7A2+1)4-*':I;B!"4!<L;`!Z!Q)*-%%"+,!

a2+1)4-*'j<L_!Z!g-GH?!E#17FG:>7H;G:>IJ!"4!<L;!Z!HF2?!E#17FG:>7H;G:;7GH:I!-*!
(H!f!=b?!-43!E#17FG:>7GH:Ib!-*!(H!f!^L!!R('1*&-!-&'!4)*!4)&,-2".'3!*)!#1!1)41'4*&-*")4L!

2.5 Air Stability of the [Tc(CO)3]+ Species 

2.5.1 [Tc(CO)3(H2O)3]+ in 0.2 M HCl 

#$'!EU*bgI;E#17FG:>F2>I!,-*'&"-2!)K*-"4'3!3+&"4A!R64*$'%"%!=<!/-%!/-&,'3!/"*$!/-*'&!-*!]< F!5)&!
*/)!$)+&%L!!#$'4!"*!/-%!,"@'3!/"*$!HF2!%)2+*")4!%)!*$-*!*$'!5"4-2!,-*&"@!/-%!-3h+%*'3!*)!<L;!Z!HF2L!!#$'!
&'%+2*"4A!,-*'&"-2!1)4*-"4'3!E#17FG:>7H;G:>IJ!-43!#1GbB!"4!<L__Y<L;>!&-*")L!!#$"%!%)2+*")4!/-%!,)4"*)&'3!
K6!WW#1BgZP!%('1*&)%1)(6!)C'&!)4'!,)4*$L!!#$'!&'%+2*%!-&'!%$)/4!"4!#-K2'!;L]!-43!8"A+&'!;L=;L!

! !
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5678(!1*G*!!#",'!R*-K"2"*6!)5!E#17FG:>7H;G:>IJ!"4!<L;!Z!HF2!R)2+*")4!

5$=(!^86B0(;!
J(':(-.!#'6:.$9-!

Z5:[<LK2[C1LK2\]! 5:L3D!
2!/9&'0! <L__! <L;>!
)!;6,! <L_b! <L;]!
1!;6,0! <L_;! <L;^!
2!;6,0! <L_=! <L;W!
4!;6,0! <L]`! <L>`!
H!;6,0! <L`]! <Lbb!
)Y!;6,0! <L>>! <L]_!

!

!
#$%&'(!1*)1*! Z)4"*)&"4A!*$'!R*-K"2"*6!)5!E#17FG:>7H;G:>IJ!R('1"'%!"4!<L;!Z!HF2!/"*$!#",'L!!#$'!

"4*'4%"*"'%!)5!*$'!gZP!K-43%!-&'!4)&,-2".'3!/"*$!&'%('1*!*)!*$'!E#17FG:>7H;G:>IJ!
&'%)4-41'!-*!B^]`!((,L!!D4%'*!%$)/%!"41&'-%'!"4!"4*'4%"*6!)5!*$'!#1GbB!&'%)4-41'!/"*$!*",'L!

\!A&-3+-2!3'1&'-%'!"4!*$'!E#17FG:>7H;G:>IJ!%"A4-2?!*)A'*$'&!/"*$!-4!"41&'-%'!"4!*$'!#1GbB!K-43!
"4*'4%"*"'%?!"43"1-*'!*$-*!*$'!5)&,'&!+43'&A)'%!%2)/!-'&"-2!)@"3-*")4L!!D*!"%!-2%)!()%%"K2'!*$-*!'"*$'&!"4!*$'!
"4"*"-2!E#17FG:>7H;G:>IJB1)4*-"4"4A!%)2+*")4!)&!3+&"4A!*$'!"4"*"-2!$'-*"4A!/"*$!/-*'&?!*$'!WW#1BgZPB%"2'4*!
%('1"'%!#17DD!-43j)&!DM:!/'&'!(&'%'4*?!/$"1$!'"*$'&!%'2'1*"C'26!)@"3".'3!*)!('&*'1$4'*-*'!)&!1-*-26.'3!*$'!
)@"3-*")4!)5!#17D:L!!D*!/)+23!K'!+%'5+2!*)!&'('-*!*$"%!%*+36!+%"4A!(+&"5"'3!%*-&*"4A!,-*'&"-2!*)![+-4*"*-*'!*$'!
%*-K"2"*6!)5!*$'!E#17FG:>7H;G:>IJ!%('1"'%!"4!-1"3"1!%)2+*")4L!
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2.5.2 [Tc(CO)3(OH)(H2O)3] at pH = 13.5 

8"5*''4!,"22"A&-,%!)5!*$'!(&'1"("*-*'!)K*-"4'3!"4!R64*$'%"%!==!/-%!3"%%)2C'3!"4!=L`!,2!)5!TD!/-*'&V!"*%!
(H!/-%!"4"*"-226!,'-%+&'3!-*!_L`!-43!*$'4!-3h+%*'3!*)!=>L`!K6!-33"*")4!)5!g-GHL!!WW#1BgZP!
%('1*&)%1)("1!-4-26%"%!"43"1-*'3!*$-*!*$"%!%)2+*")4!"4"*"-226!1)4*-"4'3!E#17FG:>7GH:7H;G:;I!-43!#1GbB!"4!-!
<L^bY<L=]!&-*")L!!#$"%!-20-2"4'!%)2+*")4!/-%!,)4"*)&'3!K6!WW#1BgZP!%('1*&)%1)(6!)C'&!)4'!,)4*$L!!#$'!
&'%+2*%!-&'!%$)/4!"4!#-K2'!;L_!-43!8"A+&'!;L=>L!

5678(!1*HL!R*-K"2"*6!)5!E#17FG:>7GH:7H;G:;I!-*!(H!f!=>L`!/"*$!#",'!

5$=(!^86B0(;!
J(':(-.!#'6:.$9-!

Z5:[<LK2[LCK[C1LK1\! 5:L3D!
)4!=$-! <L^b! <L=]!
2!;6,0! <L^<! <L;<!
G!;6,0! <L_`! <L;`!
)3!;6,0! <L_<! <L><!
2Y!;6,0! <L]]! <L>b!

!

!
#$%&'(!1*)2*! R('1*&-2!Q2)*!)5!*$'!R*-K"2"*6!)5!E#17FG:>7H;G:;7GH:I!R('1"'%!-*!(H!f!=>L`!/"*$!#",'!-%!

GK%'&C'3!K6!gZPL!!D4*'4%"*"'%!)5!*$'!gZP!K-43%!-&'!4)&,-2".'3!/"*$!&'%('1*!*)!
E#17FG:>7H;G:;7GH:I!&'%)4-41'!-*!B=<`]!((,L!!D4%'*!%$)/%!"41&'-%'!"4!"4*'4%"*6!)5!*$'!
#1GbB!&'%)4-41'!/"*$!*",'L!

\!A&-3+-2!3'1&'-%'!"4!*$'!E#17FG:>7GH:7H;G:>I!WW#1BgZP!%"A4-2!-43!1)41),"*-4*!"41&'-%'!"4!*$'!
WW#1BgZP!#1GbB!%"A4-2!%+AA'%*%!*$-*!*$'!5)&,'&!+43'&A)'%!%2)/!-'&"-2!)@"3-*")4!*)!*$'!2-**'&L!!
R+&(&"%"4A26?!*$'!%*-K"2"*6!)5!*$'!,)4)B$63&)@)!3'&"C-*"C'!/-%!5)+43!*)!K'!A&'-*'&!*$-4!*$-*!)5!*$'!(-&'4*!
E#17FG:>7H;G:>IJ!%('1"'%!-%!'C"3'41'3!K6!*$'!1),(-&"%)4!)5!*$'!3-*-!&'()&*'3!"4!#-K2'%!;L]!-43!;L_L!

D4*'&'%*"4A26?!4)!*'*&-,'&"1!E#17FG:>7GH:Ib!%('1"'%!/-%!)K%'&C'3L!!#$"%!&'%+2*!"%!1)4%"%*'4*!/"*$!*$'!
)K%'&C-*")4!,-3'!3+&"4A!*$'!*"*&-*")4!'@('&",'4*!3'%1&"K'3!-K)C'!3',)4%*&-*"4A!*$-*!*$'!*'*&-,'&!%('1"'%!
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'@"%*%!(&",-&"26!-*!,"2326!-20-2"4'!(H%V!,)&'!-20-2"4'!1)43"*")4%!2'-3!*)!"41&'-%"4A!5)&,-*")4!)5!*$'!
,)4),'&!%('1"'%L!

2.5.3 [Tc(CO)3(OH)(H2O)2] at pH = 8 

\K)+*!]!,A!)5!EU*bgI;E#17FG:>F2>IB1)4*-"4"4A!(&'1"("*-*'!)K*-"4'3!"4!R64*$'%"%!==!/-%!3"%%)2C'3!"4!
>!,2!)5!TD!/-*'&!-43!"*%!(H!/-%!",,'3"-*'26!-3h+%*'3!*)!^!K6!-33"*")4!)5!g-GHL!!WW#1!gZP!%$)/'3!*$'!
(&'%'41'!)5!*$'!%"4A2'!E#17FG:>7GH:7H;G:;I!%('1"'%L!!#$"%!%-,(2'!/-%!,)4"*)&'3!K6!WW#1BgZP!
%('1*&)%1)(6!)C'&!>!3-6%L!!#$'!&'%+2*%!-&'!%$)/4!"4!#-K2'!;L^!-43!%),'!&'(&'%'4*-*"C'!%('1*&-!-&'!%$)/4!
"4!8"A+&'!;L=bL!

5678(!1*IL!!R*-K"2"*6!)5!E#17FG:>7GH:7H;G:>I!-*!(H!^!/"*$!#",'!

5$=(!^86B0(;!
J(':(-.!#'6:.$9-!

Z5:[<LK2[LCK[C1LK1\! Z5:[<LK2[LCK\3! 5:L3D!
)4!=$-&.(0! =! <! <!

G!/9&'0! <L`W! <L;>! <L=^!

13!/9&'0! <L>`! <L>`! <L><!

3I!/9&'0! <L=b! <Lb]! <Lb<!

H1!/9&'0! <L<`! <L`<! <Lb`!
!

!
#$%&'(!1*)3*! Z)4"*)&"4A!*$'!R*-K"2"*6!)5!E#17FG:>7H;G:;7GH:I!R('1"'%!-*!(H!^!/"*$!#",'L!!GC'&!*",'!

7>!3-6%:?!*$'!E#17FG:>7H;G:;7GH:I!%('1"'%!71$',"1-2!%$"5*!f!B=<`]!((,:!"%!1)4C'&*'3!*)!
*$'!*'*&-,'&!E#17FG:>7GH:Ib!71$',"1-2!%$"5*!f!B`^`!((,:L!!#&-1'%Y!!G2"C'!7=`!,"4+*'%:?!
\[+-!7]!$)+&%:?!P'3!7=!3-6:?!Q+&(2'!7;!3-6%:!-43!d2+'!7>!3-6%:L!

(ppm)
-400-200200 0 -600 -800 -1000 -1200

t=1 day

t=2 days

t=3 days
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8-%*!1)4C'&%")4!)5!E#17FG:>7GH:7H;G:;I!%('1"'%!*)!*'*&-,'&!E#17FG:>7GH:Ib!/-%!)K%'&C'3L!!O"*$"4!
*$&''!3-6%?!-2,)%*!*$'!'4*"&'!E#17FG:>7H;G:;7GH:I!()(+2-*")4!A)*!1)4C'&*'3!*)!*$'!*'*&-,'&L!!
R",+2*-4')+%26!/"*$!*$"%!1)4C'&%")4!(&)1'%%!#1GbB!/-%!A'4'&-*'3!%)!*$-*!*$'!1)41'4*&-*")4!)5!#1GbB!/-%!
)426!%,-22'&!*$-4!*$'!*'*&-,'&!1)41'4*&-*")4!-*!*$'!1)412+%")4!)5!*$'!,'-%+&','4*L!!D4!%$)&*?!b`o!)5!
E#17FG:>7GH:7H;G:;I!/-%!)@"3".'3!*)!#1GbB!)C'&!>!3-6%L!!d6!/-6!)5!1),(-&"%)4?!*$'!
E#17FG:>7GH:7H;G:;I!%('1"'%!/-%!,+1$!,)&'!%*-K2'!-*!-!(H!)5!=>L`?!A'4'&-*"4A!)426!-4!-33"*")4-2!bo!)5!
#1GbB!)C'&!*$'!%-,'!*",'!('&")3!7#-K2'!;L_:L!

8&),!*$"%!3-*-!/'!*'4*-*"C'26!1)412+3'!*$-*!*$'!2","*'3!%*-K"2"*6!*)!)@"3-*")4!5&),!#17D:!*)!#17MDD:!)5!
*$'!E#17FG:>IJ!,)"'*6!"%!&'2-*'3!*)!*$'!5)&,-*")4!)5!*$'!E#17FG:>7GH:Ib!*'*&-,'&!-*!,"2326!-20-2"4'!(HL!

2.5.4 [Tc(CO)3(gluconate)]2- in 0.7 M NaOH 

#$"&*6!,"22"A&-,%!)5!*$'!(&'1"("*-*'!)K*-"4'3!"4!R64*$'%"%!==!/'&'!3"%%)2C'3!"4!>!,2!)5!TD!/-*'&!-43!
*$'!%)2+*")4N%!(H!-3h+%*'3!*)!l=L`!K6!*$'!-33"*")4!)5!`!Z!HF2L!!WW#1!gZP!'@$"K"*'3!*$'!E#17FG:>7H;G:>IJ!
K-43?!/"*$!4)!K-43!&'C'-2"4A!#1GbBL!!=L`!,2!)5!*$'!&'%+2*"4A!%)2+*")4!/-%!-33'3!*)!=L`!,2!)5!<L`!Z!
()*-%%"+,!A2+1)4-*'!"4!=L`!Z!g-GH!&'%+2*"4A!"4!-!%)2+*")4!)5!<L;`!Z!()*-%%"+,!A2+1)4-*'j<L_!Z!g-GHL!

#$'!"4"*"-2!gZP!-4-26%"%!"43"1-*'3!*$-*!*$'!&'%+2*"4A!,"@*+&'!1)4*-"4'3!E#17FG:>7GH:7H;G:;I!%('1"'%!
-*!-!%"A4"5"1-4*26!2-&A'&!1)41'4*&-*")4!*$-4!*$'!A2+1)4-*'!1),(2'@!7#-K2'!;LW!-43!#-K2'!;L=<:L!!
Q'&*'1$4'*-*'!1)4%*"*+*'3!-K)+*!=`o!)5!*$'!*)*-2!WW#1L!!R"@!$)+&%!()%*!%)2+*")4!(&'(-&-*")4?!*$'!
E#17FG:>7GH:7H;G:;I!/-%!1),(2'*'26!1)4C'&*'3!*)!-K)+*!'[+-2!-,)+4*%!)5!E#17FG:>7A2+1)4-*':I;B!-43!
#1GbBL!

#$'!('&1'4*B5&-1*")4!)5!E#17FG:>7A2+1)4-*':I;B!1),(2'@!A&-3+-226!3'1&'-%'3!/"*$!*",'!3+'!*)!*$'!
)@"3-*")4!*)!#17MDD:!-43!5)&,-*")4!)5!#1GbBL!!D4!><!3-6%?!-K)+*!><o!)5!E#17FG:>7A2+1)4-*':I;B!$-3!
3'1),()%'3L!

5678(!1*?L! Z)4"*)&"4A!E#17FG:>7A2+1)4-*':I;B!F),(2'@!R*-K"2"*6!/"*$!#",'!R*-&*"4A!5&),!
E#17FG:>7GH:7H;G:;IV!7\:!*$'!#1GbB!d-43!D4*'4%"*6!D41&'-%'%!/"*$!#",'!71$',"1-2!!
%$"5*!f!B=!((,:V!7d:!D4"*"-2!F)4C'&%")4!)5!E#17FG:>7GH:7H;G:;I!71$',"1-2!!
%$"5*!f!B=<`]!((,:!*)!*$'!E#17FG:>7A2+1)4-*':I;B!F),(2'@!-43!"*%!#",'!R*-K"2"*6!71$',"1-2!
%$"5*!f!B=;><!-43!B=;b_!((,:!

+B(:$(0! </(=$:68!+/$>.![BB=K "U('6%(!C68>DE$;./ +.678(!BC!@6-%(
5:L3D! <! b<! g)!3'('43'41'!

Z5:[<LK2[C1LK2\]! B^]W! ^<! =B_!
Z5:[<LK2[LCK[C1LK1\! B=<]<! W<! s_!
Z5:[<LK2[LCK1[C1LK\D! B==b]! =<<! EGHIBt;Z!
Z5:[<LK2[LCK2\1D! B=b^;! ;`! EGHIBt;Z!
Z5:[<LK2[LCK\3! B`^`! ;`<! _B^!
Z5:[<LK3[C1LK1\]! BW<=! _<! bB^!
Z5:[<LK2_8&:9-6.(\D! B=;><?!B=;b_! ;_<?!><<! EGHIBt<L=Z!

!

! !
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5678(!1*)YL!!R*-K"2"*6!)5!E#17FG:>7A2+1)4-*':I;B!"4!<L_!Z!g-GH!/"*$!#",'!

5$=(!^86B0(;!

J(':(-.!#'6:.$9-!
Z5:[<LK2[LCK[C1LK2\!

D)Y4G!BB=!
Z5:[<LK2[%8&:9-6.(K\1D!
D)12Y!6-;!D)13H!BB=6K!

5:L3D!
)!BB=!

1!/9&'0! <L_`! <L=<! <L=`!
G!/9&'0! u! <L`<! <L`<!
1!;6,0! u! <Lb_! <L`>!
H!;6,0! u! <Lb;! <L`^!
)3!;6,0! u! <L>^! <L];!
2Y!;6,0! u! <L>`! <L]`!
-:!R"41'!*$'!&-*")!)5!*$'%'!*/)!&'%)4-41'%!/-%!1)4%*-4*!)C'&!*",'?!*$'6!/'&'!"4*'A&-*'3!*)A'*$'&L!

2.6 Discussion of Tc(I) Tricarbonyl Syntheses, Speciation, and Air 
Stability 

U@*'4%"C'!'@('&",'4*-*")4!/-%!('&5)&,'3!*)!*'%*!C-&")+%!2"*'&-*+&'!%64*$'*"1!(&)1'3+&'%!5)&!)K*-"4"4A!
-!12'-4!E#17FG:>IJ!1),()+43!5)&!5+&*$'&!%*+36!-43!3'&"C-*"C'!(&'(-&-*")4%L!!#$'!&'%+2*%!)5!*$'%'!
'@('&",'4*%!"43"1-*'3!*$-*!"*!"%!4)*!5'-%"K2'!*)!)K*-"4!*$'!E#17FG:>7H;G:>IJ!1),(2'@!K6!%64*$'*"1!
1)43"*")4%!"4C)2C"4A!-20-2"4'!-[+')+%!,'3"-!K'1-+%'!)5!*$'!'@*'4%"C'!$63&)26%"%!)5!*$'!(&)3+1*!-43!
&'B)@"3-*")4!)5!*$'!*&"1-&K)462!#17D:!%('1"'%!*)!#1GbBL!!O'!1)412+3'!*$-*!*$'!,)%*!C"-K2'!)(*")4!"%!*)!+%'!
)&A-4"1B%)2+*")4BK-%'3!(&'(-&-*")4%!)5!E#17FG:>F2>I;BV!*$"%!1),()+43!(&)C"3'%!-!%*-K2'!-43!&'2"-K2'!
%)+&1'!)5!#17D:!*$-*!1-4!K'!'-%"26!1)4C'&*'3!*)!*$'!3'%"&'3!E#17FG:>7H;G:>IJ!-%!4''3'3L!!D*!/-%!)K%'&C'3!
*$-*!-!*/)B%*'(!&'3+1*"C'!-((&)-1$!*)!%64*$'%"%!)5!E#17FG:>F2>I;B!-(('-&%!*)!)55'&!-!K'**'&!6"'23!-43!
()%%'%%'%!,)&'!5-C)&-K2'!(&)3+1*!(+&"5"1-*")4!K'$-C")&!*$-4!"%!5)+43!"4!*$'!-2*'&4-*"C'!)4'B()*!&'3+1*")4!
)5!#17MDD:!*)!#17D:!"4!-4!)&A-4"1!%)2C'4*L!!#$'!5"&%*!%*'(!"4C)2C'%!-!&'3+1*")4!)5!#1GbB!*)!#17M:!-43!
"%)2-*")4!)5!Ed+bgIE#1GF2bI!1),()+43V!*$'!%'1)43!"%!*$'!&'3+1*")4!)5!*$'!#17M:!1),()+43!*)!#17D:!"4!
*$'!5)&,!)5!E#17FG:>F2>I;BL!!UC'4!%)?!5+&*$'&!)(*",".-*")4!)5!*$'!&'-1*")4!1)43"*")4%!*)!",(&)C'!K)*$!
&'-1*")4!6"'23!-43!(+&"5"1-*")4!)5!*$'!E#17FG:>F2>I;B!(&)3+1*!"%!/-&&-4*'3L!

O'!$-C'!1)45"&,'3!*$-*!*$"%!E#17FG:>F2>I;B!(&'1+&%)&!1-4!'-%"26!K'!1)4C'&*'3!*)!E#17FG:>7H;G:>IJ!K6!
*$'!'@1$-4A'!&'-1*")4!"4!-1"3"5"'3!/-*'&!-*!'2'C-*'3!*',('&-*+&'%L!!T+&"4A!*$"%!&'-1*")4?!-46!E#17FG:bF2;IB!
*$-*!,-6!K'!(&'%'4*!-%!-!1)B(&)3+1*!/"22!'@1$-4A'!*/)!F2B!A&)+(%!-43!-!,)K"2'!-'&42BFG!A&)+(!
7Z"&)%2-C)C!'*!-2L!=WW<:!5)&!/-*'&?!2'-3"4A!*)!*$'!%-,'!E#17FG:>7H;G:>IJ!%('1"'%!-%!3)'%!E#17FG:>F2>I;BL!

#$"%!/)&0!3',)4%*&-*'%!$)/!gZP!-4-26%"%!K-%'3!)4!*$'!WW#1!4+12'+%!1-4!K'!-!()/'&5+2!,'*$)3!)5!
"3'4*"56"4A!WW#1BgZP!-1*"C'!1),()+43%!%+1$!-%!*$'!#17D:!E#17FG:>IJ!%('1"'%?!-%!*$'6!'@$"K"*!3"%*"41*26!
3"55'&'4*!%('1*&-!%'4%"*"C'!*)!*$'!4-*+&'!)5!*$'!1))&3"4-*"4A!2"A-43%L!!GK%'&C'3!WW#1BgZP!%('1*&-2!(&)5"2'%!
-&'!3'%1&"K'3!"4!8"A+&'!;L=`!-43!#-K2'!;L==L!!G+&!gZP!-4-26%"%!K-%'3!)4!*$'!WW#1!4+12'+%!&'C'-2'3!
",()&*-4*!"45)&,-*")4!)4!*$'!$63&)26%"%!K'$-C")&!)5!*$'!E#17FG:>7H;G:>IJ!")4L!
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!
#$%&'(!1*)4*!!GC'&2-6!)5!WW#1BgZP!P'%)4-41'%!GK%'&C'3!5)&!*$'!R*+3"'3!#1!F),()+43%!

5678(!1*))*!!R+,,-&6!)5!E#17FG:>IJ!R('1"-*")4!K6!WW#1BgZP!R('1*&)%1)(6!

+B(:$(0! </(=$:68!+/$>.![BB=K "U('6%(!C68>DE$;./ +.678(!BC!@6-%(
5:L3D! <! b<! g)!3'('43'41'!

Z5:[<LK2[C1LK2\]! B^]W! ^<! =B_!
Z5:[<LK2[LCK[C1LK1\! B=<]<! W<! s_!
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2.7 Microcalorimeter Performance Testing using Complexation of 
BaCl2 by the Macrocyclic Ligand 18-Crown-6 
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%*-43-&3!-*,)%($'&"1!1)4%*"*+'4*%!7FG;?!)@6A'4?!'*1L:V!-43!1:!'-%'!)5!3&6"4A!-43!/'"A$"4A!)5!1$',"1-2%!
+43'&!-,K"'4*!-*,)%($'&"1!1)43"*")4%L!!H"%*)&"1-226?!*$'!(&)*)4-*")4!&'-1*")4!)5!*$'!%*&)4A!K-%'!
*&"%$63&)@6!,'*$62!-,"4),'*$-4'!K6!$63&)1$2)&"1!-1"3!/-%!+%'3!-%!-!1-2"K&-*")4!&'5'&'41'!7%''!
&'5'&'41'%!"4!#-K2'!=!)5!d+%1$,-44!-43!R1$)22,'6'&!7=WWW::L!!H)/'C'&?!-((2"1-*")4!)5!*$"%!&'-1*")4!
(&)3+1'%!)426!)4'!*$'&,)364-,"1!(-&-,'*'&?!4-,'26!*$'!(&)*)4-*")4!'4*$-2(6!5)&!*$"%!(&)1'%%L!!
\((2"1-*")4!)5!-!1),(2'@-*")4!&'-1*")4!K'*/''4!%64*$'*"1!$)%*!,)2'1+2'%!-43!-20-2"4'!'-&*$!,'*-2!1-*")4%?!
-%!(&)()%'3!K6!D.-**!-43!1)/)&0'&%!-K)+*!b`!6'-&%!-A)!7D.-**!'*!-2L!=W]W:?!"%!4)/!1)4%"3'&'3!-!,)&'!
&'2"-K2'!/-6!*)!*'%*!('&5)&,-41'!-43!-11+&-16!)5!,)3'&4!1-2)&",'*'&%!K'1-+%'!3-*-!(&)1'%%"4A!)5!*"*&-*")4!
1+&C'%!-22)/%!%",+2*-4')+%!1-21+2-*")4!K)*$!)5!%*-K"2"*6!1)4%*-4*%!-43!&'-1*")4!'4*$-2("'%L!!#$'!K'%*!(-"&!
)5!1-43"3-*'!&'-A'4*%!5)&!*$"%!*'%*"4A!%$)+23!5'-*+&'!-!,-A4"*+3'!)5!*$'!1),(2'@-*")4!1)4%*-4*!)5!=<<!*)!
=<<<<!ZB=?!/"*$!*$'!C-2+'!)5!*$'!&'-1*")4!'4*$-2(6!K'"4A!-%!$"A$!-%!()%%"K2'L!!8&),!*$"%!()"4*!)5!C"'/?!*$'!
1),(2'@-*")4!&'-1*")4!K'*/''4!=^B1&)/4B]!'*$'&!-43!-!%-2*!)5!K-&"+,!-(('-&%!*)!K'!*$'!,)%*!%+"*-K2'!5)&!
+%'!-%!-!*'%*!&'-1*")4L!!#$'!%",(2"1"*6!)5!*$"%!&'-1*")4!"412+3'%!*$'!5)&,-*")4!)5!)426!-!=Y=!1),(2'@!-43!*$'!
-K%'41'!)5!-46!(&)*)4-*")4!'55'1*%!5)&!*$'!2"A-43!7/$"1$!)*$'&/"%'!,"A$*!1-+%'!%),'!(&)K2',%!/"*$!
&'(&)3+1"K"2"*6!)5!*$'!,'-%+&'3!C-2+'%:L!

D4!"%)*$'&,-2!*"*&-*")4!1-2)&",'*&6?!*$'!$'-*!"%!,'-%+&'3!5)&!*$'!"41&','4*-2!"4h'1*")4!)5!)4'!&'-1*-4*!
7*$'!*"*&-4*:!"4*)!-!&'-1*")4!C'%%'2!7)&!-,()+2':!1)4*-"4"4A!*$'!)*$'&!&'-1*-4*!7*$'!*"*&-*':L!!#$'!3-*-!*$+%!
5)&,!-!*"*&-*")4!1+&C'!)5!$'-*!C%L!*$'!'@*'4*!)5!*$'!&'-1*")4?!*$'!-4-26%"%!)5!/$"1$!6"'23%! H1-2!7*$'!
1-2)&",'*&"1!&'-1*")4!'4*$-2(6:!-43!*$'!'[+"2"K&"+,!1)4%*-4*!XL!!D5!*$"%!1-2)&",'*&"1!*"*&-*")4!'@('&",'4*!
1-4!K'!('&5)&,'3!)C'&!-!&-4A'!)5!*',('&-*+&'%?!*$'4! H1-2!-43!X!5)&!-!4+,K'&!)5!*',('&-*+&'%!1-4!K'!
,'-%+&'3L!!#$'!2-**'&!1-4!K'!5+&*$'&!-4-26.'3!+%"4A!*$'!C-4N*!H)55!&'2-*")4!7324Xj3#!f! Hj7P#;:!*)!6"'23!
-!%'1)43!'%*",-*'!)5! H!5)&!*$'!&'-1*")4!7C-4N*!H)55?! HCH:L!

D4!*$'!/)&0!3'%1&"K'3!$'&'?!-22!*$'!*'%*"4A!/-%!('&5)&,'3!-*!;`)F!)426?!%)!"*!/-%!4)*!()%%"K2'!*)!3'&"C'!
HCH!5&),!*$'!3-*-!)K*-"4'3?!K+*!-4!-**',(*!/-%!,-3'!*)!1)&&'1*!*$'!*"*&-*")4!1+&C'!3-*-!5)&!-46!$'-*!)5!
3"2+*")4!)5!*$'!*"*&-*'!7d-F2;:!K6!*"*&-*"4A!"*!"4*)!-!K2-40!%)2+*")4!7TD!/-*'&:!"4!)&3'&!*)!)K*-"4!-!*&+'!C-2+'!
)5! H1-2?!/$"1$!"4!*$')&6!%$)+23!-A&''!/"*$! HCH!/"*$"4!*$'!+41'&*-"4*6!2","*%!-%%)1"-*'3!/"*$!*$'%'!*/)!
'%*",-*'%!)5!*$'!%-,'!*$'&,)364-,"1!(-&-,'*'&L!
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2.7.2 Experimental 

2.7.2.1 Instrument Description 

\!#\Z!DDD!%'&"'%!,"1&)1-2)&",'*'&!5&),!#\!D4%*&+,'4*%!p!O-*'&%!ccF!/-%!"4%*-22'3!-43!(+*!"4*)!
)('&-*")4!"4!v+4'!;<=>L!!T+&"4A!"4%*-22-*")4?!-!,"1&)1-2)&",'*&6!%'&C"1'!%('1"-2"%*!%+11'%%5+226!1)43+1*'3!
-!A'4'&-2!('&5)&,-41'!*'%*!7/$"1$!&'[+"&'3!4)!"4h'1*")4!-43!%*"&&"4A:?!K+*!-!5"&%*!&)+43!)5!*'%*"4A!"4!-!
*"*&-*")4!,)3'!/"*$!<L^`!,2!)5!`B,Z!=^B1&)/4B]!-43!W`!,Z!d-F2;!(&)3+1'3!-!C'&6!4)"%6!-43!()%"*"C'26!
K"-%'3!K-%'2"4'!%"A4-2!*$-*!)K%1+&'3!$'-*!A'4'&-*")4!('-0%!'C'4!-*!&'2-*"C'26!$"A$!1)41'4*&-*")4%!)5!*$'!
&'-1*"4A!1),()4'4*%L!!#$'!(&)K2',!/-%!%)2C'3!-5*'&!3'(-&*+&'!)5!*$'!"4%*-22-*")4!%('1"-2"%*!K6!('&5)&,"4A!
-!1-&'5+2!-3h+%*,'4*!)5!*$'!,"@"4A!(&)('22'&N%!C'&*"1-2!()%"*")4!/"*$"4!*$'!"44'&!%(-1'!)5!-4!-,()+2'L!

8"A+&'!;L=]!%$)/%!-!A'4'&-2!C"'/!-43!%),'!3'*-"2%!)5!*"*&-*")4!-%%',K2"'%!-43!*$'"&!1),()4'4*%L!!#$"%!
("1*+&'!3)'%!4)*!"412+3'!*$'!'4*"&'!"4%*&+,'4*?!/"*$!K)*$!%-,(2'!-43!K2-40!*"*&-*")4!-%%',K2"'%!"4%'&*'3!
"4*)!*$'"&!*$'&,)%*-*'3!K-*$!)('4"4A%?!-%!"*!/)+23!$"3'!-22!3'*-"2%!'@1'(*!*$'!+(('&!%'1*")4!)5!K)*$!
-%%',K2"'%!*)!-4!)K%'&C'&L!

!
#$%&'(!1*)G*! Z"1&)1-2)&",'*&"1!#"*&-*")4!M'%%'2!R'*+(Y!-:!a'4'&-2!M"'/!)5!d2-40!\%%',K26!72'5*:!-43!

R-,(2'!\%%',K26!7&"A$*:!/"*$!\,()+2'!P',)C'3!5&),!*$'!Q&)('22'&!R$-5*V!K:!F2)%'!S(!)5!
\,()+2'!Q)%"*")4'3!g'@*!*)!Q&)('22'&!R$-5*V!1:!\,()+2'!\%%',K2'3!/"*$!Q&)('22'&!R$-5*!
-43!D4h'1*")4!F-("22-&6!c"4'L!!\!A&-3+-*'3!&+2'&!"4!("1*+&'%!-:!-43!1:!"%!%$)/4!5)&!-!K'**'&!
%".'!('&1'(*")4!)5!'4*"&'!-%%',K26!-43!*$'!-,()+2'!(-&*L!
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2.7.2.2 Microcalorimetric Titration Details 

Q'&!*$'!,-4+5-1*+&'&N%!"4%*&+1*")4%!5)&!-!*6("1-2!*"*&-*")4!'@('&",'4*?!*$'!C)2+,'!)5!*"*&-4*!7*$'!2"A-43:!
2)-3'3!"4*)!*$'!-,()+2'!/-%!%'*!-*!<L^`!,2!-43!"4*'4%"*6!)5!,"@"4A!/-%!%'*!-*!_<!&)*-*")4%!('&!,"4+*'L!!\!
<L;`!,2!1-(-1"*6!%6&"4A'!/-%!1-&'5+226!2)-3'3!/"*$!*$'!*"*&-*'!7-!%)2+*")4!)5!K-&"+,!%-2*:!-43!/-%!"4%*-22'3!
"4*)!-!3"A"*-2!%6&"4A'!(+,(!&'1'(*-12'!/"*$!1-("22-&6!*+K"4A!"4%'&*'3!-2,)%*!-22!*$'!/-6!"4*)!*$'!*"*&-*'!
3'2"C'&6!1$-44'2!)5!*$'!*"*&-*")4!-%%',K26?!K+*!h+%*!-!5'/!,"22",'*'&%!-K)C'!*$'!%)2+*")4!2'C'2!"4!*$'!
-,()+2'L!!\!K2-40!*"*&-*")4!-%%',K26!/-%!(&'(-&'3!"4!-!%","2-&!/-6?!K+*!$-3!4)!%*"&&"4A!,)*)&!-43!
"4h'1*")4!2"4'!-((2"'3!*)!"*%!+(('&!%'1*")4L!!d)*$!-%%',K2"'%!/'&'!%2)/26!-43!%641$&)4)+%26!2)-3'3!"4*)!
*$'!&'%('1*"C'!1$-44'2%?!/$"1$!2'-3!*)!*$'!*$'&,)%*-*!%(-1'!)5!*$'!"4%*&+,'4*!-43!/'&'!*$'&,-226!
'[+"2"K&-*'3!5)&!-*!2'-%*!)4'!$)+&!K'5)&'!%2"3"4A!*$'!"4h'1*")4!1-("22-&6!-22!*$'!/-6!3)/4!*)!A'*!"*%!'43!
",,'&%'3!l;B>!,,!3''(!"4*)!*$'!*"*&-4*!%)2+*")4L!

#$"%!%*'(!/-%!5)22)/'3!K6!-4)*$'&!/-"*"4A!('&")3!)5!;<B><!,"4+*'%!7*)!'4%+&'!*$-*!*$'!K-%'2"4'!%"A4-2!
,-A4"*+3'!/-%!)5!2)/!"4*'4%"*6!-43!"*%!%2)('!2'%%!*$-4!l><<Bb<<!4Oj$&:!K'5)&'!%*-&*"4A!*$'!*"*&-*")4!
'@('&",'4*L!!T+&"4A!*$"%!5"4-2!/-"*"4A!('&")3?!*$'!%6&"4A'!(+,(!/-%!(&)A&-,,'3!/"*$!*$'!5)22)/"4A!
(-&-,'*'&%Y!"4h'1*")4!C)2+,'?!4+,K'&!)5!"4h'1*")4%?!-43!*",'!K'*/''4!"4h'1*")4%L!!\2%)?!*$'!"4%*&+,'4*!
/-%!(&)A&-,,'3!*)!('&5)&,!7)&!*)!+%'!(&'C")+%26!)K*-"4'3!3-*-!5)&:!-!364-,"1!1)&&'1*")4!1-2"K&-*")4!
K'5)&'!%*-&*"4A!*$'!-1*+-2!*"*&-*")4!&+4!7%''!,)&'!3'*-"2%!-K)+*!*$'!364-,"1!1)&&'1*")4!,)3'!)5!)('&-*")4!)5!
-!*"*&-*")4!1-2)&",'*'&!"4!dw10,-44!'*!-2L!=WWb:L!

2.7.2.3 Reagents 

)ID:'9E-DG!B&'$>$:6.$9-L!!#$'!2"A-43!+%'3!"4!*$"%!(&)h'1*!/-%!(+&"5"'3!K6!&'1&6%*-22".-*")4!)5!
1),,'&1"-226!-C-"2-K2'!1),()+43!7WWo!(+&"*6?!\23&"1$:!5&),!-1'*)4"*&"2'!5)22)/"4A!*$'!%*-43-&3!
(&)1'3+&'%!7a)0'2!'*!-2L!=W_bV!Q'&&"4!-43!\&,-&'A)!=W^^:L!!T&6"4A!*)!&',)C'!&'%"3+-2!%)2C'4*!/-%!
('&5)&,'3!-*!'2'C-*'3!*',('&-*+&'!7b;B]`iF:!+43'&!-4!"4'&*!A-%!52)/L!!T+'!*)!*$'!*',('&-*+&'!"4%*-K"2"*6!
)5!*$'!$'-*"4A!3'C"1'?!,'2*"4A!)5!"4"*"-226!(&'%'4*?!/'22B5)&,'3!1&6%*-2%!)5!=^B1&)/4B]!)11+&&'3!-43!*$"%!
,'2*!1)4*-1*'3!*$'!K)**),!-43!/-22%!)5!*$'!A2-%%!C"-2!5)&!%'C'&-2!$)+&%L!!\!%*)10!%)2+*")4!)5!=^B1&)/4B]!
7`L<<!,Z:!/-%!(&'(-&'3!K6!3"%%)2+*")4!)5!-!(&'B/'"A$'3!-,)+4*!)5!*$'!%)2"3"5"'3!1),()+43!"4!-!04)/4!
C)2+,'!)5!/-*'&L!

Q(.('=$-6.$9-!9>!S61]!:9-:(-.'6.$9-!$-!6!0.9:`!098&.$9-!9>!S6<81*!!\!%*)10!%)2+*")4!1),(&"%'3!)5!
<L=W>!!d-F2;!/-%!-C-"2-K2'!5&),!-!(&)h'1*!1)43+1*'3!"4!;<=<L!!g)!&'1)&3%!5&),!*$'!;<=<!/)&0!/'&'!
-C-"2-K2'V!$)/'C'&?!*$'!K-&"+,!1)41'4*&-*")4!"4!*$-*!%*)10!%)2+*")4!/-%!C'&"5"'3!K6!-!%*-43-&3!,'*$)3L!!#)!
3'*'&,"4'!*$'!'@-1*!1)41'4*&-*")4!)5!d-?!-!A&-C",'*&"1!*'1$4"[+'!K-%'3!)4!(&'1"("*-*")4!)5!d-!-%!%(-&"4A26!
%)2+K2'!K-&"+,!1$&),-*'!7M)A'2!-43!v'55'&6!=W^W?!(-A'!b_b:!5)22)/'3!K6!%'(-&-*")4?!/-%$"4A?!-43!3&6"4A!
)5!*$'!(&'1"("*-*'!-*!=;<iF!/-%!+%'3L!!#$"%!3'*'&,"4-*")4!&'%+2*'3!"4!<L=^=]!Z!1)41'4*&-*")4!)5!d-F2;!7]o!
2'%%!*$-4!*$'!C-2+'!)4!*$'!2-K'2:L!!#$'!1)41'4*&-*")4!5)+43!/-%!1)45"&,'3!2-*'&!*)!K'!"4!A))3!-A&'','4*!
/"*$!&'5"4'3!C-2+'!)5!Fd-F2;!K-%'3!)4!3-*-!(&)1'%%"4A!)5!,+2*"(2'!1),(2'@-*")4!*$'&,)A&-,%!/"*$!-4!
x+42)10'3y!1)41'4*&-*")4!)5!*$'!*"*&-4*!%('1"5"'3!73-*-!(&)1'%%"4A!,)3'!kb?!R'1*")4!;L_L;Lb:L!

2.7.2.4 Data Processing 

U-1$!*"*&-*")4!'@('&",'4*!/-%!('&5)&,'3!5)+&!*",'%!+43'&!*$'!%-,'!'@('&",'4*-2!1)43"*")4%!7"4"*"-2!
C)2+,'!-43!1)41'4*&-*")4!)5!*"*&-4*?!1)41'4*&-*")4!)5!d-F2;!"4!-!%6&"4A'?!C)2+,'!('&!"4h'1*")4?!4+,K'&!)5!
"4h'1*")4%?!'*1L:L!!T-*-!(&)1'%%"4A!/-%!('&5)&,'3!+%"4A!*$'!K+"2*!"4!x\4-26%"%y!5+41*")4?!/$"1$!)55'&%!
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,-46!)(*")4%!5)&!1-21+2-*"4A!-!2"A-43!K"43"4A!-%%'%%,'4*L!!D4!*$"%!/)&0!/'!(&)1'%%'3!*$'!3-*-!5&),!'-1$!
*"*&-*")4!&+4!"4!5"C'!3"55'&'4*!/-6%!-%!2"%*'3!K'2)/Y!

=L \22!3-*-!()"4*%!/"*$!K)*$!*$'!2"A-43!-43!,'*-2!1)41'4*&-*")4%!2)10'3!

;L T-*-!()"4*%!5&),!%'1)43!*)!*$'!2-%*!-33"*")4!)5!*$'!*"*&-4*!7'@12+%")4!)5!*$'!5"&%*!"4h'1*")4:!/"*$!K)*$!
*$'!2"A-43!-43!,'*-2!1)41'4*&-*")4!2)10'3!

>L \22!3-*-!()"4*%!/"*$!,'*-2!1)41'4*&-*")4!2)10'3!/$"2'!*$'!2"A-43!1)41'4*&-*")4!/-%!%'*!-%!-!C-&"-K2'!
(-&-,'*'&!

bL \22!3-*-!()"4*%!/"*$!*$'!2"A-43!1)41'4*&-*")4!2)10'3!/$"2'!*$'!,'*-2!1)41'4*&-*")4!/-%!%'*!-%!-!
C-&"-K2'!(-&-,'*'&!

`L \22!3-*-!()"4*%!/"*$!*$'!2"A-43!-43!,'*-2!1)41'4*&-*")4%!2)10'3!-*!C-2+'%!)(*",".'3!-*!*$'!3-*-!
(&)1'%%"4A!%*'(%!>!-43!b?!&'%('1*"C'26L!

#$'%'!5"C'!,)3'%!)5!3-*-!(&)1'%%"4A!/'&'!-((2"'3!5"&%*!*)!*$'!1),(2'@-*")4!*"*&-*")4!'@('&",'4*!)426!
74)!1)&&'1*")4!5)&!*$'!$'-*!)5!3"2+*")4!3-*-!5&),!*$'!d-F2;!"4h'1*")4!"4*)!/-*'&V!#-K2'%!;L=;!-43!;L=b:L!!\*!
*$'!4'@*!&)+43!)5!3-*-!(&)1'%%"4A?!$'-*%!)5!3"2+*")4!/'&'!-((2"'3!*)!*$'!1),(2'@-*")4!*"*&-*")4!3-*-!%'*!-43!
&'5"4','4*!/-%!&'('-*'3!/"*$!-22!5"C'!,)3'%!)5!3-*-!(&)1'%%"4A!2"%*'3!-K)C'!7#-K2'%!;L=>!-43!;L=`:L!

2.7.3 Results 

#6("1-2!*$'&,)A&-,%!5)&!*/)!*"*&-*")4!'@('&",'4*%!-*!$"A$'&!-43!2)/'&!*"*&-*'!-43!*"*&-4*!
1)41'4*&-*")4%!-&'!%$)/4!"4!8"A+&'!;L=_j;L=_-!-43!8"A+&'!;L=^j;L=^-L!!7U-1$!%'&"'%!/-%!&'(2"1-*'3!5)+&!
*",'%?!K+*!)4'!*"*&-*")4!-*!-!2)/'&!1)41'4*&-*")4!)5!*"*&-*'!%+55'&'3!-!%"A4"5"1-4*!3"%*+&K-41'!)5!K-%'2"4'!"4!
*$'!,"332'!)5!*"*&-*")4?!/$"1$!%'C'&'26!-55'1*'3!*$'&,-2!('-0!,-A4"*+3'%L!!#$-*!(-&*"1+2-&!&+4!/-%!4)*!
+%'3!5)&!-!5+22B%1-2'!3-*-!(&)1'%%"4A!-43!&'5"4','4*!)5! H!-43!XL:!
! !
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2.8 Tc Sensor Task Summary 

2.8.1 Introduction 

#$'!5)&,!)5!*$'!4)4B('&*'1$4'*-*'!#1!1),(2'@!$-%!K''4!3)1+,'4*'3!*)!K'!*$'!E#17FG:>7H;G:>IJ!)&!
2"A-43!%+K%*"*+*'3!1),(2'@!E#17FG:>7e:7H;G:IJ!7/$'&'!e!"%!-!,+2*"3'4*-*'!2"A-43?!%+1$!-%!A261)2-*'?!
1"*&-*'?!)&!)@-2-*':!7c+0'4%!'*!-2L!;<<b:L!!O$"2'!*$'!E#17FG:>7H;G:>IJ!-43!&'2-*'3!1),(2'@'%!-&'!4)*!
&'-3"26!3'*'1*'3!)(*"1-226?!/'!(&)()%'3!"4!89!;<=>!*)!1)4C'&*!E#17FG:>7H;G:>IJ!"4*)!-!52+)&'%1'4*!
1),(2'@!*$-*!/)+23!K'!3'*'1*-K2'!-*!*$'!1)41'4*&-*")4%!5)+43!"4!*-40!/-%*'L!

#$'!3"&'1*!&'-1*")4!)5!E#17FG:>7H;G:>IJ!)&!E#17FG:>7e:7H;G:IJ!/"*$!K"3'4*-*'!-43!*&"3'4*-*'!2"A-43%!
$-%!K''4!'%*-K2"%$'3!+43'&!1)43"*")4%!74'+*&-2!-43!K-%"1!(H?!-*!&)),!*',('&-*+&'?!%-2"4':!%+"*-K2'!5)&!
&-3")*$'&-('+*"1!-((2"1-*")4%!7\2K'&*)!=WW^-?K?1:L!!d6!1$-4A"4A!*$'!4-*+&'!)5!*$'!'4*'&"4A!2"A-43!A&)+(%!
*)!K"(6&"3"4'!7K(6:!)&!5+41*")4-2".'3!K(6!2"A-43%?!/'!(&)()%'!*)!1)4C'&*!*$'!E#17FG:>7H;G:>IJ!1),(2'@!
"4*)!)(*"1-226!',"%%"C'!1),(2'@'%!/"*$!*$'!5)&,+2-!E#17FG:>7c c:;IJ!-11)&3"4A!*)!*$'!%1$','!%$)/4!
K'2)/L!!#$'!2"%*!)5!'4*'&"4A!K"B3'4*-*'!2"A-43%!7c c:!"412+3'%Y!3*KK(6?!3,K(6?!3,'K(6?!K(6?!-43!31KK(6L!

! ! 7]:!

\4-2)A%!)5!*$'!#17D:!1),(2'@'%!/'!(&)()%'!5)&!*$"%!%*+36?!-!&-4A'!)5!P'7D:!1),(2'@'%?!(&'C")+%26!
$-C'!K''4!%$)/4!*)!K'!',"%%"C'!7P"1$*'&!'*!-2L!=WW]:L!!O'!-&'!1'&*-"4?!K-%'3!)4!)+&!(-%*!/)&0!
3',)4%*&-*"4A!*$'!5"&%*!3)1+,'4*'3!'@-,(2'%!)5!',"%%"C'!*'1$4'*"+,!1),(2'@'%!7T'2!g'A&)!'*!-2L!;<<`V!
T'2!g'A&)!'*!-2L!;<<]:?!*$-*!*$'%'!&'2-*'3!4'/!#17D:!1),(2'@'%!/"22!%$)/!52+)&'%1'4*!(&)('&*"'%!-%!/'22L!

D4!1)22-K)&-*")4!/"*$!*$'!S4"C'&%"*6!)5!F"41"44-*"?!/'!$-C'!-2%)!3'C'2)('3!-43!3',)4%*&-*'3!-!
%'2'1*"C'!)(*"1-2!%'4%)&!5)&!*$'!2+,"4'%1'4*!#17DD:!1),(2'@!E#173,(':>I;J?!/$"1$!"%!1),()%'3!)5!-!
%'2'1*"C'!()26,'&!5"2,!*$-*!(&'1)41'4*&-*'%!*$'!#1!1),(2'@!/"*$"4!*$'!%('1*&)'2'1*&)1$',"1-2!
1),(-&*,'4*!)5!*$'!%'4%)&L!!\5*'&!*$'!#1!1),(2'@!"%!-K%)&K'3!"4*)!*$'!()26,'&!5"2,?!*$'!1'22!"%!-1*"C-*'3!
'2'1*&)1$',"1-226!-43!*$'!E#173,(':>I;J!1),(2'@!"%!,)3+2-*'3!K'*/''4!*$'!#17D:!74)4B',"%%"C':!-43!*$'!
#17DD:!7',"%%"C':!&'3)@!%*-*'%L!!#$'!&'1)&3'3!2+,"4'%1'4*!',"%%")4!/-%!3',)4%*&-*'3!*)!K'!(&)()&*")4-2!
*)!#1!1)41'4*&-*")4?!2"4'-&!)C'&!`B]!)&3'&%!)5!,-A4"*+3'!"4!1)41'4*&-*")4?!-43!/"*$!-!3'*'1*")4!2","*!-*!*$'!
4-4),)2-&!2'C'2!7F$-**'&h''!'*!-2L!;<==-?!K:L!

#$"%!*-%0!%''0%!*)!1)4C'&*!*$'!4)4B',"%%"C'!E#17FG:>7H;G:>IJ!-43!E#17FG:>7H;G:,eIJ!1),(2'@'%!
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%('1"'%!/"*$"4!-!()26,'&B5"2,BK-%'3!%'4%)&L!!#$"%!&'()&*!3'*-"2%!*$'!'@('&",'4*-2!/)&0!('&5)&,'3!3+&"4A!
89!;<=>!*)!-11),(2"%$!*$'%'!A)-2%L!

2.8.2 Experimental 

#$'!,'*$)3)2)A6!5)&!*$'!3'*'1*")4!)5!#1!1),(2'@!1'4*'&%!-&)+43!*$'!5)&,-*")4!)5!-4!',"%%"C'!#17D:!
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%'1*")4!)5!*$'!&'()&*!3'%1&"K'%!*$'!A'4'&-2!%6%*',!3'C'2)(,'4*!-43!*'%*"4A!('&5)&,'3!*)!(&)C"3'!-!K-%"%!
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2.8.2.1 Preparation of Complexes 

2.8.2.1.1 Re Complexes 

P'7FG:>7K(6:F2!-43!P'7FG:>7*KK(6:F2?!7K(6f!;?;|BK"(6&"3"4'?!3*KK(6!f!b?!b|B3"B*'&*BK+*62B;?!
;|BK"(6&"3"4'?!3,K(6!f!b?!b|B3",'*$62B;?!;|BK"(6&"3"4'?!3,')K(6!f!b?!b|B3",'*$)@6B;?!;|BK"(6&"3"4'?!!
31K(6!f!b?!b|B3"1-&K),'*$)@6B;?!;|BK"(6&"3"4':?!/'&'!(&'(-&'3!+%"4A!*$'!,'*$)3!&'()&*'3!K6!R,"'h-!-43!
X+K"-0!7;<=<:L!

2.8.2.1.2 Tc Complexes 

#$'!%*-&*"4A!,-*'&"-2?!7U*bg:;E#17FG:>F2>I?!/-%!%64*$'%".'3!5)22)/"4A!*$'!(&)1'3+&'!-%!3'%1&"K'3!
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;LW>!,A!7=W!,Z:!)5!3"%%)2C'3!K(6!/-%!-33'3L!!#$"%!&'%+2*'3!"4!-4!-((&)@",-*'26!>Y=!,)2-&!&-*")!K'*/''4!
*$'!2"A-43!-43!,'*-2!1),(2'@L!!\5*'&!%'C'&-2!$)+&%!*$'!%)2+*")4!$-3!-!6'22)/!1)2)&L!!#$'!%)2+*")4!/-%!
%*"&&'3!)C'&4"A$*L!!R-,(2'%!)5!*$'!&'-1*")4!%)2+*")4!1)4*-"4"4A!E#17FG:>7K(6:7H;G:IJ!/'&'!*-0'4!5)&!
%('1*&)%1)("1!,'-%+&','4*%!-43!-&'!3"%1+%%'3!K'2)/L!
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,'-%+&','4*%!-43!-&'!3"%1+%%'3!K'2)/L!

2.8.2.2 Electrochemistry, Spectroscopy, and Spectroelectrochemistry 

^8(:.'9:/(=$0.',*!!U2'1*&)1$',"1-2!,'-%+&','4*%!/'&'!1-&&"'3!)+*!+%"4A!-!Q\P!;_>\!Q)*'4*")%*-*!
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7d")-4-26*"1-2!R6%*',%:!/"*$!-!%*-43-&3!*$&''B'2'1*&)3'!1'22!%*-43!5&),!d")-4-26*"1-2!R6%*',%L!!#$'!
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*',('&-*+&'!)5!^!{; XL!!#$'!%-,(2'!/-%!'@1"*'3!/"*$!-!R('1*&-BQ$6%"1%!g3Y9\a!2-%'&!(+,('3!
c-%'&*'1$4"0BaOS!ZGQG!2-%'&!-*!b=`!4,!-43!*$'!',"**'3!2"A$*!/-%!1)22'1*'3!-*!^` !*)!*$'!'@1"*-*")4!
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1-,'&-!-5*'&!%('1*&-2!3"%('&%")4!*$&)+A$!-4!\1*)4!R('1*&)Q&)!><<"!3)+K2'!,)4)1$&),-*)&!%('1*&)A&-($L!

+98&.$9-!6709'B.$9-!6-;!(=$00$9-!0B(:.'90:9B,*!!SMBC"%"K2'!-K%)&(*")4!%('1*&-!/'&'!&'1)&3'3!/"*$!
-!3'+*'&"+,!2"A$*!%)+&1'!7Z"0&)(-10?!,)3'2k!TH!;<<<:!-43!-4!G1'-4!G(*"1%!SRd;<<<!3'*'1*)&!
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"4*'A&-*")4!*",'%!/'&'!*6("1-226!`<<!,%!+%"4A!-!;B,,!%2"*!/"3*$!5)&!-!]<<!A&j,,!A&-*"4A!K2-.'3!-*!
`<<!4,L!!R*'(!"43'@!%"2"1-B)4B%"2"1-!)(*"1-2!5"K'&%!/'&'!(+&1$-%'3!5&),!P),-10?!D41L!!#$'!G1'-4!G(*"1%!
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7=!,Z:!-K%)&K-41'!1'22!/-%!+%'3!-%!%$)/4!"4!8"A+&'!;L=WL!!8)&!',"%%")4!,'-%+&','4*%?!-!=^<!
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!
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#$%&'(!1*1Y*! 7\:!R1$',-*"1!P'(&'%'4*-*")4!)5!R('1*&)'2'1*&)1$',"1-2!R'*+(!S%"4A!-4!\[+')+%(
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(2-*'?!PQ!f!&'52'1*-41'!(&)K':L!!\!SR!3",'!"%!%$)/4!5)&!%".'!1),(-&"%)4L!

2.8.2.3 Spectroelectrochemical Sensor Measurements 

#$"%!%'1*")4!3',)4%*&-*'%!*$'!%('1*&)'2'1*&)1$',"1-2!%'4%)&!,'*$)3)2)A6!+%"4A!,)3'2!1),()+43%!
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*$'!&-*")!)5!P+>J!*)!P+;J!"4!*$'!*$"4B2-6'&!1'22!"%!C-&"'3!-11)&3"4A!*)!*$'!g'&4%*!U[+-*")4Y!
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2.8.3 Summary 
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