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Abstract

HETEROPOLYMETALATES CONTAINING LANTHANIDES: 
SOLUTION AND SOLID STATE CHEMISTRY

by

Q unhu i Luo

Adviser: Professor L yn n  C. Francesconi

The m onovacant heteropolyanions, [01-I-P 2W 17O6 1 I10' (denoted a-1) 

and [a-2- P2W 17O61 ] 10' (denoted a-2), derived from  the W ells-Dawson ion 

[a-P2W i70 6 i]6- by rem ova l o f a [WO]4+ u n it are kno w n  to  react w ith  

lan than ide  (III) ions to  form  complexes. In  th is  study, these complexes 

have been system atica lly  characterized in  so lu tion  and so lid  state.

Three lan than ide  (Lu, Eu and Gd) a-2 1:2 com plexes have been 

crysta llized  and th e ir s tru c tu re s solved by X -ray crysta llography. The 

m olecule s tru c tu re s  are in  good agreem ent w ith  so lu tio n  structu re  

characterizations.

The so lu tion  an d  so lid  state chem istry  for Ln a -2  1:1 complexes 

has been stud ied by 31P, l83W NMR spectroscopy, fluorescence 

spectroscopy and X -ra y  crysta llography. In  so lid  sta te , [Eu(a-2- 

P2W 17O61)]7", exists as d im eric form , [Eu(H20)3(a-2-P2W i7O6i)]214_. In 

so lu tion , the d im eric  fo rm  breaks down and [Eu(a-2 -P2W i7 0 6 i) ]7 exists 

as m onom er, [Eu(H20)4(a-2-P2W i706i)]7’ . T h is  is con firm ed by 183W NMR
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spectrum  and fluorescence life tim e  m easurem ent. A lso there is 

e q u ilib riu m  between Ln a-2 1:1 and Ln a-2 1:2 com plexes in  so lu tion . 

The e q u ilib riu m  constan t is  in  the  m icrom olar range.

The c rys ta l s tru c tu re  o f [Lu (a -l-P 2W n06 i)]7' an ion  has been solved. 

The crys ta llog raph ic  resu lts are in  good agreem ent w ith  the fluorescence 

and the 183W NMR resu lts.

A new com plex o f la n th a n ide  (a-l-P2W i7O 6i)10‘ has been isolated. 

31P and l83W NMR spectroscopy, fluorescence life tim e  m easurem ent and 

the elem ental ana lysis data in d ica te  th a t the fo rm u la  o f th is  new com plex 

is  [L n (a -l-P 2W i706 i)2 ]17-.

Ternary com plexes o f [Ln(a-l-P 2W i706 i)]7' w ith  organic ligands 

have been observed from  titra tio n  o f organic ligands to [Ln(a-1- 

P2W 17O61)]7' m onitored by 31P NMR. A ch ira l o rgan ic ligand, L -ta rta ric  

acid, was bound to the two o p tica l isomers o f [Ln(a-l-P 2W i706 i)]7', as 

revealed from  31P NMR titra tio n  to  form  diastereom eric pa irs o f Ln a-1- 

P2W 17O61 - L -ta rta ric  acid com plexes.

The p ro ton a tio n  constan ts fo r (a-2-P2W i7O6i)l0‘ have been 

measured. Two m ethods have been developed to  m easure form ation 

constan t fo r Ln a-1 and Ln a-2  complexes: liga n d -lig a n d  com petition 

m ethod m onitored by 31P NMR and m eta l-ligand titra tio n  m onitored by 

E u(III) fluorescence excita tion  com bined w ith  lan than ide -lan than ide  

com petition. The re su lts  from  b o th  m ethods are in  good accord w ith  each 

o ther and com parable w ith  references.
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1

Chapter 1 

Introduction

1.1. General

E arly tra n s itio n  m etals, such as W(VI), Mo(VI), V(V) in  the ir h ighest 

ox ida tion  sta te , are able to form  m etal-oxygen c lu s te r anions by a 

sequence o f h yd ro lys is  and condensation reactions. Such molecules are 

com m only ca lled  polyoxoanions o r polyoxom etalates. Key reviews can be 

found in  an issue  o f Chem ical Reviews devoted to  polyoxom etalates; 

Chem. Rev. 1998, 98. A hexam etalate s tru c tu re , [M eO i9 ]p' (M=Mo, W, P=6; 

M=V, Nb, P=9), is  shown in  F igure 1.1a; the M ions are in  d is to rted  

octahedra l co o rd in a tio n  environm ents, connected to  each o ther by 

b ridg ing  oxygen atom s. The term  isopolyan ion is  used when the

-M o —o

Figure 1.1. a: The hexam etalate s tru c tu re , [M eO i9 ]p' (the charge, p 

depends on M: W6+, Mo6+ or Nb5+) in  b a ll and s tick  representation, b: The 

com m on Keggin s tru c tu re , [XMi204o]q+ (the charge, q, depends on the 

heteroatom , X) in  po lyhedral representa tion, c: Two exam ples o f la cu n a iy  

s tru c tu re s  re s u lt from  “ removed” o f one o r more MC>6 octahedrons.
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s tru c tu re s  are on ly  com posed o f one type o f m etal atom , M , com m only 

ca lled an addenda atom , and  oxygen. Isopolyan ions can be represented 

by the general fo rm ula :

[MmOy]p- M W (VI), Mo(VI), V(V), less com m only: Nb(V), Ta(V),
Re(VII), I(VII).

Isopolyanions are able to incorporate  o th e r elem ents in to  th e ir structures 

to fo rm  heteropolyanions. The general fo rm u la  is:

[XxMmOy]q- (x < m) X — com m only called heteroatom

Fig. 1.1b shows the Keggin s tru c tu re , [X M i2C>4olx', the heteroatom , X, is 

inside  o f the fram ew ork. A lm ost a ll o f elem ents in  the pe riod ic  table can 

be incorporated in  isopolyan ions. More th a n  65 other elem ents, includ ing 

m ost nonm etals, tra n s itio n  m etals and  f  elem ents, are  found in  

heteropolyoxom etalates. The a b ility  o f isopolyanion to  incorporate 

heteroatom s leads to enorm ous num ber o f complexes th a t d isp la y  a large 

va rie ty  o f s tructu res.

The firs t repo rt o f polyoxom etalates dates back to 1826, Berzelius 

described tha t a ye llow  precip ita te  was produced w hen am m onium  

m olybdate was added to phosphoric acid . The com plex form ed we now 

know  as the [PM0 1 2O4 0 ]5'  an ion . The firs t system atic s tudy was made by 

M arignac (1862-1864) who prepared and co rrectly  analyzed bo th  a and p 

isom ers o f 12 -tungstos ilic ic  acid and va rious  salts. I t  was m ore than  100 

years before any new tungstosilica tes were unam b iguously identified. 

The firs t step tow ards understand ing  the  s tru c tu re s o f polyoxom etalate
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an ions was taken by P au ling  in  1929. He proposed th a t the s tru c tu re  o f 

the  12-tungsto anions were based on a ce n tra l PO43' or SiC>44'te trahedra  

su rrou nded  by WO6 octahedra . Th is proposal s tim u la ted X -ra y  s tru c tu ra l 

s tud ies. By the beg inn ing  o f the tw e n tie th  cen tu ry several hundred 

he teropo ly com pounds had been prepared and analyzed by

700 
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500 

|  400

J 300 

200 

100 

0

Figure 1 .2 . P ublica tion  and pa ten t g row th on polyoxom etalates since 

1966. [1] (From K a tso u lis , D. E. “A Survey o f A p p lica tion  o f 

Polyoxom etalates” Chem. Rev. 1998, 98, 359.)

m any research groups: The lab o ra to iy  o f A. Rosenheim produced some of 

the  m ost productive and in flu e n tia l w orkers in  the fie ld  u n til the m id 

1930s. From  the early 1940s in to  the m id-1970s, several labora tories 

w orldw ide  were dedicated to  polyoxom etalates research, in c lu d in g  the 

groups o f Pierre Souchay in  France, R ipan in  Rom anian and B aker and 

Pope in  the U nited S tates. System atic investiga tion  started in  the  early

I
1
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1970s fo llow ed by strong in d u s tria l app lica tions in  ca ta lysis. Especially 

in  the la s t tw o decades, due to advances in  a n a ly tica l ins trum e n ta tio n , 

po lyoxom etalate chem istry has developed in to  a  new era. The present 

w idespread a v a ila b ility  o f au tom ated X -ray d iffrac tom ete rs  w ith  CCD 

detectors has enabled rap id  so lid -s ta te  s tru c tu ra l characte riza tion  o f 

polyoxom etalates, and the nu m be r o f know n s tru c tu re  types has grown 

from  fewer th a n  15 s tru c tu ra l types known in  1970 to  now hundreds o f 

s tru c tu ra l types. The com m ercia lly  available NMR spectrom eters w ith  

m u ltin u c le a r ca p a b ility  also re su lted  in  rap id  s tru c tu ra l characterization 

in  so lu tion . F igure  1.2 shows the grow th o f the polyoxom etalates 

lite ra tu re  per yea r since 1966. [1]

1.2. S tructures

O w ing to  the  con tinuous grow th  o f syn th e tic  m ethods and the 

extrem e v a r ia b ility  o f heteroatom s th a t can be incorpora ted in to  the 

fram ew ork o f s tru c tu re s , a large va rie ty  o f s tru c tu re s  have been prepared 

and analyzed. By carefu l tre a tm e n t w ith  base m any heteropoly species 

can produce so-ca lled “ lacunary” heteropoly species where one o r more 

addenda a tom s together w ith  the  oxygens have been removed from  the 

s tru c tu re . F o r instance, rem oval o f one o r three MO u n its  from  d iffe ren t 

positions o f the  Keggin s tru c tu re , resu lts  in  the [X M h 039]p' and 

[XM9034]^' (A, B type) lacunary s tru c tu re s  (Fig. 1.1c). These lacunary 

species genera lly  react readily w ith  a  w ide varie ty o f m eta l ions (inc lud ing  

addenda atom s) o r nonm etal ions to  re fill the vacan t sites. M any species
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conta in ing  m ix tu re s  o f addenda have been prepared, e.g., [PV2M0 1 0O40P  

anion, tw o V(V) atom s su b s titu te  tw o Mo atom s’ p o s itio n s  in  the Keggin 

s tru c tu re  (Fig. 1.1b).

O—O ® — Ce

Figure 1.3 . The struc tu res o f a: [C eS iW nO n]5* (F rom  Sadakane, M .; 

D ickm an, M. H .; Pope, M. T., Angew. Chem. Int. Ed. 2 0 0 0 , 39(16), 2914.). 

b: [Ce(W50 i8 )(P W ii0 39 )]10- (From  Belai, N.; Sadakane, M .; Pope, M. T., J. 

Am. Chem. Soc. 2 0 0 1 , 123(9), 2087.).

Figure 1.3a is  the s tru c tu re  o f [CeSiW n0 3 9 ]5'  a n io n  [2], an example 

o f the vacan t sites in  the Keggin lacunary s tru c tu re  re fille d  w ith  a f  

elem ent m e ta l ion . The Ce ions are nine coord inated , so the five 

unshared coord ina ted  positions are available fo r coo rd in a tion  to H2O o r 

to m any o th e r ligands. Th is com plex is a hybrid  between a heteropoly 

species and a  coord ina tion  com plex. Figure 1.3b is  the structu re  o f 

[Ce(W5 0 i8 )(PW n0 3 9 ) l10' [3] where [WsOis]6' replaced the  w ater molecules 

in  [CePWnC>39]4'  s tructu res. I f  organic ligands b in d  to  the unshared 

coord ination  sites o f m etals, organ ic derivatives can be produced, e.g., 

the [(MeOJTiWsOis]3* an ion [4] (Fig. 1.4a). In  th is  exam ple, the tra ns ition  

m etal T i a tom  re fille d  the vacant site o f lacunary [W sOis]6' anion w ith  an 

OMe group coord inated to the  unshared coordinated site  o f T i atom .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6

O rganic ligands can also bond to  a nonm eta llic heteroatom , e.g., e x te rio r 

oxygen atom s, o r d ire c tly  bonded to the m etals th roug h  o, 7 t , 2x- b in d in g

• —w • —Ti ©—c 0 —N o ~ o

Figure 1 .4 . The s tructu res o f a: [(MeO)TiWsOis]3' (From Clegg, W.; 

Elsegood, M. R. J .; E rring ton , R. J .; Havelock, J ., J. Chem. Soc., Dalton  

Trans., 1996 , 681-690.). b: [Mo6O i8(NNC(PhOMe)Me)2- (From Kwen, H.; 

Young, V . G., J r.; M aatta, E. A ., Angew. Chem. Int. Ed. Engl. 1999 , 38, 

1145.).

ligands, such  as oxo, organoim ido, cyclopentadienyl, n itrid o  and carbyne 

ligands. For m ore deta il, re fe r to  the review by P ierre Gouzerh [5] and  the 

references w ith in . F igure 1.4b is the s tru c tu re  o f 

[Mo60i8(NNC(PhOMe)Me)2* an ion  [6], the organ ic ligand, -(PhOMe)Me, 

bonds to  Mo th roug h  a C=N-N=Mo bridge.

R ecently a new syn the tic  approach has emerged. The stra tegy is 

th a t the  sm a ll m etal-oxygen heteropolyoxom etalates can serve as 

b u ild in g  blocks. Simple m etal-oxygen b u ild in g  blocks o r quasi- 

preoganized b u ild in g  blocks can be linked  together to form  new
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s tru c tu re s . In  polyoxom etalate chem istry , the abundance o f a large 

va rie ty  o f linkab le  u n its , the po ss ib ility  o f generating new b u ild in g  blocks 

and the  d iffe ren t ways o f lin k in g  together these b u ild ing  b locks lead to a 

w ide range o f novel types o f polyoxom etalates structu res. F igure 1.5a is 

the s tru c tu re  o f a m ixed-valence, e le c tron -rich  species 

[Moi54(NO)i4042o(OH)28(H20)7ol<25±5)- [7]. 16 {Mo8} b u ild in g  blocks are connected

{Mo,}

Figure 1.5. a: S tructu re  o f the c lu s te r anion

[Moi54(NO)i4042o(OH)28(H20)7o]28*; b: Scheme o f th is  c lu s te r being b u ilt up 

by the  b u ild in g  blocks {M0 2 } and {Mos}. (B oth  from  M u lle r, A .; Kogerler, P.; 

K uh lm ann , C., Chem. Commun. 1999, 1347.)

to each o the r to form  an  approxim ate ly rin g  shaped an ion. The cavity  at 

the equator is about 2 nm  in  d iam eter. Fig. 1.5b schem atica lly shows 

how th is  huge c lus te r is  b u ilt up by the b u ild in g  blocks {M 0 2 } and {Mos} 

[7]. B u ild in g  blocks can also be quasi-preorganized u n its , such as 

la c u n a iy  structu res. F igure 1.6a is the  s tru c tu re  o f [As2W2i069(H20)]6‘ 

an ion  [8], a sim ple exam ple o f two {AsWg} groups lin k in g  together by 3
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• — W  9 — Ln © — As O — O

Figure 1 .6 . The s tructu res o f a: [As2W2i069(H20)]6‘ an ion  (From 8- 

Jeann in , Y. J ., C luste r Sci. 1992, 3, 55.); b: [Ln6Asi2Wi480524(H20)36]76' 

an ion (From  M u lle r, A .; Plass, W .; Krichem eyer, E.; D illin g e r, S.; Bogge,

H .; Arm atage, A .; P roust, A.; B ergho lt, C.; Bergm ann, U ., Angew. Chem. 

Int. Ed. Engl. 1 9 9 4 , 33, 849.).

{WO} u n its . F igure 1.6b is  the s tru c tu re  o f the anion 

[Ln6Asi2Wi480524(H20)36]76' [9], an  exam ple o f more com plex s tructu re  

also b u ilt u p  by {AsWg} groups. 12 {AsWg} groups are lin ke d  by 4 {LnWs} 

groups and 20 {WO} u n its  to fo rm  cyc lic  s truc tu re  o f ab o u t 4 nm in  

diam eter.

I .3 . A pplications

Polyoxom etalates have been found  w ide app lica tions in  m any fields 

such as ca ta lys is, m edicine, m agnetic properties, m a te ria ls , photo- and 

e lectrochrom ism  and  nuclear waste treatm ent. The m a jo rity  o f the 

app lica tions are fo u n d  in  the area o f cata lysis; abou t 70%  o f cata lytic 

app lica tions use th e  Keggin type heteropolyacids (HPA) and  th e ir salts.
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The ir p o p u la rity  can be a ttrib u te d  to  a large exten t o f the enorm ous 

volum e o f lite ra tu re  over several decades th a t describes th e ir 

fundam enta l ch e m is try  and to th e ir com m ercial a v a ila b ility . HPAs have 

several advantages as cata lysis th a t makes them  econom ically and 

environm en ta lly  a ttractive . They are strong Bronsted acids (HPA>H2SC>4, 

Zeolite, SiCte-AteCb). They have reversib le redox properties and have the 

a b ility  to activa te  O2 , H2O2 , organ ic peroxides, etc. HPAs are the rm a lly  

stable; h ig h ly  so luble in  po la r solvents and transfe rab le  in to  

hydrocarbons by changing coun te r ions. These properties render HPAs 

po ten tia lly  as p rom is ing  acid [10 ], redox [11], and b ifu n c tio n a l [12] 

cata lysts in  homogeneous as w e ll as in  heterogeneous o r biphasic 

systems. In  the  la s t two decades, the broad u tility  o f HPAs acid and 

oxidation ca ta lys is  has been dem onstrated in  a w ide varie ty o f 

syn the tica lly  u s e fu l selective transfo rm ations o f organic substances. The

In d u s tria l Processes Catalyzed by HPC
Reaction Catalyst Typ Start

CH2=CHCH3 + H20->CH3CH(0H)CH3 H4SiWi2O40 hom 1972

CH2=C(CH3)CHO + 0 2->CH2=C(CH3)C 00H Mo-V-P-HPA het 1982

CH2=C(CH3)2 + H20-» (CH3)3COH H 3PM o i20 4o hom 1984

nTHF + H20->H0((CH2)40)nH H 3P W i20 4o biph 1985
CH3CH=CHCH3 + H20->CH3CH(0H)CH2CH3 H 3PM o i20 4o hom 1989

c h 2=c h 2 + o 2->c h 3c o o h Pd-H4SiW i2O40 het 1997

c h 2=c h 2 + c h 3c o o h ->c h 3c h 2o 2c c h 3 H4SiW i20 4o /  S i0 2 het 2001

horn: hom ogeneous; het: heterogeneous gas-solid; b iph : b iphasic- 

liq u id . (From Kozhevnikov, I. V ., Nato ASI, Polyoxometalate Molecular

Science, 2001.)
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table above [13] lis ts  several in d u s tria l processes catalyzed by HPAs. 

C learly, the re  is con tinuous grow th o f research ac tiv ity  in  

polyoxom etalates catalysis.

Polyoxom etalates provide exce llent exam ples o f m agnetic clusters. 

Due to the  large varie ty o f w ell-characterized s tru c tu re s  available in  

polyoxom etalates chem istry, chem ical con tro l o f the magnetic 

nuclearities is  possible. Therefore, polyoxom etalates are idea l candidates 

fo r studying  the  m agnetic exchange in te ractions in  c lu s te rs  o f increasing 

nuclearities and  defined topologies a t the m olecu lar level [24].

Increasing a tten tion  is c u rre n tly  being paid to  polyoxom etalates in  

the dom ain o f m ateria ls science due to th e ir chem ica l, s tru c tu ra l and 

electronic ve rsa tility . A focus in  th is  respect is the exp lo ra tio n  o f organic- 

inorganic h yb rid  m ateria ls com b in ing  polyoxom etalates and organic 

m olecules and possessing a va rie ty  o f in te resting  con ductin g , magnetic, 

e lectronic and op tica l properties. U n til now, several syn th e tic  methods 

have been adopted, inc lud ing  ro u tin e  processes [14 ,15 ], hydrotherm al 

reactions [17,16] and low the rm a l solid phase syn thesis [18]. According 

to the role o f organic ligands, polyoxom etalate-based h yb rids  conta in ing 

organic ligands can be divided in to  three types: (1) charge-com pensating 

cations [19 ,20 ], (2) ligands bonded d ire c tly  to th e  polyoxom etalates 

skeletal fram ew ork [21], (3) ligands bonded to the he terom eta l site [16].

A recent developm ent o f polyoxom etalates in  m a te ria l science deals 

w ith  the use o f soluble polyoxom etalates as ino rgan ic  e lectron-accepting
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m oieties in  new  organ ic-inorgan ic charge tra ns fe r (CT) hybrid  m a te ria l 

based on organ ic x-e lectron donors such as su b s titu te d  amides [22], o r 

e lec tron -rich  substrates such  as te tra th ia fu lva lenes (TTF), b is - 

(e thy lened ith io )te tra th ia fu lva lene  (BEDT-TTF o r ET) [23] o r 

decam ethylferrocene (FeCp*2 ) [24]. The com bina tion  o f these organic 

donors w ith  polyoxom etalates o f various n u c le a ritie s , shapes, and 

charges has resulted in  new types o f m agnetic, in su la tin g , 

sem iconducting, o r even m e ta llic  CT salts.

Polyoxom etalate-based h yb rid s  have po ten tia l app lica tions in  m any 

fields, b u t p ra c tica l app lica tions re ly  largely on the successful fab rica tio n  

o f polyoxom etalates-based organ ic-inorgan ic film s . Several m a in  

strategies have been used to  prepare lam ellar h yb rid s , inc lud ing  (1) 

doping polyoxom etalates in  e le c trica lly  conductive po lym ers [25], (2) the 

Langm uir-B lodgett technique [26,27], (3) laye r-by-laye r self-assem bly 

[28], and (4) e lectrochem ical g row th  [29,30]. So fa r, the  num ber o f these 

hybrid  m a te ria ls  has been ra p id ly  growing due to th e ir po ten tia l 

app lica tions. However, the  ra tio n a l design and synthesis o f 

polyoxom etalates based m a te ria ls  w ith  desired specific properties are s till 

a challenge to  be met.

Polyoxom etalates also have po ten tia l ap p lica tio n  in  medicine. M any 

polyoxom etalates have been show n to  be b io log ica lly active. For exam ple, 

against Co-4 hum an colon cancer in  vivo, Nas[IMo6024] shows “effective” 

in  the efficacy category com pared w ith  a “som ewhat effective” ra tin g  fo r
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ACNU o r ADM  (both are c lin ic a lly  approved agents). The SI (se lectiv ity 

index, the  bigger, the be tter) fo r K7[A-a-GeNb3W904o] against RSV v iru s  in  

vitro is  m ore them 300 com pared w ith  less th a n  30 fo r R ibav irin  

(cu rre n tly  used as a n tiv ira l chem otherapeutic agents). The ‘tab le 1’ and 

‘tab le 2 ’ in  the review [31] by C. L. H ill lis t the b io log ica l behavior in  vitro  

and in vivo fo r m ost o f the  polyoxom etalates th a t have been investigated.

Polyoxom etalates have two types o f a c tiv itie s , a n tiv ira l a c tiv ity  and 

a n titu m o ra l a c tiv ity . The m echanism s fo r these activ ities are s t ill no t 

clear, b u t research da ta  u p  to date show th a t in  spite o f the size and 

charge, polyoxom etalates can penetrate ce ll m em branes and localize 

in tra c e llu la rly . The reasons fo r bio logical a c tiv ity  m ay include ion ic  size 

and charge. For exam ple, m olecular m echanics studies suggest th a t 

[(03P0PC>3)4Wi2C>36]16' in h ib its  HIV-1RT v ia  docking  a t the DNA b in d ing  

region o f the enzyme th ro u g h  e lectrosta tic  in te ractio ns [32]. Redox 

properties (e.g., a s ing le  electron re d u c tio n / oxida tion  cycle in  

isopolym olybdates m ay exp la in  the a n titu m o ra l a c tiv ity  fo r th is  

polyoxom etalate [33]) and e lectron -transfe r and reservo ir properties (e.g., 

in h ib itio n  o f b io logica l e lectron  transfe r [34]) also may co n trib u te  to 

b io log ica l activ ities.

A no the r app lica tion  o f polyoxom etalates is  in  radioactive waste 

rem ed ia tion and th a t is  m a in ly  a ttrib u te d  to  the  lacunary W ells-Dawson 

polyoxom etalates. Th is a p p lica tio n  w ill be d iscussed in  the next section.
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1.4. The Lacunary W ells-Dawson polyoxom etalates con ta in in g  
Lanthanide

The m onovacant lacunary W ells-Dawson polyoxom etalates, [a-1- 

P2W 17O6 1 ]10' (denoted a-1 isomer) and [a-2-P2W i706i]10' (denoted a-2 

isom er), can be envisioned as the rem oval o f a WO u n it fro m  “cap” or 

“be lt” region o f the  p lenary [(X-P2W 18O62 ]6'. Figure 1.7 shows the 

s tru c tu re s  o f the p a ren t W ell-Dawson s tru c tu re  and its  two la cu n a ry  a -1

“ - ( W A J -  a -2 - (P ,W „ O j“ -

O  - o  O  —  O •  - W

Figure 1.7 . a: the [(X-P2W 18O62 ]6'  W ells-Dawson struc tu re , b: the  [a-2- 

P2W 17O61 ]10" isomer, c: the [a -l-P 2W i7 0 6 i ] 10' isomers. The fille d  circles 

represent tungsten atom s. The open c irc les  represent oxygen atom s, and 

the ha tched circles represent oxygen atom s available fo r bond ing  to 

lan than ide  ions.

and a -2  [P2W i706i]10’ , the shaded oxygen atom s represent the fou r 

oxygen atom s ava ilab le to  b ind  to m e ta l ions. The [a -l-P 2 W i7 0 6 i]10' 

possesses C i sym m etry and [a-2-P2W i706i]10' possesses Cs sym m etry. 

C om plexation o f ra re  ea rth  (RE) elem ents w ith  these tw o la cu n a iy
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polyoxotungstates was discovered by Peacock and W eakley in  1971 [35]. 

The firs t RE com plexes o f [P2W17O61]10'  were prepared w ith  w hat is now  

know n as the a-2  isom er and had a 1:2 sto ich iom etry, [REn+(a-2- 

P2Wi706i)2]n'20. These complexes are o f contem porary interest in  

s tab iliza tion  o f te tra va le n t Tb, Pr, Am , Cm and C f ions. These valences 

are extrem ely un s tab le  in  other m edia.

The redox p roperties o f rare e a rth  elem ents are s tro ng ly  affected by 

com plexation w ith  heteropolyanions, PWnC>397' and [a-2-P2W i706i]10'- 

In  fact, the [P2W i7O6i]l0‘ anion has been exploited as a valence- 

co n tro llin g  com plexant in  solvent ex trac tion  techniques to separate 

tra n s -p lu to n iu m  elem ents from Ln-elem ents [36,37]. The [P2W17O61]10' 

an ion  stab ilizes the otherw ise reactive te trava lent ox id a tio n  states o f 

am ericium , c u riu m , berkelium , an d  ca lifo rn iu m  [38 -40 ]. We recently 

found th a t the te tra va le n t oxidation state o f ne p tun ium  is  stabilized by 

[a-2-P2Wi7C>6i]10‘ [41]. For the ex trac tion  o f Ln(III) and A n(III) ions w ith  

h igh -m o lecu la r-w e igh t am ines, [P2W17O61]10' functions as a com plexant 

[42-48]. The m onovacant W ells-Dawson an ion has also been tested in  

aqueous b iphasic system s based on PEG— poly(ethylene glycol)—wherein 

i t  fac ilita tes the  tra n sp o rt o f An(III) and An(IV) ions in to  the PEG-rich 

phase [49,50].

The techno log ica l prospects o f polyoxom etalates, in  general, and o f 

[P2W 17O61]10", in  p a rtic u la r, fo r use in  radioactive waste processing and 

rem ediation opera tions are due to , in  pa rt, the s tre ng th  of th e ir
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in te ractions w ith  Ln  and An ions. The h ig h  charge-to-size ra tio  o f Ln and 

An cations enhances th e ir b ind ing  w ith  [P2W 17O61 ]10'. In  add ition  to tig h t 

b inding, selective L n /A n  com plexation occurs in  the presence o f o th e r 

cations, in c lu d in g  tra n s itio n  m etals and Na+, and o th e r an ions, in c lu d in g  

n itra te , w h ich  are often present in  h igh  concentra tions in  tank waste. 

The [01-2 -P2W 17O6 1 ]10- isom er is its e lf a ro b u s t ligand th a t can be prepared 

w ith  a nu m be r o f d iffe ren t cou n te r cations [51]. F o r the m ost p a rt, 

polyoxoanions are prepared by self-assem bly, p ro tona tion  and 

condensation reactions, and are re la tive ly  inexpensive com pared to 

organic ligands o ften  used fo r ex tra c tio n  processes. In  some respects, the 

W-O fram ew ork s tructu res shown in  Figure 1.7 resem ble discrete 

fragm ents o f oxide m inera l surfaces [52]. As testim ony to th e ir 

therm odynam ic s ta b ility , po lyoxoanions are p resen tly  used in  

com m ercial c a ta ly tic  processes and  the technology fo r b u lk -q u a n tity , 

h igh-yie ld  syntheses is  available today [53].

W hile th e  valence con tro lling  aspects o f [a-2-P2Wi7C>6i]10- and o th e r 

heteropolym etalates and th e ir p ra c tica l u t ility  in  separa tions o f actin ides 

have been docum ented, the s tru c tu ra l and so lu tion  chem istry  on the 

m olecular level is  lacking . There is a de a rth  o f m etrica l in fo rm a tion  abou t 

the coo rd in a tion  o f RE ions in  these otherw ise w ell-characterized 

complexes o f the  a-1 and a-2 isom ers o f [P2W17O61]10'. No com plete 

s ing le -c iys ta l X -ra y  d iffra c tio n  s tru c tu re s  have been determ ined before 

now because o f d iffic u ltie s  in  ob ta in in g  su ita b le -q u a lity  crysta ls. The sole
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available s tru c tu re  de te rm ina tion , show ing the tu n g s te n  fram ew ork on ly, 

was reported  in  1979 fo r the 1:2 Ce(IV) com plex 

Ki6[Ce(P2Wi7O6i)2]-50H2O [54]. No Ce-O distances were reported because 

the O atom s were n o t located in  the  low-grade {R = 19%) s tru c tu re  

de te rm ina tion . We and o thers have in itia te d  such studies w ith  

lan than ides geared to p rovid ing understand ing  o f the  so lid  state and 

so lu tion  s tru c tu re s  and chem is try  o f m etal -h e te ropo lyan io n  complexes 

[55-57]. U nderstand ing  the m o lecu la r level d e ta ils  concerning the 

struc tu re , bond ing  and chem ical properties o f la n th a n id e /a c tin id e  ions 

bound to  heteropolym etalates m ay allow  im proved design o f these 

ligands as valence co n tro llin g  com plexants and th e ir  w idespread use in  

p ractica l so lven t extraction  techniques.

Therefore, in  th is  s tud y, we have (1) c rys ta llize d  [Ln(a-2- 

P2Wi7C>6i)]17' com plexes and solved th e ir s tructu res by crysta llography; (2) 

isolated and crysta llized  [Ln(a-2-P2Wi7C>6i)]7' com plexes, proved th e ir 

s tructu res by single crysta l s tru c tu re  in  solid state and by m u ltin u c le a r 

NMR and fluorescence in  s o lu tio n  state; (3) iso la ted  the [Ln(a-1- 

P2W 17O61)]7" com plexes, and proved th e ir s tru c tu re s  by single c rys ta l 

s tru c tu re ; (4) iso la ted  a new type o f com plex, [Ln(a-l-P 2W i706 i)2 ]17', and 

characterized the s tru c tu re  in  so lu tio n ; (5) id e n tifie d  te rn a ry  complexes 

o f [Ln(a-l-P2W i7C>6i)]7' and provided data on th e ir s ta b ility  and (6) 

determ ined the  fo rm ation  constan ts  fo r [Ln (a-l-P 2W i706 i)]7', [Ln(a-2-
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P2W 17O61)]7' and [Ln(a-2-P2Wi7C>6i)2]17" com plexes by lum inescence and 

m u ltin u c le a r NMR techniques.
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Chapter 2

Characterization o f [Ln(a-2-P2Wl70 61):J17 by 
X-ray Crystallography

Lanthanide (Ln) ions react w ith  (01- 2 -P2W 17O61)10' to fo rm  two 

com plexes, [Ln(a-2-P2Wi7C>6i)]7’ and [Ln(a-2-P2W i706i)2]17', denoted Ln a- 

2 1:1 and 1:2, respective ly. The lan than ide  a -2  1:2 complexes have been 

prepared and th e ir so lu tio n  s tru c tu re  and che m is try  have been s tud ied  

by 31P and 183W NMR spectroscopy [1]. A  c rys ta l s tru c tu re  o f th is  

species, prepared by D r. J u d it B a rtis  [16] w as solved in  1997, b u t the 

da ta  w as no t pu b lishab le . A fte r tho rou gh ly  s tudy ing  c rys ta lliza tio n  o f 

these com plexes, I have crys ta llize d  three d iffe re n t lan than ides a -2  1:2 

com plexes: Ki7[Eu(a-2-P2Wi7C>6i)2], Ki7[Gd(a-2-P2W i706i)2] and K i7 [Lu(a- 

2-P2W i70ei)2]. The s tru c tu re  o f Ki7[Lu(a-2-P2Wi7C>6i)2] has been 

pu b lishe d  [2]. Here I provide a ll the in fo rm a tio n  o f c rys ta lliza tio n  and 

re finem en t o f these three  s tru c tu re s , the d iscussion o f s tru c tu re  o f 

Ki7[Eu(a-2-P2Wi7C>6i)2] and the  com parison o f the  three s truc tu res.

2 .1 . Experim ental

2 .1 .1 . S yn th esis o f  Ki7[Gd(a-2-P2Wi706i)2]

Kio[a-2-P2W i706i](2.0 g) was dissolved in  30 mL o f w ate r a t ca. 

40°C. A fte r s tirrin g  fo r a b o u t 15 m inutes the  so lu tio n  was clear. 0 .3 0  m L 

o f 1M G dCh aqueous s o lu tio n  was added dropw ise; the so lu tio n  was 

s tirre d  fo r a few m inu tes  fo llow ed by po tass ium  chloride (2.4 g). The
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w hite  p rec ip ita te  was separated by filtra tio n  and d rie d  u n d e r a ir suction  

fo r 2 hours.

2 .1 .2 . C rystallization

C rys ta lliza tio n  was set up  us in g  4 mL via ls  as the in n e r via l and 

25 m L v ia l as the  o u te r via l. Solid sam ple dissolved in  lm L  o f solvent in  a 

4m L v ia l a t room  tem perature to  o b ta in  a clear so lu tio n . Saturated KC1 

was added dropw ise, the so lu tio n  rem ained clear. T h is  v ia l was then 

placed in to  a la rg e r v ia l (25mL). The outside solvent was added and the 

sam ples were le ft a t d iffe ren t tem peratures fo r several days. D ifferent

Table 2 .1 . C rys ta lliza tio n  cond itions have been trie d  fo r Ln a-1 and 
Ln a -2  complexes

Complex Concentration: 2mM- lOmM

Solvent: H2O, Lith ium  acetate (0.5 M), sodium acetate (0.5M)

Solvent pH: 2.5-5.5 

Temperature: room temperature, 4°C

Outside solvent: ethanol, 0.5M-4.5M KC1, sodium acetate solution.

cond itions have been tried  fo r c rys ta lliza tion  o f Ln  a-1 and Ln a-2 

complexes. The cond itions are lis te d  in  table 2.1.

C rysta ls o f Ki7[Lu(a-2-P2W i706i)2], Ki7[Eu(a-2-P2W i70ei)2] and 

Ki7[Gd(a-2-P2W i706i)2] for crysta llography were ob ta ined  using the 

fo llow ing con d ition s:

The so lid  sam ple was dissolved in  water to get 0 .8  m L o f saturated 

so lu tion  in  2 m L v ia l. 0.2 m L o f w ate r and 2 drops (1 m L syringe) o f
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saturated KC1 was added. The cap was covered loosely; the via ls 

rem ained a t room  tem perature fo r about 2 days. C olorless crystals were 

form ed.

2 .1 .3 . Crystallography

C rysta llography data was collected by D r. R. Howell using the 

d iffrac to m e to r a t the U n ive rs ity  o f Delaware. The s tru c tu re s  were solved 

by D r. H ow ell and myself.

A sing le  crysta l o f Ki7[Ln(a-2-P2Wi7C>6i)2] was attached to a glass 

fiber and m ounted on a Siem ens SMART system  fo r da ta  collection a t 

173(2) K w ith  Mo Ka ra d ia tio n  (0.71073 A). The ra w  da ta  were corrected 

fo r Lo ren tz-po la riza tion  and absorp tion  effects (face-indexed num erical 

correction) u s in g  SAINT/SADABS. The s tru c tu re  was solved by d irect 

m ethods. Tungsten, lan than ide , and potassium  atom s were refined 

an iso tro p ica lly  by fu ll m a trix  least squares on the F2 da ta  (SHELXTL-Plus 

V5.0). A ll o th e r atoms were n o t refined a n iso tro p ica lly  due to a low 

da ta /p a ra m ete rs  ra tio  and abso rp tion  effects. No hydrogen atoms were 

included. The re su lting  s tru c tu re  was tric lin ic  and o f the P I bar space 

group. The da ta  were fu rth e r subjected to an e m p irica l absorption 

correction by means o f the  program  DIFABS [3]; the  refinem ent 

continued a fte r th is  correction  was applied. The la rgest residua l peaks 

are located close to the m eta l atom s in  a fin a l d ifference map. Large 

residua l peaks in  the fin a l difference map are a com m on problem
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encountered in  the  so lu tio n  and re finem ent o f polyoxotungstate 

s tru c tu re s  [4-9].

We have ob ta ined Ln a-2 1:2 com plex c rys ta l s tructu res o f three 

analogs, [Lu(a-2-P2W i70 6i)2]17- [2], [Eu(a-2-P2W i706i)2]17- and [G d(a-2- 

P2W i706 i)2]17'. The d e ta ils  o f da ta collection and refinem ent are conta ined 

in  tab le  2.2 fo r K i7[Eu(a-2-P2W i706i)2], tab le  2.3 for K i7[Lu(a-2- 

P2W i706 i)2], table 2.4 fo r K i7[Gd(a-2-P2Wi7C>6i)2].
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T able 2 .2 . C rystal da ta , da ta  collection, a n d  solution a n d  refinem ent for

Ki7[Eu(a-2-P2W i706i)2].

C rystal Data
Em pirical form ula 
C rystal Habit, color 
C rysta l system 
Space group 
U n it cell dimensions

Volume
Z
Form ula weight 
D ensity (calculated) 
Absorption coefficient 
F (000)

K i 6E u O  164P 4W 34 

Plate, Colorless 
T ric lin ic  
P -l
a  = 14.408 (2) A 
b = 22.420 (4) A 
c = 24.562 (4) A 
7557(2) A 3 
2
9776.23 
4.327 m g/m 3 
26.771 m m 1 
8648

a =95.079 (3)° 
>5 = 102.148 (3)° 
y =100.591 (3)°

D ata Collection
Diffractom eter
Wavelength
Temperature
d range for data collection 
Index ranges
Reflections collected/unique 
Completeness to 5=25.16

Solution and Refinem ent
System used 
Solution
Refinement method 
Absorption correction 
Data /  restraints /  parameters 
F ina l R indices (I>2CT(I))
R indices (all data) 
Goodness-of-fit on F2 
Largest diff. Peak and hole

Bruker SMART, CCD area detector
0.71073 A
173(2) K
1.18 to 25.16°
-17 < h <  16, -26 < fc < 26, 0 < / < 29 
26841 /  26841 (Rim = 0.0000)
99.0%

SHELXTL-V5.054 
Direct methods
Fu ll-m atrix  least-squares on F2 
SADABS (Sheldrick, 1996)
26841 /  0 /  1215 
R1 = 0.0846, wR2 = 0.2162 
R1 = 0.1385, wR2 = 0.2510 
1.354
4.649 and -5.643 eA’ 3
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Table 2 .3 . C rystal da ta , da ta  collection, an d  solution an d  refinement for

Ki7(Lu(a-2-P2W 17061)2].

Crystal Data
Em pirical form ula 
Crystal Habit, color 
Crystal size 
Crystal system 
Space group 
U nit cell dimensions

Volume
Z
Formula weight 
Density (calculated) 
Absorption coefficient 
F (000)

K 1 7 L . U O 1 7 6 P 4 W 3 4  

Plate, Colorless 
0.2x0.2x0.2 mm 
T ric lin ic  
P -l
a = 14.4722 (6) A 
b = 22.3719(8) A 
c= 24.4501 (9) A 
7542.3 (5) A 3 
2
10030.45 
4.417 m g/m 3 
27.101 m m 1 
8756

a =95.103 (2)° 
^=102.618 (2)° 
y =99.954 (3)°

Data Collection
Diffractometer
Wavelength
Temperature
6 range for data collection 
Index ranges
Reflections collected/unique 
Completeness to 0=28.31

Solution and Refinem ent
System used 
Solution
Refinement method 
Absorption correction 
Data /  restraints /  parameters 
Final R indices (I>2CT(I))
R indices (all data) 
Goodness-of-fit on F2 
Largest diff. Peak and hole

Bruker SMART, CCD area detector
0.71073 A
173(2) K
1.18 to 28.31°
-19 < h < 18, -29 < A: < 28, 0 < / < 32 
34303/ 29785 (Rint =>2sigma(I)) 
99.0%

SHELXTL-V5.054 
D irect methods
Fu 11-matrix least-squares on F2 
SADABS (Sheldrick, 1996) 
34303/ 0 /  1199 
R1 = 0.0860, wR2 = 0.2303 
R1 = 0.0964, wR2 = 0.2424 
1.063
7.575 and -6.735 eA’ 3
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Table 2 .4 . Crystal data, data collection, and solution and refinem ent for

Ki7[Gd(a-2-P2Wi706i)2].

Crystal Data
Empirical form ula Ki6GdOi5oP4W34
Crystal Habit, color Plate, Colorless
Crystal system Triclin ic
Space group P -l
U nit cell dimensions a = 14.5105 (4) A a =95.373 (2)°

Volume

b = 22.4097 (6) A /?= 102.533 (2)° 
c = 24.6183 (7) A y =100.227 (2)° 
7617(2) A3

Z 2
Formula weight 9557.28
Density (calculated) 4.167 mg/m3
Absorption coefficient 2 6 .5 7 2  mm-i
F (000) 8288

Data Collection
Diffractometer Bruker SMART, CCD area detector
Wavelength 0.71073 A
Temperature 173(2) K
6 range for data collection 1.18 to 28.31°
Index ranges -19 < h <  19, -30 < fc<29, -31 < i<  32
Reflections collected/unique 35688 /35688 (/?int = 0.0000)
Completeness to 0=28.31 99.0%

Solution and Refinem ent
System used SHELXTL-V5.054
Solution Direct methods
Refinement method Full-m atrix least-squares on F2
Absorption correction SADABS (Sheldrick, 1996)
Data /  restraints /  parameters 35688 /  0 /  846
Final R indices (I>2CT(I)) R1 = 0.0940, wR2 = 0.2162
R indices (all data) R1 =0.1491, wR2 = 0.2540
Goodness-of-fit on F2 1.320
Largest diff. Peak and hole 13.35 and -15.14eA '3
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2 .2 . R esu lts and D iscu ssio n s

We used m ethods discussed in  the  experim enta l section to 

c rys ta llize  three com plexes, [E u (a -2 -P 2W i7C>6 i) 2] 17", [Gd(a-2-P2W i706i)2]17' 

and [ L u ( a - 2 -P 2W i7C>6 i) 2] 17'.  Selected bond d istances are given in  table 2.5, 

tab le  2 .6  and table 2 .7 , respectively. These are the f irs t complete 

s tru c tu re s  o f lan than ide  [01-2-P2W 17O61]10'  1:2 complexes. One o f the 

s tru c tu re s , [Eu(a-2-P2W i706i)2]17' is  shown in  Figure 2.1. I t  dem onstrates 

th a t one E u(III) ion su b s titu te s  for two [W O ]4+ u n its  in  the  “cap” regions 

o f tw o [01-2-P2W17O61]10'  u n it. The E u(III) io n  is in  a square a n tip rism a tic  

coo rd in a tion  environm ent w ith  8 oxygen atom s: 4 from  each o f the two 

[a-2-P2W i7O6i]10‘ ligands. U n like  the 1:1 com plex w hich is  discussed in  

C hapter 3, no w ater m olecules are bound  to the E u(III) ion  in  th is  

m olecule, consistent w ith  the resu lts  o f fluorescence. The two 

polyoxom etalate “ lobes” are disposed in  a syn  fashion. T h is  s tru c tu re  is 

s im ila r to  the p a rtia l s tru c tu re  o f [Ce4+(a-2-P2W i706i)2]16' [10]. The 

tungsten-oxygen and phosphate bonds and angles o f the two 

po lyoxoanion ligands are consistent w ith  the s tru c tu re  o f [a-2- 

P2W 17O 61]10’ and s im ila r com plexes [2 ,11,12]. The m olecule has C2 po in t 

group sym m etry, cons is ten t w ith  3 lP and 183W so lu tio n  NMR 

spectroscopic resu lts  [13].

We have obtained three crysta l s tru c tu re s  o f d iffe ren t lan than ides 

fo r a -2  1:2 complexes: E u, Gd and Lu. Therefore it  is possib le fo r us to
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Table 2 .5 . Selected bond  length (A) for [Eu(a-2-P2Wi706i)2]17' anion.

W ( l ) — 0 ( 1 ) 1 .7 7 8 (2 ) W (4 )— 0 (9 ) 1 .8 0 7 (3 )

W ( l ) — 0 ( 5 ) 2 .1 1 4 (2 ) W (4 )— 0 (1 3 ) 2 .4 1 1 (3 )

W ( l ) — 0 ( 6 ) 1 .9 2 6 (3 ) W (4 )— 0 (1 8 ) 1 .6 9 1 (2 )

W ( l ) — 0 ( 7 ) 1 .8 8 4 (3 ) W (4 )— 0 (2 2 ) 1 .8 9 3 (1 )

W ( l ) — 0 ( 1 0 ) 1 .7 1 5 (2 ) W (4 )— 0 (2 3 ) 1 .8 3 3 (2 )

W ( l ) — 0 ( 1 2 ) 2 .2 7 9 (2 ) W (4 )— 0 (2 9 ) 1 .9 6 2 (4 )

W ( 17)— 0 ( 5 3 ) 1 .7 9 8 (4 ) W ( 10)— 0 (2 9 ) 1 .8 3 3 (3 )

W ( 17)— 0 ( 5 4 ) 1 .8 2 3 (3 ) W ( 10)— 0 (3 4 ) 2 .3 6 3 (4 )

W ( 17)— 0 ( 3 7 ) 2 .3 2 3 (3 ) W ( 10 )— 0 (3 9 ) 1 .6 9 8 (2 )

W ( 17)— 0 ( 5 8 ) 1 .6 9 0 (1 ) W ( 10)— 0 (4 4 ) 1 .8 6 7 (3 )

W ( 17)— 0 ( 6 0 ) 2 .0 3 5 (3 ) W ( 10)— 0 (4 5 ) 1 .8 6 5 (3 )

W ( 17)— 0 ( 6 1 ) 2 .0 0 6 (4 ) W ( 10)— 0 (5 1 ) 1 .9 2 9 (2 )

W (6 )— 0 ( 3  ̂ 1 .7 8 3 (3 ) W (6 )— 0 (2 4 ) 1 .9 4 9 (3 )

W (6 )— 0 ( 1 4 ) 2 .3 1 3 (3 ) W (6 )— 0 (2 5 ) 1 .8 9 7 (3 )

W (6 )— 0 ( 1 9 ) 1 .7 2 7 (3 ) W ( 6 ) —  0 (3 1 ) 2 .0 9 4 (2 )

E u l  — 0 ( 1 ) 2 .3 7 2 (3 ) E u l  — 0 (2 ) 2 .3 6 6 (3 )

E u l  — 0 ( 3 ) 2 .3 4 7 (4 ) E u l  — 0 (4 ) 2 .3 7 5 (5 )

E u l  — 0 ( 1 ) 2 .3 5 3 (4 ) E u l  — 0 ( 2 ’) 2 .4 6 3 ( 6 )

E u l  - — 0 ( 3 ) 2 .4 0 6 (3 ) E u l  — 0 (4 ') 2 .3 4 9 (4 )

com pare these s tru c tu re s . In  general, the te rm ina l W =0 bond average 

lengths are 1.72 A. The bridg ing W-O bond average leng ths are 1.92A 

and the W-O (P) bond average lengths are 2.35 A, w h ich  are consistent 

w ith  reports o f s im ila r com pounds [11,12,14]. Since the  “cap” W =0 is 

replaced by Ln, bond leng ths o f these W -O (W-O-Ln) are changed, bond 

lengths W-O(Ln) decrease from  1.92 A to 1.76 A, bond leng ths W-O(W) 

increase from  1.92 A to  2.09 A. The bond lengths from  Ln(III) to the
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oxygen atom s o f the  polyoxom etalate fram ew ork are s im ila r and average 

2.38A, 2.38A and 2.32A fo r E u(III), G d(III) and Lu (III) complexes.

The bond leng ths o f the atom s in  the tungsten-oxygen fram ew ork 

o f [Ln(a-2-P2Wi7C>6i)2]17' compare favorab ly w ith  the  those reported fo r 

the W ells-Dawson pa re n t s tru c tu re  and the c rys ta l s tru c tu re s  o f the [a -2 - 

P2W 17O61]10- isom er and the Co(III)(H20) adduct [11]. The pattern o f edge 

shared WC>6 octahedra and com er shared WC>6 octahedra, observed in  

the W ells-Dawson io n  and the lacu na ry  [a-2-P2W i7O6i]l0‘ isomer, are

Table 2 .6 . Selected bond length (A) fo r [Gd(a-2-P2W i706i)2]17' an ion .

W (2 1 )— 0 ( 7 ) 2 .2 7 1 (2 ) W (7 )— 0 ( 4 7 ) 1 .7 6 2 (2 )

W (2 1 )— 0 ( 5 3 ) 1 .7 4 2 (2 ) W (7 )— 0 ( 9 1 ) 1 .8 8 0 (2 )

W (2 1 )— 0 ( 4 2 ) 2 .0 6 1 (1 ) W (7 )— 0 ( 1 1 9 ) 1 .9 9 1 (2 )

W (2 1 )— 0 ( 9 9 ) 1 .9 13 (2 ) W (7 )— 0 ( 1 4 1 ) 2 .3 4 7 (3 )

W (2 1 )— 0 ( 1 0 0 ) 1 .9 2 2 (1 ) W (7 )— 0 ( 3 0 ) 1 .8 1 9 (2 )

W (2 1 )— 0 ( 1 3 4 ) 1 .7 7 7 (2 ) 3 1 O 1 .9 0 3 (3 )

W (1 9 )— 0 ( 1 2 4 ) 1 .8 0 4 (3 ) W (2 2 )— 0 ( 1 2 1 ) 1 .7 0 1 (1 )

W ( 19)— 0 ( 5 4 ) 1 .7 6 0 (3 ) W (2 2 )— 0 ( 2 1 ) 2 .0 0 4 (2 )

W (1 9 )— 0 ( 7 2 ) 1 .9 8 3 (2 ) W (2 2 )— 0 ( 4 3 ) 1 .8 6 5 (2 )

W ( 19)— 0 ( 2 7 ) 2 .0 6 4 (2 ) W (2 2 )— 0 ( 7 3 ) 2 .3 7 8 (2 )

W ( 19)— 0 ( 5 8 ) 2 .3 6 8 (4 ) W (2 2 )— 0 ( 8 ) 1 .9 6 3 (2 )

W ( 19)— 0 ( 6 4 ) 1 .9 2 6 (1 ) W (2 2 )— 0 ( 1 4 3 ) 1 .8 6 6 (2 )

W (9 )— 0 ( 1 0 7 ) 1 .7 34 (2 ) W (9 )— 0 ( 3 0 ) 2 .0 1 5 (1 )

W (9 )— 0 ( 3 3 ) 1 .8 9 0 (2 ) W (9 )— 0 ( 1 2 ) 1 .8 6 8 (3 )

W (9 )— 0 ( 1 3 0 ) 1 .7 9 7 (1 ) W (9 ) — 0 ( 8 5 ) 2 .3 5 7 (2 )

G d l  — 0 ( 8 ) 2 .4 3 2 (2 ) G d l  — 0 ( 1 1 1 ) 2 .3 6 0 (2 )

G d l  — 0 ( 7 1 ) 2 .4 0 3 (2 ) G d l  — 0 ( 2 3 ) 2 .3 8 0 (3 )

G d l  — 0 ( 5 4 ) 2 .3 2 0 (2 ) G d l  — 0 ( 1 0 8 ) 2 .3 3 2 (2 )

G d l  — 0 ( 2 6 ) 2 .3 8 3 (2 ) G d l  — 0 ( 1 3 4 ) 2 .4 3 3 (4 )
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retained in  these structu res. B o th  o f the cap regions show edge shared 

octahedral w h ile  the belt regions show the a lte rn a tin g  pa ttern  o f com er 

and edge shared octahedral. The in tro d u c tio n  o f the  Ln(III) in to  one o f 

the caps d is ru p ts  the p a tte rn  o f edge and com er sha ring  as the Ln is 

connected v ia  a  com er shared octahedron. O verall, the  Ln(III) in troduces 

a re la tive ly m in o r pe rtu rba tion  in to  the parent W ells-D aw son fram ew ork.

Table 2 .7 . Selected bond leng th  (A) fo r [Lu(a-2-P2W i706i)2]17‘ anion.

W (1 B )— O ( IB ) 1 .7 6 2 (2 ) W (5 B )— 0 ( 1  OB) 1 .7 5 4 (2 )

W (1 B )— 0 (6 B ) 1 .9 1 5 (2 ) W (5 B )— 0 (1 3 B ) 1 .9 7 3 (3 )

W (1 B )— 0 (4 B ) 1 .7 4 0 (3 ) W (5 B )— 0 (1 4 B ) 1 .8 9 8 (2 )

W (1 B )— 0 (3 B ) 1 .9 3 5 (2 ) W (5 B )— O (2 0 B ) 1 .7 3 4 (3 )

W (1 B )— 0 (7 B ) 2 .0 8 8 (1 ) W (5 B )— 0 (2 7 B ) 2 .1 3 4 (2 )

W (1 B )— 0 (5 4 B ) 2 .2 8 8 (3 ) W (5 B )— 0 (5 6 B ) 2 .3 6 0 (4 )

W (3 B )— 0 (1 8 B ) 1 .7 3 7 (2 ) W (9 B )— 0 (3 6 B ) 1 .6 8 3 (2 )

W (3 B )— 0 (8 B ) 1 .8 3 5 (1 ) W (9 B )— 0 (2 5 B ) 1 .8 2 0 (2 )

W (3 B )— 0 (1 2 B ) 1 .8 8 3 (4 ) W (9 B )— 0 (3 0 B ) 1 .8 9 7 (3 )

W (3 B )— 0 ( 1 7B ) 1 .9 4 7 (2 ) W (9 B )— 0 (3 5 B ) 1 .9 4 4 (2 )

W (3 B )— 0 (2 5 B ) 2 .0 2 0 (1 ) W (9 B )— 0 (4 2 B ) 2 .0 0 5 (2 )

W (3 B )— 0 (5 5 B ) 2 .3 3 3 (3 ) W (9 B )— 0 (5 8 B ) 2 .3 5 6 (3 )

W (1 7 B )— 0 (5 3 B ) 1 .7 2 6 (2 ) W  (1 7B )— 0 ( 5 0 B ) 1 .9 6 7 (3 )

W ( 17 B )— 0 (4 4 B ) 1 .8 5 6 (2 ) W (1 7 B )— 0 ( 4 5 B ) 1 .8 3 4 (2 )

W (1 7 B )— 0 (4 9 B ) 1 .9 6 3 (2 ) W (1 7 B ) — 0 ( 6  IB ) 2 .3 6 1 (3 )

L u l — O ( IB ) 2 .3 8 8 (4 ) L u l — 0 (2 B ) 2 .3 1 4 (3 )

L u l — O (IO B ) 2 .2 4 9 (3 ) L u l — 0 ( 1  IB ) 2 .3 4 9 (2 )

L u l — 0 ( 1  A) 2 .3 2 1 (2 ) L u l — 0 (2 A ) 2 .3 2 6 (2 )

L u l — 0 ( 1 1  A) 2 .2 7 2 (3 ) L u l — 0 (1 0 A ) 2 .3 2 5 (4 )
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Figure 2 .2 . Packing diagram s o f [Eu(a-2-P2Wi7C>6i)2]17-. Upper: the  ba ll 

and s tic k  representa tion. B ottom : the po lyhedral representation.
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The ion ic ra d ii o f these three lan than ides are 1.15 A (Eu), 1.14 A 

(Gd) and 1.05 A (Lu) [10]. The average Ln-O  bond leng ths o f these three 

Ln ions are 2.379(4) A (Eu), 2.380(2) A (Gd) and 2.318(3) A (Lu). We can 

see th a t the ra d ii o f E u  and Gd are a lm o st the same (1 .14-1 .15  A) and 

th e ir Ln-O  bond leng th  are s im ila r (2 .38 A). The ion ic  ra d iu s  o f Lu is 

sm a lle r than  th a t o f Gd and Eu, the Ln-O  bond length  is  sm a lle r also. 

Io n ic  ra d iu s  o f W(VI) (coord ination nu m be r 6) is 0.68 A [10 ], since ion ic 

ra d iu s  o f Lu(III) is close to th a t o f W (VI), Lu (III) can b ind  to  oxygen atom s 

in  the  ‘defect’ cavity  deeply. The b in d in g  o f these two [01-2 -P2W 17O6 1 ]10' 

u n its  to lan than ides is  n o t affected by steric h indrance o f these two 

“ lobes” because the ‘de fect’ place is  in  the  “cap” region.

Figure 2.2 shows the packing d iagram s o f [Eu(a-2-P2W i706i)2]17" 

an ion . From  the up pe r p ic tu re , we can  see th a t the m olecules next to 

each o th e r are like  b u tte rflie s  p o in tin g  in  d iffe ren t d ire c tio n s  to  form  a 

m ore com pact s tru c tu re . In  the bo ttom  p ic tu re , there is  a b ig  void space 

between molecules, w h ich  can be fille d  w ith  d iffe ren t k in d s  o f atom s and 

m olecules, e.g., here the  K atom s as cou n te r ion are d is tr ib u te d  among 

the channe ls; th is  opens a door fo r fu rth e r research on guest inc lus io n  

p roperties.
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2 .3 . C onclusion

Three la n th a n id e  (Lu, Eu and Gd) a-2 1:2 com plexes have been 

crysta llized and th e ir s tructu res solved by X -ray crysta llog raphy. The 

s tru c tu re s  com pare favorab ly w ith  the  W ells-Dawson pa ren t structure  

and the c rys ta l s tru c tu re s  o f the [a-2-P2Wi7C>6i]10' isom er and the 

Co(III)(H20) adduct. The molecule s tru c tu re  is in  good agreem ent w ith 

so lu tion  s tru c tu re  characte riza tion . The m olecule has C2 p o in t group 

sym m etry, w h ich  is  consistent w ith  31P and 183W  so lu tion  NMR 

spectroscopic re su lts  [ l j .  No w ater m olecules are bound  to E u(III) ion 

w h ich  is consisten t w ith  the resu lts o f fluorescence (C hapte r 3).
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Chapter 3

Characterization o f [Ln(a-2-P2W170 61)]7'

Lanthanide (Ln) ions react w ith  (a-2-P2Wi7O6i)l0‘ to form  two 

com plexes, [Ln(a-2-P2Wi7C>6i)]7‘ and [Ln(a-2-P2W i706i)2]17', denoted Ln a- 

2 1:1 and 1:2, respective ly. The Ln a-2  1:2 com plex has been discussed 

in  C hapter 2. T h is  C hapter w ill d iscuss in  d e ta il the cha racte riza tion  o f 

Ln a -2  1:1 com plex by fluorescence spectroscopy and 31P, l83W NMR 

spectroscopy in  aqueous so lu tion  and by X -ray crysta llog raphy in  the 

so lid  state. Th is w o rk  was subm itted  to Inorganic C hem istry and has 

been accepted.

3 .1 . E xperim ents

3 .1 .1 . S yn th esis  o f  K7[Ln(a-2-P2Wi7<>6i)] (Ln=La, Eu, Nd, Gd, Lu)

Kio[a-2-P2Wi7C>6i](0.2 mmol) was dissolved in  15 m L o f w ate r a t ca. 

35°C. A fte r s tirr in g  fo r about 15 m inu tes the so lu tion  was c lea r. 0.30 mL 

o f 1M LnCh (0.3 m m ol) so lu tion  was added dropwise; the  so lu tion  was 

s tirre d  fo r a few m inu tes followed by ad d itio n  o f po tass ium  chloride 

(0.7g). The w hite  p rec ip ita te  was separated by filtra tio n  and  dried  under 

a ir su c tio n  fo r 2 ho u rs .

3 .1 .2 . C rystallization  o f  [Ln(a-2-P2Wi706i)]7' (Ln=Eu) 

K7[Ln(a-2-P2W i706i)] was dissolved in  w ater to fo rm  1 mL o f

sa tu ra ted  so lu tion  in  2 m L v ia l. 2 d rops (from  1 m L syringe) o f saturated
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KC1 was added. The so lu tio n  rem ained clear. The via l w as covered loosely 

and the v ia l rem ained a t room tem peratu re  for ca. 2 days. Colorless 

crysta ls  were form ed.

3 .1 .3 . Crystallography

X -ray c rys ta llo g ra ph y was perform ed by Dr. R obertha C. Howell. 

D ata was co llected a t the U n ive rs ity  o f Delaware in  P rofessor Arnold 

Rheingold’s Laborato ry.

A single c rys ta l o f [Eu(a-2-P2W i706i)]7'w as attached to  a glass fiber 

and m ounted on a B riik e r Siem ens diffractom eter equipped w ith  a 

SMART CCD de tecto r and a g raph ite  m onochrom ator (Ka wavelength = 

0.71073 A) fo r da ta  co llection  a t 173(2)K. The raw d a ta  was corrected 

fo r Lo ren tz-po la riza tion  and absorp tion  effects (face-indexed num erica l 

correction) u s in g  SAINT/SADABS. The struc tu re  was solved us ing  d irect 

m ethods and standa rd  difference m ap techniques, and was refined by 

fu ll m a trix  least-squares procedures using SHELXTL. No hydrogen 

atom s were inc luded . The data were fu rth e r subjected to  an em pirical 

absorp tion co rrectio n  by means o f the program D IFABS [1]; the 

re finem ent co n tin u e d  a fte r th is  co rrectio n  was app lied . The largest 

res idua l peaks are located close to  th e  m etal atoms in  a  fin a l difference 

m ap. Large re s id u a l peaks in  the  fin a l difference m ap are a common 

problem  encountered in  the so lu tion  and refinem ent o f po lyoxotungstate 

s tru c tu re s  [2 -7 ]. The deta ils o f d a ta  collection and re finem ent are
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Table 3 .1 . C rystal data , da ta  collection, an d  solution a n d  refinem ent for

K7[Eu(a-2-P2Wi70 6i)].

Crystal Data
Em pirical form ula 
Crystal Habit, color 
Crystal size 
Crystal system 
Space group 
U n it cell dimensions

Volume
Z
Form ula weight 
Density (calculated) 
Absorption coefficient 
F (000)

C I 2 K 1 5 E U 2 O 1 7 8 P 4 W 3 4  

Plate, Colorless 
0.2 x  0.2 x  0.3 mm 
T ric lin ic  
P -l
a = 12.7214 (5) A 
b = 14.7402 (7) A 
c=  22.6724 (9) A 
3883.2 (3) A 3 
1
10184.10 
4.355 m g/m 3 
26.466 m m 1 

4445

a =71.550(3)° 
>3=84.019(3)° 
7 =74.383(3)°

Data Collection
Diffractometer
Wavelength
Temperature
6 range for data collection 
Index ranges
Reflections collected/unique 
Completeness to 0 =28.54

Solution and Refinement
System used 
Solution
Refinement method 
Absorption correction 
Data /  restraints /  parameters 
F inal R indices (I>2C7(I))
R indices (all data) 
Goodness-of-fit on F2 
Largest diff. Peak and hole

Siemens SMART, CCD area detecter
0.71073 A
173(2) K
1.50 to 28.54°
-15 < h < 1 6 ,-18< fc<  19, 0 < Z < 2 9  
17930/17930 (Rim = 0.0000)
90.7%

SHELXTL-V5.054 
D irect methods
F u ll-m atrix  least-squares on F2 
SADABS (Sheldrick, 1996)
17930 /  0 /  605 
R1 = 0.0520, wR2 = 0.1287 
R1 = 0.0679, wR2 = 0.1450 
1.098
4.156 and -4.274 eA‘ 3
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contained  in table 3.1 for K7[Eu(a-2-P2Wi706i)].

3 .1 .4 . NMR experim ents

NM R spectra were perform ed on a Jeo l G X -400 spectrom eter. 31P 

spectra a t 161.8 MHz were acquired using e ith e r a 10 m m  broad band 

probe o r the broad band decoupler co il o f a  5 m m  inverse detection 

probe. 183W spectra a t 16.7 MHz were recorded u tiliz in g  a 10 mm low  

frequency broad band probe. Typ ical a cq u is itio n  param eters for 31P 

spectra inc luded : spectral w id th : 10,000Hz; a cq u is itio n  tim e: 0.8 s; pulse 

delay: Is ; pu lse w id th : 15psec (50 degree tip  angle). From  200 to 500 

scans were required. For 183W spectra, ty p ic a l cond itions included: 

spectra l w id th : 10,000Hz; a cq u is itio n  tim e: 1.6 s; pu lse delay: 0.5s; pulse 

w id th : 50  usee (45 degree tip  angle). From 1,000 to 30,000 scans were 

acquired. 31P spectra were referenced to 85% H 3 PO4 . 183W spectra were 

referenced to 2.0 M Na2WC>4. For 31P and 183W chem ical sh ifts, the 

convention  used is th a t the  m ore negative chem ica l sh ifts  denote up fie ld  

resonance.

3 .1 .5 . F luorescence experim en ts

3 .1 .5 .1 . General

Lum inescence e xc ita tio n  spectra and excited  state lifetim es o f 

Eu(III) were m easured u s in g  the laser lum inescence spectroscopic 

technique in  the lab o f Professor W illiam  DeW. H orrocks, J r. o f Penn 

State U n ive rs ity  [8-9]. A pu lsed (10 Hz) Nd : YAG laser-pum ped dye
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laser (C ontinuum ), w ith  a m ixtu re  o f Rhodam ine 590 and  610 dyes, 

was used to excite  the  7Fo 4  5Do tra n s itio n  o f Eu(III) in  the  578-581 nm 

region; em ission (5Do -4 7F2 ) was m onitored a t 614 nm . T itra tio n  o f metal 

to  ligand o r lig a n d  to m eta l was m onitored by m easurem ent o f excitation 

photon flu x  needed by (Eu(a-2-P2W i706i)]7' complex con tro lled  the 

em ission (5Do -4 7F2) a t 614 nm. A ll m easurem ents were ca rried  ou t a t 

25 ±0 .1 °C. The com m ercia lly available P eakfit program , w h ich  employs a 

non linear regression m ethod, was used in  the  data analysis [10-11].

The con cen tra tio n  o f the sam ples used fo r the m easurem ents was 

in  0.1^M -500pM  range. The potassium  sa lt o f [a-2-P2Wi7C>6i]10' was 

converted to the  m ore soluble L i+ sa lt u s in g  ion  exchange a t pH=4.7 [12]. 

For titra tio n  experim ents, standardized Liio[a-2-P2W i706i](0.0122M , 

pH =4.7, 0.5M  lith iu m  acetate buffer) was d ilu ted  to 400pM  (ligand-to- 

m etal) and 200nM  (m etal-to-ligand) w ith  D 2O. The standard iza tion  o f the 

L i+ sa lt o f [a-2-P 2W i706i]10’ was accom plished by spectrophotom etric 

titra tio n  w ith  coba lt(III) [13]. Eu(III) was standardized by EDTA (standard 

so lu tio n  from  A ld rich ) w ith  arsenazo as in d ica to r (5 drops o f pyrid ine  was 

added to sharpen the end point).

3 .1 .5 .2 . T itra tio n

For m e ta l-to -lig a n d  titra tio n , 2m L o f standardized Liio[a-2- 

P2W 17O61] so lu tio n  (200nM ) is placed in to  a 4m L quartz  sam ple cell,
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u s in g  vo lum etric  p ipe tte , a  to ta l o f 0 .96  nm o l o f EuCb was added in  5 pL 

increm ents o f a 8 pM EuC b stock so lu tio n .

For ligan d -to -m e ta l titra tio n , 2m L o f EuC b stock so lu tio n  (10 pM) 

is placed in to  a 4m L q u a rtz  sample ce ll, u s in g  volum etric p ipette , a to ta l 

o f 0 .06  nm ol o f Liio[a-2-P2W i706i] was added in  5 pL increm ents o f a 400 

pM standardized Liio[a-2-P2W i706i] so lu tio n .

3 .1 .5 .3 . E xcited S tate Lifetim e M easurem ents

E xcited-sta te  life tim e  m easurem ents in  H 2O and D2O so lu tio n  were 

used to obta in  the num ber o f water m olecules coordinated to  E u(III) ion, 

us in g  the m ethod o f H orrocks and S u d n ick  [10,29]. The 1:1 com plex was 

prepared as described in  the experim enta l section. The 1:2 com plex was 

prepared fo llow ing m ethod, w hich was reported previously by o u r lab 

[12]. Samples where the life tim e was recorded in  D2O were reciysta llized  

3 tim es from  D2O.
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3 .2 . R esu lts  and D iscu ssion s

3 .2 .1 . C rystallographic C h aracterization  o f  [Eu(a-2-PaWi706i)]7'

The Ln  a-2 1:1 com plexes, [Ln(a-2-P2Wi7C>6i)]7*, have been isolated 

and cha racte rized  by e lem enta l an a lys is  (table 3.2), 31P NMR, l83W 

NMR spectroscopy and fluorescence spectroscopy.

Table 3 .2 . Elem ental A na lys is D ata fo r K7[Lu(a-2-P2W i706i)] and 

K7[E u(a -2- P2W17O61)]

K7 LUP2W 1 7 0 6 1  1 6 H2 0 K l3H(EuP2W l706l)2 • 2KC1 • 56H20

Observed(% ) Calculated(% ) Observed(%) Calculated(%)

K 5.50 5.58 K 5.67 5.70
P 1.18 1.26 P 1.32 1.20
W 62.04 63.78 W 61.20 60.70
Lu 3.06 3.57 Eu 3.10 2.95

F igure  3.1 shows the c rys ta l s tru c tu re  o f [Eu(a-2-P2W i706i)]7' anion. 

The s tru c tu re  shows clearly th a t tw o id e n tica l [Eu(H20)3(a-2-P2Wi7C>6i)]7' 

m oieties are connected th ro u g h  tw o E u -O -W  bonds, one from  each 

po lyoxom etalate u n it. An inve rs ion  cen te r re la tes these two u n its . The 

E u(III) io n  is  sub stitu te d  fo r a [WO]4+ u n it in  the  "cap" region o f the 

tungsten-oxygen fram ew ork o f the  p a re n t W ells-Dawson ion. The p o in t 

group o f th e  d im e ric  m olecule is  Ci.

The E u(III) is in  a square a n tip ris m a tic  coord ination geometry, 

bound to  fo u r oxygen atom s o f the  tun gste n  oxygen fram ework, three
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w a te r m olecules and to a n  oxygen atom o f a  te rm ina l W =0 o f another 

(Eu(H20)3(a-2-P2W i706i)]7'  m o ie ty. The E u(III) is  n o t bound to  an  oxygen 

o f a phosphate. Thus, the  E u (III) is  displaced ou tw ard  and away from  the 

n o rm a l e ighteenth pos ition  in  the W ells-Dawson fram ew ork. T h is  type o f 

bond ing  has been seen in  c rys ta l s tructures o f lan than ide  deriva tives o f 

the  a-m onovacant Keggin ions [14] and [Ln(III)W io036]9* [15 ,16]. In  

co n tra s t, tra n s itio n  m eta l ions bond to the phosphate oxygen and to 

an o th e r "axia l" ligand, such  as a w ater m olecule, to com plete the 

octahedra l coord ination  sphere, as seen in  the  Co de riva tive  o f the 

la cu n a ry  (a-2-P2W i706i)10' species [17].

The bond lengths from  Eu(III) to the  oxygen atom s o f the 

po lyoxom etalate fram ew ork are s im ila r and average 2.369(3)A. The 

average bond length o f the E u(III) to the three w ater m olecules is 

2.413(4)A . The Eu -O (oxygen atom  o f a te rm in a l W =0) bond leng th  is 

2.434(4), in  the range o f Eu-O  (H2O) bond d istance. The bond length  o f 

1.736 (4) A fo r the te rm ina l W =0 bound to the E u(III) is a t the h ig h  end 

o f the range typ ica lly  fou nd  fo r term ina l W =0 bonds. Selected bond 

leng ths are shown in  tab le  3.3 .

The bond lengths o f the  atom s in  the tungsten-oxygen fram ew ork 

o f [Eu(H20)3(a-2-P2W i706i)]7* compare favorab ly w ith  the those reported 

fo r the W ells-Dawson p a re n t s tru c tu re  and the c rys ta l s tru c tu re s  o f the 

[01- 2 -P2W 17O6 1 ] 10- isom er and the Co(III)(H20) ad d u ct [17]. The p a tte rn  o f
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edge shared W 06 octahedra and com er shared W 06 octahedra, observed 

in  the W ells-D aw son ion and th e  lacunary [a-2-P2W i706i]10' isomer, are 

retained in  th is  s tru c tu re . B o th  o f the cap regions show  edge shared 

octahedra w h ile  the be lt regions show the a lte rn a tin g  pa tte rn  o f com er 

and edge shared octahedra. The in tro d u c tio n  o f the Eu(III)(H20)3 in to one 

o f the caps d is ru p ts  the pa tte rn  o f edge and com er sha ring  as the Eu is 

connected v ia  a  com er shared octahedron. However, overall, the 

Eu (III)(H 20)3 u n it in troduces a re la tive ly  m inor p e rtu rb a tio n  in to the 

parent W ells-D aw son fram ework.

The s tru c tu re  o f [Eu(H20)3(a-2-P2W 17O61)]7" can be compared w ith  

the s tru c tu re s  o f the 1:1 La (III)/C e(III): S iW n0 3 9 8' com plexes, see below 

[14], and to  th e  c rys ta l s tru c tu re  o f [Lu(H 20)4(a-l-P2W i706i)]7‘ , another 

1:1 la n th a n id e  polyoxom etalate; in  the la tte r case fo u r w ater molecules 

are bound to  the  Lu (III) ion [18]. There is no bonding between the Lu(III) 

ion and a te rm in a l oxygen atom  o f another [Lu (a -1-P2W 17O61)]7' m oiety 

possibly due to  the  h igh  ba s ic ity  o f the oxygen atom s a t the a-1 defect 

site and s te ric  incum brance a t the  a-1 defect site [18]. B oth the La(III) 

and Ce(III) ca tio n s  in  the 1:1 La/C e: a-S iW i iC>398' complexes were 

reported re ce n tly  [14]. In  these com plexes, the La(III) and Ce(III) are 

coordinated by n ine  oxygen atom s in  a d isto rted m onocapped square 

a n tip rism  env ironm en t, invo lv ing  bonding to the fo u r oxygen atoms o f 

the la cu n a ry  polyoxoanion; th e  cerium (III) analog is add itiona lly
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coordinated by tw o ne ighboring a-S iW i 1O398' m o ie ties and to three 

oxygen a tom s o f w a te r m olecules. Two types o f La ions a lternate in  the 

lan than um  analog: one La(III) is  coordinated to tw o a -S iW i 1O398' m oieties 

and three w a te r m olecules and the  second La(III) is  coord inated to one a- 

S iW n0 3 9 8' m o ie ty  and fou r w ate r m olecules. The bo n d in g  to two te rm in a l 

oxygen atom s each from  a d iffe re n t a-S iW i 1O398" species allows these 

species to fo rm  polym eric cha ins connected by Ln-O -W  bonding in  the 

solid state.

Table 3 .3 . Selected bond length (A) fo r [Eu(HaO)3(a-2-P2W 17O61)]7" an ion.

W ( l ) - 0 ( 1 ) 1 .7 1 1 (2 ) W ( 15)— 0 ( 3 7 ) 1 .7 2 3 (3 )

W ( l ) — 0 ( 4 ) 1 .9 5 5 (4 ) W ( 15)— 0 ( 4 2 ) 1 .9 1 4 (3 )

W ( l ) — 0 ( 6 ) 1 .9 4 6 (2 ) W ( 15)— 0 ( 4 3 ) 1 .9 1 5 (2 )

W ( l ) — 0 ( 7 ) 1 .8 4 6 (2 ) W ( 15)— 0 ( 4 9 ) 1 .8 1 2 (1 )

00O£
1 .8 4 3 (2 ) W ( 15)— 0 ( 3 1 ) 2 .0 6 5 (2 )

W ( l ) — 0 ( 2 5 ) 2 .3 6 6 (3 ) W ( 15)— 0 ( 6 2 ) 2 .3 5 2 (4 )

W (9 )— 0 ( 1 6 ) 1 .7 1 1 (4 ) W ( 17)— 0 ( 4 9 ) 2 .0 5 8 (4 )

W (9 )— 0 ( 1 0 ) 1 .9 9 0 (2 ) W ( 17)— 0 ( 5 3 ) 1 .7 1 2 (2 )

W (9 )— 0 ( 2 1 ) 1 .8 9 9 (3 ) W (1 7 )— 0 ( 5 5 ) 1 .7 6 8 (4 )

W (9 )— 0 ( 2 2 ) 1 .9 3 9 (1 ) W ( 17)— 0 ( 4 8 ) 1 .9 1 3 (3 )

W (9 )— 0 ( 2 7 ) 2 .3 4 4 (5 ) W ( 17)— 0 ( 6 4 ) 2 .2 8 6 (3 )

W (9 )— 0 ( 3 1 ) 1 .8 2 6 (2 ) W (1 7 )— 0 ( 5 6 ) 1 .9 2 2 (3 )

W (  1 2 )— 0 ( 4 0 1 1 .7 3 6 (4 ) W ( 12)— 0 ( 4 5 ) 1 .9 2 2 (2 )

W ( 12 )— 0 ( 4 6 ) 1 .9 1 1 (3 ) W (1 2 )— 0 ( 3 4 ) 2 .0 8 4 (2 )

W ( 1 2 )— 0 ( 6 3 ) 2 .3 3 7 (6 ) W (1 2 ) — 0 ( 5 2 ) 1 .7 6 5 (2 )

E U 1 ------0 ( 5 8 ) 2 .3 6 9 (1 ) E U 1  - — 0 ( 6 0 ) 2 .4 5 5 (4 )

E U 1 ------0 ( 5 9 ) 2 .4 1 6 (3 ) E U 1  — 0 ( 4 0 ) 2 .4 3 4 (4 )

E U 1 ------0 ( 5 5 ) 2 .3 7 4 (4 ) E U 1  — 0 ( 5 7 ) 2 .3 9 0 (4 )

E U 1 ------0 ( 4 7 ) 2 .3 4 0 (3 ) E U 1  — 0 ( 5 2 ) 2 .3 7 2 (3 )
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The extended s tru c tu re  is  com posed o f the an ions o f [Eu(H20)3(a-2- 

P2W 17O61)]7' lin ke d  together by surface bound po tassium  cations. The 

potassium  ions b in d  to  te rm ina l oxygen atoms o f tw o d im ers giving rise 

to cha ins a long the  c iysta llog raph ic  a  axis, and a m esh-like  s tru c tu re  

along the c iys ta llo g ra p h ic  b and c axes. The surface bound potassium  

ions resu lts  in  the  form ation  o f d iscre te  channels fo rm ing  a  porous 3D 

s tru c tu re  (Fig. 3.2) [20,21]. The approxim ate cross-sectional area o f the 

gaps in  [Eu(H20)3(a-2-P2Wi7C>6i)]7‘ are o f the order o f 19 * 12 A 2. The K- 

O distances o f te rm in a l bound K ca tions range from  2.75 to 2.85 A. The 

separations between adjacent layers are 12.7 A, 14.7 A and 22.7 A fo r 

the  c iys ta llo g ra p h ic  a, b, and c axes respectively.

3 .2 .2 . NMR experim en t

Figure 3.3 shows the 3ip  NMR and 183W NMR o f [Nd(a-2- 

P2W 17O61)]7' com plex. 31P NMR shows tw o resonances corresponding to 

the two nonequ iva len t phosphorus atom s in  the m olecule upon 

su b s titu tio n  o f the  lan than ide ion . P I (down fie ld) represents the 

phosphorus atom s close to lan than ide  and P2 (up fie ld) denotes the 

phosphorus fa r aw ay from  lanthan ide. 9 resonances (in tegra tion  ra tio : 

2 :2 :1 :2 :2 :2 :2 :2 :2) are observed in  the  183W NMR spectrum . The 31P and 

183W NMR spectra c lea rly  illu s tra te  the  Cs sym m etiy o f the m olecule, 

consistent w ith  s u b s titu tio n  in  the “cap” region. The chem ical sh ifts  o f 

the l83W NMR resonances are d iffe re n t from  the chem ica l sh ifts o f the
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Figure 3 .3 . a: 31P NMR spectrum  o f [Nd(a-2-P2W i706i)]7‘ . b: 183W NMR 

spectrum  o f [Nd(a-2-P2W i706i)]7', the  inside spectrum  is  the enlargem ent.
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lacunary species [22,23] an d  th a t o f the “ sandw ich” [Ln(a-2-P2W i706i)2]17' 

com plex [18]. The l83W NM R spectroscopy gives cogent data suggesting 

th a t the  d im eric  [Ln(a-2 -P2W i7 0 6 i)]7' com plexes dissocia te in  aqueous 

so lu tion . I f  the d im er rem ained in ta c t in  so lu tio n  a ll seventeen tungsten  

atom s in  one lacunary u n it  w ou ld be nonequ iva len t to  each o ther w h ile  

each la cu na ry  h a lf w ou ld  be re lated to the o th e r by an inversion center. 

Therefore, seventeen peaks o f equal in te n s ity  w ou ld  be observed in  the 

183W NMR spectrum . N ine peaks are observed, c lea rly  ind ica ting  Cs 

sym m etry o f the lacunary  (a -2 -P2W i7C>6 i)10' u n it.

3 .2 .3 . F luorescence sp ectroscop y

Lanthan ide  ions are d is tingu ished  am ong m e ta llic  cations in  th e ir 

a b ility  to  lum inesce in  so lu tio n  a t room  tem peratu re . E u(III) and Tb(III) 

are the m ost strong ly e m ittin g  members o f the  Ln series [8] Laser excited 

Eu(III) lum inescence spectroscopy is a pow erfu l too l fo r m on ito ring  the 

b ind ing  o f th is  ion to ligan ds in  so lu tion . The 7Fo 5Do tra n s itio n  o f 

Eu(III) ion  in  the range 578-581 nm  is excited by a tunab le  dye laser 

w hile the  5Do -> 7F2 em ission  band a t 614 nm  is  m onitored. Since the 7Fo 

5Do tra n s itio n  occurs between nondegenerate energy levels, ne ithe r o f 

w hich can be s p lit by a  lig a n d  fie ld , a single environm en t gives rise to 

only a sing le tra n s itio n . I f  m ore than one E u(III) environm ent is present, 

each w ill have its  ch a ra c te ris tic  tra n s itio n  energy [9].
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3 .2 .3 .1 . Life tim e m easurem ent to  de term ine the num ber o f H2O 
m olecules bonded to E u(III)

The excited sta te  life tim e  o f the E u(III) is  ve iy  sensitive to the

nu m be r o f w ater m olecules coordinated to the  ion , because the  weak

v ib ro n ic  coup ling  between the excited e lec tron ic  state and the O-H

v ib ra tio n a l m anifo ld o f coordinated w a te r provides an e ffic ie n t

ra d ia tio n le ss  deexcita tion pathway. Replacem ent o f H2O w ith  D2O

elim in a tes the e ffic ie n t deexcita tion pa thw ay and causes the life tim e  to

increase d ram a tica lly  [9-11]. Based on th is  observation H orrocks and

S u d n ick  developed a  m ethod for de te rm in ing  the  num ber o f w ater

m olecules coordinated to  the Eu(III). From  m easurem ents o f life tim es

separa te ly in  H2O and D2O solu tion, i t  is  possible to determ ine the

n u m be r o f coordinated m olecules [8,28], q, w ith  u n ce rta in ly  o f 0 .3 , from :

q =1.1 l [ r 1(H20) - r 1(D2O)-0.31] (t : life tim e  in  msec)

U sing th is  equation the life tim e  o f the K7[Eu(a-2-P2W i706i)] and

Ki7[Eu(a-2-P2W i706i)2] are m easured in  H 2O and  D2O respectively.

F o r K7[Eu(a-2-P2Wi7C>6i)]:

t  (H2O) = 0.23m sec, t  (D2O) = 2 .8m sec, q = 4.08

F o r Ki7[Eu(a-2-P2Wi7C>6i)2]:

t  (H2 O) = 3.02m sec, t  (D2O) = 4.79m sec, q = 0.14

These results are in  agreement w ith  the 1:2 fo rm u la tion  o f the

Ki7[Eu(a-2-P2W i706i)2] com plex where the E u(III) b inds to e ig h t oxygen

atom s o f the  polyoxoanion w ith  no open co o rd in a tio n  sites fo r b in d in g
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Figure 3 .4 . E xc ita tio n  spectra o f K7[Eu(a-2-P2W i706i)] a t d iffe ren t 

concentra tions, a: 200nM , b: 40|iM , c: 500pM . Xem =614 nm .
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Figure 3 .5 . 3 lP NMR spectrum  o f K7[Eu(a-2-P2Wi7C>6i)] in  aqueous 

solution.

water m olecules; th is  is consis ten t w ith  its  crysta l s tru c tu re  discussed in  

C hapter 2. The lum inescence life tim e  m easurem ents provide com pelling 

evidence th a t the  [Eu(a-2-P2Wi7C>6i)]214' dim eric com plex dissociates in  

aqueous so lu tio n  to form  the m onom eric [Eu(H20)4(a-2-P2W i706i)]7' 

complex. These m easurem ents ind ica te  th a t E u(III) b inds to 4 oxygen 

atoms o f the polyoxoanion and the rem ain ing fo u r coo rd ina tion  sites are 

taken by w ater m olecules.

3 .2 .3 .2 . O bservation on concen tra tion  dependence o f K?[Eu(a-2- 
P2W 17O6 O] and K i7[Eu(a-2-P2W i706i)2]

The e xc ita tio n  spectra o f K7[Eu(a-2-P2W i706i)] so lu tions  show one 

m ajor peak a t 579.78 nm and an o th e r peak o f very low er in te n s ity  a t 

580.25 nm , as show n in  F igure 3 .4 . The m ajor peak represents the E u a- 

2 1:1 com plex. The low  in te n s ity  peak is  a ttrib u te d  to  the E u a -2  1:2
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Figure 3 .6 . E xcita tion  spectra  o f Ki7[Eu(a-2-P2W i706i)2] a t d iffe ren t 

concentra tions, a: lOOnM, b: 20|iM , c: 250pM . A.em=614 nm .
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Figure 3 .7 . 31P NMR spectrum  o f Ki7[Eu(a-2-P2Wi7C>6i)2] in  aqueous 

so lu tio n .

com plex conta ined in  the sam ple, a lth oug h  the 31P NMR spectrum  o f the 

same sam ple o f K7 [E u(a-2 -P2W i7C>6 i)], w h ich  used fo r the fluorescence 

experim ents, d id  no t show  the presence o f th is  com ponent (Fig. 3.5). 

From  the  spectra o f d iffe re n t concentra tions in  Figure 3 .4 , the ra tios 

(peak area) o f 1 :2 /1 :1  are in  the 4-6% range, they alm ost do n ’t  change as 

the so lu tio n  concentra tion  increases. S ince the detection lim it o f NMR is 

m uch h ig h e r than fluorescence, the sm a ll am oun t o f Eu a-2 1:2 complex 

canno t be detected by NMR.

The excita tion  spectrum  o f Eu a -2  1:2 com plex, K i7[Eu(a-2- 

P2W 1 7 0 6 1 )2 ], shows one peak a t 579.8 nm  and one a t 580.4 nm  as shown 

in  F igure  3 .6 , revealing tw o d iffe ren t E u(III) environm ents. The 579.8 nm 

peak is  a ttrib u te d  to  E u a-2 1:1 com plex and the 580.4 nm  peak is
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a ttrib u te d  to Eu a-2  1:2 complex. The ra tio  o f the peak areas o f 1:2 to 

1:1 increases from  a lm o st 0 to 0.902 as so lu tion  concen tra tion  increases 

from  lOOnM to 250pM . These concentra tions bracket the  eq u ilib riu m  o f 

the Eu: [a-2-P 2W i706i]10' 1:1 and 1:2 species. The fo rm a tio n  constant for 

the e q u ilib riu m :

[Eu(a-2-P 2W 170 61)]7' + [a-2-P2W i70 6 i]10- ~  [Eu(a-2-P2W i70 6i)2]17-

is in  the m icrom o la r range, consisten t w ith  my w o rk  fo r a series o f 

lan than ides m easurem ents (Chapter 6) and other w o rk  fo r the Eu(III) 

and Ce(III) com plexes [25-27].

We d id  n o t observe the two species in  the 31P NMR spectrum  (Fig. 

3.7) fo r the same sam ple th a t was used fo r fluorescence experim ent, 

because the so lu tio n  concentra tion used fo r NMR m easurem ents is 

usu a lly  in  mM range, and the above e q u ilib riu m  is sh ifte d  to the righ t 

side, so on ly  Eu a-2 1:2 com plex exists in  so lu tion.

3 .2 .3 .3 . T itra tio n

We perform ed a titra tio n  m o n ito rin g  the in te n s ity  o f the excitation 

spectra o f Eu a-2 1:1 com plex try in g  to ob ta in  s to ich iom etric  in form ation 

fo r Eu a-2 1:1 and 1:2 complexes. We observed one b re a kp o in t for 1:1 

com plex as shown in  F igure 3.8. Increasing the lig a n d /m e ta l ra tio  to 2 or 

3 d id  no t show any 1:2 com plex. These resu lts  do n o t change when the 

titra tio n  is perform ed in  reverse order.
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Figure 3 .8 . T itra tio n  o f Eu(III) so lu tio n  (lOpM) w ith  (a-2-P2W i7O6i)10‘ 

m onitored by 7Fo -> 5Do excita tion  spectra o f [Eu(a-2-P2Wi7C>6i)]7’ . 

Xem =614 nm , pH  ca.6.

3600 T

2400 -

CO
CV

1200  -

*  A
A  A

 1--------------------------1--------------
0.75 1.5
Eu(III)/a-2 ligand molar ratio

2.25

Figure 3 .9 . T itra tio n  o f (a-2-P2Wi7O6i)10~ so lu tion  (200nM ) w ith  Eu(III) 

m onitored by 7Fo 5Do excita tion  spectra o f [Eu(a-2-P2W i706i)]7'. 

lem =614 nm , pH  ca.6.
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We ra n  a n o th e r titra tio n  experim ent a t E u (III) concentra tion o f 

200nM , pH ca. 6 , in  an a ttem pt to  m easure the fo rm a tio n  constan t o f the 

E u a-2 1:1 com plex (Fig. 3.9). B u t since the so lu tio n  pH was ca. 6, we 

on ly  observe a b reakpo in t a t 1:1 lig a n d /m e ta l ra tio . Lowering the pH 

re su lts  in  the app ropria te  cu rva tu re  o f titra tio n  curve  [27], w hich gives 

the fo rm ation  co n s ta n t K. Th is experim ent w ill be discussed tho rough ly 

in  C hapter 6. F igure  3.9 shows th a t the curve decreases a fte r the 1:1 

breakpo in t. T h is  is  probably due to excess E u(III) io n  quenching the 

lum inescence o f [Eu(a-2-P2Wi7C>6i)]7' ion .
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3 .3 . C on clusion

The so lu tion  and so lid  state chem istry fo r [Ln(a-2-P2W i706i)]7' has 

been fu lly  s tud ied by 3 lP, 183W NMR spectroscopy, lum inescence 

spectroscopy and X -ra y  crysta llography. In  so lid  state, [E u(a-2- 

P2W17O61)]7* exists as d im e ric  form , [Eu(H20)3(a-2-P2Wi7C>6i)]214'. The 

po in t g roup  o f the d im e ric  m olecule is Ci. In  so lu tion , the 183W NMR 

spectrum  shows 9 resonances denoting Cs sym m etry fo r the m olecule. 

From the fluorescence life tim e  m easurem ent, fo u r w ater m olecules are 

coord inated to Eu(III) in  so lu tion . B oth resu lts  ind ica te  th a t in  so lu tion  

the d im e ric  form  breaks down and [E u ( a - 2 -P 2W i7C>6 i ) l7- exists as 

m onom er, [Eu(H20)4(a-2-P2W i706i)]7'. In  so lu tio n , there is e q u ilib riu m  

between Ln a-2 1:1 an d  Ln a-2 1:2 com plexes, as the so lu tion  

concen tra tion  increases, the  percentage o f the  Ln a-2 1:2 com plex 

increases. The fo rm a tion  constan t for the e q u ilib riu m  is in  the 

m icrom o la r range.
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Chapter 4

Characterization o f [Ln(a-l-P2W170 61)]7 by 
X-ray Crystallography

Lanthan ide  (Ln) ions re ac t w ith  (CC-I-P2W 17O 61)10' fo rm ing [Ln(a-1- 

P2W 17O61)]7' and [Ln(a-l-P 2W i706 i)2 ]17', denoted Ln a-1 1:1 and 1:2, 

respectively. The synthesis and characterization o f 1:2 com plex w ill be 

discussed in  C hapter 5. The 1:1 com plex was firs t iso la ted by ou r lab [1] 

and characterized w ith  NMR an d  fluorescence spectroscopy. However, 

so lid  state crys ta llog raph ic  da ta  has never been ob ta ined  fo r Ln a -1 1:1 

com plex, po ss ib ly  due to the ra p id  isom erization and  in s ta b ility  o f a-1 

isom er. Here I re po rt the f irs t single crysta l s tru c tu re  o f [Lu(a-1- 

P2W 17O61)]7". T h is  s tru c tu re  has been published [2].

4 .1 . E xperim ents

4 .1 .1 . S y n th es is  ofK 7[Lu(a-l-P2Wi706i)]

Kio[a-l-P2Wi7C>6i] (lOg) was dissolved in  100 m L o f lith iu m  acetate 

b u ffe r (0.285 M ) a t pH=4.7. 3 m L o f an aqueous 1 M LuC b so lu tion was 

added dropw ise; the  so lu tion  w as s tirre d  for a few m inu tes followed by 

potassium  ch lo rid e  (7g). The re s u ltin g  suspension was cooled in  the 

freezer fo r 10 h o u rs  and a sm a ll am oun t o f solid w as filte red . The filtra te  

was cooled in  the  freezer again fo r another 2 days. W hite  crysta ls formed. 

The crysta ls were separated by filtra tio n , and dried u n d e r a ir  suction.
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4 .1 .2 . C rystallization o fK 7[Lu(a-l-P3Wi706i)]

Two gram s o f K io [a -l-P 2W i7C>6 i] was dissolved in  20 mL o f lith iu m  

acetate b u ffe r ( 0.285 M ) a t pH=4.7. LuC b (0.6 m L o f 1 M aqueous 

so lu tion ) was added; the  so lu tion  was s tirre d  fo r a few m inu tes. 

Potassium  ch loride (1.4g) was added. The re su ltin g  suspension was 

cooled in  the freezer fo r 10 hours and filte re d . The filtra te  was cooled in  

the freezer again for ano ther 2 days to y ie ld  w h ite  crysta ls.

4 .1 .3 . Crystallography

The da ta  collection and crysta l s tru c tu re  so lu tion  were perform ed 

by D r. V ic to r Young, U n ive rs ity  o f M innesota, X -ray crysta llography 

fa c ility .

A sing le crysta l o f K yfLu fa-l-P aW iyO eilJ 'lS ^H aO V aC H aC O O K  was 

attached to  a glass fibe r and m ounted on a Siemens SMART system fo r 

data co lle c tio n  a t 173(2) K  w ith  Mo Ka ra d ia tio n  (0.71073 A). The space 

group P 2 i/n  was determ ined based on system atic absences and in te n s ity  

s ta tis tic s  (SHELXTL-Plus V5.0, Siemens In d u s tria l A utom ation, Inc ., 

M adison, W I). A successful d irect-m ethods so lu tio n  was calcu lated w h ich  

provided m ost non-hydrogen atom s from  the  E-m ap. Several fu ll m a trix  

least squares/d iffe rence F o u rie r cycles were perform ed w h ich  located the 

rem ainder o f the non-hydrogen atom s. A ll non-hydrogen and non-oxygen 

atom s were refined w ith  an iso trop ic d isp lacem ent param eters. C rysta l 

da ta and  s tru c tu re  re finem ent param eters are lis te d  in  tab le 4.1.
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Table 4 .1 . C rystal da ta , da ta  collection, a n d  solution a n d  refinem ent for
K7[Lu(a- l-P 2W i70 6i)]* 18.7H20» 1 /2 C H 3COOK

Crystal Data
Em pirical form ula 
Crystal H abit, color 
Crystal size 
Crystal system 
Space group

Volume
Z
Formula weight 
Density (calculated) 
Absorption coefficient 
F (000)

HoKsLuOs 1 30P2W 17 

Plate, Colorless 
0.40x0.25x0.11 mm 
M onoclinic 
P 2 i/n

a = 18.6997(2) A 
b =  26.1617(4) A 
c=  19.2653(1) A 
9040.6(2) A 3 
4
4858.70 
3.570 m g /m 3 

22.977 mm-'
8418

a =90°
106.417°(1) 

y=90°

Data Collection
Diffractometer
Wavelength
Temperature
6 range for data collection 
Index ranges 
Reflections collected 
Independent reflections

Siemens SMART Platform CCD
0.71073 A
173(2) K
1.34 to 24.93°
-21 < h < 21, 0 < fc<30, 0 < l<  22 
53627
15174 (Rnt =0.0749)

Solution and Refinement
System used 
Solution
Refinement method 
Weighting scheme

Absorption correction 
Max. and m in. transm ission 
Data /  restra in ts /  parameters 
R indices (I>2 (I) = 10379) 
Goodness-of-fit on F 
Largest d iff. Peak and hole

SHELXTL-V5.0 
D irect methods
F u ll-m a trix  least-squares on F2 

w = [ef (Fo2) + (AP)2 + (BP)'1, where P 
(Fo2 + 2Fc2) / 3, A = 0.119500, and B = 
59.004102
SADABS (Sheldrick, 1996)
1.0000 and 0.4055 
15171 /  243 /  577 
R1 = 0.0732, wR2 = 0.1915 
1.054
6.103 and -3.303 eA' 3
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4 .2 . R esu lts and D iscussions

Lanthan ide  a-1 1:1 com plexes were isolated by D r. J u d it B artis [3] 

and characterized by 3 lP NMR and 183W NMR spectroscopy as shown in  

Figure 4 .1a and Figure 4 .1b , respectively, fluorescence spectroscopy 

(Figure 4.1c) and a s to ich iom e tric  s tudy o f the lu te tiu m  analog. These 

techniques are qu ite  use fu l to  illu s tra te  the s o lu tio n  s tru c tu re  and 

sto ich iom etry. The 3 lP NMR spectrum  shows tw o resonances 

corresponding to the two nonequ iva len t phosphorus atom s in  the  

m olecule. The 183W NMR spectrum  shows 17 d iffe re n t tungsten peaks, 

clearly illu s tra tin g  the C i sym m etry o f the m olecule, consistent w ith  

su b s titu tio n  in  the “be lt” region. Lum inescent life tim e  m easurem ents 

show fou r w a te r m olecules coord ina ted  to the E u(III), con s is ten t w ith  the  

1:1 s to ich iom e try  [1]. However, a single crysta l s tru c tu re  is  the m ost 

convincing evidence to illu s tra te  a s tru c tu re  in  so lid  state. Also, as we 

have observed w ith  the Ln a-2 1:1, the solu tion s tru c tu re  can be d iffe ren t 

from  the so lid  state s tru c tu re . A complete cha racte riza tio n  o f the 

chem istry o f these novel polyoxom etalates should in c lu d e  so lid  state X - 

ray crys ta llog raph ic  analysis.

The [a - l-P 2W i706i) 10- lig a n d  is  n o t stable and easily  isomerizes to 

(a-2-P2W i706i)10' (refer to section 5.2.1). A fter b in d in g  to  lan than ide, the 

com plex, [Ln(a-l-P2Wi7C>6i)]7' is  m ore stable than  the ligand  itse lf. B u t 

s till some am o u n t o f [Ln(a-2-P2W i706i)]7‘ w ill be form ed a fte r the [Ln(a-
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Figure 4 .1 . a: 31P NMR spectrum  o f TBAxHy[L u (a -l-P 2W i7C>6 i)], b: l83W 

NMR spectrum  o f TBAxL iy[Lu(a-l-P 2W i706 i)], c: E xcita tion  spectrum  o f 

K7[L u (a -l-P 2W i706i)].
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I-P 2W 17O6 1 )]7'  so lu tio n s  rem ain a t room  tem peratu re  fo r periods o f tim e, 

rendering c ry s ta lliz a tio n  o f these complexes d iffic u lt. The tem perature, 

lith iu m  ion  a n d  pH o f the so lu tio n  n o t on ly a ffect th e  s ta b ility  o f [Ln(a-1- 

P2W 17O61)]7* a n io n , b u t also the  crys ta lliza tion . A fte r op tim iz ing  these 

cond itions, I w as able to c rys ta llize  and Dr. Y oung cou ld  solve the firs t 

c rys ta llo g ra ph ic  s tru c tu re  fo r Ln a-1 1:1 complex.

F igure 4 .2a , the crysta l s tru c tu re  o f the [(H 20)4Lu(a-l-P2W i706i)]7‘ 

anion, shows th a t the Lu(III) io n  is  substitu ted  fo r a [WO]4+ u n it in  the 

“be lt” reg ion o f the tungsten-oxygen fram ew ork o f the paren t W ells- 

Dawson io n , [a-P2Wis062]6' [6]. The bond lengths fro m  Lu to  the fo u r 

oxygen atom s o f the  fram ew ork are 2.26(2) A, 2.34(2) A, 2.24(2) A, and 

2.34(2) A. M oreover, the crysta l s tru c tu re  shows th a t fo u r w ater 

m olecules are bound  to Lu(III), w ith  Lu-O  d istances o f 2.38(3), 2.44(2), 

2.39(3) and 2.45(2) A, so th a t Lu is  fu lly  coord inated w ith  8 oxygen 

atom s in  a square  a n tip rism  geom etiy. The presence o f 4 H2O molecules 

bound to L u (III) is  consistent w ith  lum inescence life tim e  m easurem ents 

o f the ana logous E u com plex th a t show fou r w ate r m olecules are bound 

to E u(III) [1 ]. The w ater m olecules are clearly an  in te g ra l p a rt o f the 

coo rd ina tion  environm en t o f Lu  in  the s tru c tu re  o f [Lu(a-l-P 2W i706 i)]7_ 

anion. As su ch , the  an ion ’s s to ich iom etry is b e s t described by the 

form u la  [(H20)4Lu(a-l-P2W i7C>6i)]7'. S u b s titu tio n  o f Lu (III) in to  the be lt 

region re su lts  in  a s tru c tu re  o f C i sym m etry, co n s is te n t w ith  the so lu tion 

183W NMR d a ta  fo r a series o f lan than ide  analogs.
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The Lu(III) ion in  the  s tru c tu re  o f [Lu(a-1-P2Wi7C>6i)]7' an ion is  

e igh t-coord ina te  w ith  a  square a n tip rism a tic  environm ent o f oxygen 

atom s. Four oxygen atom s are from  the W -0 fram ew ork o f one [a -1 - 

P2W 17O6 1 ] 10* ligand and the  rem a in ing  fo u r O atoms are from  fou r bound 

w ate r m olecules. The average Lu-(OH2)4 bond d istance o f 2.42(5) A is 

la rger th a n  the average Lu-O 4(a-l-P2W i7O 6i)10_ d istance o f 2.30(4) A. The 

average d istance fo r a ll 8 Lu-O  in te ra c tio n s  is 2.36(6) A. Lu te tium  in  the 

s tru c tu re  o f [Lu (a-l-P 2W i706 i)]7' an ion is no t bound to  an oxygen o f a 

phosphate group. Thus, the  Lu ion  is displaced o u tw a rd  and away from  

the n o rm a l eighteenth p o s itio n  in  the W ells-Dawson fram ew ork. T h is  

type o f bonding, also seen in  [Lu(a-2-P2W i706i)2]17' (Chapter 2) and 

[Ce(IV)(a-2-P2Wi7C>6i)2]16' [7] has been observed for c rys ta l s tru c tu re s o f 

lan than ide  derivatives o f the a-m onovacant Keggin ions and 

[Ln(III)WioC)36]9' derivatives [8,9]. In  con trast, tra n s itio n  m etal ions bond 

to the  phosphate oxygen and to  ano ther “axia l” ligand , such as a w ate r 

m olecule, to com plete the  octahedra l coord ination sphere, is seen in  the  

Co de riva tive  o f the la c u n a iy  a-2-[P2W i7O6i]10‘ species [4]. The 8 - 

coord inate [Lu(OH2)s]3+ aqua io n  has bond lengths o f 2.31-2.338 A 

[10 ,11]. The LU-OH2 bond lengths are longer than in  the  aqua ion, and 

the Lu-O  bonds w ith  the W -O fram ew ork in  are on the same order as the 

aqua ion .

The bond lengths o f the  atom s in  the tungsten-oxygen fram ew ork 

o f [Lu (a-l-P 2W i706 i)]7' s tru c tu re  com pare favorably w ith  those reported
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fo r the  W ells-D aw son paren t s tru c tu re  [6] and the  c rys ta l s tru c tu re s o f 

the  la cu n a ry  a-2-[P2W i706i]10' isom er and the C o(III)H 20 adduct [4]. 

Table 4.2 shows the selected bond lengths. The bond lengths and angles 

o f the  tw o phosphate te trahedra range from  1.53(2) to 1.64(2) A and 

106.7(9) to 114.0(10)°, respectively, w e ll w ith in  the  ranges observed in  

the  previous s tru c tu re s . Term inal W-O bonds are in  the 1.73(2) -  1.80(2) 

A range. The W -O  (phosphate) bonds range from  2.34(2) -  2.43(2) A. The 

W -O bond lengths in  the be lt conta in ing the Lu a tom  range from  1.83(2) -

Table 4 .2 . Selected bond length (A) fo r (Lu(a-l-P 2W i706t)]'7

W (2 )— 0 ( 2 ) 1 .7 3 0 (1 ) W ( 13)— 0 ( 3 8 ) 1 .7 4 ( )

W (2 )— 0 ( 5 ) 2 .1 1 7 (1 ) W ( 13)— 0 ( 5 0 ) 1 .9 1 3 (0 )

W (2 )— 0 ( 4 ) 2 .0 3 5 (0 ) W ( 13)— 0 ( 2 8 ) 1 .8 6 0 (1 )

W (2 )— 0 ( 9 ) 1 .7 8 7 (1 ) W (1 3 )— 0 ( 4 4 ) 1 .9 4 2 (0 )

W (2 )— 0 ( 1 0 ) 1 .9 4 3 (0 ) W ( 13)— 0 ( 4 3 ) 1 .9 2 2 (1 )

W (2 )— 0 ( 3 1 ) 2 .4 0 6 (0 ) W ( 13)— 0 ( 6 0 ) 2 .4 3 0 (1 )

W (6 )— 0 ( 1 5 ) 1 .7 7 8 (0 ) W ( 17)— 0 ( 5 4 ) 1 .7 6 9 (1 )

W (6 )— 0 ( 2 0 ) 1 .8 0 4 (1 ) W ( 17)— 0 ( 5 6 ) 1 .9 6 6 (0 )

W (6 )— 0 ( 2 1 ) 2 .0 9 3 (1 ) W ( 17)— 0 ( 4 8 ) 1 .8 3 8 (0 )

W (6 )— 0 ( 1 0 ) 1 .9 5 1 (0 ) W ( 17)— 0 ( 4 9 ) 1 .8 9 9 (0 )

W (6 )— 0 ( 2 7 ) 2 .0 5 8 (1 ) W ( 17)— 0 ( 5 7 ) 1 .9 8 8 (0 )

W (6 )— 0 ( 2 6 ) 2 .4 2 1 (0 ) W ( 17)— 0 ( 6 2 ) 2 .3 8 8 (1 )

W (8 )— 0 ( 1 7 ) 1 .7 3 2 (1 ) W ( 1 1)— 0 ( 3 6 ) 1 .7 5 1 (1 )

W (8 )— 0 ( 1 2 ) 1 .8 9 1 (1 ) W ( 1 1)— 0 ( 4 8 ) 2 .1 0 9 (1 )

W (8 )— 0 ( 2 9 ) 1 .9 5 5 (1 ) W ( l l ) — 0 ( 2 6 ) 1 .8 0 4 (0 )

W (8 )— 0 ( 2 2 ) 1 .8 8 ( ) W ( 1 1)— 0 ( 4 2 ) 1 .9 5 6 (0 )

W (8 )— 0 ( 2 3 ) 1 .9 4 1 (0 ) W ( l l ) — 0 ( 4 1 ) 1 .9 3 3 (0 )

W (8 )— 0 ( 3 6 ) 2 .3 4 1 (1 ) W ( 1 1)— 0 ( 5 9 ) 2 .3 5 7 (1 )

L U  1 4 — 0 ( 6 3 ) 2 .3 8 5 (0 ) L U  1 4 — 0 ( 6 4 ) 2 .4 5 4 (0 )

L U  14— 0 ( 6 6 ) 2 .3 8 2 (1 ) L U  1 4 - 0 ( 6 5 ) 2 .4 3 7 (1 )
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2.03(2) A. These bonds show a s ig n ifica n t trans bond a lte rn a tio n  where 

each W atom  in  the  rin g  is involved in  a “short” W -O bond trans to a 

“ long” W-O bond (F igure 4. 2b). Th is phenom enon is  n o t s ign ifican t fo r 

the second W6 rin g . Oxygen atom s, 0 1 9  and 02 0 , b ridge  the  L u l4  atom  

and W4 and W 6, respectively; the W 4-019 and W 6-O 20 bonds are 

sho rte r than fo r o th e r bridg ing oxygen atom s w ith  bond lengths (1.78(2) 

A and 1.80(2) A, respectively) approaching te rm ina l W -O  bond lengths. In  

the two caps, b rid g in g  W-O bonds range from  1.93(2) -  1.99(2) A. The 

pa tte rn  o f edge shared W06 octahedra and com er shared W 06 octahedra, 

observed in  the W ells-Dawson ion and the la cu n a iy  a-2-[P2W i706i]10' 

isom er, are re ta ined in  th is  s tru c tu re . B o th  o f the cap regions show edge 

shared octahedra w h ile  the be lt regions show the a lte rn a tin g  pattern o f 

com er and edge shared octahedra. T h is  pa tte rn  is  obvious from  the W-W 

distances in  the tw o cap and two be lt regions. The W -W  distances in  the 

tw o cap regions range from  3.41 to 3 .48 A. In  the b e lt regions, the edge 

shared octahedra show  W-W distances o f 3.37 to 3.42 A, and the W -W 

distances fo r the co m e r shared octahedra range from  3.72 to  3.79 A. The 

in tro d u c tio n  o f the [Lu(III)(H20)4]3+ u n it in to  one o f the  be lts  d isrup ts the 

p a tte rn  o f edge and com er sharing as the Lu is connected to  the two W 

atom s in  the b e lt by single b ridg ing  oxygen atom s. The cap and be lt 

regions are connected v ia  com er shared octahedra. O vera ll, however, the 

Lu(III)(H20)4 u n it in troduces a re la tive ly  m inor p e rtu rb a tio n  in to  the 

pa ren t W ells-Dawson fram ework.
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Figure 4 .3 . P acking diagram  o f [Lu(H20)4(a-l-P2W i7C>6i)]7- an ion viewed 

from  d iffe ren t ax is  respectively.
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The crys ta l s tru c tu re  shows p o s itiona l d isorder in  the tungsten  

fram ew ork. The Lu(14) a tom  is  disordered over tw o sites Lu(14)W (5) and 

W (6)Lu(15) sites. The m odel constructed an d  refined successfu lly  has 

Lu(14) sha ring  the p o s ition  5 /6  o f the tim e w ith  W(5) 1 /6  o f the  tim e. 

This type  o f positiona l d iso rde r is com m on in  polyoxoanion c rys ta l 

s tru c tu re s  and, in  fact, severe positiona l d iso rde r has been observed 

before fo r the lacunary [(X-2 -P2W 17O61 ]10' species and the Co(H20) 

de riva tive .[4] D isorder in  the  counter ca tions and w ater m olecules are 

also com m on in  heteropolyoxom etalate c rys ta l s tructu res.

Five o f the seven po tassium  ions requ ired fo r n e u tra lity  were found 

in  the c rys ta l s tru c tu re  in  close p ro x im ity  to the anion. The o th e r 

po tassium  ions (at least 8 per u n it cell, 2 per molecule) are lik e ly  

d isordered along w ith  an u n kn o w n  am ount o f w ate r in  the channe ls. The

Table 4 .3 . E lem entary A na lys is Data fo r the  crysta l o f [L u (a -1 - 

P2W17O61)]7' anion.

K7[L u (a -1-P2W i70 61)] ♦18.7H20  ♦ I / 2 CH3COOK

Observed (%) Calculated (%)
K 5.80 6.21
P 1.15 1.23
W 59.49 62.11
Lu 3.01 3.47
C 0.16 0.23
H 0.40 0.76
Li 0 0
N 0 0
From TGA result, there are 18.7 water molecules.
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program  PLATON/SQUEEZE [5) fou nd  a po ten tia l solvent volum e=1788.8 

A3 /  u n it ce ll volum e of 9040.6 A3, o r 19.8 % o f the to ta l. E lem ental 

A na lys is and TGA d a ta  (Table 4.3) on a  c rys ta llin e  sample, prepared in  a 

s im ila r fash ion as the crysta l chosen fo r crysta llography, shows that 

e igh t K ions m ay be present a long w ith  acetate ion, w h ich  is consistent 

w ith  th is  assessm ent: two to th ree  po tassium  ions, w ater and some 

acetate per m olecule are d isordered in  the in fin ite  channels th a t lie 

p a ra lle l to  the b axis in  the u n it ce ll (Fig. 4.3).
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4 .3 . C onclusion

We have solved and refined the c rys ta l and m o le cu la r s tru c tu re  o f 

[Lu(a-l-P2W i7C>6i)]7'  an ion. U n til now , complete s ing le -c rys ta l X-ray 

d iffra c tion  re su lts  have no t been ava ilab le. The Lu(III) ion  is  8-coordinate. 

The Ln-O d istances are consistent w ith  lite ra tu re  values. The 

crysta llograph ic re su lts  fo r [Lu (a -l-P 2W i706 i)]7're vea l 4 w a te r molecules 

partic ipa te  in  the Lu-Os coord ination , w h ich  in  good agreem ent w ith  the 

fluorescence re su lts  fo r [E u (a -l-P 2 W i"0 6 i)]7‘ . The m olecule has C i 

sym m etry w h ich  co n s is ten t w ith  the 183W NMR results.
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Chapter 5

Com plexation Study o f [Ln(a-l-P2W170 61)]7' with (a-1- 
P2Wi70 61)10' and Other Organic Ligands

Lan than ide  ions react w ith  (a -l-P 2W i706 i)10' form ing 1:1 and 1:2 

complexes. The 1:1 com plex was discussed in  C hapter 4. The 1:2 

com plex w as observed e lectrochem ica lly in  so lu tio n  by C ontant, in  1993 

[1]. O ur la b  also found from  31P NMR spectroscopy th a t an unknow n 

species form ed w hile  re c iys ta lliz in g  the La com plex o f ((Z-I-P2W 17O61)10' 

prepared in  1:2 (m eta l/ligand ) sto ich iom etric  ra tio  [2]. B u t a pure sam ple 

o f Ln a-1 1:2 com plex has never been isolated. We report here the firs t 

tim e th a t a  Ln  a-1 1:2 com plex has been synthesized and characterized 

by 31P, 183W  NMR spectroscopy, fluorescence spectroscopy and elem ental 

analysis. The association constan ts have been m easured.

[Ln(a-l-P2Wi706i)]7* com plexes no t o n ly  react w ith  the (a-1- 

P2W17O61)10” ligand to form  1:2 complexes, b u t also the 1:1 complexes 

react w ith  organ ic ligands to  form  te rna ry  com plexes. The te rna ry 

complexes have been observed from  31P NMR spectra  fo r several organic 

ligands.

5.1 . E xperim ents

5 .1 .1 . Isom erization  o f  [a-l-PaW i706i]10- to  [a-2 -P2Wi706i]10*

The [a - l-P 2W i706 i]10- (0.04g) ligand was d isso lved in  2 m L o f three 

d iffe ren t so lvents, H2O, 0.25M  o f sodium  acetate bu ffe r (0.1M NaCl,
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pH=4.7) and 0.125M  o f lith iu m  acetate b u ffe r (0.1M  LiC l, pH =5.2). 31P 

NMR spectra were recorded im m ediate ly a fte r m ix in g  and m onitored over 

tim e.

5 .1 .2 . S y n th esis  o f  [Ln(a-1 -P2W 17O61 )a]17' com p lexes

5 .1 .2 .1 . K i7 [L a (a -l-P 2W i706i)2l

K io [a-l-P 2W i706 i] (1.5g) (-0 .29  mmol) w as dissolved in  10 m L o f 

sodium  ch lo rid e  (0.1M) a t 35°C-40°C. 0 .18m L o f aqueous 1 M LaCh 

so lu tion  (-0 .1 8  mmol) w as added dropwise; the  so lu tion  was s tirred  

vigorously fo r 2 m inu tes followed by a d d itio n  o f potassium  ch lo ride 

(1.05g). The m ix tu re  was s tirre d  for 1-2 m inu tes; the w hite precip ita te  

was separated by filtra tio n , and  dried under a ir suc tio n .

5 .1.2 .2 . K i7 [N d (a -l-P 2W i706i)2]

K io [a -l-P 2W i706i] (1 0 g ) (-0 .19  mmol) w as dissolved in  10 m L o f 

w ater a t 35°C-40°C. 0 .1 20  m L o f aqueous 1 M  NdCh so lu tion  (-0 .12  

mmol) was added dropw ise; the so lu tion was s tirre d  vigorously fo r 2 

m inutes fo llow ed by a d d itio n  o f potassium  ch lo rid e  (0.7g). The m ix tu re  

was s tirred  fo r 1-2 m inu tes ; the purp le cream y p rec ip ita te  was separated 

by filtra tio n  and dried u n d e r a ir  suction fo r 2 ho u rs . The p rec ip ita te  was 

washed tw ice in  the filte r  fu n n e l w ith  1 mL o f w a te r added dropw ise each 

tim e; d ry ing  was con tinued  fo r 2 hours.

5 .1 .2 .3 . K i7[E u (a -l-P 2W i706i)2]
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K io[a-l-P 2W i706 i) (0.76g) (-0 .1 5  m m ol) was dissolved in  10 mL o f 

lith iu m  chloride (0.002M ) a t ca. 40°C, 0.0912 mL o f 1M E uC b so lu tion  

(-0.09 m m ol) was added dropw ise; the so lu tio n  was s tirre d  v igorously for 

2 m inu tes  followed b y  a d d itio n  o f 0.53g o f KC1. A fte r the  m ix tu re  was 

s tirre d  fo r 1-2 m inu tes, the  w hite  p rec ip ita te  was separated by filtra tio n  

and d rie d  under a ir su c tio n  fo r 2 hours.

5 .1 .3 . C haracterization o f  [Ln(a-l-P2Wi706i)a]17 by 31P, 183W NMR, 
Fluorescence Spectroscopy and Elem entary A nalysis

5 .1 .3 .1 . Fluorescence experim ents

Lum inescence e xc ita tio n  spectra and excited sta te  life tim es o f 

E u(III) were m easured us ing  the lase r lum inescence spectroscopic 

techn ique [3,4]. A pu lsed  (10 Hz) Nd : YAG laser-pum ped dye laser 

(C ontinuum ), w ith  a m ix tu re  o f Rhodam ine 590 and 610 dyes, was used 

to excite  the 7Fo -> 5Do tra n s itio n  o f E u (III) in  the 578-581 nm  region; 

em ission (5D2 7Fo) w as m onitored a t 614 nm .

E xcited-state life tim e  m easurem ents in  H2O and D2O so lu tio n  were 

used to  obta in  the nu m be r o f water m olecules coord inated to  the ion, 

us ing the  m ethod o f H orrocks and S udn ick  [5], The sam ples were 

prepared as described in  the experim enta l section. Sam ples where the 

life tim e  was recorded in  D 2O were recrysta llized  2 tim es fro m  D2O. The 

com m ercia lly ava ilab le  P eakfit program , w h ich  em ploys a non linear 

regression m ethod, w as used in  the da ta  ana lysis [6],
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5 .1 .3 .2 . Collection of NMR d a ta

NMR spectra  were obtained on a Jeo l GX-400 spectrom eter. 31P 

spectra a t 161.8 M Hz were acqu ired u s in g  e ith e r a 10 m m  broad band 

probe o r the broad band decoup ler co il o f a 5 mm inverse detection 

probe. 183W spectra  a t 16.7 M Hz were recorded u tiliz in g  a 10 mm low 

frequency broadband probe. T yp ica l a cq u is itio n  param eters for 31P 

spectra inc luded : spectra l w id th : 10,000Hz; acqu is ition  tim e: 0.8 s; pulse 

delay: Is ; pu lse w id th : 15psec (50 degree tip  angle). From  200 to 500 

scans were requ ired . For 183W spectra, typ ica l cond itions included: 

spectra l w id th : 10,000Hz; a cq u is ition  tim e : 1.6 s; pulse delay: 0.5s; pulse 

w id th : 50 psec (45 degree tip  angle). From  1,000 to 30,000 scans were 

acquired. For a ll spectra, the tem pera tu re  was contro lled a t 20±0.5°C. 

31P spectra were referenced to  85%  H3PO4. 183W spectra were referenced 

to 2.0 M Na2W 04. For 3 lP and 183W  chem ica l sh ifts , the convention used 

is  th a t the m ore negative chem ical s h ift denote u p  fie ld  resonance.

5 .1 .4 . O bservation o f Ternary C om plex Form ation o f  [Ln(a-1- 
P2W17O61)]7* with organic ligands

5 .1 .4 .1 . T itra tin g  [Eu(a-l-P2W i706i)]7- w ith  (CH2NHCH2COOH)2 
(EDDA) (table 6.1)

0.04g (8 pm ol) o f (a -l-P 2Wi7C>6i)10' dissolved in  a m ix tu re  o f 1.25 

m L o f lith iu m  acetate buffer (0.5 M , pH=4.7) and 0.5 mL D20 . 15 pL o f 

0.5 M EuC h (7.5 pmol) was added, the  so lu tio n  was clear a fte r s tirrin g . 

U sing a vo lu m e tric  pipette, a to ta l o f 0 .64 m m ol o f EDDA (sodium  salt)
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was added in  21 pL (7.35 pmol) increm ents o f 0.35 M  EDDA stock 

so lu tion.

5 .1 .4 .2 .  T itra tin g  (E u(a -l-P 2W i7C>6 i)]7' w ith  L -ta rta ric  acid

0.05g (10 (amol) o f (a -l-P 2W i706 i)10- was dissolved in  2 mL o f 

lith iu m  acetate b u ffe r (0.5 M, pH=4.5, 20%  D2O). One equ iva len t o f EuCh 

was added, the  so lu tio n  was clear a fte r s tirrin g . U sing a volum etric 

pipette, a to ta l o f 0 .5  m m ol o f L-sodium  ta rtra te  was added in  30 pL (15 

pmol) increm en ts o f 0 .5  M L-sodium  ta rtra te  stock so lu tion .

5 .1 .4 .3 .  T itra tin g  [N d(a-1 -P2W 17O61)]7_ w ith  L -ta rta ric  acid

0. lg  (20 pmol) o f(a - l-P 2W i70 6 i)10- was dissolved in  2 m L o f lith iu m  

acetate b u ffe r (0.5 M, pH=5.5, 20% D 2O). One equ iva lent o f NdCb was 

added, the s o lu tio n  was clear after s tirr in g . Using a vo lu m e tric  pipette, a 

to ta l o f 0 .45  m m ol o f L-sodium  ta rtra te  was added in  30 pL (15 pmol) 

increm ents o f 0 .5  M L-sodium  ta rtra te  s tock solu tion.
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5.2 . R esu lts and D iscussions

5 .2 .1 . Isom erization  o f  (a-l-PaW i706i)10- to  (a-2-p2Wi706i)10'

The isom erization o f (a-2-P2Wi7C>6i)10' to (a-l-P2Wi7C>6i)10‘ has been 

observed in  lith iu m  acetate b u ffe r (pH=4.7) a t h ig h  tem perature (90°C)[2).

(a -l-P 2W i70 6i) 10- =s=— ^  (a-2-P2W i70 6i) 10- 

The isom eriza tion  o f (a-l-P2Wi7C>6i)10' to (a-2-P2W i7O6i)l0‘ is  more 

favorable th a n  th a t o f ((X-2 -P2W 17O61)10' to (a - l-P 2W i7O6 i) 10‘ . We have 

experienced th is  phenom enon d u rin g  the syntheses o f Ln com plexes o f 

((X-I-P2W 17O61)10-. In  synthesizing a-1 complexes, u su a lly  we fin d  a sm all 

am ount o f a -2  com plex as an im p u rity  while i t  is  easy to prepare pure  a- 

2 com plex. A fte r the a-1 ligand  b in ds  to lan than ide, the com plex is  m uch 

more stable th a n  a-1 ligand itse lf. Water, sod ium  acetate b u ffe r and 

lith iu m  acetate bu ffe r are the  three solvents th a t are u su a lly  used fo r 

synthesis. U sing lith iu m  acetate bu ffe r (0.25 M , pH=4.7) ca. 50% o f a-1 

ligand isom erizes to a-2 ligand  in  about one and h a lf m onths. In  sodium  

acetate b u ffe r (0.125 M, pH=5.2) 100% of the a-1 ligand  isom erized to the 

a-2 (P2W 17O61)10" in  3 days. The isom erization is  even faster in  pure 

water; 100% o f the a-1 ligand  isom erizes to the  a-2 ligand in  one day. 

Therefore, the  s ta b ility  o f a-1 ligan d  is in  the o rde r o f L i+ > Na+ > H +. Th is 

is  due to the  in te ractio n  o f the  [P2W17O61]10' io n  w ith  single-charged 

cations. The b ind ing  constan ts are 3.61, 2 .55  and 1.17 fo r the 

com plexation o f L i+, Na+ and K+ to  the a-1 ligand respective ly [8 -10 ]. I t  is
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postu la ted  th a t these m ono-cations b in d  to  the ‘defect’ p o s itio n  o f the 

la cu n a ry  s tru c tu re  p reven ting  ((X-I-P2W17O61)10' from  isom eriz ing  to  (a-2- 

P2W17O61)10". I observed th a t the m ore concentra ted the ions, the  slower 

the  isom erization.

5 .2 .2 . S yn th esis  o f  [Ln(a-1-P2W17O61 )a]17' com plexes

According to above discussion, lith iu m  ion  in  so lu tio n  and low 

tem pera tu re  slow the  process o f isom eriza tion  o f the [a - l-P 2W i7 C>6 i ] 10' 

lig a n d  to [a-2-P2Wi7C>6i]10'. However, h ig h  concentra tion o f L ith iu m  ion 

w ill in te rfe re  w ith  the  reaction  o f [a - l-P 2W i7C>6 i ] 10' to lan than ide  fo rm ing  

1:2 com plex. Also the form ation  o f Ln  a-1 1:2 com plex p re fe rs h igh 

tem peratu re . Lastly, the  ra tio  o f [a-l-P2W i7C>6i]10Y Ln (=2) has to be 

co n tro lle d  precisely. I f  the ra tio  is less th a n  2, there w ill be ce rta in  

a m o u n t o f Ln a-1 1:1 com plex form ed. I f  the  ra tio  is larger th a n  2, then 

the re  w ill be excess a-1 ligand. F igure 5.1 is  the 31P NMR spectrum  o f 

one o f m y early a ttem p ts  to prepare the  La a-1 1:2 com plex. Peak A  is La 

a -2  1:2 com plex, peak B  is  a-1 ligand; peak C is La a-1 1:2 com plex; 

peak D is La a-1 1:1 com plex. W ith  ca re fu l co n tro l o f the con ce n tra tio n  o f 

lith iu m  ion , the tem peratu re  o f so lu tion  and  the ra tio  o f m e ta l/lig a n d , we 

can  o b ta in  pure peak C, th is  is shown in  F igure 5.4. The syn thesis  o f Nd 

a-1 1:2 com plex is  ve ry s im ila r to th a t o f La com plex.
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c
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1. ..i .A.JIl .. 'jJ BLI------------------------

-6 -7  -8  -9  -1 0  -11 -12  -1 3  -14  -15

A— La a -2  1:2 B—a-1 lig a n d  C— La a-1 1:2 D— La a-1 1:1

Figure 5 .1 . 31P NMR spectrum  o f one o f m y early a tte m p ts  to prepare the 

[La (a -l-P 2W i70 6 i)2 ]17-.

D '

ppm

-14 -16-8 -10 -12

A ’— E u a -1  1:1 B ’—unknow n C’— E u a -1  1:2 D ’— a-1 ligand

Figure 5 .2 . 31P NMR spectrum  o f one o f m y early a tte m p ts  to prepare the 

[E u (a -l-P 2W i70 6 i)2 ]17-.
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I t  is  more d iffic u lt to  synthesize pure la n th a n id e  a-1 1:2 complexes 

as one proceeds to the rig h t in  the lan than ide  series as the size o f 

lan than ide  ions decreases. F igure 5.2 is the 31P NMR spectrum  o f one o f 

m y ea rly  attem pts to prepare the Eu a-1 1:2 com plex. Peak A* is Eu a -1 

1:1 com plex; peak B* is unknow n; peak C* is  E u  a-1 1:2 complex; peak 

D* is  a-1 ligand. Com pared w ith  the  La a-1 1:2 (F ig. 5.1), the good th in g  

is th a t there is no a-2 com plex form ed. However a new set o f peaks B* 

appears, representing an unknow n species. In  sp ite  o f th is , it  was found 

th a t as we increase the concentra tion  of lith iu m  ion  in  solution, the 

peaks B* disappear, b u t a t the same tim e the am o u n t o f Eu a-1 1:1 

com plex A* and a-1 ligand D * increase. Therefore, ba lancing these tw o 

effects is  the key to  ob ta in  pure com plex.

5 .2 .3 . Characterization o f  (Lnfa-l-PaWrrOeila]17* com plex

5 .2 .3 .1 . By 31P and 183W NMR spectroscopy

As m entioned before, we previously observed from  31P NMR 

spectrum  tha t an unknow n species formed w h ile  recrysta lliz ing  La 

com plex o f (a -l-P 2W i7 0 6 i)10' prepared in  1:2 (m eta l/ligand) 

sto ich iom etric  ra tio  (Fig. 5.3) [2]. The spectrum  shows fo u r sets of peaks. 

A represents La a-1 1:1 com plex, C represents a-1 ligand , D represents 

a-2 ligand. We suspected th a t peak B is due to La a-1 1:2 complex as we 

o n ly  see i t  in  preparation o f Ln a-1 1:2 sto ich iom etry.
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I I  C . jl I D

PPM

Peak shift (ppm): A B C D

-9.94 -9.70 -8.44 -7.53

-12.98 -12.98 -12.80 -13.54

Figure 5 .3 . 31P NMR spectrum  o f the recrysta llized  La com plexes o f [a-1- 

P2W 17O61 ]10- prepared in  1:2 (m e ta l/ligand ) sto ich iom etric ra tio .

ppm

-14-12-11-10 -15-13

Figure 5 .4 . 31P NMR spectrum  o f [La(a-l-P2W i706i)2]17‘ com plex.
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From  the  re su lts  o f e q u ilib riu m  between Ln a -2  1:1 and 1: 2 

com plexes, concen tra tion  dependence o f Ln a-2 com plex, as w ell as the 

knowledge o f a -1  ligand behavior a t d iffe re n t pH va lues, I changed the 

reaction  co n d ition s  to  h igher tem pera tu re  (40°C), h ig h e r pH (6.0), h igher 

concentra tion  o f a-1 ligand (sa tu ra ted  so lu tion). These changes 

successfu lly e lim in a ted  the peak A, C and D species, to  o b ta in  pure peak 

B, w h ich  we believe i t  represents Ln a-1 1:2 com plex. F igure 5.4 is 31P 

spectrum  o f th is  new ly isolated [La[a-l-P2Wi7C>6i)2]17' com plex. We can 

see th a t the po s ition s  o f these tw o peaks are exactly the  same as the 

p o s itio n  o f peak B in  Figure 5 .3 . Besides the la n th a n u m , I also 

synthesized neodym ium  and eu rop ium  a-1 1:2 com plexes. Figure 5.5 

and 5 .6  show th e  31P NMR spectra o f 1:1 and 1:2 com plexes fo r Eu(III) 

and Nd(III) respective ly. The d iffe rences between the  1:1 and 1:2 

com plexes are ve ry clear. Not on ly the  peak sh ift, b u t a lso the pa ttern  o f 

peaks is d iffe re n t; instead o f one set o f peak, we see th ree  sets o f peaks. 

I t  is very c lea r fro m  the spectrum  o f E u a-1 1:2 com plex, as Eu(III), a 

s h ift reagent, d ra m a tica lly  sh ifts  the  31P resonance.

We know  th a t the two peaks in  31P NMR spectrum  o f the 1:1 

com plex (Fig. 5.5a) represent the tw o nonequiva lent phosphorus atoms 

in  the an ion [a-l-P 2W i7O 6i]10‘ . In  a ll o f the  31P NMR spectra  o f the Ln a-1 

1:2 com plexes, we observe a “ tr ip le t”  representing th is  com plex-N ote th a t 

the  resonances are clearly separated in to  a sing le t 8s a doub le t in  the 

E u(III) analog due to  the a b ility  o f E u (III) to s h ift resonances. I t  is very
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like ly  th a t th e  s ing le t (N in  Fig. 5.5b) and the d o u b le t (M in  Fig. 5.5b) 

represent tw o conform ers, b o th  w ith  Ln : a-1 1:2 sto ich iom etry.

Conform ers o f the  Th(IV) : (a-2-P2Wi7C>6i)10' 1:2 have been postu lated

[11]. We have also seen evidence o f dynam ic behavior in  the  Lu : (a-2- 

P2W 17O61)10' 1:2 com pounds [12]. Peaks N (Fig. 5 .5b) represent the 

species w here in  bo th  o f the a-1 u n its  are equivalent to  each o ther by a 

sym m etry ope ra tion  such as a  C2 axis o r an inversion cen ter, re su ltin g  in  

two resonances; each resonance represents two P atom s.

The species represented by the two sets o f peaks labeled M (Fig. 

5.5b) very lik e ly  is  a conform er w here in  the two a-1 u n its  are NOT related 

by a sym m etry elem ent. In  th is  case, we observe fo u r resonances, each 

resonance represents one P atom . Based on the in te n s itie s  o f the 

resonances, i t  appears th a t the  concentra tion  o f species M  is  m uch less 

tha n  con cen tra tio n  o f species N.

Figure 5 .7  shows the 183W  NMR spectra o f La  a-1 1:1 and 1:2 

complexes. C om paring these tw o spectra, both have 17 peaks, b u t the 

peak sh ifts  and  p a tte rn  are d iffe re n t. For La a-1 1:1 com plex, since there 

is no sym m etry ex is tin g  in  the m olecule, the 17 tun gste n  atom s in  [a-1- 

P2W 17O61 ]10' lig a n d  are d iffe ren t, th is  gives us 17 peaks in  183W NMR 

spectrum . For La a-1 1:2 com plex, we observe 17 peaks ve iy  like ly  

representing species N w herein b o th  a -1 u n its  are equ iva len t. Each peak 

integrates fo r tw o tungsten atom s. Species M w ou ld  have 34 d iffe ren t 

tungsten atom s and should show  34 peaks in  183W NMR spectrum . Since
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-9.5

ppm

Figure 5 .5 . a: 31P NMR spectrum  of [Eu(a-l-P2W i7C>6 i)]7-. b: 31P NMR 

spectrum  of [Eu(a-l-P2Wi706i)2]17'. * a-1 ligand.
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00o>CO
04

ppm

11.0 -1 3 .0 -15.0 - 21.0-1 7 .0 -2 3 .0-19 .0

b

ppm

-11.0 -17.0 -19.0 -23.0■9.0 - 21.0-13.0 -15.0

Figure 5 .6 . a: 31P NMR spectrum  o f [N d(a-l-P2W i706i)]7'. b: 31P NMR 

spectrum  o f [N d(a-l-P2W i706i)2]17’ .
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^90 -120 -150 -180 210 2̂40 470

Figure 5 .7 . a: l83W NMR spectrum  o f [La(a-l-P 2W i706 i)]7'. b: i83W  NMR 

spectrum  o f [L a (a -1-P2W 1 7 0 6 1 )2] l7'-
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Table 5 .1 . Elemental Analysis Data for Ki7[La(a-l-P2Wi7C>6i)2] via ICP

Form ula : Ki6HLa(P2Wi7C>6i)2

Observed (%) Calculated (%)

K 7.09 6 .88
P 1.55 1.36
W 70.40 68 .75
La 1.62 1.53

each peak on ly  integrates fo r one tungsten atom  and the concentra tion  o f 

species M is m uch sm aller th a n  species N, we expect th a t the peak 

in te n s ity  o f species M w ill be m u ch  sm aller than  th a t o f species N. The 

s igna l to  noise ra tio  fo r the NMR spectrum  is  n o t good, therefore, 

the 34 w eak peaks are m ost lik e ly  buried  under the  noise; on ly  the  17 

peaks fo r species N are clearly observed.

The 31P and 183W NMR re su lts  indicate th a t the com plex we 

iso la ted is  Ln a-1 1:2 com plex. The elem ental ana lys is data via ICP fo r 

Ki7[La(a-l-P2Wi7C>6i)2] (Table 5.1) also clearly shows the sto ich iom etric  

ra tio  o f [a-l-P2W i7C>6i]10' to La is  2.

5 .2 .3 .2 . By E u(III) fluorescence spectroscopy

E u(III) fluorescence spectroscopy is  a very u se fu l technique to 

characterize lan than ide  com plexes as dem onstrated in  C hapter 3. The 

num ber o f peaks in  the e xc ita tio n  spectra give in fo rm a tion  on the 

num ber o f E u(III) species in  the so lu tion . The num ber o f w ater m olecules
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fro m  life tim e  m easurem ents can te ll us the coord ina tion  in fo rm a tio n  

a b o u t E u(III) ion. F igure 5 .8a  and 5.8b shows the  excita tion spectra  o f 

E u a -1  1:1 and 1:2 com plexes, respectively. In  F igure 5.8a, the peak a t 

579.99 nm  represents the  E u a-1 1:1 species; peak a t 580.33 nm  

represents an Eu a-2 1:2 im p u rity . In  Figure 5 .8b , the peak a t 580 nm  

represents the Eu a-1 1:2 species, and the peak a t 580.41 nm  represents 

an E u  a-2 1:2 im p u rity . C om parison o f these tw o  spectra shows th a t the 

peak positions o f Eu a-1 1:1 and 1:2 peak are very close. A  like ly  

exp lana tion  fo r th is  s im ila rity  can be understood by considering three 

po in ts . F irs t, the 7Fo ->  5Do absorption energy fo r d iffe ren t E u(III) 

env ironm en ts occurs in  a ve iy  sm all range. Second, the chem ica l 

coo rd in a tio n  environm ent and  e lectron ic environm en t o f the Eu a - 1 1:1 

species where the Eu is bound  to 4 oxygen atom s o f the [a -l-P 2W i7C>6 i ] 10" 

and 4 w a te r molecules is  n o t th a t d iffe ren t fro m  the coord ina tion  and 

e lectron ic  environm ent o f the  E u a-1 1:2 species. The a-1 lig an d  is 

w eakly bound to the Eu com pared to the a-2 ligan d . This is evident from  

s ta b ility  constan t m easurem ents, discussed in  C hapter 6. This w eaker 

bond ing  in  the Ln [a -l-P 2 W i7 0 6 i]10' species w ill like ly  render the 

coo rd in a tio n  and e lectron ic environm ents o f the  Eu a-1 1:1 species 

s im ila r to the Eu a-1 1:2 species. A th ird  p o ss ib ility  may be th a t the re  is 

some e rro r in  the e xc ita tio n  wavelength m easurem ent; th is  p o ss ib ility  

shou ld  be verified by repeating  the experim ent. A lthough  it  is d iffic u lt to
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d iffe ren tia te  the  E u  a-1 1:1 and 1:2 species from  th e ir e xc ita tio n  spectra, 

i t  is clear th a t the  species are d iffe re n t from  life tim e m easurem ents.

From  m easurem ents o f life tim e s separately in  H2O and D2O 

so lu tion , the nu m be r o f coordinated m olecules [5,13], q, bound to Eu can 

be calcu la ted from :

q =1.1 lx [- r l (H20) - r l (D2O)-0.31] (x : life tim e in  msec)

The lum inescen t life tim es o f the K7[Eu(a-l-P2W i706i)] and K i7 [E u (a -l- 

P2W 1 7 0 6 1 )2] species were measured in  H2O and D2O.

For K 7[Eu(a-l-P2W i706i)]:

x (H2O) = 0.241 msec, x (D2O) = 2.826 msec, q  = 3.87 

For K i7 [E u (a -1-P2W 17O6 O2 ]:

x (H2O) = 3.110 msec, x (D2O) = 2.955 msec, q —0.36 

These resu lts  are in  excellent agreem ent w ith  the 1:1 fo rm u la tion  o f the 

K7[Eu(a-l-P2W i706i)] com plex where the Eu(III) b in ds  to  fou r oxygen 

atom s o f the po lyoxoanion and the o th e r fou r co o rd in a tio n  sites are 

taken by w ater m olecules (Chapter 4), and the 1:2 fo rm u la tio n  o f the 

K i7 [E u (a -l-P 2W i706i)2] com plex w here the Eu(III) b in ds  to e ight oxygen 

atom s o f the po lyoxoanion and no coord ination  site  is  taken by water 

m olecule.

To sum m arize, the Ln a-1 1:2 com plexes th a t I have isolated, have 

been characterized by fluorescence spectroscopy, 31P, l83W NMR 

spectroscopy and elem ental analysis. A ll o f the re su lts  are consistent
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579.99
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580.5580 581579.5579
W avelength (nm)

Figure 5 .8 . E u(III) 7Fo -> 5Do e xc ita tio n  spectra, em ission wavelength 

m onitored a t 614  nm . a: [E u(a-l-P 2W i706 i)]7”, b: [E u(a-l-P 2W i706i)2 ]17'.
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w ith  the fo rm u la : [Ln(a-l-P2W i706i)2]*17. The lacu nary  [(X-I-P2W 17O6 1 ]10' 

species is  fo rm a lly  derived fro m  the W ells-D aw son s tru c tu re  by rem oval 

o f the W =0 u n it from  the ‘b e lt’ region, o r the  equatoria l zone [1]. The 

steric im pedance o f two a-1 polyoxoanion u n its  renders the Ln a-1 1:2 

com plexes very unstable in  aqueous so lu tion . Com pared w ith  Ln a-2  1:2 

com plexes discussed in  C ha p te r 2, where the  tw o a-2 s truc tu res are fa r 

away fro m  each other, the  tw o polyoxoanion u n its  in  the Ln a-1 1:2 

species are lik e ly  m uch c lose r to each o ther; the repulsive in te rac tio ns  

llik e ly  d im in is h  the s ta b ility  o f the Ln a-1 1:2 complexes.

5 .2 .4 . O bservation o f  Ternary C om plex Form ation o f  [Ln(a-1- 
P2W17O61)]7* w ith  Organic Ligands

We kno w  from  C hapter 4 th a t in  the Ln  a -1 1:1 com plex, the Ln(III) 

binds to fo u r oxygen atom s o f the po lyoxoanion and the o th e r fo u r 

coo rd ina tion  sites are occupied by w ater m olecules. These fo u r w ate r 

m olecules can be replaced by another ligand. Lanthanide ions behave as 

typ ica l “ h a rd ” acids and in te ra c t p re fe ren tia lly  w ith  hard bases such as 

fluo ride  a n d  oxygen ra th e r th a n  w ith  so fte r bases such as n itrogen, 

su lfu r, phosphorous, etc. The bonding s tre n g th  is dom inated by the 

differences in  the e lectrosta tic  and steric cha rac te ris tics  o f the com plex. 

In  the p rev ious section, we have dem onstrated th a t these fo u r w ater 

m olecules can be replaced by another a-1 ligand  to form  Ln a-1 1:2 

com plex. Therefore, by ra tio n a lly  selecting ligands, i t  is possible to
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synthesize te rna ry  com plexes th a t com bine inorganic and organic 

properties.

5 .2 .4 .I . T itra tin g  K7[Eu(a-l-P2W i706i)] w ith  EDDA 
((CH2NHCH2COOH)2)

A m ix tu re  o f EDDA and Eu a -1  1:1 com plex so lu tion  o f 1:1

sto ich iom etry in  L ith iu m  acetate bu ffer can rem ain  a t room tem perature

fo r one and h a lf m on ths w ith o u t any decom position according to 31P

00

A: n = l, B: n=15, C: n=55

-1 3 0 -1 7 03.0 -21 07 0 -5.0 -9.0

Figure 5.9. The 31P NMR spectra, m olar ra tio , n= ED D A/Eu(a-1), 

between 1-55.
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12.0 10 0  8.0  6 .0  4 .0  2.0 0 •2.0 -4  0  -6 .0  -8 .0  -1 0  0  -1 2 .0  -14  0  -16  0

11=80
r- -o»-iOOO'C »r»'A  »0"t 
O — •

9.0 7.0 5.0  3 .0  1.0 -1 .0  -3 .0  -5 .0  -7 .0  -9 .0  -11 .0  -1 3 .0  -1 5 .0  -17 .0

Figure 5 .10 . The 3 lP NMR spectra, m o la r ra tio , n= E D D A /E u(a -1 ), 70 

and 80.
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NMR. Th is is am azing considering  the re la tive ly  low  s ta b ility  o f Ln a -1  

com plex in  aqueous so lu tion . The 31P NMR spectrum  shows the average 

peak o f the te rn a ry  com plex and E u a -1  1:1 com plex; th is  is typ ica l fo r 

a ll the eu rop ium  te rna ry  com plexes (see below). From  the titra tio n  

experim ent (Fig. 5.9), we can see th a t as the m o la r ra tio  o f E D D A /E u a-1  

1:1 com plex, n, increases from  1 to  55, the peaks s h ift from  6.0 ppm to 

3.8 ppm , and from  11.3 ppm  to  11.4 ppm . The fo llow ing  eq u ilib riu m  

exists in  the so lu tion :

E u (a -l) + EDDA (E D D A )E u(a-l) (I)

There is a fast dynam ic exchange between E u (a - l)  and (E D D A )E u(a-l). 

In  the 31P NMR spectrum , th is  phenom enon is  reflected by an average 

peak o f Eu(a-1) and (E D D A )E u(a-l).

a avg =  m \ a E u (a -l) +  m 2 ° ’(EDDA)Eu(a-l) (II)

mi, m2 : m o la r fra c tio n  o f E u (a -l) and (E D D A )E u(a-l), respectively. 
m i+  m2 =1. a : NMR chem ical s h ift fo r the species ind ica ted , ppm .

W hen the exchange between E u (a -l) and (E D D A )E u (a -l) is fast on 

the NMR tim escale, the NMR technique can o n ly  detect the average 

chem ical s h ift o f E u(a-1) and (E D D A )E u(a -l), aavg. The equation(II) 

shows th a t the average sh ift, tTavg, is  determ ined by the m o la r fraction  o f 

these two species in  the so lu tion , m i and m2, and th e ir chem ical sh ifts, 

OEu(a-i) and CT(EDDA)Eu(a-i), m easured separately. As the m o la r ra tio  o f 

E D D A /E u(a-1), n, increases, the m o la r fra c tion  o f (E D D A )E u(a -l), m2, is
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increased and  the m o la r fra c tio n  o f Eu(a-1), m i, is  deceased so the 

average peak moves tow ard the peak p o s itio n  o f (E D D A )E u(a-l), 

0(EDDA)Eu(a-1) • F rom  the change o f NMR sh ift, we can  calcu la te the b in d ing  

constan t fro m  the equation (III). For deta il, see reference [7].

Lt/A =(Lt+St -[SL])/A,,+ 1/KA,, (III)

A =  Oavg -C T E u (a -l) , An =  <T(EDDA)Eu(a-l) ~  O E u (a -l)

L: the lig a n d  EDDA; S: the  com plex Eu(a-1); K: b ind ing constan t,

t: to ta l concen tra tion ; a : NMR chem ical s h ift fo r the species ind ica ted , 

ppm.

0.07

0.06

0.05

m 0.04

y = 0.3002x + 0.0215 
R2 = 0.9918J  0.02 

0.01

0.020 0.04 0.06 0.08 0.140.1 0.12 0.16

Lt/A

Above is  the p lo t o f (Lt + St - [SL]) vs. L t/A . According to equation

(III), K was ca lcu la ted , ca. 15 M*1.

As the  m o la r ra tio  n increase to 70 (Fig. 5 .10), peak H th a t denotes 

(E D D A )E u(a-l) doesn’t  change anym ore, and a new  peak G appears. As 

the m o la r ra tio  n co n tin u a lly  increases to 80, peak H decreases and peak
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G increases. I cou ldn ’t  iso la te  each species in  th is  spectrum , b u t I believe 

tha t these spectra l changes represent the e q u ilib riu m :

(E D D A)Eu(a-l) + EDDA (EDDA)2E u (a -l)

5 .2 .4 .2 . T itra tio n  o f Ln  a-1 1:1 w ith  c h ira l ligands

5 .2 .4 .2 .I .  L -ta rta ric  acid

We have observed the  form ation o f te rn a ry  com plex o f Eu a - 1 w ith  

EDDA as above. As d iscussed in  Chapter 4, Ln a-1 1:1 m olecules have 

C i p o in t group sym m etry, w h ich  means th a t Ln a-1 species are c h ira l. 

By b in d in g  another c h ira l ligand to Ln a-1 1:1 we should  form  

diastereom eric pa irs o f polyoxom etalate c h ira l ligand com plexes and 

d iscrim ina te  between the  a-1 enantiom ers. U ltim a te ly  such 

stereoselective in te rac tio ns  m ay allow  re so lu tio n  o f polyoxom etalate 

enantiom ers. D uring  the  course o f ou r s tudy, the in te ra c tio n  o f 

[(H20)4Ce(III)(a-l-P2W i706i)]7* w ith  ch ira l am ino acids has been reported 

[14]. As we fin d  w ith  L -ta rta ric  acid, below, c h ira l am ino acids form  

diastereom eric pa irs o f Ce P2W 17O61-am ino acid  com plexes.

F igure 5.11, 5.12 are titra tio n s  o f L -ta rtra te  in  Nd and Eu a-1 1:1 

complexes, respectively, m on ito red  by 31P NMR. The L -ta rtra te  ligand  

binds to  the  two op tica l isom ers o f Lna-1 (Eu, Nd) equa lly and re su lts  in  

two sets o f resonance th a t represent L-L and L-D  te rn a ry  complexes.

(L+D) Lna-1 + L-tartrate ^  ^  (L-tartratej(L-Lna-l) + (L-tartratej(D -Lna-l)
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The fast dynam ic exchange between Lna-1 and te rn a ry  complexes 

gives an average peaks. As the m o la r ra tio  o f L -ta rtra te  increases, the 

percentage o f te rn a ry  com plex is  increased so the average peak moves 

tow ard  the peak p o s itio n  o f te rna ry com plex (see equation (II), section 

5 .2 .4 .1 ). The b in d in g  strength  is weak. From  the change o f NMR sh ift, 

the b in d in g  constan t can be ca lcu la ted [7] as K »10 M 1.

5 .2 .4 .2 .2 . D -ta rta ric  acid, [(0H)CH(C02H)]2

Figure 5.13a is  the 31P NMR spectrum  o f so lu tion  o f D -ta rta ric  acid 

and Eu(a-1) com plex m ixtu re  in  L ith iu m  acetate b u ffe r (pH=4.7, 

C=0.18M ) (a c id /E u (a - l)= l:l) . One o f the  peaks is  enlarged in  the m iddle; 

c le a rly  they are tw o sets o f peaks th a t are about the same in te n s ity . I t  

very m uch  like  the spectrum  we ju s t saw fo r L -ta rta ric  acid . B u t when 

the so lu tio n  rem ained a t room  tem peratu re  fo r two days, one set o f the 

peaks disappeared (Fig. 5.13b). The peaks le ft are a t 5 .925  ppm  and 

11.320 ppm. Th is  experim ents suggests th a t one o f the two 

diastereom eric pa irs m ay be more stab le th a n  the other.
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8R'O <N

[Nd(a-l-P2Wi706i)]7- : L-tartrate §

r*
1:0

■ n > r n »i>  ' '»< ■

J
1:2.5

Kĥ N* WWî iJL 1:73 J
nHn»0M a ty y ^ ^ y i;  ̂

1:17 J

-12 -14 -16 -18 -20 -22 ppm

Figure 5 .1 1 . T itra tio n  o f L -ta rtra te  in to  10 mM o f [N d(a-l-P 2W i706i)]7' 

so lu tion  in  lith iu m  acetate buffer (pH =5.5, 0.5 M) m onitored by 3 lP NMR.
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Eo
o
cn [Eu(a-l-P2Wi706i)J7' : L-tartrate

i j

1:10
'* r **>**- ** — f - *  ‘*~~t~~i 1*1 full' H" ~ 1 1 >iil>~ii~'ff • * ~ i i t v  ‘r i > ~ t < Of i ~ i w m  ■!»<— '

1:20

1-30
J-LAl L ,,.

1l50

2 -2 -6 -10 -14 ppm

Figure 5 .1 2 . T itra tio n  o f L -ta rtra te  in to  5 mM o f [E u(a-l-P 2W i706 i)]7' 

so lu tion  in  lith iu m  acetate b u ffe r (pH=4.5, 0.5 M) m on ito red  by 31P NMR.
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Figure 5 .1 3 . 31P NMR spectrum  of D -ta rta ric  acid and E u (a -l) 1:1 

com plex m ix tu re . S pectrum  a: measured a fte r m ixing. S pectrum  b: 

sam ple ‘a ’ m easured a fte r two days.
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5 .3 . C onclusion

The k in e tic s  o f ((X-I-P2W 17O61)10' isom erizing to ((X-2 -P2W 17O61)10' in  

d iffe re n t m edia has been studied; th is  provides guidance fo r synthesis o f 

new (a -l-P 2W i7 0 6 i)10- complexes. A new  com plex o f lan than ide  (a-1- 

P2W 17O61)10* has been isolated. E lem enta l analysis, 31P, 183W NMR 

spectroscopy and  fluorescence spectroscopy have been applied to 

characterize th is  new  com plex. 31P and 183W NMR resu lts  ind ica te  th a t it  

is  a com plex o f a -1 . Fluorescence life tim e  m easurem ent reveals th a t no 

w a te r m olecules pa rtic ipa te  in  the Ln coord ination . The elem ental 

ana lys is da ta  show  the m olar ra tio  o f (a -l-P 2W i7O6 i ) l0'/L n  is 2. 

H eretofore, a ll o f the  resu lts  confirm  the  fo rm u la  o f th is  new  com plex is 

[L n (a -l-P 2W i706i)2 ]17-.

Ternary com plexes o f [Ln(a-l-P2W i7C>6 i)]7' w ith  organ ic ligands 

have been observed from  titra tio n  o f organic ligands to [Ln(a-1- 

P2W 17O61)]7" m on ito red  by 31P NMR. M o n ito rin g  the changes o f 3 lP NMR 

s h ift, the co n d itio n a l b in d ing  constants have been ca lcu la ted  from  the 

titra tio n . A c h ira l organic ligand, L -ta rta ric  acid , was bound  to  the two 

o p tica l isom ers o f [Ln(a-l-P 2W i706i)]7’ , as revealed from  31P NMR titra tio n  

to  form  d iastereom eric pa irs o f Ln a - l-P 2W i7C>6 i - L -ta rta ric  acid 

com plexes.
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Chapter 6

Determ ination o f Stability Constants o f Lanthanide
Polyoxometalates

In  th is  chapte r, I re po rt the de te rm ina tion  o f s ta b ility  constan ts fo r 

the  la n th a n id e  com plexes o f [a-l-P2Wi7C>6i]10’ and [01-2 -P2W 17O61] 10'. Two 

m ethods were em ployed fo r these m easurem ents, ligand-ligand an d  Ln- 

Ln co m p e titio n  m onitored by 31P NMR spectroscopy and Ln -ligan d  

titra tio n s  m on ito red  by lum inescence. We traverse the lan than ide series 

in  th is  s tudy.

D e te rm ina tion  o f s tab ility  constants fo r these m olecules is  o f 

p rim a ry  im portance  fo r a comprehensive un ders tan d ing  o f com plexation 

and the  re la tion sh ips th a t govern th e ir fo rm a tio n  and s tru c tu re . 

Knowledge o f the s ta b ility  constants and the se lectiv ity  o f these ligands 

fo r d iffe re n t lan than ide  and actin ide  ions is  also im p o rta n t fo r 

u n d e rs ta n d in g  th e ir coordination chem istry  and  th e ir ap p lica tio n  in  

a c tin id e  separa tion. In  spite of the sign ificance, the s ta b ility  con stan t 

d e te rm in a tio n  is  s till fa r from  system atic. The m a in  reasons for th is  are: 

firs t, the  system  is  extrem ely com plicated, especia lly in  aqueous so lu tio n . 

The co u n te r ion  type and concentration w ill take p a rt in  the e q u ilib riu m  

o f com p lexa tion ; the pH w ill affect the species form ed in  so lu tio n . 

Second, the  com plexation reactions often e xh ib it extrem ely h igh s ta b ility  

and fre q u e n tly  very fast com plexation rates. These factors som etim es
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lead to d iffic u lty  in  m easuring  th e ir s ta b ility  constan ts using 

conventiona l m ethods, e.g. pH -poten tiom etry.

As d iscussed above, specia tion and s tru c tu ra l s tud ies in  so lu tion 

and solid state are pre-requ is ites fo r d e te rm ina tio n  o f s ta b ility  constant. 

We have th o ro u g h ly  studied the  Ln [01-I-P 2W 17O6 1 ]10' and Ln [a-2- 

P2W 17O61 ] 10' system s; therefore, i t  is possible fo r u s  to  develop methods 

to measure the b in d in g  constants.

Two m ethods have been developed. For Ln  a-1 1:1 complex, a 

ligand-ligand  com pe tition  m ethod m onitored by 3 lP NMR was employed. 

For Ln a-2 1:1 and 1:2 com plexes, m eta l-ligand titra tio n  m onitored by 

E u(III) fluorescence excita tion  com bined w ith  lan than ide -la n th an id e  

com petition  experim ents were perform ed. Before the  fo rm a tio n  constant 

m easurem ents, the  s ta b ility  o f a -1 , a -2  ligand and  th e ir lan than ide 

complexes a t d iffe re n t pH was s tud ied . The p ro to n a tio n  constan ts fo r a-2 

ligand have been obta ined th roug h  po ten tiom etric  titra tio n .

6 .1 . Experim ents

6 .1 .1 . G eneral

A ll com m on labora tory chem ica ls were reagent grade, purchased 

from  com m ercia l sources and used w ith o u t fu rth e r p u rifica tio n . 

D is tilled , deionized w ater was used th roughou t. A ll experim ents were 

perform ed a t room  tem perature un less specified. The W ells-Dawson 

an ion , (P2W 18O6 2 )6' as the po tassium  sa lt, was prepared u s in g  lite ra tu re  

m ethods [1]. The lacunary isom er, Kio[a-l-P2W i7C>6i] was prepared
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fo llow ing th e  m ethod o f C o n ta n t [2,3], Kio[a-2-P2Wi7C>6i] were prepared 

fo llow ing the  m ethod o f F inke [4]. The potassium  s a lt o f [CX-2 -P2W 17O6 1 ]10'

was ion exchanged to the m ore soluble L i+ s a lt o r Na+ sa lt us ing  ion 

exchange a t pH =4.7 o r 5.5, respectively, as described previously [5]. The 

standard iza tions o f the K+, L i+ o r Na+ sa lt o f [C1- 2 -P 2W 17O61]10', [a -2- 

P2W 17O61 ]10' were accom plished by spectrophotom etric titra tio n  w ith  

cobalt(II) as described p rev iou s ly  fo r the [(X-I-P2W 17O6 1 ]10' com plex [6]. 

The s tandard  HC1 so lu tion  is  obtained by titra tio n  w ith  standard NaOH 

so lu tion . A ll lan than ides were standardized by EDTA (standard so lu tion , 

A ldrich) w ith  arsenazo as in d ic a to r (5 drops o f p y rid in e  was added to 

sharpen the  end po int). The pH  m easurem ents were perform ed us ing  an 

O rion Research d ig ita l p H /m illiv o lt m eter 611. Three pH standard 

buffers (4, 7, 10, F isher chem icals) were used to ca lib ra te  the pH m eter 

before each m easurem ent. NaOH was freshly prepared and stored in  

sealed co n ta in e r to avoid carbonate form ation.

6 .1 .2 . The stab ility  stu d y  o f  [a-l-PaWiTOei]10-, [a-2-P2Wi706i]10- and  
th e ir  com plexes w ith  Eu(III) at d ifferent pH by 31P NMR

31P NMR was used to m o n ito r a t d iffe ren t pH  the s ta b ility  o f the [a- 

2 -P2W 17O6 1 ] 10' and [(X-I-P2W 17O6 1 ] 10- ligand in  0.1 M lith iu m  ch lo ride  or 

sodium  ch lo ride . The spectra were ru n  on a Jeo l G X-400 spectrom eter. 

31P spectra a t 161.8MHz were acquired using the broad band decoupler 

co il o f a 5m m  reverse de tection probe. Typical a cq u is itio n  param eters fo r 

31P spectra inc luded : spectra l w id th : 10,000Hz; re so lu tio n : 1.59266Hz;
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a cq u is itio n  tim e: 1.68732s; pulse de lay: Is ; pulse w id th : 12.5psec (45 

degree tip  angle). C oncentra tion o f the samples used fo r the 

m easurem ents was in  1-10 mM range.

6 .1 .3 . P oten tiom etric  titra tion  to  determ ine protonation  
co n sta n t o f  [a-2-PaWi706i]10'.

The p ro tona tion  constants o f [a-2-P2W i706i]10’ were determ ined by 

po ten tiom etric  titra tio n  [7]. The reaction  so lu tion was m ade by adding 

1.5 m L o f [a-2-P2W i7 0 6 i]10- (7.72565 m M  in  0.1 M NaCl) so lu tio n , 0.4 mL 

standard  acid HC1 (0.12173 M in  0.1 M NaCl) and 3.1 m L supporting  

e lectro lyte  NaCl (0.1 M). The fin a l so lu tio n  has a pH -2 .4 .

E xperim enta l procedure: To the  gently stirred  acid so lu tion  o f the 

lig a n d  prepared as described above, standard  base NaOH (0.09647 M) 

was added in  0 .004 m L increm ents to  provide about 100 experim enta l 

p o in ts  fo r each ru n . E q u ilib riu m  con d ition s , determ ined by a constan t 

m eter reading fa llin g  w ith in  an in te rva l o f 0.5 m v /m in  w as obta ined for 

each experim enta l p o in t before proceeding w ith  the n e x t step. The pH 

p ro file  obtained is  then  used to ca lcu la te  the p ro tona tion  constan ts o f 

K io[a-2-P2W i706i] by the BEST program  [7].

6 .1 .4 . S e lection  o f  com petitive ligand  for com p etition  experim ent

0.13g (26 pm ol) o f [a-l-P 2W i7O 6i]l0‘ dissolved in  a m ix tu re  o f 1.25 

m L o f lith iu m  acetate b u ffe r (0.5 M, pH =3-6.5) and 0.5 m L D2O. 53 pL o f 

1 M EuC h (26 pm ol) was added, the  so lu tion  was c lea r a fte r s tirrin g .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

Then various am oun t o f com petitive  ligand  was added. 31P NMR was 

collected a fte r e q u ilib riu m  was reached.

6 .1 .5 . D eterm ination o f  th e  Form ation Constant

6 .1 .5 .1 . G eneral

The NMR m easurem ents were ru n  on a Jeol G X-400 spectrom eter. 

31P spectra a t 161.8MHz were acqu ired  us in g  the broadband decoupler 

co il o f a 10m m  inverse de tection probe. Typical acq u is ition  param eters 

fo r 31P NMR spectra inc luded : spectra l w id th : 10,000Hz; resolution: 

0 .39507Hz; a cq u is itio n  tim e: 2.53118s; re laxation tim e : Is ; x-pulse: 

12.5psec (45 degree tip  angle).

A ll NMR experim ents were perform ed a t 20 ± 0.5°C  on solu tion 

w ith  the io n ic  streng th  ad justed  to 0.10 M w ith  sod ium  chloride or 

lith iu m  ch lo ride . An externa l s tanda rd  (STD) was used to  qu an tita tive ly  

m on ito r the concentra tions o f [a-2-P2W i7O 6i]10‘ , [a -l-P 2W i706 t]10' and the 

Ln (III) com plexes w ith  these tw o ligands. The externa l standard was 

phosphoric ac id  (0.009-0.013 M in  w ater) in  a sm all tube , w hich is 

placed inside a  10 m m  NMR tube. C a lib ra tio n  curves o f [a-2-P2W i706i]10*, 

[C1- I-P 2W 17O6 1 ] 10- and lan than ide  com plexes vs. STD were obtained by 

m on ito ring  3 lP NMR o f fou r concen tra tions, 0.5 mM, 1.0 m M , 2.0 mM 

and 3.0 mM  u n d e r the same co n d itio n  as o f com petition experim ents. 

The figure below  shows an exam ple o f ca lib ra tion  curve for [a-2- 

P2W 17O61 ] 10-.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

0.8

y = 0.2204X

0 2 31

Concentration of a-2  ligand (mM)

Lum inescence titra tio n s  were perform ed by m o n ito rin g  the 

lum inescence e xc ita tio n  spectra o f E u(III) [8-11]. A pu lsed  (10 Hz) Nd : 

YAG laser-pum ped dye laser (C on tinuum ), w ith  a m ix tu re  o f Rhodamine 

590 and 610  dyes, was used to excite  the 7Fo -> 5Do tra n s itio n  o f Eu(III) in  

the 578-581 nm  region; em ission (5D o“> 7F2 ) was m onitored a t 614nm .

6 .1 .5 .2 . Ln (III) a-1 1:1 complexes: L igand-ligand C om petition  
m o n ito red  by 31P NMR

0.025g o f K io [a -l-P 2W n06 i] was dissolved in  2 m l o f lith iu m  

acetate b u ffe r (pH =4.72, 0.5 M, 20%  D20 ), 30 pL o f LnC b (0.17M -0.16M ) 

and 20 pL o f EDTA (0.0974M ) were added. The so lu tion  w as clear. A fter 8 

hours a t room  tem pera tu re  the so lu tio n  reached its  e q u ilib riu m , 31P NMR 

spectrum  w as recorded. A t least th ree  experim ents were ru n  fo r each 

lan than ide.

6 .1 .5 .3 . L n (III) a-2  1:1 and 1:2 com plexes

6 .1 .5 .3 .1 . B y ligand-ligand  co m p e titio n  m onitored b y  3 lP NMR
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E q u ilib riu m  L n la  + L ’ ^  LnL ’ + 2L:

0.05g (9.60 fim o l) o f K io[a-2-P2W i706il was d issolved in  0 .5  m l o f 

sod ium  acetate b u ffe r (pH=6, 2.5 M , 95% D2O), then 2 equivalents o f 

Ln (III) was added fo llow ed by 2 m l o f EDTA (0.0974M). The so lu tio n  was 

clear. A fte r one da y a t room tem pera tu re  the so lu tio n  reached its  

e q u ilib riu m , 31P NMR was recorded. The fin a l pH is 6.10.

E q u ilib riu m  2 LnL + L’ ^  LnL ’ + LnLa:

0.05g (9.60 pm ol) o f Kio[a-2-P2Wi7C>6i] was disso lved in  2 m l o f 

sod ium  form ate b u ffe r (pH=3.0, 0 .5  M, 20% D2O), one equ iva lent o f 

Ln (III) so lu tion  was added and a fte r 15 m inutes, 80 (iL o f EDTA(0.0974 

M) was added. The so lu tion  was clea r. 31P NMR was recorded a fte r the 

so lu tio n  stayed a t room  tem perature fo r one day.

6 .1 .5 .3 .2 . B y laser-excited E u (III) lum inescence e xc ita tio n

T itra tio n  o f E u (III) in to  a so lu tio n  o f [a-2-P2Wi7C>6i]10‘ o r titra tio n  o f 

[a-2-P2Wi7C>6i]10' in to  EuCta so lu tio n  was m onitored by m easurem ent 

o f exc ita tion  photon flu x  needed by [Eu(a-2-P2Wi7C>6i)]7' o r [Eu(a-2- 

P2W 17O6 1)2 ] l7_ com plex. The em ission (5Do -> 7F2) was co n tro lle d  a t 614 

nm .

M easurem ent o f fo rm ation  co n s ta n t fo r 1:1 com plex (JCd:

2m L o f standard ized [a-2-p2Wi7C>6i)10‘ (1 p.M) so lu tio n  (2 nm ol) is 

placed in to  a 4m L q u a rtz  sample ce ll, u s in g  volum etric p ip e tte . A 20 nM
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EuCb s tock so lu tio n  was added in  40 pL increm ents and the excita tion  

spectra were recorded. The com m ercia lly  available P eakfit program , 

w hich em ploys a nonlinear regression m ethod, was used to  analyze the 

excita tion  spectra . A fter a ll titra tio n  da ta  was collected, SigmaPlot 2000, 

a com m ercia lly  available program , was used to f it  the data, w h ich  

resulted in  co n d itio n a l form ation con stan t K ic o n d .

M easurem ent o f form ation con stan t fo r 1:2 com plex (K2V.

2m L o f standardized E u(III) (0.8 pM) so lu tion (1.6 nm ol) is placed 

in to  a 4m L q u a rtz  sample cell, u s in g  vo lum etric p ipette . 0.10719 mM [a- 

2 -P2W 17O61] 10'  so lu tion  was added in  20 pL increm ents and the 

exc ita tion  spectra  were recorded. The com m ercia lly available Peakfit 

program , w h ich  em ploys a n o n lin e a r regression m ethod, was used to 

analyze the exc ita tion  spectra. A fte r a ll titra tio n  da ta  was collected, 

S igm aPlot 2000, a com m ercia lly ava ilab le program , was used to f it  the 

data, w h ich  resu lted  in  cond itiona l fo rm ation  constant K 2cond.

6 .1 .5 .3 .3 . Lanthan ide-lan than ide  com petition m ethod m onitored 
by 3ip  NMR

0.025g o f Kio[a-2-P2Wi7C>6i] (5.15 pmol) was dissolved in  2 m L o f 

sodium  acetate bu ffe r (pH=5, 0.5 M, 20% D2O). 35 pL o f EuC h so lu tion  

(0.1533 M) w as added. 35 pL o f LnC h so lu tion  (0 .15-0.20 M) was added 

together a fte r 15 m inutes. The so lu tio n  was clear. A fte r the so lu tion 

stayed a t room  tem perature fo r one day, 3IP NMR was recorded.
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6 .2 . R esu lts  and D iscu ssion s

6 .2 .1 . The stab ility  stu d y  for [a-l-PaW rKM 1̂ , [a-2-P3W i706i]10* 
and  their com p lexes w ith  Eu(III) a t d ifferent pH.

We have investigated the  pH profile  o f [(X-2 -P2W 17O61 ]10' and [a-1-

P2W17O61]10' at various pH values with NMR. Figure 6.1 shows the 31P

NMR spectra  o f [(X-2 -P2W 17O6 1 ] 10' a t pH 2 and 7. We observe a peak sh ift,

especially the  dow nfield peak th a t denotes the phosphorus atom  closer to

the ‘de fect’ pos ition  as the pH is  changed. The s h ift is  changed from  -6 .7

ppm  a t pH  7 to -7 .9  ppm  a t pH  2. Th is change in  chem ical s h ift is  due to

p ro ton a tio n  o f [a-2-P2W i706i]10' as the so lu tion  pH  decreases [12]. Both

spectra show  two clean peaks th a t ind icated [a-2-P2W i7O6i]10‘ is stable in

the pH range o f 2-7. The same resu lts  we have ob ta ined for lan than ide  a-

2 1:1 and  1:2 complexes, bo th  complexes are stab le from  pH 2 to pH 7.

The [(X-I-P2W 17O61 ]10- species is  not as stab le  as [a-2-P2W i706i]10'.

As we d iscussed in  section 5 .2 .1 , [a-1-P 2W 17O61 ]10' w ill isom erize to [a-

2- P2W 17O6 1 ] 10" a fte r a period o f tim e depending on the solvents used.

Figure 6 .2  shows the 31P NMR spectra o f [a -l-P 2W i7 06 i]10- a t pH 2 and 6.

As we observed fo r [a-2-P2W i706i]10', the spectra show a chem ical s h ift

change w ith  pH , due to the p ro tona tion . Even a t 5°C  we observe a sm all

am ount o f decom position o f the  a-1 ligand a t pH 2.
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values.
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Figure 6 .2 . 31P NMR spectra of [(Z-I-P2W17O61]10' at different pH values 

(T=5°C).
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6 .2 .2 . Potentiom etric titra tion  to d eterm ine protonation  
co n sta n t o f  [(Z-2-P2W17O61]10-

We used potentiom etric titra tio n  and the  BEST program  to 

determ ine the pro tonation  constan ts o f [(X-2 -P2W 17O61 ]10-. The BEST 

program  [7] is  very flexib le; a t f irs t we may ju s t guess the num ber o f the 

p ro tons, the n  a d ju s t the num ber o f the p ro ton s according to  the 

ca lcu la tio n  re su lts  u n til no fu rth e r m in im iza tio n  o f the standard  

devia tion  can be obtained. F igure 6.3 is the titra tio n  curve o f [a -2- 

P2W 17O61 ]10-. We used the BEST program  to ca lcu la te  the p ro tona tion  

constan ts and obta ined: logAf; = 3 .53, log# 2  = 4 .46, logA^ = 2.42.

These re su lts  are in  very good accordance w ith  logK  values fo r (a-2- 

P2W 17O6 1 ) 10 obta ined in  the references [12-14]. The (P2W 17O6 1 ) 10 an ion  

can b in d  three pro tons and the a c id ity  constants depend on the n a tu re  

and concen tra tion  o f the coun te r ions and e lectro lytes, because the 

a lka lin e  ca tions o f the  supporting electro lyte can a lso  bond to the ‘de fect’ 

po s ition  o f [P2W 17O6 1 ] 10 anion. The b ind ing  constan ts fo r L i+, Na+ and K+ 

ion  w ith  [01-2 -P2W 17O6 1 ]10' are 3 .61, 2.55 and 1.17, respectively [17,18]. 

Therefore, i t  is c ritic a l to com pare the constan ts under the exact 

con d ition . C on tan t and C iabrin i [13] trie d  several d iffe re n t cond itions to 

m easure p ro ton a tio n  constants o f [C1-2 -P2W 17O6 1 ]10'. In  the cond ition  o f 

1.0 M Tris-(hydoxym ethyl)m ethyl(am m onium ) ch lo rid e  (TrisH) and 0.1 M 

K+ (w h ich  is  the closest cond ition  to  ours: 0.1 M Na+), the p ro tona tion  

constan ts  were logAT; = 4.49, logK 2 -  3.75, logA j = 2 .0 , very close to o u r
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values. The difference is th a t the  logATj = 3 .53  is  sm a lle r than  log£ 2  = 

4.46 from  o u r m easurem ent. Th is phenom enon has been observed 

previously [13 ,19 ]. W ith increasing concentra tion  o f the supporting  

electrolyte, especially L i+ and Na+, the K2 increases, and K i and f i  

{=KiK2K3) decrease. For instance , C on tan t and C ia b rin i reported 

p ro tonation  constan ts fo r [a-2-P2Wi7C>6i]10' [13] a t the conditions o f 0.9 

M TrisH , 0.1 M  L i+ and 0.1 M K+, where logATj = 2.86, logA^ = 3.24, logK3 

= 2.0. The decrease in  K i is  due to increased association o f [a-2- 

P2W 17O61 ]10' w ith  single-charged a lka line ca tio ns  and decreased the 

Coulom b a ttra c tio n  between p ro ton  and [01-2 -P2 W 17O6 1 ] 10-.

12

10

8

4

m m ****0* * 0*
2

0
0 1 2 3 4 5

#mole o f NaOH/#mole o f HC1

Figure 6 .3 . T itra tio n  curve o f [(X-2 -P2W 17O61 ]10'. • : ca lcu la ted pH value, 4 : 

experim enta l pH  value.
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6 .2 .3 . S e lec tio n  o f  com p etitiv e  ligan d  for com p etition  exp erim en t

The fo rm ation  co n s ta n t K i (=[M L]/[M ][LJ) fo r C erium  b in d in g  w ith  

[C1-2 -P2W 17O6 1 ]10' and [01- I-P 2W 17O61] 10- is  a b ou t 106-109 M 1 from  the 

w ork o f C on tan t and C ia b rin i [12]. In itia lly  I trie d  to use a  titra tio n  

m ethod to  measure th e ir form ation constan ts  w ith  31P NMR. The 

se n s itiv ity  o f NMR techn ique is re la tive ly  low  (detection lim it is 

m illim o la r) com pared w ith  fluorescence. The e q u ilib riu m  concentra tions 

fo r lan than ide  com plexation w ith  [a -l-P 2 W i7 0 6 i]10' and [a-2-P 2W i706i]10' 

are too sm a ll to be detected by the NMR technique. A t the same tim e I 

also trie d  to  decrease the  so lu tion  pH to  decrease the b a s ic ity  o f [a-1- 

P2W 17O6 1 ] 10’ in  order to decrease the co n d itio n a l form ation constan t. B u t 

since its  p ro tona tion  constan ts are sm all, the form ation co n s ta n t does 

n o t decrease d ram a tica lly  by decreasing the  so lu tion  pH. A fte r a lo t of 

tries  and fa ilu res , I fin a lly  choose to use a com petition  m ethod m onitored 

by 31P NMR to measure fo rm a tion  constant.

For the  com petition  m ethod, the se lection o f proper com petitive  

ligand is  c ritic a l in  successfu lly  m easuring the form ation constan t. The 

com petitive  ligand has to  m eet the fo llow ing  standards:

(1) The system  shou ld  have been w e ll characterized, o n ly  the  1:1

com plex form s and  the therm odynam ic form ation co n s ta n t are 

know n.

(2) T h is  ligand shou ld  n o t in terfere in  the in te raction  o f [a-1- 

P2Wi7C>6i]10', [a-2-P2W i7O6i]10‘ w ith  Lanthanide .
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(3) The value o f fo rm a tio n  constan t o f th is  ligand w ith  Ln sho u ld  be 

com patib le  w ith  the fo rm ation  con stan t o f a-1 ligand w ith  Ln, 

w h ich  is  believed a b o u t log K *  10.

I fo llow ed the book "C ritica l s ta b ility  constan t" by M arte ll [15] to  choose 

su ita b le  ligands. Nine ligands (Table 6.1) have been tried  accord ing to 

th e ir va lues o f s ta b ility  constan t w ith  lan than ides. The respective ly 

experim enta l resu lts  are below:

6 .2 .3 .1 .  HIDA

Two solvents were trie d , w ater and lith iu m  acetate bu ffe r (0.18M , 

pH =4.9). The ra tio  o f H ID A /E u (a -1 ) varied from  1 to 20, the 3 lP NMR 

spectra  o n ly  show one set o f peak fo r E u (a -l) com plex, no change o f peak 

sh ifts , no peak for a-1 ligand. I t  was c lea r th a t HIDA is n o t strong 

enough to  replace the a -1 ligand.

6 .2 .3 .2 .  D ip ico lin ic  acid

D ip ico lin ic  acid reacts w ith  E u(III) fo rm ing  1:1, 1:2 and 1:3 

com plexes, w h ich  m akes the com petitive system  very com plicated. 

F u rthe rm ore , (a -l-P 2W i706 i)10' and (a-2-P2\V i706i)10’ ligands and Eu 

com plexes are no t stable in  the presence o f d ip ico lin ic  acid. So th is  

ligand is  n o t su itab le  fo r com petitive  ligand.
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Table 6 .1 . Nine organic ligands tested fo r selection o f com petitive ligand.

1 HIDA
/CH2COOH 

HO—CH2—CH2—N.
CH2COOH

2 D ip ico lin ic  acid
HOOC/ ^ N ^ C O O H

3 Im inobis(m ethylphosphone acid) .c h 2- p o 3h 2
HN<

CH2 P 03H2

4 1.3-D iam ino-2-hydroxypropane- 
N ,N ,N \N ’-te traacetic  acid

OH

HOOCCH2 CH2-C H —CH2n  /CHaCOOH 

/ N Nx
h o o c c h 2 c h 2c o o h

5 N -m ethyl-D -gluocam ine
H H OHH

h o h 2c - c - c - c - c — c h 2n h 2+c h 3
OHOHH OH

6 D -ta rta ric  acid OH OH 
HOOC— CH-CH-COOH

7 EDDA ,CH2-C H 2s
h o o c c h 2- n h  n h - c h 2c o o h

8 C itric  acid
COOH

h o o c c h 2—<J— c h 2c o o h

OH

9 EDTA
HOOCCH2n pH2— CH2 ^HaCOOH

.N k  
h o o c c h 2 c h 2c o o h
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6 .2 .3 .3 . Im inobis(m ethylphosphone acid)

I trie d  th is  ligand in  H2O (pH is  no t contro lled) and in  lith iu m  

acetate bu ffe r (0 .18M, pH=4.9). B o th  so lu tions o f the ligand  and Eu a-1 

1:1 are stable a t room  tem perature fo r ca. two m onths. Both give the  

te rna ry  com plex peak b u t it  takes h ig h  ra tio  (1:20) to  observe the peak in  

w ater so lu tion . We don ’t  know its  fo rm a tio n  constan t w ith  Eu(III) yet, b u t 

i t  is a good cand ida te  fo r synthesis o f a te rnary com plex, especially since 

the ligand can be observed by 31P NMR. Since the m ix tu re  is stable, i t  

also w ill be in te re s tin g  to try  to crysta llize  th is  m ix tu re  to see i f  th is  

organic acid w ill c rys ta llize  together w ith  Lna-1 com plex, e.g., as solvent 

d is trib u tin g  in  the  void space o r as te rn a ry  complex.

6 .2 .3 .4 . 1.3-D iam ino-2-hydroxypropane-N ,N ,N ’,N ’-te traacetic acid ,

For th is  ligand , three d iffe re n t values o f pH have been trie d , pH

6.5, 5.5 and 5 .0  in  lith iu m  acetate bu ffer. A t pH 6 .5  and 5.5, the 31P 

NMR spectra show  th a t alm ost a ll o f the a -1 ligand was replaced by th is  

ligand, very sm a ll am ount o f E u (a -l)  com plex exists a t eq u ilib riu m . A t 

pH 5.0, the spectrum  shows th a t the  a-1 ligand replaced by th is  ligand 

was decreased. Furtherm ore, th is  ligan d  form s 1:1 com plex w ith  E u(III) 

and its  fo rm a tio n  constan t is w e ll docum ented. So th is  ligand is a 

su itab le  ligand fo r com petition experim ents.

6 .2 .3 .5 . N -m ethyl-D -g luocam ine
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T h is  ligand is  ch ira l as is E u (a - l)  complex. The purpose o f try in g  

th is  ligand  was to  see i f  we can observe the two op tica l isom ers o f E u (a -l) 

com plex by b in d in g  th is  ligand to  Eu(a-1). Lu (III) and  Eu(III) a-1 

com plexes were reacted w ith  N -m ethyl-D -gluocam ine in  lith iu m  acetate 

b u ffe r (0.36m , pH =4.7). For Lu(III) a-1 com plex, the 3 lP NMR spectra 

show the replacem ent o f a -1  ligand b y  th is  ligand. And fo r E u(III), the 31P 

NMR spectra show  resonance sh iftin g . We d id  no t observe two sets o f 

peaks th a t ind ica tes the ch ira l ligand  is bound to two o p tica l isomers o f 

E u (a -l) com plex as found  w ith  L -ta rtra te  (Fig. 5.11).

6 .2 .3 .6 . ED DA and C itric  acid

T h is  ligand w as discussed in  d e ta il a t section 5 .2 .4 .1 . C itric  acid is 

very s im ila r to EDDA.

6 .2 .3 .7 . EDTA

S trong com plexa tion o f EDTA w ith  Eu(III) is w e ll know n and the 

b in d in g  constan t is  ab ou t 10l7-1 0 19. The b ind ing  con stan t is  m uch larger 

th a n  (P2W 17O61)10' w ith  Eu(III), so we d id  no t consider th a t EDTA w ould 

be su itab le  ligand fo r the com petitive m ethod. However, w hen pH o f the 

so lu tio n  was decreased to 3.5 in  lith iu m  acetate b u ffe r, the 31P NMR 

spectrum  only showed one set o f peaks fo r Eu a -1  1:1 com plex; the 

EDTA d id  no t replace the (P2W 17O61)10'. Therefore, by chang ing the pH, 

EDTA can be a very good ligand fo r com petition  m ethod.
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EDTA has five p ro tona tion  constan ts [15]: log K iH: 10.19, log K ^ \  

6 .13 , log KsP: 2 .69, log K4H: 2, log KsH: 1.5. A t pH 2-6, the cond itiona l 

fo rm a tio n  constants fo r EuEDTA are show n in  tab le 6.2. We can see th a t 

they change d ra m a tica lly  from  3.91 to 12.76 as pH changes from  2-6. 

Therefore, by va ry in g  the so lu tion pH , EDTA can be used as a 

com petitive  ligand fo r m easurem ents o f fo rm ation  constan t o f va rie ty  of 

lan than ide  com plexes th a t have d iffe ren t b in d in g  strengths.

Table 6 .2 . The co n d itio n a l form ation con stan t fo r EuEDTA a t d iffe re n t 

pH (Log K b u e d ta  = 17.32) [15]

pH 2 3 4 5 6

Log aL’ -13.41 -10.51 -8 .34 -6.35 -4 .56

Log K  cond 3.91 6.81 8.98 10.97 12.76

(Reproduced from  reference 15)

6 .2 .4 . M easurem ent o f  form ation con stan t

6 .2 .4 .1 . Ln(III) a-1 1:1 complexes: L igand-ligand C om petition 
m onitored by 31P NMR

6 .2 .4 .1 .1 . C om puta tiona l M ethod

The e q u ilib riu m  between Ln(III) and two m u ltiden ta te  ligands, L 

and L \ (negative charges om itted) w h ich  form  1:1 complexes w ith  Ln(III) 

can be w ritte n :

LnL  + L ’ L n L ’ + L (1)

Ln  lan than ide , L (a -l-P 2W i7C>6 i) 10', L ’ EDTA
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We can w rite  the  expression for the e q u ilib riu m  constant (Keq) as:

K [LnE\[L\ K cond K a j 
“ > [LnDUL], Kco„ d KaL

K  and K ’  are the therm odynam ic fo rm a tio n  constants correspond ing to 

equation 3 and 4 , respectively:

Ln + L =5==^ LnL K  (3)

Ln + L’ = 5 = ^  Ln L ’ K ’ (4)

The therm odynam ic form ation co n s ta n t does not d ire c tly  re flect the 

degree o f Ln(III) ion  che la tion a t a given pH . Each ligand has a d iffe ren t 

response to  p ro ton  com petition fo r the Ln (III) ion  binding w h ich  depends 

on its  in tr in s ic  bas ic ity . The a ffin ity  o f a ligand  fo r Ln(III) a t a  given pH is 

described by the co n d ition a l fo rm ation  co n s ta n t (K c o n d ):

Kcond = [LnL]- = K a r (5)
conct [Ln](L], L

[L]t is  the sum  o f the e q u ilib riu m  concen tra tions o f the nonprotonated 

and a ll o f the p ro tonated form s o f ligand  L.

[L], =[Ln~ ]+ [H 6n- V)- ] + [ H 2L{'n~2)~ ] + * * *  (6)

[L] 1 (7)
' [£]/ (\ +K \H[H] + K\HK2H[H]2 + • • • )

KnH: n th  p ro ton a tio n  constan t o f L; analogous expression app ly  fo r the 

com petitive ligand , L \

The p resen t experim ents were ca rrie d  o u t a t pH 4 .72. The in itia l 

concentra tions o f Ln present in  the sam ples, [Ln]i, were in  the  range o f 

2 .0 -3 .0m M , and the in itia l ligand concen tra tions was m uch greater than
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lan than ide  concen tra tion . Since b o th  ligands used fo rm  strong 1:1 

complexes w ith  L n (III), the concentra tion  o f free Ln(III) io n  a t e q u ilib riu m  

can be considered neglig ible.

A lthou gh  [01-I-P2W17O61]10- is  charge negative 10 , m ost o f the 

charge is d is tr ib u te d  over the e n tire  fram ew ork. The ba s ic ity  o f the 

m olecule is  n o t very strong [13]. The m ost basic atom s are the fou r 

oxygens a t the  defect position. A fte r the Ln(III) b inds to  these fou r 

oxygens, the b a s ic ity  o f the m olecule is  even decreased. Therefore i t  is 

reasonable to  assum e to a firs t app rox im a tion  th a t the com plexes, LnL 

and LnL’, were n o t protonated un de r these conditions.

The mass ba lance equations for eq 1 are:

[Ln]i = [LnL] + [LnL ] (8)

[L j- tL n L l + tLlr (9)

[ ^ l i = [LnL] + [L^t (10)

i: the in itia l concen tra tion  o f the species ind icated.

Com bing eq 8 -1 0 , the e q u ilib riu m  expression fo r eq 1 is reduced to a 

fun c tion  o f [L]r, and the in itia l concentra tions:

K  ( M / - [ £ ] / + [ £ ] / ) [ £ ] ;  ( n )
eq ( [£ ] ; - [£ ] ,  XI £’] ,-[£«],■+ U I , - [ £ | , )

Figure 6 .4  is  an example o f 31P NMR o f e q u ilib riu m  so lu tion  o f 

E u(III), a-1 lig a n d  L and com petitive ligand ; STD is the ex te rna l standard 

(0.01228M  o f H 3 PO4 in  H2O). The peaks represent the species m arked on 

the spectrum . Each species has tw o phosphorous a tom s g iv ing  two
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peaks. There is  no phosphorous atom  in  the com petitive ligand, so LnL’ 

and L ’ w ill n o t be observed fro m  31P NMR spectrum . The in te ns ity  o f [a- 

I-P2W17O61]10' peak a t -8 .4  ppm  I I  v s  in te n s ity  o f STD peak Is td  is 

p ropo rtion a l to the concen tra tion  o f [a-l-P2Wi7C>6i]10'.

Sg = - ^ -  = K[L\t ( 12)
*STD

k  is the p ro p o rtio n a lity  co n s ta n t determ ined from  the ca lib ra tion  curve o f

Sg vs [L]( over the 0.5 -  3 .0  m M  range a t the same cond ition  as the

e q u ilib riu m . So the eq 11 can be expressed as:

([£ « ]/ “ [£ ]/ + s g / K'XSg I k ) 

eq ~ ([£ ]/ - S g  /* • ) ( [£ '] ,- [L n ] ,  + [ L \ i - S g lK )  (13)

LnL

STD

I

T>Pm 0

LnL

- 7 -1 4

Figure 6 .4 . Ln = Eu, L= [a -l-P 2 W i7 06 i]10' , 31P NMR spectrum  o f the 

so lu tion  in  e q u ilib riu m . * the peak in te n s ity  as II.
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I f  th e  in it ia l concentra tion  o f Ln(III) and L are equal, [Ln]c=[L\i, then eq 13 

can be s im p lifie d  as:

(v * >2K ea = ---------------- - ---------------------- (14)

A fte r K e q  is  obta ined, from  the  equation 2, we can ca lcu la te  K c o n d  since 

K ’cand is  know n.

6 .2 .4 .1 .2 . The resu lts

From  section 5.2 .1, we know th a t a-1 ligan d  is not stable in  

so lu tio n  fo r long period o f tim e. A lthough lith iu m  ion  in  so lu tion  w ill slow  

the  isom eriza tion  process, the so lu tion  cannot be le ft a t room  

tem pera tu re  fo r a long tim e. The shortest e q u ilib riu m  tim e should be 

chosen in  order to prevent the a-1 ligand  from  isom erizing to the a -2  

ligan d . A t least three experim ents a t d iffe re n t concentra tions were ru n  

fo r each Ln ion. U sing the NMR spectrum  to ob ta in  Sg th a t is related to 

[.L ] t , the  in itia l concentra tions o f (a -l-P 2W i7O6 i) 10‘ [ L \ i ,  and EDTA [ L %  we 

ca lcu la ted  K eq  (eq 14). To ob ta in  the con d ition a l fo rm a tio n  constant, we

Table 6 .3 . C on d ition a l fo rm ation  constants fo r Ln(III) a-1 1:1 complexes 

ob ta ined  from  ligand-ligand  com petition studies

Ln La Nd Eu E r Lu

LogK ib 8.93±0.20a 9.77±0.10 10.42±0.08 12.31±0.17 13.21±0.26

a average devia tion  fo r three K determ inations. b pH =4.72, 0.5M 
lith iu m  acetate bu ffe r, 20°C, 0.1M LiC l.
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use equation 2 an d  the appropriate value o f K ’cond. fo r EDTA. The 

con d ition a l fo rm a tio n  constants are ob ta ined because the protonation 

constan ts o f a -1 lig a n d  un de r these con d ition s have n o t been determ ined 

yet. The co n d itio n a l fo rm ation  constants are shown in  Table 6 .3 .

We can see th a t crossing the period ic table from  le ft to righ t; the 

co n d ition a l fo rm a tio n  constants increase as the size o f lanthanides 

decreases. These are in  agreement w ith  m y synthesis observations for 

lan than ide  a-1 com plexes. The lu te tiu m  com plex is very easy to prepare 

and crysta llize  and Lu  form s the m ost stab le com plex w ith  a -1 ligand.

6 .2 .4 .2 . Ln(III) a -2  1:1 and 1:2 com plexes

6 .2 .4 .2 .I . L igand-ligand com petition m onitored by 3 lP NMR 

Lanthanide reacts w ith  [a-2-P2Wi7C>6i]10" (L) to fo rm  tw o complexes, 

1:1 and 1:2, show n by equation 15 and 16.

Ln  + L LnL K i (15)

LnL + L t  ** LnL2 K2 (16)

The general liga n d -lig a n d  com petition m ethod requires o n ly  one product 

1:1 form ed as we see from  eq 1. The sim ple com petition m ethod used for 

Ln a-1 1:1 com plex can ’t  be used here. B u t i f  we ca re fu lly  con tro l the 

cond itions o f the  reaction  between Ln, [a-2-P2W i7O6i]10‘ and the 

com petitive ligand , EDTA, we can get one product re la ted  to [a-2- 

P2W17O61]10'. The tw o reactions are:

LnL2 + V  LnL’ + 2L Keq(l) (17)
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2LnL + V  LnL’ + L11L2 K e q {2) (18)

The e q u ilib riu m  constan t fo r these tw o reactions, 17 and 18, are:

K  =  Ecgnd   (19)
^  [LnL2][L ' ] t K XcondK lcond

(2) = [LnL'][LnL2] = K'cond^cond (2Q)
[LnL]2[L'] t K 'cond

The co n d itio n a l fo rm ation  co n sta n t o f L n E D T A  ( K ’cond) is  know n, K ic o n d  

and fccond (the con d ition a l fo rm a tio n  constan t fo r LnL a n d  L n I/2) are 

unknow n; we are try in g  to solve fo r these. So i f  we are ab le  tc  obtain 

K eq{ \ )  and K eq{2), then we can solve the two equations 19 an d  20 to get

K ic o n d  a n d  K 2 cond•

For bo th  e q u ilib riu m  17 and 18, in  order to m easure the 

e q u ilib riu m  constants un de r NMR se n s itiv ity  lim it, we have to  carefu lly 

con tro l the so lu tion  pH (species are stable in  the range, pH  2-7 , section 

6.2.1) and the [ L ] i : [ L ] i  ra tio  so th a t there  is  a com parable d is tr ib u tio n  o f 

Ln(III) io n  between the two ligands in  so lu tion . For e q u ilib riu m  17, i f  the 

pH is too low , then EDTA is n o t strong enough to com pete w ith  [a-2- 

P 2W 17O 61 ]10' and then we w ill n o t observe [01-2 -P 2W 17O 6 1 ] 10'  peaks from  

3 lP NMR spectra. On the o the r hand, fo r e q u ilib riu m  18, i f  the  pH is too 

h igh, then  EDTA w ill be too strong  a com petito r for [01- 2 -P 2W 17O 61 ]10'. In 

th is  s itu a tio n , we can observe d iffe re n t species in  the 31P NM R spectra: 

LnL2 , LnL; o r LnL2 , L; o r on ly  L. We can easily detect the p rob le m  if  [a-2-
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P2W i7C>6 i ] 10‘ (L) peaks are observed in  the 31P NMR spectra. B u t even i f  

on ly LnL 2 and LnL peaks are observed, as requ ired by equation 18, we 

have to  check th a t each species in  e q u ilib riu m  has a t least a s ig n ifica n t 

concen tra tion  w ith  the NMR techn ique. So an easy approach is s ta rtin g  

from  the  low est pH 2.

The in itia l concentra tions o f Ln present in  the  sam ples, [Lnji, were 

in  the range o f 4 .0 -6 .0  mM, and  the in itia l ligand  concentrations w as 

m uch g rea te r th a n  lan than ide  concentra tion . S ince each ligand fo rm s a 

strong 1:1 com plex w ith  Ln(III), the  concentra tion o f free Ln(III) ion  a t 

e q u ilib riu m  is neglig ib le.

S im ila r to the  [a -l-P 2W i7 06 i]10', m ost o f the charge o f [a -2 - 

P2W 17O6 1 ] 10' is d is trib u te d  over the  e n tire  fram ew ork. The basic ity o f the  

m olecule is  n o t very strong [13 ]. The m ost basic atom s are the fo u r 

oxygen atom s a t the defect p o s itio n . A fte r the Ln (III) b inds to those fo u r 

oxygen atom s, the  basicity o f the molecule is  decreased fu rth e r. 

Therefore i t  is reasonable to assum e to a firs t approx im ation  th a t the  

com plexes are n o t protonated a t s lig h tly  acidic to n e u tra l pH. For low  pH , 

please see the d iscussion  a t page 145, section 6 .2 .4 .2 .2 .

So we can w rite  the mass balance fo r e q u ilib riu m  17:

[Ln ]i = [LnL] + [L n la ] (21)

[L)i = 2  [LnL2} + [L]t (22)

[L it = [LnL] + [L ] (23)
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STD

L11L2

•  10 -15

Figure 6 .5 . An exam ple o f 3 lP NMR spectrum  o f the so lu tio n  for 

e q u ilib riu m  17. LnL2 + L ’ ~  LnL’ + 2L, L— [a-2-P2W i706i]10', L ’— EDTA, 

Ln— E u. *  the  peak in te n s ity  as L.

STD

* LnL
LnL

LnL2

0 -5 -10 -15

Figure 6 .6 . An exam ple o f 31P NMR spectrum  o f the so lu tion  fo r 

e q u ilib riu m  18. 2LnL + L ’ — LnL’ + LnL 2 , L— [CX-2 -P2W 17O61I10', L ’—  

EDTA, L n — Eu. * the peak in te ns ity  as LnL.
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C om bining eq 21-23 , the e q u ilib riu m  expression o f eq 19 is  reduced to a 

fun c tion  o f [L]t and the in itia l concentrations:

C om bining eq 25-27, the e q u ilib riu m  expression o f eq 20 is  reduced to a 

fun c tion  o f [LnL] and the in itia l concentrations:

F igure 6 .5 , 6 .6  are examples o f 31P NMR spectra  o f so lu tion  of 

e q u ilib riu m  17 and 18. EDTA is the com peting ligand . STD is the 

externa l s tanda rd  as before. The peaks represent the species m arked on 

the spectra. Each species has two phosphorous atom s g iv in g  two peaks. 

There is  no phosphorous atom  in  the  com petitive ligand , so LnL ’ and L’ 

w ill no t be observed from  31P NMR spectra. The in te n s ity  o f [a-2- 

P2W 17O6 1 ]10' peak a t -6 .4  ppm  I I  (Fig. 6.5) and in te n s ity  o f LnL peak at 

7.34 ppm  (Fig. 6.6) I lo l vs in te ns ity  o f STD peak I s t d  is p ro p o rtio n a l to the 

concentra tion  o f [a-2-P2W i706i]10' L and LnL, respectively.

K “ >m  I/2([£], -[I],X [£']| -[£»]( + l/2(i]; -1 /2 [£ ] ,)
([£/■],-- l/2 [£ ] ,+ l/2 [£ ] ,)[£ ] ,2

(24)

The mass balance equations for e q u ilib riu m  18 are:

[Ln]; = [LnL] + [LnL2] + [LnL] (25)

[L]i = 2 [LnL2] + [LnL] (26)

[L] i  = [LnL] + [L ] (27)

1 / 2([Ln]j -1  /  2[L]j - 1  / 2[LnL])([L]j  -  [LnL]) 

[LnL]2([L']i - [LnL]j +1 / 2[L], +1 / 2[LnL])
(28)

(29)
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Sg '= !± n l^  =  K'[LnL]
JSTD

(30)

k ,  k ’  is the p ro p o rtio n a lity  constan t determ ined from  c a lib ra tio n  curves o f 

Sg vs [L)i and Sg vs [LnL] over the 0 .5  -  3 .0  mM range.

I f  the in it ia l concentra tion  o f Ln (III) and L are  con tro lled  as, 

2 [Ln\t=[L]i fo r e q u ilib riu m  17, and [L n jp fl], for e q u ilib riu m  18, then eq 24 

and 28 can be s im p lifie d  as:

KeqV) = [L ] r (Sg/ic)

m i  ~[L]t  W ] - 0 . 5 [ L } ' )  ( [ L ] i - S g / K)([L']i - 0 .5 Sg />c)

m - S g !*T
e q "  2JiSg'/K>)2{7[L']i - [L ] i + Sg '/K>)

(31)

(32)

S u b s titu tin g  the m easured values fo r Sg, k, [L)i and [L'Ji in to  these two 

equations, we can ca lcu la te  the iCeq(l) and  Keq(2). F rom  equa tion  19 and 

20, know ing the Kcond fo r EuEDTA, we can  calculate the  Kicond and K2COnd.

The p ro to n a tio n  constants fo r [a-2-P2W i7O6i]10‘ (S ection 6.2.2) are: 

Log K iH=3 .53, Log K ^ = A A 6 , LogfC?H=2.43. So we are ab le to  calcu late the

Table 6 .4 . Therm odynam ic fo rm a tio n  constants fo r Ln (III) a -2  1:1 and 

1:2 com plexes ob ta ine d  from  lig a n d -lig a n d  com petition s tud ies.

Ln La Nd Eu
Log K i 1 1.33±0.27a 1 1.71±0.20 1 1.21±0.19
Log K2 5.79±0.27 6.21±0.20 6.61±0.19

a average d e v ia tio n  for three K  determ inations.
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therm odynam ic fo rm ation  con stan t fo r lan than ide  a-2 com plexes. The 

re su lts  are show n a t Table 6.4.

6 .2 .4 .2 .2 . By laser-excited E u (III) lum inescence excita tion 

M easurem ent o f form ation co n s ta n t Kr. To measure the fo rm a tio n  

constan t o f the  1:1 com plex, [C1-2 -P2W 17O61 ] 10' (L) was titra te d  by a E u(III) 

so lu tio n  w h ile  m o n ito rin g  com plex fo rm a tio n  a t the excita tion m axim um  

(579.77 nm) o f EuL. Figure 6.7 shows an exam ple o f the e xc ita tio n  

spectra. D u rin g  the titra tio n , e ith e r having excess E u(III) or excess [a-2- 

P2Wi7O6i]10‘ in  the so lu tion , re su lts  in  fo rm a tion  o f on ly E uL  1:1 

com plex.

fc; is  the p ro p o rtio n a lity  constan t between in te n s ity  and concen tra tion  

w h ich  is kep t as a variable in  the non-regression fit.

E u + L ^ w EuL (33)

We can w rite  the  cond itiona l fo rm a tio n  con stan t as:

[Eu][L] ,
(34)

The mass balance equations fo r eq 33 are:

[Eu\j =[EuL\ + [Eu] (35)

[L]t = [ L ] t + [EuL] (36)

For exc ita tion  a t 579.77 nm  w avelength, the in te n s ity  I i,

I i = k i [E u L ] (37)
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Figure 6 .7 . 7Fo -> 5Do exc ita tion  spectrum  a t [£u ]=2.906 m M , em ission 

wavelength m on ito red  a t 614 nm .

C om b in ing  eq 35-37, the  e q u ilib riu m  expression o f eq 34 is 

reduced to a fu n c tio n  o f //, ki  and the in itia l concentrations:

[EuL]_________   I j / k i  _______
K\cond ~ ( [£ « ]/-[EuL))( [L] j - [EuL])  ( [£ « ] / - / ,  /* ,) ( [£ ]/- I \  / k\)

(38)

The in it ia l concentra tions were changing as the  Eu(III) was 

co n tin u o u s ly  add ing in to  the [{X-2 -P2W 17O6 1 ]10' so lu tion . E quation  39 and 

40 show the  re la tio n sh ip  o f in itia l concentrations o f [C1-2 -P2W 17O61]10' and 

E u(III) w ith  to ta l volum e o f E u(III) added, V e u . [ L ] o  is the [ a - 2 - P 2 W i 7 0 6 i ) l ° *  

concen tra tion  before titra tin g . [£u]o is  the concen tra tion  o f stock 

so lu tion . 2000  (pL) is  the volum e o f the so lu tion  before the  titra tio n .
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C oncentra tion  o f Eu(III) (M)

Figure 6 .8 . B in d in g  curve o f [a-2-P2Wi7C>6t]10* (Im M ) titra te d  by Eu(III) in  

NaOOCH b u ffe r (pH=2, 0.5 M). The so lid  line is the th e o re tica l f it  using 

Sigm aPlot 2000.

r z . l n  x  2 0 0 0
[L \i = ^ — —  (39)

I 2000 + VEu

[E u \ i= [Eu^ * VEu (40)
II 2000 + VEu v '

For la n th a n id e  ot-2 com plexes, th a t have therm odynam ic form ation 

constants, log K *  10 fo r 1:1 com plex, cond itiona l s ta b ility  constants 

( K c o n d = K a )  in  the ne u tra l pH region are such th a t K c o n d '  values are m uch 

low er th a n  the w orking se n s itiv ity  lim it o f the lum inescent 

in s tru m e n ta tio n . U nder such n e u tra l pH conditions a titra tio n  o f m etal 

ion w ith  ligan d  w ould reveal q u a n tita tive  b inding w ith  a sharp break in  

the titra tio n  curve a t a 1:1 s to ich iom e try  (which was show n in  Fig. 3.8).
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S uch a  titra tio n  curve does n o t y ie ld  a fo rm ation  constan t. By reducing  

the pH  to  a value th a t the  titra tio n  curve w ill show  some curva tu re , the 

da ta  can  be analyzed u s in g  equations 38-40 and non-linea r regression 

m ethods, w h ich  re su lts  in  Kicond and k i. The re su lts  o f these experim ents 

and ca lcu la tio n s  are show n a t Table 6 .5 .

A t such low  pH 2, i t  w ou ld  be expected th a t some E uL is 

p ro tona te d  to form  EuH L:

EuL + H+ =*=*= EuHL K h (41)

In  the  reference 9 , H orrocks a t a l discussed the  effect o f K h  on the

fo rm a tio n  constan t a t low  pH . They trie d  to f it  the da ta  in  three d iffe re n t 

ways. F irs t, the K h  va lues were he ld  constant a t th e ir known values. 

Second, they were set equa l to zero as an approxim ation . Lastly the  K h  

va lues were allowed to va ry  in  the non -linea r regression fit. C om parison 

o f th e  re su lts  from  the th ree  fittin g  approaches suggests th a t fin a l log K  

values are no t very sensitive  to the K h  value. The respective log K h  values

were in  the  range o f -6  to  3. Therefore, here fo r s im p lic ity  we set K h

equals to  zero as an ap p ro x im a tio n . From the goodness o f the curve 

fitt in g  in  F igure 6 we can see the assum ption is reasonable.

M easurem ent o f fo rm a tio n  con stan t fo : To determ ine f c  fo r E ua-2 

1:2 com plex, Eu(U I)w as titra te d  by [(X-2 -P2W 17O 61 ] 10- so lu tion  w h ile  

m o n ito rin g  com plex fo rm a tio n  a t the  excita tion  m axim um  o f EuL2 . F igure 

6.9 show s one o f the e xc ita tio n  spectra o f the titra tio n . W avelength a t
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Figure 6 .9 . 7Fo -> 5Do e xc ita tio n  spectrum  o f m ix tu re  so lu tio n  o f Eu(III) 

and  [a-2-P2W i706i]10' a t [L]= 12.541 m M , em ission w avelength was 

m on ito red  a t 614 nm .

579.82 nm  is  the peak fo r EuL, wavelength a t 580.44 nm  is  the peak for 

Eu L2. The same co m pu ta tiona l method as 1:1 com plex was em ployed:

E uL  + L w E uL 2 K2 (42)

K2cond
[EuL][L]t

(43)

The mass balance equations are:

[Eu\j = [ E uL] + [EuL2 ] (44)

[L ] i = [ L ] t +2[EuL2 ] + [EuL] (45)

F o r e xc ita tio n  a t w avelength 580.44 nm , the  in te n s ity  h ,
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C oncentra tio n  o f [a-2-P2W i706i]10' (M)

Figure 6 .10 . B in d in g  curve o f E u(III) (0.8 ^iM) titra te d  by [a-2- 

P2W 17O6 1 ]10" in  NaOOCH b u ffe r (pH=3, 0 .5  M). The firs t p o in t represents 

the case where one equ iva len t o f a-2 ligand  is added to  the Eu(III) 

so lu tion . This re su lts  in  fo rm ation  o f the 1:1 com plex, E uL, exclusively, 

no 1:2 com plex is  form ed. The solid lin e  is the the o re tica l f it  using 

S igm aPlot 2000.

h  = k2[EuL2] (46)

k2 is the p ro p o rtio n a lity  constan t w hich was kep t as a va riab le  in  the 

n o n -line a r regression curve fit.

C om bining eq 44 -46 , the e q u ilib riu m  expression o f eq 43 is 

reduced to a fu n c tio n  o f I2, k2 and the in itia l concentra tions:

__________ [ M l] _____________
k-2cond ~ ([Eu],- ~[EuL2])([L]i -[£«]/ -  [EuL2])

= ____________ h d h _____________
([£«],- - I 2 /k2)([L]i ~[Eu\i - 12 /k2)
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The in itia l concen tra tions were changing as the [a-2-P2W i706i]10* 

was co n tin u o u s ly  add ing  in to  the titra tin g  so lu tion . E quation 48 and 49 

show the  re la tionsh ip  o f in it ia l concentra tions o f a-2 ligand and Eu(III) 

w ith  to ta l volum e o f [a-2-P2W i706i]10' added, Vi. [£u]o is the 

concen tra tion  before titra tio n . [L]o is the concentra tion  o f s tock solu tion. 

2000 (pL) represents the  to ta l so lu tion  volum e before titra tin g .

=  [ £ k |o « 2000  

' 2000 + V i 1

[/.], = X Vl (49)
' 2000 + ̂  1 '

E qua tions 47-49 was used to f it  the experim ent data (Fig. 6.10) by 

S igm aPlot 2000, w h ich  gave us the values o f K 2cond and k2, the  re su lt is 

shown a t Table 6.5.

6 .2 .4 .2 .3 . By lan than ide -la n th an id e  com petition.

H aving established a re liab le  values fo r the fo rm ation  constan t o f 

[(X-2 -P2W 17O6 1 ]10' w ith  E u(III) (1:1), we can measure the form ation 

con stan t o f [a-2- P2W17O61]10' w ith  o ther lan than ides by lan than ide- 

la n th a n id e  com petition experim ents. The fo llow ing  equation shows the 

e q u ilib riu m  expression:

Ln + E uL  y~~ *  LnL + E u Krei (50)

J L H L W . K u ^
IL „\{E uL\ K EuL
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Figure 6.11 is  the 31P NMR o f e q u ilib riu m  m ix tu re  o f E u(III), La(III) and 

[(X-2 -P2W 17O6 1 ]10' L. Follow ing a lm ost the  same co m p u ta tion a l m ethod as 

ligand-ligand  com pe tition  m ethod to ca lcu la te  the K r e i .

( m j - S g / m E u ^ - S g / k )
Krel  ~ dWi-mi+Sgikxsg/k) (52)

(53)Se = L emL . -  k [EuL]
I  STD

The re su lts  are show n in  Table 6.5.

C om paring Table 6.4 w ith  Table 6 .5 , we can see th a t th roug h  two 

d iffe re n t approaches, one by ligand-ligand  com pe titio n , another by 

fluorescence titra tio n  com bined w ith  la n th a n id e -la n th a n id e  com petition,

STD

EuL
LaL

EuL LaL

ppm

-10

Figure 6 .1 1 . An exam ple o f 31P NMR spectrum  o f e q u ilib riu m  so lu tion  o f 

lan than ide  com petition  experim ent. * the  peak in te n s ity  as I e u l .
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Table 6 .5 . Form ation co n stan ts  of Ln a-2  complexes.

Ln Eu a La b Nd b Lu b

Log K i 1 1.34±0.17c 1 1.34±0.08 11.53±0.25 12.00±0.25

Log Ks 6 .5 4 ± 0 .19
3 from  lum inescence titra tio n . b from  lan than ide -lan than ide
com petition. c average devia tion  fo r three K  de te rm ina tions.

these resu lts  are extrem ely close. Th is ind icates the  re lia b ility  o f the 

data.

Since the  sup po rting  co u n te r ions and th e ir concentra tions w ill 

affect fo rm a tion  constan t value [12,13,19]. it  is very im po rtan t to 

compare o u r va lues under the same cond ition . The m ore concentrated 

the a lka line  ca tio n  is  in  the so lu tio n , the less the fo rm a tio n  constant 

value w ill be. C onsidering  th is  tre n d  and com paring the  da ta , we find our 

data are com parable w ith  the references [12,20] where log/? (=logKiK2) for 

Ce(III) a-2 1:2 w as reported as 17.7 in  0.4 M Na+ so lu tio n  (K i and K2 were 

no t determ ined). C a lcu la tions fo r log/? us ing  the da ta  from  reference 12 

correcting fo r the  m edia resu lted  in  log/9 =17.72 a t 0 .4  M Na+ [12]. The 

concentra tion  o f sup porting  e lectro lyte  fo r ou r stud ies o f the Ln a-2 

complexes is  0 .5  M. The fo rm a tion  constants for the a -2  complexes th a t 

we determ ined (Table 6.4 and 6,5) are in  excellent agreem ent w ith  those 

found by C o n ta n t and C iab in i [12] and Spitzyn [20] fo r the Ce(III) 

complexes.
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In  reference [14], the fo rm a tio n  constants o f L n  a-2 complexes 

have been m easured by lum inescence. The values fo r E u(III) complexes 

were log /ft=7 .5 , logfC2=5.7 in  1.0 M Na+ so lu tion and log /fr= 7 .36  in  0.1 M 

Na+ so lu tion. These values do n o t agree w ith  m y ow n data. From the 

above d iscussion, we know  th a t the  nature and concentra tion o f the 

supporting  a lka lin e  ca tion  w ill a ffe c t the measured fo rm a tion  constant 

value and th is  is  com m on for polyoxom etalates system . B u t we d id  see 

such phenom enon in  the resu lts o f reference [14]; the  b in d ing  constant 

values in  0.1 M Na+ and 1.0 M Na+ are very close.

The w ork by C ia b rin i and C o n ta n t [12] is the o n ly  reference we find  

th a t reports the  fo rm a tio n  constan t fo r Ln a-1 com plexes; they determ ine 

log /fj=6 .6  and logJC2=1.5 for the Ce(III) a-1 com plexes in  1.0 M L i+ 

so lu tion . C onsidering the trend o f decreasing ion ic ra d iu s  across Ln 

series, ou r va lues o f Kcond for Ln a-1 1:1 com plexes are in  excellent 

agreement w ith  the  w o rk  o f C on tan t [12]. The weak b in d in g  constant fo r 

1:2 com plex exp la ins the in s ta b ility  o f Ln a-1 1:2 com plexes in  so lu tion  

discussed in  C ha p te r 5.

C om paring the  form ation  co n s ta n t value o f Ln a -1 complex (Table 

6.3) w ith  Ln a -2  com plex (Table 6 .4 , 6.5), it  is in te re s tin g  to find th a t 

across the lan than ide , as the size to  lan than ide decrease, the form ation 

constants increase fo r Ln a-1 com plexes, bu t are co n s ta n t for Ln a-2 

complexes. There m ay be two reasons fo r th is  trend. F irs t, the basicity o f 

[a - l-P 2W i706 i]10- is  la rger than [a-2-P2W i7O6i]10'[12 ]. F igure 2.1 and 4.2
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are the c ry s ta l s tructu res o f Ln  a-2 and a-1 complexes. The oxygen 

atom s m arked * is bonded to on ly one tun gste n  atom  W4 in  [a-1- 

P2W 17O6 1J10' an ion, b u t to tw o tungsten atom s W1B, W 2B in  [a-2- 

P2W 17O6 1 ] 10' an ion. These renders the [a-l-P2W i7C>6i]10‘ anion m ore basic 

tha n  [a-2-P2W i7O6i]10_ an ion. The negative charge is m ostly located on 

the fou r oxygen atom s o f the vacancy. As the size o f lan than ide decreases 

from  La to  Lu , the charge d e ns ity  (charge/diam eter) increases. Therefore, 

i t  is reasonable fo r the more basic anion [a - l-P 2W i7 0 6 i ] 10', the b in d ing  

constan t increases as the size o f lan than ide decreases, th a t is  as the 

charge/size increases.

A no the r reason fo r the s ta b ility  constan t trends observed in  Table

6.3 , 6.4 a n d  6 .5  may be the  fle x ib ility  o f the defect holes o f the [a-2- 

P2W 17O61 ] 10'  and [a -l-P 2W i70 6 i]10- anions.

A ccord ing to the c rys ta l s tructu res o f Ln a -2  1:2 (Ln=Eu, Gd, Lu) 

(Chapter 2), the defect hole size decreases as the  size o f Lanthanide ion 

decreases. The a-2 defect ho le th a t obtained by rem oval o f a WO u n it 

from  “cap” region o f the p lenary [a-P2Wis062]6' (F igure 1.7), m ay a d ju s t to 

the size o f the lan than ide, therefore, shows no selectivity between 

lan than ide ions. The a-1 defect hole th a t ob ta ined by removal o f a WO 

u n it from  “ b e lt” region o f the p lenary [a-P2Wi8062]6‘ (Figure 1.7), on the 

o ther hand, is  less flexib le an d  more basic. Therefore, the a-1 ligan d  is  

selective to  the  heavier la n th a n id e  ions w ith  h ig h  charge/size ra tio .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



154

U nfortuna te ly, we do no t have the c rys ta l s truc tu re  fo r the  Lu a-2 1:1 or 

Eu a-1 1:1 com plexes fo r an exact com parison.
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6 .3 . C on clusion

The p ro tona tion  constan ts  fo r (01-2 -P2W 17O61)10' have been 

m easured by po ten tiom etric  titra tio n  and are log/?; = 3.53, log/?2 = 7.99, 

log@3 =10.41. EDTA was chosen as com petitive ligand  a fte r 9 ligands had 

been trie d . Two m ethods have been developed to m easure fo rm ation  

constan t fo r Ln a-1 and Ln a -2  complexes, ligan d -lig and  com petition  

m ethod m on ito red  by 31P NMR and m etal-ligand titra tio n  m onitored by 

Eu(III) fluorescence exc ita tio n  com bined w ith  lan than ide -lan th an id e  

com petition . The resu lts from  bo th  methods are in  good accord w ith  each 

other, im p ly in g  the re lia b ility  o f the  data, the m ethods and the s u ita b ility  

o f the m athem atic  model. For Ln a-1 complex, the con d ition a l fo rm ation  

constants are in  1089-1 0 132 M 1 ranges. Crossing the lan than ide series, 

from  La to Lu, as the size o f lan than ide  ions decrease, the fo rm ation  

constants increase from  108 9 M 1 to 1013 2 M 1. However fo r Ln a-2 

complexes, the  therm odynam ic fo rm ation  constants are a lm ost constan t 

from  La to Lu, about 1011 M _1 fo r K i and 106 M 1 fo r K2 . Th is may due to 

the d iffe re n t strength o f ba s ic ity  o f (a -l-P 2W i7 0 6 i) 10* and (a-2- 

P2W 17O61)10' an ions in  so lu tio n , and d iffe ren t fle x ib ility  o f the hole size o f 

‘defect’ p o s itio n  in  (a-l-P2Wi7C>6i)10' and (a-2-P2Wi7C>6i)10~ m olecule 

structu res.
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