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L ist forF requen tly U sedSynb o l s

Symbol Meaning
Usual

DlmenSlons

A surfaceareaofaninterface

ポ actlvltyofionjinphasea

D; diffusioncoefficientofion3inphasea

E potential

E! standardpotentialofionj

cn2

usual,M

cm2sec- 1

V

V

Emld midpointpotential;(Epa +Epc)/2 V

Epa anodic(positivecurrent)peakpotential V

Epc cathodic(negativecurrent)peakpotential V

AEref referenceelectrodepotential V

F Faradayconstant C

AGOtトfIa standardGibbsfreeenergyofthetransfer J

ofion∫fromβtoα

'⊥

a

u

,

p

p

I

I

l

k

R

S

T

t

y;

｣紬 J

A紬 写

current

anodic(posltlvecurrent)peakcurrent

cathodlc(negativecurrent)peakcurrent

rateconstant

gasconstant

Laplaceplanevariable,usually

complementarytOt

temperature

time

activitycoefficientofion3inphasea

lnterfaclalpotentialdifference(across

theinterfacebetyeenphasesdandβ)

〃A,A

PA

FJA

sec~l

∫mol~1 K~1

usual,K

See

M

V

standardion-transferpotentialdifference V

ofion3(acrosstheinterfacebetween

phasesaandβ)
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in troduction

Heteropolyanions l1,2lhavebeenutilized invariousfields. The

formationandsubsequentpreclpltatlonorreductionofheteropolyanlons

arethebasisofgravimetrlcorcolorimetricanalysesofsuchoxoanlons

assilicate,germanate,Orthophosphate,arsenate,etc. Theyhavebeen

alsousedasheterogeneousalldhomogeneousCatalystsforabroadvariety

of reactlons 【3】. Recently, there have been reports on their

applicationstobiochemistry【41andasion-exchangematerials【5】.

In addition. a yplde variety of heteropolyanions have been

synthesized. However,nosystematicprocedurefortheirsyntheseshas

been established. This seems to be ascribed to the lack of a

conslderatlonoftheirsolvatlonbehaviors. Although mostpOlyanions

have been prepared from aqueous SOlutlons, a number of new

heteropolyanions have been recently isolated from aqueous organic

solvents 【6-llL It should be also noted that certain polyanions

unstable in water are stabilized by the addition of water-niscible

organicsolvents 【12-191. Thusltmaybespeculatedthathydrophoblc

characters of polyanlons play an important role ln their formation.

Nevertheless,there hasbeen no available measure for evaluating the

hydrophobiclty (orhydrophllicity).

A recently developed voltammetric technique using a polarizable

oil/water interface, so-called ion-transfer voltammetry 【20-22】,

providesquantitativeinformationonthephasetransfercharacteristics

of an lndlvidual ion. It offers a promislng posslblllty for

understandingtheinterracialprocesseslncludlngextraction【23-271and

llquld一membrane transport 【281. In particular, the standard ion

transfer potential,which ls related to the Gibbs standard transfer

energy of the ion from oiltowater,Canprovideuseful crlterlafor

evaluatingtheafflnltyoftheiontoorganicsolvents. Itshouldbe

also noted that the voltammetric current proportional to the bulk

concentration of a transferring species enables us to study solution

equlllbrlaofpolyanlons. Thus,1nordertounderstandtheformation

of polyanions systematically, ion-transfer voltannetry has been
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employed.

In this thesis, the author's contribution to the study of the

formation ofheteropolyanionsinsolutionshasbeensumarlzedinfive

chapters. In Chapter I,the solution chemistry of heteropoly- and

lsopolyanions ls considered. The transfer of polyanlons at the

nitrobenzene/water interface has been studied by ュon-transfer

voltannetry. Through analyses of the voltam皿etric waves,a simple

lineardependenceofthestandardion-transferpotentialsonthesurface

chargedensitiesofpolyanlonshasbeenobtained. Onthebasisofthis

flndlng,theauthorhasproposedahydrophoblcity scaleofpolyanlons.

InChapterII,ion-transfervoltametric皿eaSurementShavebeenextended

to the 1,2-dlchloroethane/waterinterface. Theauthorhasdiscussed

the solvatlon energy ofpolyamions. In Chapter III,theformation

equilibrium Ofheteropolym01ybdatesinaqueoussolutionslsmentioned.

Ion-transfervoltametrywiththenitrobcnzene/Waterinterfacehasbeen

applied to the characterization of aqueous nolybdate solutions

containing such a heteroanlon as silicate, germanate, phosphate, or

arsenate. So皿e SOlute species have been ldentlfied and their

formation equilibria have been discussed on the basis of the

hydrophobiclty scaleproposedinChapterI. Chapter工Vdealswiththe

formation kinetics of heteropolym01ybdates. To date, the for皿atlon

mechanlsmsofheteropoly皿01ybdateshavenotbeenelucidatedwell. The

author has developed a novel technique based on the a皿perOmetric

detectionofpolyanlonsusinganoil/waterinterfacefortheresearchof

the formation mechanlsmS Of Keggin-type heteropolym01ybdates. In

ChapterV,an analytical application lsdescribed. On thebasisof

thestudy describedlnChapters工ⅠIandIV,theauthorhasdevelopeda

new method for the deter皿inatlon of oxoanions, whlch relies on

electrochenicalformationofaJnOlybdophosphateattheinterfaceandon

the subsequent detection of the voltametric current due to its

transfer. A novel voltanJnetric sensor for phosphate ion hasbeen

constructedanditsperformancehasbeenexamined.

-2-



CHAPTERI

HydrophoblcityScale of Heterop叶 and lsopolyanio n sa)

1.1.Introductlon

Heteropolyanions 【1,2】arewidelyusedasacidandredoxcatalysts

forvarious synthetic reactions ln both heterogeneous andhomogeneous

systems【3】;they have alsoplayed important roles ln the analysis of

such oxoanlonsasorthophosphateand silicate ions. 1仙ile trying to

understand these catalyticandanalyticalprocesses,detailedsolution

studiesofheteropolyanionsyperecarriedoutusingelectrochenicaland

spectroscopictechniques. Oneoftheimportantfactsobtainedisthat

although certain heteropolyanions,like 【PMo120.｡】3~,are unstable in

water, they are stabilized by addition of water-niscible organic

solvents,suchas1,4-dloxaneandacetone.【12-191 1tshouldalsobe

noted that ln recent synthetic studies t6-11】 a wide variety of new

heteropolyanions,e.ど.,【S2Mo18082]4-,【S2Vmol,062]5-,lvmo120.｡13~,and

lP2Mo1806114-(containingP20,4~),havebeen successfully prepared from

mixedaqueoussolutlons. Thus,although皿anyheteropolyanionspossess

hydrophobic characteristics,there has been no available measure for

evaluatingtheafflnltyofheteropolyanlonstoorganicsolvents.

The transfer of heteropoly- and lsopolyanions at the interface

between two im皿iscible electrolyte solutions (ITIES), viz., the

nitrobenzene(NB)/water(W)interface l30-35]hasbeenstudiedbyanovel

voltammetrlc technique (so-called ion-transfer voltammetry) 【20-22】.

Moderatelyhydrophobicpolyanions,suchaslSiW120｡｡14~,【p2m018062]6~,

andlMo6010]2-.producedvoltam皿etricwavesduetotheirtransferacross

theITIES. Throughanalysesofthevoltametrlcwaves,thevaluesof

the standard ion-transferpotential (A苫¢○),which isrelatedtothe

standard Gibbs free energy of transferby Eq.1-3 (see below),Were

determined for thepolyanionsofvarioussizeand ioniccharge. As

for the determined ∠]VoJ¢〇一values,a simple linear dependence on the

surfacechargedensitiesofpolyanlonshasbeenobserved. Onthebasis

-3-



ofthlsfinding,theauthorTillhereinafterproposeahydrophoblclty

scaleofheteropoly-andlsopolyanlons.

1._2･Experimental

Chemicals

TBAーsaltoflⅥⅦ05010]3~

A n-tetrabutylammOnium (TBAー) salt of lVM05019]3~ yPas prepared

accordingtothereportedmethod.【36】 Apolyhedralrepresentationof

theanionisshownlnFig.1-1(a).

TBAーsaltofa-lMo8026]4~

A 10どquantity of (NI74)6Mo7024･4H20yasdissolvedin100mlof

water. Afterfiltrationoftheturbidity,thepHofthesolutionyas

adjusted to5.5-6.5Wlth1MNaOH. TheadditionofTBABrproduced

white precipitates.They were collected by filtration,washed with

ethanolandthendriedat50℃. Theldentlflcatlonofthesaltwas

basedonanelementalanalysisandIRspectroscopy.【371

Anal.Calcdfor (TBA)4lMo8026]:Mo,35.64;C,35.70;H,6.74',N,

2.60%. Found:Mo,35.9;C.35.42;H 6.74;N,2.59%. IR(cn-I)

950(W),923(vs).912(vs),905(vs).854(S),806(vs).665(vs).560(yp).

502(W).

In TG-DTA no evolution of water yas observed up to 220℃. A

polyhedralrepresentationlsshoynlnFig.1-1(b).

n-Tetrapentylannonlumtetraphenylborate(TPnATPB)

TPnATPBwaspreparedbymixingequimolarethanollcsoltJtlonsofT2-

-4-



Fig.1-1. Structuresol(a)lVMo5019)3~and(b)a-【Mo8026】4~.
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tetrapentylamnoniuJnbromide (Yako Pure Chemical Industries,Ltd.)and

sodium tetraphenylborate (Dojlndo Laboratories); the preclpltate vas

washed five times with dlstllled water and twice with ethanol and

furtherpurifiedbyrecrystallizationfromacetone.

TZ-Tetrapentyl卑皿皿Oniu皿Chlor阜qe(TPnACl)

TPnACl (Wako'spractical grade)was dissolved in dlstllledwater,

treatedseveraltimesylthactivecarbontoremoveyellowishimpurities

andusedforpreparingphaseIincellA;theconcentrationofTPnCIyas

determined by potentionetric titrationypith a standard silvernitrate

solution.

Thecrystalsofn-TetrabutylanJnOniuntetraphenylborate(TBATPB)were

obtainedaccordingtothereportedmethod【38ト

n-Tetrabutyl?nnoniunchloride(TBACl)

AnalyticalgradeTBACIwasfrequentlycontaminatedbyatracelodlde

ion,whichwasremovedbymetathesiswithsilverchloridelntheaqueous

solution; the concentration of TBACI was determined by

potentlometricallyinthesamemanneraSTPnAC1.

Analytical grade nitrobenzene(Wako)was purified by shaking with

active alumina overnight. The nitrobenzene solutlonsof thehetero-

polyanions were prepared lmmedlately before use to avoid gradual

reductionoftheheteropolyanions.

OthercheElicalswereofanalyticalgradeandWereusedasreceived.
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ElectrochenicalmeaSurementS

Ion transfer voltammetric measurements were made by using a

皿icrocomputer-assistedsystem【39】.

In studing ofthe transferof lVMo5010]3-anda-lMo8026]4~atthe

NB/Winterface,thefollowingelectrochemlcalcell(cellA)wasused:

Ⅰ ⅠⅠ ⅠⅠⅠ ⅠV V

Ag/AgCl

(RE2)

0.02M

TPn A CI

0.1 M

MgS O 4

(W)

0 .1 州 0.1M

TPnATPB

TPnATPB x mM

TBA ◆salt of

heteropolyanlon

(NB) (NB)

0.05 M 0.05M

MgC12 MgC12

0.5M 0.5 M

MgSO4 MgSO4

buffer

(Y) (W)

AgCl/Ag

(REl)

Thepolyanlonwasadded tophaseIIIastheTBAーsaltい ,and its

transferacrosstheinterface (area,0.127cm2)betweenphasesIIIand

IVwasexamined.(●:Inthisstudy,polyanionstobetestedwereusually

dissolved in the organic-solventphase,not in the yater phase where

most polyanions arevery labile.) ThepH ofphase IV fasadjusted

ylth 0.1 M an皿Onia buffer (pH > 7), CH3COOH + (CH3COO)2Mg buffer

(lCH3COO~1 -0.1m;pH3-5),andHCl (pH< 3). A three-electrode

cell assembly shoyn in Fig.112 was used for cell A. The 0.1 m

TPnATPB NB solutionwithout aTBA◆Saltofheteropolyanionwasloaded

into Luggln capillary to prevent the equlllbrium potentialdifference

betweenphasesIandIIfrombeingdisturbedbyTBA◆ion. PhasesIV

and V were separated by a glass slnter. The potential difference

across the test interface, A習¢(=_¢V-¢O･, ¢vand ¢ Obeingthe

potentials ofW and 0 phases),Wascontrolledby using tyo reference

electrodes, i.e. the Ag/AgCllIlII electrode (RE2) and Ag/AgCllv

electrode (REl). ThepotentlaldifferenceEbetyeenthemetalphases

of the two reference electrodes, being controlled by 皿eanS Of a

laboratory一made potentiostatwithapositivefeedback iR co皿penSatlon,

1srelatedtoA習¢ as

-7-



H→

ji i B

Fig.1-2.Electrolyticcell:

(W)waterphase,(NB)nitrobenzenephase,(RElandRE2)reterence

electrodes,(CE)counterelectrode,(A)glasstube,(B)sinteredglass,(C)

testinterface,(D)Luggincapi"ary,(E)tosolutionreservoir,(F)screw

cockfortheinterface adjustment,(G)siliconetube,(H)thermostated

water(25±0.1℃).(I)stirringbar.and(J)magneticstirrer.
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E=A 苫¢ ･ AEr｡,

where∠jEr｡fisaconstantwhichdependsonlyonthereferenceelectrode

system. TheAEr｡fforcellAhasbeenevaluatedtobe0.323V.【401

Thecurrentflowingthroughthetestinterfacewasdetectedbyusingthe

Ag/AgCllvelectrode (REl)andaddltlonalAg/AgCllo.02MTPnACl ･0.1M

MgSO4 (W)electrode(CEinFig.1-2)immersedinNB(phaseII工).

For the study of the phase transfer using different supportlng-

electrolyte systems,the following cell (cell ち)wasused instead of

cellA.

CELLa:

Ⅰ ⅠⅠ

Ag/AgCl

CELLC:

Ag/AgCl

0.1M

TBACl
(W)

0.1mTBATPB

xm州heteropolyanlon

(NB)

Ⅰ ⅠⅠ

0.1M

TBACl

(W)

0.1MTBATPB

xm州heteropolyanion

(NIH

Ⅰ工工

0.5MMgC12

buffer

(Y)

ⅠⅠ工

0.1mLicュ

buffer

(W)

AgCl/Ag

AgCl/Ag

The interfacebetweenphasesIIandIllwastobe tested.A tyo-

electrodecellassembly 【301wasemployedforcellsBandC.
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1.3Results

Thevolta皿皿etrlcdetermlnationsofA苫¢oforthepolyanlonsatthe

NIVW interface ypere reported in detail, 【30-33】except for lVMoOIO]3~

anda-lMo8026]4-. Fig.1-3showscyclicvoltammOgramSforthetransfer

of lⅥⅦ05010]31attheNB/Y(pH4.8)interface,whichwererecordedusing

five different scan rates. In each voltammetric wave, the anodic

(positive current)peak corresponds to the transfer of the polyanlon

fromNB toW,yphereasthecathodic (negativecurrent)peakcorresponds

toitstransferbacktoNB. Ascanbeseenlnthefigure,thecathodlc

peak becaJne lessprominentupon lowering thescan rate. ThisJnay be

ascribed tothe partialdecompOSltlonofthepolyanlon in theY phase

(cf.【32日.

Nevertheless,themidpointpotentialEm ld (;(Epa+Epc)/2･,EpAandEpc

being the anodlc and cathodlc peak potentials) was practically

independent of the scan rate. Asshown ln Fig.1-4,thevaluesof

E,,,id Were almost lnvariant at higher pH-values (>4), though they

shiftedtoposltlvepotentlalsatlowerpH-Valuesduetoprotonatlonof

thepolyanlonintheorganle-solventphase 【41L Thelnvariantvalue

ofEm id athigherpH-values(viz.,0.201V)Wasthenconsidered as the

reversiblehalf-ypavepotential(Er?=)forthe individual ion transfer

accompanyingnoprotonatlon.

TheEiヲ冨isrelatedtoA習¢ oasl25】

Erヲ首- AYo/¢〇 十 AEr｡f

RT γOJ5iF
A YoJ¢fヲ芸- A習¢0 .- 1n

zF γWJ575I

and

(1-1)

(1-2)

wherezistheionicvalence(herez=-3); γ aandI)a (a=OorW)are

the activity coefflclent and the dlffuslon coefficient of transferred

ion in the organic-solventphase (0)orwater phase (W);F,R,andT

havetheirusual皿eanlngs. Thesecondtermoftheright-handsideof

Eq.1.2isquitesnail;thecontributionwasevaluatedtobeonly-0.003

-10-



0.2

E/V

Fig.113. CyclicvoltammgramsolthetransferollVMo5019]3-atthe

NB/W (pH 4.8)jnterlace. Thepolyanionwasaddedtothe NB phaseas
theTBA+saltsothattheconcentrationbecame0.20mM. Thescan

rateswere(1)0.02;(2)0.05;(3)0.1;(4)0.2;(5)0.5V sll.
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pH

Figl1-4. pH dependencesolthemidpointpotentiarsolthecyclic

voJtammogramsforthetransferol(a)【VMo5019】3land(b)a-lMo8026]4-
attheNB/W interface.
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V (forz--3)by assuming γO/γV -1andDO/I)W = 2.07 【421 (Walden

rule). Flnally,A習¢Owasdeterminedtobe-0.119VforlVMo5010]31

Further,usingawell-knownrelationt20,22】,

AGもトO .W - -zFA嘗¢ ○ (1-3)

AGOtトO.vwasalsodeterminedtobel35kJm01~1.

Forthetransferofa-lMo8026]4-,itWasratherdifficulttoobtain

a reproducible voltammOgra皿 at Ordinary scan rates, due to the

appearance of a maximum YPhich might be related to a quite rapid

decomposltlonortransformationofthecomplexanlon (possibly,intoβ-

isomer)intheW-phase. Nevertheless,awell-definedcyclicvoltamm0-

gram (not sho耶l)couldbe obtainedmost readilyby usinghigher scan

rates (e.g., 1.0 V sll). As shown in Fig.1-4, Em id is virtually

constant (0.183 ± 0.004 V)over the pH range 1.6-3.8,indicating no

participation of protonatlon in the transferprocess. Ⅰn a similar

manner as 【vMoO1913~ 皿entioned above, A習¢o and AGOtトO.w for d-

lMo8026]4~wereevaluatedbasedonpH-independentEmid.

Asillustratedbythetransferofthetwopolyanions,thevaluesof

AVB'¢o and AGOtLo.v for other kinds of polyanions were likewise

determined. Theresultsaresummari2:edinTable1-1. Forfurther

details,Seeeachreferencenotedlnthetable.

In Table 1-2 the values of ∠つVb.'¢O determined using different

supporting-electrolytesystemsarecomparedforsometypicalpolyanions.

The divergencesarealmostWithin theexperimental errors (±0.005V),

exceptforlP2Mo18062]6-,whichshowsaslightdeviation. Thisresult

implies that the ion, association either in NB or in W has no

slgnlficant influence onthe transferpotentialof apolyanlon. It

should also be noted that the A習≠O-valuesgiven ln Table 1-1were

determined using some different supporting-electrolyte systems. If

the effect of ion association was not negllglble, such a clear

correlationasshownbelow(Fig.ト5)couldnotbeenobtained.

-13-



Table1-1.

Standard Potentials and Standard Glわbs Free Energy of

Transfer of Heteropoly- and lsopolyanions at the Nitrobenzene/Water

lnterface (25oC)

No. Amion Form rzl/n2'3

AVto'¢o AGもトO .v

v kJm01~1
Ref.

1a 【SiMo120.｡】4-

1b lSiMo1204.]4-

2a lGeMo1204｡】4~

2b lGeMo12040]4-

3a lPMo120..]3-

3b lPMo120.｡13~

α 0.342

β 0.342

a 0.342

β 0.342

α 0.256

β 0.256

4 lAsMo1204.]3- a o.256

5 【SiW1204｡】4- a o.342

6 【PW1204｡】3- d 0.256

7 【P2m018082]6 ~ a o.383

8 【As2Mo18062]8- a o.383

9 【S2m018062]4~ a o.255

10 【S2ⅥⅦ017062】5~

11 【P2m018081】4-

12 【Mo6019]2~

13 【VMo5010】31

14 【Mo8026]4~

0.319

0.258

0.281

0.421

a 0.460

%

%

1

u

u

3

t

t

I

1

1

1

1

1

1

1

1

3

3

3

3

3

2

S

S

o

3

3

3

3

3

3

3

3

3

3

3

3

3

3

3

S

S

l

1

l.n

h

ml

T

qS

a

a

a

a

6

7

6

6

2

2

1

8

4

3

3

4

1

2

2

5

3

2

2

2

2

7

7

7

2

7

0

4

9

3

3

5

1

一

l

)

ノヽ

ノヽ

qS

q!

a

ql

a

6

7

4

6

8

8

3

1

3

5

5

9

5

9

4

9

7

6

6

6

6

4

4

4

7

4

0

0

6

8

3

6

1

3

0

0

0

0

2

2

2

0

2

0

0

2

0

2

1

1

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

〇

一

】

a)Approximatevaluesestimatedfromthefootofvoltammetrlcwave
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Table1-2.

Standard lon-TransferPotentlalsof SomeTypicalPolyanlonsat the

Nitrobenzene/Water Interface I)etermined Using Three Different

Supporting-ElectrolyteSystems(25℃)

A苫¢o/V

Anlon

System1 System2 Systen3

cellA cellB cellC

a-lsiMo1204.]41 0.071 0.066[30,31] 0.073

a-lGeMo120..141 0.068 0.064【311 0.072

a-【P2Mo1806216~ 0.005 0.005 0.023

lM0601012- 0.172 0.164【321 0.170
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1.4I)lscussion

Intable1-1,anlons1-6havetheKeggin-typestructure (seeFig.3-

2),yhereas anlons 7111 have the Dawson-type structure (or a related

structureforll)(seeFig.3-29).

In either structure,anlons of the same lonlc charge have nearly

equal values of ∠】苫¢ ○ and AGOtFo l川 , independent of the central

heteroatoms. Further,thereisnodifferencelnthetransferpotential

betweenthea-andβ-isomers,inwhichoneM3013 (M= MoorW)groupis

rotated by 60'.(see Fig.3-2) These results seem to support the

hypothesisthatthesurfacechargeofsuchapolyanionisnonlocallzed.

Inthefollowing,theauthordiscussesthedependenceof A甘¢oon

the surface charge density of a polyanlon. Unfortunately,however,

thereisonlyoneavailablevalueoftheionicradii,viz.,r:0.56nm

for lSiW120.｡】41 [43]. Accordingly,the surfacecharge density ofa

polyanion wasestimated asfollows: Becauseallofthespaceofthe

polyanion structure is taken upby thebulky oxygen atoms,Whichare

virtually close-packed l1】,the ionicvolumecanbedetermined solely

basedonthenumberofoxygenatoms (n). Ifthepolyanionlsassumed

to be a hard sphere with a uniform Surface charge, r should be

proportional to nl/3 consequently, the surface charge density,

ze/47Tr2 (e. the elementary charge), can be regarded as being

proportional to lzl/n2'3 Agalnst this quantity,the AVo/¢O-values

for the polyanions are plotted in Fig. 1-5. Despite the large

difference insizes,charges,andevenstructures,allofthedata

surprisinglylayonastraightline.

AYoJ¢○(V)≡ -1.9 81日 z l/ n 2/3)･ 0.749. (1.4.)

such a slnple relationship was not observed between ∠]G鈷 o●V and

lzl/n2/3 1t should be also noted that a similar linear plot yas

obtained for polyanlon transfer at another ITIES, vi2∴, 1,2-

dlchloroethane/waterinterface.(seeChapterII)

Thestandardiontransferpotentlalsoflongprovideusefulcrlterla

for predlctlng their ''hydrophoblc''behaviors in such processes as
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Fig.1-5･ Plotolthestandardion-transferpotentialsolheteropoLy-

andisopolyanionsattheNB/W interlac.eagainst IzI/n2/3 (Z･ionic
vaLeFICe;n,numberoloxygenatoms). Numbers1-14Correspondto
thepolyanionlistedinTable1-1.
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liquid-liquid extraction 【23-27】 and liquid-membrane transport. 【281

Thus, the transfer potentials can be used as a scale for the

hydrophoblcity of ions. Forthepolyanlonsofinterest,however,the

quantity lzf/n2'3 (the values being shown in Table 1-1) may be

conveniently employed as an alternative to A Vd'¢ O, since a linear

relationshipexistsbetweenthetwoquantities(Fig.1-5).

According to the Fzl/n2'3-values,polyanions may be classified as

being eitherhydrophobicorhydrophilic. Asawhole,polyanionsyith

lzl/n2/3-valuessmallerthan0.3 (e.ど.,theanions3,4,6,9,ll,and

12) are unstable in aqueous solutlons,and are classified as being

TThydrophobic'l;theyareknowntobehighlystabilizedbytheadditionof

water-misclble organic solvents. Most of the ney heteropolyanlons

preparedfrommlXedaqueoussolvents【12-17】belongtothisclass. On

the other hand, -'hydrophllic-Ipolyanions with lzl/n2'3-values larger

than0.3arerelativelystablelnaqueoussolutlons. Thus,thevalues

of lzl/n2'3 are useful for evaluating the stability of polyanlons in

solutions. As described in Chapter Ill, the Keggin-type

JnOlybdophosphate anion lPMo1204｡】3~,being classified as hydrophobic

(lzI/n2/3-0.256),doesnotexiststablyinanaqueoussolution;asa

resultrelativelyhydrophlllcanionssuchaslH3PMollO｡O】4~ (lzf/n2'3=

0.348)areformed.

Furthermore, the lzF/n2'3 value may provide useful criteria for

evaluting theextractabllltyofpolyanlonsintoorganicsolvents. It

appearsthatpolyanionswithsJnaller lz[/n2'3-valuesarepreferentially

extracted intoorganicsolvents. FortheKeggin-typemolybdateS,the

trivalentanions (3and4yith IzI/n2'3:0.256)tendtobeextracted

more readily,Le.,at loweracidconcentrationsthan thetetravalent

anions(1and2with lzJ/n2'3--0.342).【44-461

In conclusion,the value of lzl/n2'3 see皿S tO be pronlsimg for a

hydrophoblcltyscaleofpolyanlons.

Flnally,theauthoryrouldliketoaddthatthelinearplotofA 嘗¢ o

vs. Izl/n2'3 in Fig. 1-4 is of interest concerning a study of ion

solvatlon 【47,48】aswell. Theplotmeansthatthestandardtransfer

energy (AGOtトO.W),namely the difference in the solvation energiesof

the polyanion ln O and W,depends linearly on 1/n2'3 (cf.Eq.1-3),

-18-



which isproportional to 1/r2. Note that this dependence cannot be

accounted for by the Born-type electrostatlc solvatlon energy 【49】,

whichshoulddependon1/r. Suchanon-Bornian solvationenergymay

be interpreted by taking into account the so-called short-range

interaction 【50】 of an ion with solvent molecules in its immediate

vlcinlty (1.e‥ donor-acceptoreffectsorhydrogenbonds). However,it

seems that a new basic theory would be necessary for a thorough

understandingofthepresentresult.
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CHAPTER II

solvationEnergyofHeteropoly-andlsopolyanionsb･C)

2.1.Introductlon

The Gibbs energy of ion transfer at the ITIES is a key concept

lntlmatelyrelatedtoiontransferprocessestakingplacelnblomembrane

systems, solvent extraction, liquid membrane type ion-selective

electrodes,etc 【47L The Glbbs transfer energies ofvarious ions

have been evaluated from solubility data 【51,52】and extraction data

l53,541 and recently from electrocheznical data obtained using ion-

transfervoltam皿etry 【20-22】.

Inthetheoreticaltreatment,1thasbecomeCustomarytOdividethe

Gibbstransferenergyintoelectrostaticandnon-electrostatlcparts:

AG呈トol'W- AGuiFo.Ⅴ(el).AG呈トO.'W(non-el) (2-1)

The electrostatlccontrlbutlonhasfrequentlybeenevaluatedusingthe

simpleBorn model t49】inyhlchtheionisconsideredasahardsphere

of a given radius r immersed ln a continuous medlu皿 Of constant

permittivlty. In this model, the electrostatlc solvatlon (or

resolvatlon)energy isproportionalto1/r. However,thedefectsof

the Born modelhavebeenwellknownforalongtimeandavariety of

modlflcationshavebeenproposed 【47,55-57】. AsmentionedinChapter

I, the standard ion transfer potentials AVd'¢o of heteropoly- and

isopolyanlons at the NB/W interface depended linearly on the surface

chargedensitiesofthepolyanions. Since A苫¢ Olsrelatedtothe

standard Glわbs transfer energy by Eq. 1-3, the result means that

AGOtト o l'Vdependsnoton1/r(thesl叩leBornmodel)buton1/r2. Thls

non-Bornlandependencesuggeststhatshort-rangelnteractlonsoftheion

withthesolventmoleculesplayasignificantrolel48]. Inorderto

knoypyhethersuchadependencealsoexistsforotherITIES,experiments

havebeenextendedtothe1,2-dlchloroethane(DCE)/Winterface.
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2.2.Experimental

ThepreparationoftheTBAーsaltsof(1)a-lPMo1204｡】3~【311,(2)a-

lSiMo1204｡】4-[31】,(3)a-tP2m018082]6- [331, (4) 【Mo801912~【32】,and

(5) 【ⅥⅦ0501｡13~ (section 1.2) has been described previously.

Amalytlcal grade DCE yas purifiedby shaking yith distilled ypater.

Theotherchemicalsareasdescribedlnsection1.2.

ThevoltanJnetricneasurementswereperformedinamannerSimilarto

thatdescribedlnsection1.2. Thefollowingelectrochemicalcellyas

used:

Ag/AgCl

Ⅰ

0.02M

TPnAC1

0 .1M

MgSO■

(Y)

ⅠⅠ ⅠⅠ1

0.02-0.2叩 0.1M

TPnATPB,

TPnATPB xmM

polyanlon

(DCE) (DCE)

Forfurtherdetails,Seesection1.2.
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2.3.Results

Figure 2-1 shows representative cyclic voltammOgramS for the

transfer of the anions llS at the DCE/Y interface. In each

voltamJnetric Nave,the anodic peak corresponds to the transfer of a

polyanion fromDCE toW,Whereasthecathodicpeak correspondsto its

transfer back to I)CE. Anions 2 and 3 gavewell-defined reversible

waves; however, the other three anlons showed lrreverslblebehaviour

because of their decompOSltlon ln Y [32】; when the scan rate yras

reduced,thecathodlcpeaksbecamelessprominent(thevolta皿皿OgramSfor

anions 1,4,and 5 Shoym in Fig.211 were recorded at higher scan

rates). Nevertheless,thevaluesofEmld fortheseanionsaswellas

foranions2and3werealmostindependentofthescanrate. Asshown

in Fig. 2-2,the values of E.,"也 Were almost invarlant at higher PII

values,althoughtheyshiftedtopositivepotentialsatlowerpHbecause

oftheirprotonatlonlntheorganicsolventphase【31】.

IntheNB-YsystemmentionedlnChapterI,itwasapparentthation

pairingineitherNBorYhasnosignificantinfluenceon the transfer

potentialofapolyanlon. Insuchacase,Efヲ首isexpressed by Eqs.

ト1andll2. Hoyever,intheI)CEIWsystemStudiedhere.ionpairing

betweenthepolyanionAaandcationB'oftheorganicbaseelectrolyte

may occur ln0becauseofthe lowervalueof the dlelectrlcconstant

(i.e.8 =10.36･,cf.8 --34.82forNB). IfAz5andB'formal:1ion

pair(AB五一1),A宮中iF芸inEq.1-1canbewrittenasl58-60】.

R T γ三周
A 苫 ¢ ‡ア芸- A 苫 ¢ oa｡｡ +- 1n

zF γ‡屑
where

R T

A嘗¢三pp- A 苫 ¢ 0 -- 1n
zF

[

1 + I(望dCO

(2-2)

(2-3)

where γ写and D;aretheactivitycoefficientandthediffusioncoeffl-

clentofion∫(-Aa,B+,orAB昌一1) inphasea(-OorY), K40 ls the

associationconstantoftheionpairABaー1, cO isthebulkconcentration
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Fig.2-1. Cyclicvoltammogramsolthetransferol(1)a-lPMo12040】3-,(2)

a-lSiMo12040】4-,(3)a-【P2Mo1806216~,(4日 Mo601912~,and(5日 VMo501913~
atthe DCE/W(pH 2.8)interface, Thepolyanionconcentrationsaddedto

DCE phaseasthe TBA+saltwereasfollows: (1)0.2,(2)0.2,(3)0.1,
(4)0.2,and(5)0.1mM. Scanrates:(1)0.05,(2)0.02,(3)0.02,(4)

0.5,and(5)0.1V s-1. Supportingelectrolytes:0.1M TPnATPB in

DCE; 0.05 M MgCl2+ 0.5 M MgSO4inW.
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Fig.2-2. pH dependencesofthemidpointpotentiatsforthetransferol

(1)a-lPMo12040)3-,(2)a-lSiMo12040】4~.(3)a-【P2Mo18062】8~,(4)lMo6019]2~,
and(5)lVMo5019)3-attheDCE/W interface. Supportingelectrolytes'･
0.1M TPnATPB jnDCE;0.05M MgCJ2+ 0.5M MgSO4inW.
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oftheorganicbaseelectrolyte,andathedegreeofdissociation.

Inordertoexaminetheeffectofionpalrlng,Cyclicvoltammetric

JneaSurementS for the polyanlon transfer yere performed for several

concentrations cO oftheorganicbaseelectrolyte, namely0.02,0.05,

0.1,and0.2M. TheobservedvaluesofEr?EareshowninTable2-1.

Further,theauthormeasuredthevaluesofEr?iforthetransferof the

tetramethyla皿nOnlu皿 ion (TMA+),forwhich thevalue of the standard

potentiallsknown:AVio'¢0-0.160Vl60】. ByapplylngEqs.1-1,2-

2,and 2-3 to the transfer of TMA', AErefWasestimated for each

concentrationoftheorganicbaseelectrolyte;itsvaluesarealsoshoym

inTable2-1.

Table2-1.

Reversible half-wave potentlals for polyanlon transfer at the DCE/W
interfaceforseveralconcentrationsoftheorganicbaseelectrolyte

No. Ion
0.02州 0.05M 0.1M 0.2m

1 a-lPMo120.｡13~

2 a-lSIMo1204.]41

3 a-lP2Mo18062]6-

4 【Mo8019]2~

5 【Ⅵ叫0,01｡】3-

TMA+

0.520 0.529

0.357 0.367

0.310 0.311

0.435 0.444

0.196 0.205

0.432 0.418

AEr｡f/V 0.303 0.284

0.531 0.534

0.371 0.373

0.313 0.312

0.450 0.454

0.207 0.208

0.390 0.372

0.253 0.232

Inthisestlmatlon,1twasassumedthat72-7冨-γoandγ 2B =1,and

theparameterSγ0 andαWereevaluatedbysolvingthefolloypingsystem

ofequations【591:

-logγ0- A偶 /(1+B邑JF有 )

K2b- (1-a)/(γ O)2cOd2
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whereA,B,andaaretheparametersOftheI)ebye-HGckeltheoryandK2b

istheassociationconstantofthebaseelectrolytein0 (K2t,- 1.5xlO3

dn3mol~lforTPnATPBinDCEl61日. TheactivitycoefficientinWwas

calculateddirectlyfromEq.2-4 becausetheionpairingis negligible

inW･ Thefollowingasspmptionswerealsoused;

D‡/I)2- 0.87(Waldenrule),

J(2- 1.24xlO4d皿3mOrl【51】,

and

D2B/D2- γB/(γB+rA)と 0.4.

Equatlons1-1 and2-2Were thenappliedto thepolyanlontransfer.

Since there is no available method for evaluating the activity

coefflclents of multlvalent polyanions (Z -- 12 t0 -6), it was

tentatively assumed that rO/r V - 1. Using this and another

assumption,1.e.DV/D0 - 0.87,togetherwith the estimatedvalues of

AEref(Table211),theauthorevaluated the ''apparent'' ion transfer

potential∠]苫¢oapp;theresultisshowninTable2-2. Withincreasing

baseelectrolyteconcentration,AYolQoa｡｡foreachpolyanlonshiftedto

positive potentials in accordwithEq.2-3,showingthatthetransfer

potentlalsofthepolyanionsyereinfluencedtosomeextentbytheion

pairing.

Table2-2.

Apparentstandardiontransferpotentlalsforthepolyaniontransferat

the DCE/W interface for several concentrations of the organic base

electrolyte

No. Ion fzI/n2'3

A習¢oapp/V

0.02m 0.05m 0.1M 0.2m

1 a-lPMo120..]31 0.256 0.520 0.529 0.531 0.534

2 a-lSIMo120.｡】4- 0.342 0.357 0.367 0.371 0.373

3 a-lP2m018062]8~ 0.383 0.310 0.311 0.313 0.312

4 【Mo6019]2- 0.281 0.435 0.444 0.450 0.454

5 【Vmo5010]3~ 0.421 0.196 0.205 0.207 0.208
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2.4.DIscusslon

InFig,2-3thevaluesofA甘さoa｡｡obtainedfor the DCE/W system

areplottedagainstthequantity Lzl/n2/3mentionedin Chapterlat

variousconcentrationsoftheorganicbaseelectrolyte. Ascanbe

seenintheflgrure,despitethelargedifferencesinsize,charges,and

evenstructures,theplotgaveastraightlineateachbaseelectrolyte

concentration. Itshouldbenotedthattheslopeofeachstraight

line was almost the same. Thlsmeansthat therewere no皿arked

differencesintheeffectofionpairing betweenthepolyanionstested.

Accordingly, 1t can be assumed that the change in A甘さoap.,with

lzl/n2'3correspondstothatinthe''true'-iontransferpotential, i.e.

A嘗¢O. ThusalineardependenceofA苫 ¢ oonlzl/n2/3,i.e.

A苫 ¢0--(1.7 81±0.023日 z l/ n 2/ 3 .const (2-6)

is conflr皿ed ln the DCE-W system. Asnentloned in Chapter I,a

similardependencewasfoundlntheNB-Wsystem.

UsingEq.2-1and1-3,thefollowingequationisobtained:

yith

A苫¢O- A習¢ o(el). A苫¢o(non-el)

A苫¢○(el)--AGもトo●W(el)/zF

AVoJ¢○(non-el) ニ ーAGOtトol'Ⅴ(non-el)/zF.

Thus A甘¢○ 皿uSt involve the non-electrostatic contribution

A嘗¢o(non-el). Thenon-electrostatictermOftheresolvationenergy

AGもトO .'W(non-el)isgenerallyrecognizedasasolvophobicinteractionor

theenergyofacavityformationinsolvent. Severalformulaehave

beenproposedforthetheoreticalcalculationofthecavityformation

energy l55,62】. Volkovandcoworkers l47,57】successfullyemployed

thesemlemplrlcalUhllgformula【621

AGOtトo◆W(non-el) - 47TNAr2qo.vsqn(U0-qv) (2-10)
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Figl2-3･ PlotsoIA苫Qa0,, Tor(1)a-lPMo12040p-,(2)a-lSiMo1204014-,
(3)a-【P2Mo18062】6~,(4)lMo6019】21,and(5)lVMo5019】3~atthe DCE/W

interface against Izl/n2/3 forseveralconcentrationscOofthe organic

base electrolyte: ● 0.02 M; ▲ 0.05M; 0 0.1M; △ 0.2M.
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to evaluate thesolvophobic contribution tothe resolvation energy of

largecations. Inthisformula,qo.v istheinterfacialtensionat

theplane interfacebetweentwosolvents, q oand qv arethesurface

tensions attheboundariesofsolvents0andW respectivelywith air,

and

sqn(qo-qv)-

αo>Jw

αoくαⅤ

TheUhlig formulamay bevalidfor qo.W >10mN ml1andr>0.2nm

【47,57,62】. Slnce the present system satisfies these requirements,

theauthortentativelyemployedtheUhligformulayith27.9mNm-1【631

toestimate A苫¢o(non-el)expressedbyEq.2-9. 1ntheapplication

ofthisformula,thevaluesofryereobtainedusingthesimplerelation

r(innm)-0.164nl/3,asthevalueofrfor tSiW120.｡】4- yithn-40ls

knowntobe0.56nm【43L InFig.2-4,togetherwithlinear plot of

A苫¢oagainst Lzl/n2'3 (represented by ∠】官ダ&｡｡atc0-0.1M),the

I-relative''changeof ∠]苫¢o(el) isshownby plottingthe values of

A Vo/¢oapp-A苫¢o(non-el). Ascanbeseen, both ∠]冒¢o(el) and

AVbo'¢o(non-el)dependlinearlyon lzl/n2'3

A 苫 ¢o(el)ニ ー1 .241( lzl/ n 2/ 3).const-

Although the data are not shown here,a similar conclusion hasbeen

confirmedfortheNBIWsystem(seeChapterI).

Thusitisapparentthatthe●'electrostatic'-partof∠]苫¢oforthe

polyaniontransferdependslinearlyon lzI/n2'3:

AVior¢○(el)三一a(Lzl/n2/3) +b (2-ll)

where a andb areconstantswhichareindependentofzandn (orr).

Byusingrelation1-3,AGOtトo●V(el)Can beexpressedas

AG呈トo◆W(el)--aF(Z2/n2/3).bzF
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a-lP2Mo18082)8-,(4日 Mo8019)2-,and (5日 VMo501913~.
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Inthisway∠]GOtトO.Ⅴ(el)dependslinearlyon1/n2'3 and,consequently,

on1/r2. suchadependenceonionsizeconflictswiththeBornian

(long-range)electrostatlcsolvatlonenergywhichshoulddependon1/r

l49L Intheauthor'soplnlon,suchanon-Borniansolvatlonenergy

canbeexplainedlntermsoftheshort-rangeinteractionsofanionwith

solventmoleculeslnitslm皿edlatevicinity(Le.donor-acceptoreffects

orhydrogenbonds)(seeChapterI). Ⅰtfollowsthat∠]GOtF o .W(el)or

A 宮中○(el)shouldberecognized,notasan''electrostatic'-interaction,

butasa''chemlcal''interaction.
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CHAPTERIII

FormationEquilibriumOfHeteropolym01ybdatesinAqueousSolutionsd)

3.1.Introductlon

Avarietyofheteropoly-andlsopolyoxometalateshavebeenprepared

fro皿aqueOuSSOlutlons, amdaccordinglytheirformationequillbrlu皿has

been studied by various spectrophotometrlc and electrochemical

techniques. 【1,2】 However,Solutionequilibriaarerathercomplex,

since more than one complex lsmostly present in equlllbrium,and

complexes皿ayundergorapid(orslow)exchange,particularlyinaqueous

solutions. Moreover,thesolute speciesdonotnecessarilybeara

structuralrelationshiptomaterialsthatcanbecrystallizedfromsuch

solutions. Inspiteofawidevarietyofavailabletechniques,such

complexityofpolyoxometalatesolutionsmakesltdlfflculttoidentify

solutespecies. Consequently,furtherdevelopmentOfthetechniques

seemsStilldesirable.

For the case ofheteropolynolybdateanionscontainingpentavalent

heteroatomS,Viz.,X=PorAs,theaqueousP一Mosystemhasbeenmost

extensively studied using various techniques; polarography 【641,

Yoltam皿etry 【14】, equilibrlum analysis by combined potentiometric-

spectrophotometrlctitration【65-691,large-angleX-rayscattering【70】,

Ranan l71,72],UV l73,74],and 31p NMR l75177]spectroscopies,etc.

Theexistenceofsomemajorspecies,viz.,lP2m0502｡】6-,lp2m018062]6∴

lPMo1204.]3-, has been confirmed by many authors, however, their

formation conditionsarestillnotfullyunderstood. Theexistence

oflacunary (defect)I(egginanions,【PMollO30]7-and lPMo｡03｡】91,and

their formation conditions are controversial. FurthermOre, Only

little isknown about the ill-defined species,e.ど.【PMolOO｡.]3-and

lP2Mo2013]41

TherehavebeenonlytworeportsonaqueousAs-Mosolutions. On

the basis of spectrophotometrlc, polarographlc, and potentlo皿etric

studies, contant 【66,67】 has concluded that the 皿ajor species are
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lAs2m0602｡18~, 【As2Mo1,081】10-, lAs呈Mol｡0｡21○~, and 【H.As.Mo120.｡14~

Pettersson 【68,69】, using emf and spectrophotometrlc meaSurementS,

proposed the different species, 【As2m0502,]6-, 【As2m08026]9~, and

lAsMooO｡.]9-

For the case of aqueousm01ybdate systems COntalning tetravalent

heteroatomS,Ⅹ-SiandGe,itlsyellknoynthatthe XMo1204｡4~anions

are quite stable ln the aqueous solutlon 【78-82】. Regardlng

heteropolyanlonsotherthantheKegglnanlons,hoyever,theirformation

equlllbrlahavenotbeenestablished. Althoughsomeauthors【83,84】

havesuggestedtheexistenceofalacunaryKeggin anionXMollathigher

pH(>4)Values, there ls only one report 【85】 describing neither of

satisfactorysyntheticproceduresandldentlflcatlon.

Thusmanyquestionsabouttheaqueousheteropoly皿01ybdateequilibrla

have remained unanswered. This may be attributed not only to the

complexity of the equlllbrla but also to the difference ln the

conditions (primarily,heteroanlon andm01ybdate concentrations);some

spectroscopicmethodsincludingRamanandN河R,thoughpromisingforthe

identlficatlonofthecomplexspeciesexlstlnglnhigherconcentrations

(usually≧0.01M),aresomewhatdifficulttoapplytodilutesolutions,

Withwhichsuchelectrochemicalmethodsasvoltam皿etryCantreat.

AsmentionedinChapter工,thetransferofcertainheteropoly-and

isopolyamionsacrosstheNB/Winterfacecanbeexaminedbyion-transfer

voltammetry. A moderately hydrophoblc or semi-hydrophoblc (or

hydrophlllc)polyanlon ln Table ト1 (Chapter I)gives a voltammetrlc

waveowingtothetransferacrossonITIES. Thevoltammetriccurrent

lsproportional to the concentration of the polyanion ln aqueous (or

nonaqueous)phase,whilethepotentialatwhich thevoltammetricwave

appearsischaracterlstlcofthe natureofthepolyanlon. Here,the

author has applied thistechniquetothe identification ofpolyanions

formed in dilute X-Mo (X - Si,Ge,P,and As) solutions,and the

resultshavebeendiscussedonthebasisofthehydrophoblcltyscaleof

polyanionsproposedlnChapterI.
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3.2.Experimental

Chemicals

Stocksolutionsof0.1MNaH2PO4･2H20,0.1MNa2HAsO4･7H20,and0.2

M Na2MoO4･2H20, and standard silicon and germaniu皿 SOlutions (Wako)

(1000ppmeach)Wereusedtopreparetestaqueoussolutlons,whichalso

contained0.05MMgC12and0.5mmgSOdaSSupportingelectrolytes. The

pH of each test solution was adjusted as a 皿anner Si皿ilar to that

describedlnChapterⅠ. Unlessotherwisenoted,testaqueoussolutlons

werepreparedwithin1daybeforeuse.

TBÀ saltofll-molybdoger血anate(IV)

TheTBAーsaltof lJl.GeMollO39]4~waspreparedandcharacterizedas

follows:

A0.9gquantityofGeO2WasSuspendedina200mlsolutionof7.2g

Na2m004･2H20. Conc.HCIwasaddedslowlyylthstirringat80℃ until

completedissolution. Aftercooling,thesolutionwasdilutedtoabout

300mlandthepHofthesolutionwasadjustedto5.7withsolidL12CO3.

The solution was stored at 4 ℃ for 1 day,and then a paleyellow

preclpltatewasformedby addlng 3.5g ofTBABrto the solutionwith

vigorousstirring. Theseprecipitatesypere collectedbyfiltration,

washedsuccessivelywithH20,ethanol,andacetoneandthendriedat50

℃ . Theresultofelementalanalysiswas:

Calcdfor(TBA)4川4GeMol1030]:

Mo,38.72'.Ge,2.66;C.28.20;H.5.47;N,2.06%.

Found:

Mo,38.79:Ge.2.67;C,28.92;H,5.56;N,2.05%.

In Fig. 3-1, the IR spectrum 1s shown together with those of the

crystals of a-(TBA).【GeMo120.｡】 【861 and β-(TBA).lGeMo1204｡】 【87】,

preparedaccordingtothereportedmethods. Theirprominentbands(cn-I)

wereasfollows:

(TBA)4【H4GeMo1103G.]:
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Fig.311. lR spectra of(a)TBA4H4【GeMollO39】,(b)a-TBA4【GeMo12040】,
and(C)8-TBA4lGeMo12040]inthe KBrpe"ets.
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939(vs),878(vs),812(vs).775(sh),737(S), 505(vy),458(W)

a-(TBA)4lGeMo12040]･.

943(vs),873(vs),810(vs),780(vs),640(vw),506(yp),464(W),449(Y)

β-(TEA)4lGeMo1204｡】:

944(vs),875(vs),814(vs),777(vs),639(vw),504(Y), 460(W)

Exceptforthethecharacteristicbandat737C皿~1,theIRspectru皿Of

(TBA).【H.GeM011039] was similar to those of the Iteggin anions (

especially to the β-type lsomer). Thls seems that the isolated

lH4GeM011039]41 anion has a structure related to the Keggin anlon

l88,89】(forexample,seeFig.3-2).

ⅠncontrasttothesimilarityoftheIRspectra,theredoxbehavior

wasquitedifferentfro皿thoseoftheKegginanionsasshowninFig.3-

3. Cyclicvoltam血OgramSOftheKegginanionsinCH｡CN ((b)and (C))

give atwo-step reversiblewave 【e】asshown lnFig.3-3. However,

successive irreversible waves similar to thoseof lH3PMollO39]4- [77】

were observed for lH.GeMol.03｡】4- tcurve (a)). Thevoltam皿Ogram Of

lH4GeMo11039】4- was found to change gradually with time in CH3CN.

Sincevoltam皿Ogra皿 (b)sho那linFig.3-4issomewhatsimilartothatof

a-【GeMo120.｡141, itcan beconsideredthat【H.GeMo1103｡】4~isconverted

intoana-KegginanioninCH3CN. Thisissupportedbythefactthata-

(TBA)4lGe叶01204｡】 is precipitated upon recrystallization of

(TBA)4【H4GeMo11039】fromCH3CN.

Sodiumsaltof9-molybdophosphate(Ⅴ)

ThecrystalsofNa3H6PMo9034･XH20Wereobtainedasfollows:

A solutionof0.69gNatI2PO4･2H20and9.7gNa2相004･2H20in200ml

waterwasacldifledwithcon°.HCIsothatthepHbecame1.0,andthen

kept for crystallization at room temperature. After two veeks of

evaporation,yellowish crystalsyere obtained;during the evaporation

(untilthecrystalsstartedtoform),thepHofthesolutionwasheldat

1.0by droppingcon°.ⅣaOHsolutionsometimes. TheCrystalsobtained

yere washed ypith ethanol and air-dried at room temperature. The

contentofyaterwasdeterJninedbyTG-I)TA;theresultfoundherewasx=
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b

Fig･312･ Polyhedralrepresentationsofthestructure,(a)a-XMll,(b)

α-XM12,and(C)β-XM12.
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a

ー b

C

Ⅰ 20〟A

-1.6 -1.2 -0.8 -0.4 0

亡ル vsA g/Ag+

Fig.3-3. ConventionalcyclicvoltanlmOgramSata GC electrodeoTlmM

of(a)lH4GeMollO39J4-,(b)a-lGeMo12040]4-,and(C)8-lGeMo12040)4-in

CH3CN. Scanrate'･0.1V s-1. Supportingelectrolyte:0.05M TBACLO4.
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l l l i l a

I b

-2 -1.5 -1 -0.5 0

E/VvsA g/A g+

Fig.3-4, Conventionalcyclicvoltammogramsrecorded(a)immediately
afteradditionoITBA'saltollH4GeMollO99)4~tothe CH3CN solution
sothattheconcentrationbecamelmM and(b)afteroneday.

Scanrate:0.1V sll. Supportingelectrolyte:0.05M TBACLO4･
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ll.2(lit.【901,x=12-13). Theresultofelementalanalysisypas-.

CalcdforNa3HePMooO34･11.2J120:Na,4.0;P,1.8;Mo,50.3葛.

Found: Na,4.0;P,1.8;Mo,50.7%.

The IR spectrum of the crystals was ln agreement with that of the

crystals prepared according to Strandberg'S 皿ethod 【90】, 1062(vs),

1009(S).963(vs),940(vs),927(vs),910(vs),854(vs),786(vs),721(S),

597(W),519(Y)cnll.

The preparation and characterization of the TEA+ salt of l1-

m01ybdophosphate,(TBA).lH3PMol1030],Weredescribedpreviously.[32】

TBA+saltofdodecanolybdotetraarsenate(V)

TheTBAーsaltoflH.As.Mo1205｡】4-yaspreparedaccordingaprocedure

similartothereportedmethod【91】.

A 4.2 g quantity of MoO3 YaS added to a solution of 5 g of a

60%(W/W)H3AsO4 SOlution and 5mlof 13M HNO3 in50nlwater.The

suspension was heated to 50 ℃. Fifty Jnl of an aqueous 30% H202

solution wasadded slowly with stlrrlngtoyieldayellow supernatant

solution. In order to achieve the decompositlon of the peroxo

compounds formed,the solutionyas stored on awater bath (～ 80 ℃)

until no further O2 eVOlutlon was observed. The entire reaction

皿1Xture was then cooled to O ℃ and filtered. To the paleyellow

filtrate,3.5 gofTBABryasadded. Theresultingwhiteprecipitate

Was filtered off and yashed successively with water, ethanol, and

acetone.

Asshown lnFlg315,theIRspectru皿Ofthesaltwasinagreement

with that of tetraamoniu皿 dodecamolybdotetraarsenate(V) tetrahydrate

preparedaccordingtoSasakl'8【92】皿ethod:

(NH4)4【H4As4Mo12052]･4H20･.

985(皿) ,957(vs),926(vs),871(vs),799(S),581(vs),488(W)/cm~1.

(TBA)4lH4As4m012052]･4H20:

980(sh),949(S), 920(sh),876(vs),788(S),581(S), 475(W)/cm~1.
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Fig･315. 1R spectra o†(a)TBA4H4As4Mo120soand (b)(NH4)4日4As4Mo12050

inthe KBrpellets.
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TBA◆saltof10-m01ybdoarsenate(Ⅴ)

A solutionof0.62gNa2HAsO4･7I720and4.8gNa2m004･2H20in100ml

waterwasacidifiedwithcon°.HCIsothatthepHbecame3.0,andthena

pale yellow preclpltate was formed by addlng 2.7 g of TBAIir to the

solution with vigorousstirring. Theseprecipitateswere collected

by filtration,washedsuccessivelyyithH20,ethanol,andacetone,and

thendriedat50℃ . Theresultofelementalanalysiswas:

Calcdfor(TBA)4【H5AsMol｡037】:

Mo,36.65;As,2.86;C,29.37;H,5.74;N,2.14%.

Found:

Mo,36.52;As,2.80;C,30.24;H,5.95;N,2.14oi.
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ion-transfervoltammetricmeasurements

Instudyingthetransferoftheheteropolymolybdatecomplexesformed

lnaqueoussolutlons,thefollowingelectroche皿1calcellwasused:

Ag/AgCl

(RE2)

ⅠⅠ ⅠⅠⅠ AgCl/Ag

(REl)

with

I:0.02MTPnACl + 0.1MMgSO｡(W)

ⅠⅠ:0.1MTPnATPB(NB)

ⅠⅠⅠ:0.1MTPnATPB (NB)

IV:testsolutioncontainingHandMo(seeabove)(W)

V:0.05MMgC12+ 0.5MMgSO4(W)

Moredetailswerementionedabove(section1.2).

IntheelectrochemlcalmeasurementSforthetransferoftheisolated

heteropolyanions,lH.GeMollO30]4-,lH3PMo1.039】4~,【H2As｡Mo1205｡]6~,and

lAsMol｡0｡8】4-,theproceduredescribedinsection1.2wasemployed.
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Conventionalvoltam皿etrlcmeasurementS

Conventional voltam血etric meaSurementS With a glassy carbon(GC)

electrode yere alsomadeby using themicrocomputer-COntrOlled system

[39】. ATokaiglassy carbonrod (GC-30S)withasurfaceareaof7.1

mJn2 wasusedasayporkingelectrodeandaplatinuJnWireservedasthe

counter. The reference electrode was an Ag/AgCl electrode. The

electrochemicalcellwasasfollows:

Ag/AgCl

(RE)

internalsolution testsolution

(sameaSphaseV) (sameaSphaseIV)

(W) (Y)

GC

electrode

(WE)

Beforeeachmeasurement,theGCelectrodewasfreshlypolishedwith

0.25〃mdiamondslurryandwashedwithdistilledwaterinanultrasonic

field.

MeasurementS

UV spectrawere recorded on aHitachi220-A spectrometerequipped

with aconstant temperaturehousingforthecell (path length,1nn).

ThecontentsofNa,Ge,andMoweredeterminedusingaShimadzumodel

ICPS-50001mductlvelycoupledargonplasmaemissionspectrometer. The

determination ofPWasmadebyflow injectionanalysis. Arsenicwas

determinedwithaHitachihigh-performanceliquidchromatograph(aModel

L-6000punp,aModelL-3720conductivitydetector,andaModelD-2500);

theseparationwasperformedwithaTosohTSKgelIC-Anlon-PWxL COlumn.

Unlessotherwisenoted, theelectroche皿icalandspectrophotometrlc

measurementswerecarriedoutat25!0.1oC.
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3.3Results

3.3.1Molybdosillcates(工V)

Firsttheauthorwillshowtheresultsobtainedfor lMo】 = 4.0mm.

Figure3-6representsthecyclicvoltaELnOgramSat【Sl]I1.0mM forthe

solutlons of several pH values. Four cathodic (negative current)

peaksnarkedIc,Ilo,Ac,andBcwereobservedontheinitialpotential

scan from 0.45 to0.10V. Thismeansthatfourdifferentpolyanions

transferred across the test interface from W toNB,according to the

varlatlonofinterracialpotentialdifference. Asseenlnthefigure,

respectivecathodlcpeakswereacco皿panledbyanodic (posltlvecurrent)

peaks (Ia,ⅠIa,Aa,andBa)onthereversedpotentialscan,indicating

thatthepolyanionsreturnedtoWreversibly. Intherangeof 【Si】 =

0.33-2.0mm,noothervolta皿 etrlcwavewereobserved.

ThefourvoltamJnetricwaves,eachcomprisingapairofcathodicand

anodicpeaks,maybetreatedascommonreVerSlblewaves,althoughafew

wavesweredistortedtosomeextent,possiblybecauseoflnterconversion

ofpolyanionsinNBorattheNB/Winterface【32).

InFig.3-7,thecathodlcpeakcurrentsareplottedagainstPIIand

lSi]atlMo】 = 4.0mm. Accordingtoaformalapplicationofthetheory

ofareversiblewaveforanelectrontransferatastationaryelectrode,

the catho血ic peak currents should be proportional to the bulk

concentrationsofpolyanionsinW 【38】. Forthisreason,thecathodlc

peak currents ln Fig. 3-7 represent the distribution diagrams for

speciesi andII. Thecurveat 【Si] = 1.0mm showsthatalmostall

Mo(VI)takepart in theformationofspeciesI inthepH range1.2 -

3.6,whereasspeciesIIisaminorspeciesexlstlngataroundpH4.5.

The pH dependenceof theEmld-Valueforthewaveof species I ln

Fig.316 is shown in Fig.3-8 together with that of a-lSiMo1204｡】小

【31】,beingobtainedinthe血amerSimilartothat mentionedinChapter

I (note that α-lSiMo120.｡】4- anlon wasdissolved ln NB phase and the

waterphasecontained neithergermanatenorm01ybdate). Theirplots

coincidedwellwitheachotherwithinexperimentalerrors,yhichclearly

demonstratesthatspeciesIIsidentifiedtobeaKegglnanlon.
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亡/V

Figl3-6･ CyclicvoJtammogramsforthetransferacrosstheNB/W

interfaceoftheheteropoJy-andisopolyanjonsformedinthe W phase

(lSi]= 110 mM andlMoJ= 410mM)･ pH 4.5(a),3.7(b),2.3(C),and

l･0(d)･ SupportingeJectrolytes:0･lM TPnATPB inNB;L0.05 M MgCJ2
+ 0.5 M MgSO4inW. Scanrate:0.02V s-1.
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Fig.3-7. DistributiondiagramsforspeciesIandⅡat【Mo】-4.0mM

asafunctionofpH andlSi)usingcathodicpeakcurrentsolthe
cyclicvoJtammogramsasshowninFig.316.
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Fig.3-8･ pH dependencesolthemidpointpotentialsforthetransferof

(○)species I,(●H SiMo12040】4-,and(□)species Ⅱ.
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The lsolatlon of species II from the aqueous solutlons vas

unsuccessful due to itspoor stability. Hoyever,species II callbe

reasonablyassumedtobeall一皿01ybdoslllcatecomplex,【H3SIM01103915~,

sinceitsion-transferpotentialinFig3-8andthepHregionlnwhich

ltformedareaccordwiththoseof 【H3GeMollO39]5~ (seebelow,section

3.3.2),whichlsfurthersupportedbyaslmllarity ofkineticbehavior

(mentionedbelow,ChapterIV).

SpeciesAandB yerefoundtobecertainisopolyanions,becausethe

wavesoyplngtotheirtransferyereobservedevenintheabsenceofthe

heteroanlonsasshowninFig.3-9. InthepHrange1.9-4.6,awel1-

developedreversiblewavewithcathodicandanodlcpeaks(Ac andAa) was

obtained. InFig.3-10,thecurrentsforAeareplottedagainstpH.

The cathodic peak current was largest at pH 3.0. 1t ls generally

agreed that the dominant isopoly species at the pH Is the

heptam01ybdate anion lMo702｡]6- (Fig.3-ll)withprotonatedforms 【93-

961. Figure3-12 ShoypsthepHdependenceoftheEnid-Valueforthe

waveofspeciesA. TheE,,.id-Valuewasalmostconstant (0.173tO.003V)

inthepHrange1.9-3.3,whereasitshiftedtomorenegativepotentials

at pH > 3.3. This shift can be elucidated by the protonatlon-

deprotonationreactionofsomeprotonatedforms(theslope(V/pH)insuch

apHrangelnFig.3-12(=0.025)issmallerthanthetheoreticalvalue

(-0.059).sincethebuffercondition (lH']<< lHMo7024]5-or lH']>>

lHMo702.15~)wasnotaccomplished.);

lH2Mo702.]小 NB

lH2m07024】4- ≠ lHMo702.】5~ + Hー(pKa-～3.7).【93a] W

Consequently,1t canbe concluded thatspeciesA transfersacrossthe

interfaceasadiprotonatedform:tH2m0702｡】4-inthepHrange1.9-3.3.

ThestandardpotentialAN"B¢0andthestandardGlbbsenergy AGforthe

transfer of lH2Mo702.]4-attheNB/Winterfacewereestlnated tobe -

0.147V and -57 kJno1-I,respectively,from thepH-independentEmid-

value.【30,31】 Thevalueof∠】NLdB¢ Oyasconsistentwiththevalueof

-0.201VcalculatedbyEq.1.4.
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Fig･3-9･ CyclicvortammogramsforthetransferacrosstheNB/W

interfaceoftheisopolyanionsformedintheW phase(lMo】≡4.0mM).
pH 513(a),4･6(b),3.0(C),2.2(d),1.7(e),and0.9(f). Scanrate:0.02V sll.
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pH

Fig.3-10. pH dependencesol(0)thecathodicpeakcurrentforthe
transferofspeciesA (Ac)andol(+)theanodicpeakcurrentoI
spociosC (Ca).

表

Fig･3-ll. Structureolheptamolybdate.
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Fig.3-12. pH dependencesolthemidpointpotentialtorthetranslerol

(○)SpeciesA andoftheanodicpeakpotentialsof(□)speciesC and

(Il)a-lMo8026】4-(cl.Capter I).
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WhenpHwasloweredbelow1.5,thewaveofspeciesAdisappearedand

another wave with cathodic and anodic peaks (Bc and BA)YPaS instead

developed at a somewhat negative potential (～0.150 V;see Fig.3-9),

demonstratingthepresenceofanotherisopolyanion(speciesB)inthepH

range 0.9-1.7. Thls species ls notyet ldentlfled,but the author

favours β-【Mo8026]41 [95,97,981 0r its related anlon lH｡Mo8028]5~

【95,99】,whichhasbeenclaimedtoexlstlnmoreaCldlcsolutionsthan

theheptam01ybdateanion.

InthepHrangeof0.9-2.2,therealsoappearedanotheranodlcpeak

(C4) at around 0.220 V on the reverse potential scan. Slnce no

correspondingcathodicpeakappearedonthelnltlalpotentialscan,the

anodlc peak seemed to be ascribed to the transfer of a certain

lsopolyanlon (speciesC)possiblygeneratedby therapidconversionof

thespeciesAand/OrBintheNBphaseorattheinterface. Because

thepotential (0.215±0.008V) oftheanodicpeakowingtothetransfer

ofa-lMo8028141fromNBtoV(seeChapterI)coincidesyellwiththatof

peak Ca, species C is supposed to be a-lMo8026]4~ This may be

supportedbyKlempererandShum'sobservation l37】thatβ-lMo8026]4~is

transformedintothea-typeinorganicsolvents.

FurthermOre,another setof ion-transfervoltanJnetricmeasurements

at 【Si] = 0.33 mM was performed. No voltammetric yaves other than

those observed at 【Mo】 = 4.0mM seriesyperefound. Asaresultof

these measurenents, the distribution diagram against pH and lMo] is

shown in Fig.3-13. As seen in thedistribution diagrams Shown in

Fig.3-7andFig.3-13,thepeakheightofspeciesII(ataroundpH4.5)

ismuchlessthanthatofspeciesI (ataroundpH2.3)atany 【Sl】and

川o】conditions. ItcanbesaidthatpHIsadominantfactorforthe

formationofmolybdosilicatecomplexesintheaqueousSi-Mosystem.

In the present study, the presence of two heteropolyanlons,

lI73SiMol1039]5~ and lSiMo120｡｡】4~, as well as two isopolyanions

lH2Mo7024]小 andβ-【Mo8026]4~(?),hasbeenconfirmedinacidicaqueous

solutlonsanddescribedonthefollowingscheme.
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Fig.3-13. DistributiondiagramsforspeciesIandⅡat【Si】-0133mM

asafunctionofpH andlMo).
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siO321

m0042-
≠ SiMoll ≠ Simo12 ≠

MoO42~ ≠ Mo7 ≠ β-Moo(?)≠

smaller

species

smaller

species

5 4 3 2 1 0
Scheme3-1. Schemefortheformationofheteropoly-andisopolyanlons

intheaqueoussilicate-molybdatesystem. SiMoll.SiMo12,Mo7,andβ一

m08repreSentll-molybdosilicate,12-molybdosilicate,heptam01ybdateand

β-octan01ybdate,respectively.
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3.3.2molybdoger皿anateS(ⅠⅤ)

Figure.3-14 shoys the cyclicvoltammOgramSat lGe】 = 1.0Jd and

lMo】=4.0m州. Undercertainconditions(forexaJnple,seecurve(b)),

threevoltanJnetricwaves,eachcomprlslngapairofcathodic (Ic,ⅠIc,

andAc)andanodlc (Ia,ⅠⅠ&,andAa)peaks,wereobtained,indlcatlng

that at least three complex species (I,ⅠⅠ,andA)were formed inY

phase. Withaloweringofscanrate,HabecBLmeSJnallercomparedwith

IIe,andsimultaneouslylabecamelarger. This canbeelucidatedby

thetransformationfromspeciesIIintospeciesIattheNBn interface.

(cf.ChapterIV) SincespeciesAIstheisopolyanion ,lH2Mo702.]4-

(cf.seetlon 3.3.1),specles工 andII皿aybe heteropolyanlons. No

voltammetricwavesduetothetransferof otherheteropolyspecieswere

observed at any set of lGe】 and lMo]. Figure. 3-15 shows the pH

dependenceoftheEmidforthewaveofspeciesltogetherwiththatof

a-【GeMo.20.｡】41 [31】,which clearlydemonstratesthatspeciesIisthe

Kegglnanion.

The distribution diagram againstpH and lGe】at lMo】=4.0mm is

showninFig.3-16,whereasthedistributiondiagramagainstpHandlMo】

at lGe]= 0.33mm isalsoshoym inFig.3-17. FromthesediagTa皿S,

thefornatlonsofthesespeciesyerefoundtobeoptimumatpH2.2and

pH3.4forspecieslandspeciesIIrespectively.

By consulting the diagrams, the heteropoly皿01ybdate complex

responsible for species II was isolated as the TBA+ salt,which was

identlfled to be TBA4lH4GeMo11039). (See Experimental.) InJnediately

afteraddingthesalttotheNBphase,cyclicvoltamJnOgramSattheNB/W

lnterface (note that the W-phase contained neither ger皿anate nor

皿01ybdate)were recorded at variouspH values HH4GeMo11039]4- anion

transformedintothekeggin-typeanioneveninthebulkofNB). Asa

typical example,acyclicvoltamogramobtainedatpH3.5 1sshown in

Fig.3-18. InFig.3115,theEmidforlトmolybdogermanateisplotted

against pH together with that for species II obtained from the

voltanmogra皿SinFig3-14. Theirplotscoincidedwellyitheachother

within the experlnental errors. TheEnid-Valuewasalmost COnStant

(0.235±0.005V)1nthepHrange2.4-3.6. Thevalueof∠∃N"B¢0,being
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Fig･3114･ CyclicvoltammogramsforthetransferacrosstheNB/W

interfaceoH heheteropoly-andisopolyanionsformedjntheW phase

(lGe]=110mM andlMo)=4.0mM). pH 4,4(a),3.6(b),2.1(C),and
1.0(d). Scanrate:0.02V s-1.
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Fig.3-15. pH dependencesofthe midpointpotentialsforthetransferoT

(○)species I,(ロ)specjes Ⅱ.(●)lGeMo1204014~,and(1日 H3GeMollO39151.
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Fig･3-16･ DistributiondiagramstorspeciesIandⅡat【Mo]= 4.0mM
asafunctionofpHandlGe).
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Fig.3-17. DistributiondiagramsforspeciesIandⅡat【Ge)= 0.33mM
asa functionotpH and【Mol.
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Fig.3-18. CyclicvoltammogramsoltheNB/W(pH 3.5)interface

inthepresenceol0.5mM TBA4【H4GeMollO39日nNB. Scanratel'
0.02V s-1.
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estl皿atedtobe-0.086Vfro皿thepH-independentEmid, WaSCOnSistent

with the value of -0.112Vcalculated for 【H3GeMollO｡9]51using Eq.

1.4. ThesefactsillustratethatspeciesIIintheaqueoussolutionis

identified to be a lacunary Keggin anion, lH｡GeMollO39】5~,in the pll

range 2.4-3.6. 0n the other hand,the E.¶i且-Value shifted to more

negativepotentlalsatpH> 3.6. Thisshiftlsduetotheprotonation

precedingatransferofspeciesIⅠ(cf.3.3.1).

lH3GeMollO39]51 NB

lH3GeMollO｡9]5~ ≠ 【H2GeMollO｡9]6~ +H' W(pH>3.6)

工n the present study, the presence of two heteropolyanions,

lH3GeM011030]51and lGeMo120｡｡14-,hasbeenconfirmedinacidicaqueous

solutionsanddescribedonthefollowingscheme.

GeO32~ smaller

MoO42一 一 GeMoll ≠ GeMo12 ≠ species

5 4 3 2 1 0
Scheme3-2.

Scheme fortheformationofheteropolyanionsintheaqueousgermanate-

nolybdatesystem. GeMollandGeMo12,representll-nolybdogernanateand

12-nolybdogerJnanate,respectively.
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3･3.3Molybdophosphates(V)

InFigures3-19and3-20areshowncyclicvoltammOgramSat【P】 = 1.0

nNr and lMo】 -4.0mmandthedistributiondiagramsagainstpHand lP]

at 【Mo】=4.0mm,respectively. SpeciesA andBwere foundtobe

lsopolyanionsasmentionedabove(cf.3.3.1.).

In order to identify species I, the following experiment Was

performed:First,ayellowheteropolyanion lH3PMollO｡｡]4~,whichformed

in an aqueoussolution atpH3.1asshoyn inFig.3120,wasisolated

as theTBAー salt 【32]. By addingthe salttotheNBphase,Cyclic

voltammOgramS Were recorded at various pH values. Cycllc

voltam皿OgramSObtainedatthreedifferentpHvaluesareshoyninFig.3-

21. 0ntheinitialpotentialscan,awelトdevelopedanodlcpeakdue

tothetransferoftheheteropolyanionfromNBtoWwasobservedatany

scanrate. However,thecathodlcpeakonthereversepotentialscan

yassnailcomparedWiththeanodicpeak,especiallyatlowerscanrates.

This can be explainedby a partial decompOSltlon of the anlon ln W.

The previous study 【32】 Showed that the anion transfers across the

interfaLCe aS a tetraValent anion, i.e. Hl｡PMo11039]小, at pH 3.1.

However,the transferprocessseemstObeaffectedbyprotonatlon (or

deprotonatlon)reactionsoftheanioninWand/orNB,Sincethetransfer

potentialwaschangedby pH asseen in Fig.3119. In Fig.3-22 is

plotted againstpH themidpointpotentialEm ld togetherwith thatfor

specieslln Fig.3-19. Theirplotscoincidedwellwitheach other

withintheexperimentalerrors,whichclearlydemonstratesthatspecies

IisalacunaryKegginanionlH3PMollO｡9]4~
Ⅰn contrast to species I, the identification of species II was

unsuccessfulbecausethespeciescouldnotbeisolated. Nevertheless,

it can be said that species II is neither of the Keggln anion

lPMo1204｡】3~ and the Dawson anion 【P2Mo18062]61,because the Keggin

aniongivesavoltam皿etricwaveinthepolarlzablepotentialrange【31】,

and the Dawson anlon gives a volta皿皿etric wave at more positive

potentialthanspeciesII【33L

AsseenintheresultsatalowerlP]/lMo】ratio(【P]= 0.33mmand

lMo】--20血M )inFig.3-23andFig.3-24,nodistinctwaveforspecies
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Ac ⅠC ー

Aa Ⅱa Ⅰa

Ac Ⅱ ¢ Ⅰ C
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Ac Ⅱ∴ C Ⅰa ノ
-..J

l ･ C Ⅰ 20〃A
0.1 0.2 0.3 0.4 0.5 0.6

亡/V

Figl3-19･ CyclicvoltammogramsforthetransferacrosstheNB/W
interfaceoltheheteropoly-andisopolyanjonsformedintheW phase

(【p】≡1.0 mM and【Mo】≡4･OmM)･ pH 4･3(a),3･4(b)I2･1(C)Iand

o.9(d). Scanrate:0･02V s-1･
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Fig.3-20. DistributiondiagramsforspeciesIand皿at【Mo】三4.0 mM

asa仙nctionolpH and【P1.
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0.2 0.3 0.4 0.5

亡/V

Fig.3-21. Cyc一icvoLtammogramsforthetransferol(H3PMollO39)4~
acrossthe NB/W interfaceatpH 4.2(a),3.3(b),and0.5(C)I The

NB phasecontained0.2mM TBA4lH4PMollO39)･ Scanrates:(1)

0.4,(2)0.2,(3)0.1,(4)0.05,and(5)0102V s-ll
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pH

Fig.3-22. pH dependencesolthemidpointpotentialsforthetransferof

(○)species l and(●)【H3PMo11039】4∴
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l tAa Ⅰat I I a

AcAa ⅠC I

Ⅰa b

Aaca ⅠC

Ac Ⅰa CⅠC
Ca

Ac/ d
Ⅰ40〟A

0.1 0.2 0.3 0.4 0.5 0.6

亡/V

Fig.3123. CycJicvoltammogramsTorthetransferacrosstheNB/W

interfaceoftheheteropory-andisopolyanionsformedintheW phase

(【P】≡0.33mM and【Mo】≡20mM). pH 4.7(a),2.9(b),2.2(C),and
1.2(d). Scanrato:0.02V s-1.
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Fig.3-24. DistributiondiagramsforspeciesIandⅡat【P】≡0.33mM
asafunctionofpH andlMo).
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ⅠI was observed in the whole pH range. Instead, the presence of

anotherheteropolyanionwasanticipatedfromadditionalmeasurementSby

UV spectroscopy andconventionalvoltam皿etry With aGC electrode. In

Fig.3-25areshowncyclicvoltammogramsrecordedatvariouspHvalues.

Note that the voltammetric waves are due to the redox reactions of

molybdophosphateanlonsattheGCelectrodesurface. Withalowering

pH, the first reduction (cathodic) peak, shown by asterisk ln each

voltam皿Ogram,Shiftedto皿Orepositivepotentialsaccompanyingachange

inthepeakheight ldenotedbyI.,C(GC)]. InFig.3126isshownthe

pHdependenceofIpc(GC)togetherwiththoseoftheabsorbanceat340nn

and lpc(NB/W) which represents the value of Ic in Fig. 3123. By

comparison of the pH dependence,it can be concluded that the first

cathodlcpeakinFig.3-25isassignedtospeciesⅠ,i.e.【H3PMollO｡O]41

atpH> 2.5,buttoanotheryellowheteropolyanion (denotedbyspecies

III)atlowerPIIvalues;thelatteranionseemstoohydrophllictogive

awave due to its transferfrom W toNBin thepolarizablepotential

range. The presence of two heteropolyanions responsible for the

reductionwavecanbealsoseenfromaplotofthefirstcatho血icpeak

potentialEpcagainstpH (Fig.3-27);theplotgivestwostraightlines

withanlnflectlonpointatpH2.5.

In order toknow thenatureof speciesIIIexisting at aroundpH

1.0,thespecieswasisolatedfromtheaqueoussolution. Asmentioned

in EXperimental, the salt of Na3H6PMo9034･XH20 could be crystallized

from the solutionof lP]=0.022mand lMo】-0.2m (pH1.0). This

result strongly suggests that species Ill is an a-A-type 9-

nolybdophosphate anion (its structure is shown in Fig. 3-28). The

presence of 9-molybdophosphate anion at low pH has been frequently

claimed. 【65,68,70,75,76】 However, it seems that the formation

conditionsoftheanionarestillnotfullyunderstood. ThepKavalues

for

lI76PMooO3.】31 芋 =≧ ･- 芸=三 川｡PMoG.03.】6-,viz.1.01,3.04,and4.41

havebeen reported 【681,butthey arenotacceptable. Accordingto

the PEA values, 【H6PMo90｡.】3~ and lH6PMo903｡]3-anionsmust occur at
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Fig.3-25. Conventionalcyclicvoltammogramsata GC electrode

inthetestsolutionswithlP)-0.33mM andlMo)= 20 mM. pH

4.1(a),2.9(b),2.2(C),1.2(d),and0.1(e). Scanrate:0.1V sll. The

lirstreduction(cathodic)peakisshownbyanasteriskineach

vo托ammogram.
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Fig.3-26. pH dependencesolthefirstreductionpeakcurrentJpc(GC),
thecathodicpeakcurrentlc(NB/W)forthetransferolspecjes I,and

absorbanceat340 nm ofthetestsolutionswithlP]I- 0.33 mM and

【Mo】- 20mM.
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Fig13-27･ pH dependenceofthefirstreductionpeakpotentialforthe

cyclicvoltammogramsshowninFig.3-25.
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Fig.3-28. Structureolthe α-A-XM9anion･

Fig.3-29. Structureola-lP2Mo18062]6-.
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aroundpH1.0. Sincethetrivalentandtetravalentanionsarerather

hydrophobicowingtotheirlowerioniccharges(basedonEq.1.4,their

AN"B¢O-values are calculated to be ･0.181 V and -0.006 V,

respectively),these anions should give voltammetric waves for their

transferinthepolarizablepotentialrange. However.thisisnotthe

fact,asseeninFig.3-19orFig.3-23. 1tappearslikelythatthe

9-molybdophosphate anion exists in solutions as a pentavalent anion

lH.PMo90｡.]5-and/orahexavalentanionlH3PMo｡0｡.】6~

Untilamajorcomprehensivepaper 【100】waspublishedln1986,there

wasno explicitdescription oftheformationconditionsoftheDawson

anlon (anexampleofitsstructureisshownlnFig.3-29). According

to the paperl100】,9-m01ybdophosphate anions (a-A-type)dimerize very

slowlyas:

2【H6PMo9034】3- 等=≧ 【P2m018062]6-+6H20.

Ittakes1monthfortheDawsonaniontoformat25℃ lnfullamount.

Nosignoftheanionwasfoundin"fresh''solutionspreparedyithin24

h. This finding is in harmonywith thepresent results. 工n the

ion-transfervoltam皿etricmeasurement,if【P2Mo18062】61hadbeenformed

inacertainamountlnthefreshsolutionstested,avoltam皿etricwave

foritstransfer l33]wouldhaveappearedinthepolarizablepotential

range te.ど.,on curve (a)in Fig.3-231. A prell皿1mary study has

revealed thattheformationof lP2Mo18062]elisacceleratedbyheating

of solutions under suitable conditions: pH = 1 and lMo】 ≧ 0.02

m(lP]/lMo】 - 2/18). Thus, 【P2m018062]6- can be considered a

thermodynamicallystablespeciesinsuchsolutlons.

Ina 3lpNMR study l76],Oneoftheminorsignalswastentatively

assigned to 【PMol｡0｡｡】3- In this study also,species II has been

tentativelyassumedtothe10-molybdophosphateanion;theauthorfavours

lH5PMol｡037】4- or lH｡PMol｡0｡715~ for the formula, known as lO-

tungstophosphate 【101】, rather than lPMol｡03｡】3~ in view of the

relativelynegativetransferpotential(theestimated∠]N"a¢〇一Valuesfor

lpMol｡0｡｡】31, 【H5PMol｡037]4- and lH4PMol｡037】5~ are +0.182V,+0.182,

and-0.143VbyEq.1-4,respectively). ThefactthatspeciesIIIs

-75-



moreprominentathigher lP]/lMo】ratiosthan speclesI (Figs.3-19and

3-23)lsworthpayingparticularattentionbecauseofits lmpllcatlons

on the valldlty of the above assu皿ptlon. Nevertheless, further

lnvestlgatlom lsneeded for the clarlflcatlon of the presence of the

10-molybdophosphateanion.

The 5-皿01ybdodiphosphate anion tP2叶0502316~ (colorless) is

generally believed to form at higher pH values and higher lP】/【Mo】

ratios.【65,68,70a,72,73,76,1001 1mthepresentstudy,nowaveforthe

transfer of the anlon could be obtained even under the condltlons

suitableforitsformation,butthisresultneverdeniesthepresenceof

the5-m01ybdodiphosphateanion. AccordingtothePKAvaluesl100】of

5.10 and 3.65, the anion should exist in solutions as lP2m0,02｡】6-

(higher pH), 【tIP2Mo5023]5~ (medium pH)and lH2P2Mo502｡】4~ (lowerpH).

It seemsthatthese species,eveniftheyexist,givenowavesinthe

polarizable potential range,because of their hydrophilic characters

owingtohighionicchargesperionicsizes.

Ⅰn the present study, the presence of four heteropolyanions,

lH｡PM011039]41, 【HpPMol｡037】̀9-p'-(p-4,5)(?), 【HqPMo90,.]̀8-p'-(p-3,4),

and lP2m018062]6-,as well as two isopolyanions lH2m0702.】4~ and β-

lMo8026]41(?), has been confirmed in acidic aqueous solutions and

describedonthefollowingscheme.

po43~

MoO42-

P2m018

†A

≠ P2m05 ≠ PMoll ≠ PMol｡(?)≠ PMoO
smaller

species

5 4 3 2 1 0
Scheme3-3.

Schemefortheformationofheteropoly-andisopolyanionsintheaqueous

phosphate一皿01ybdate system. PMoO,PMolO,PMoll,P2Mo5,P2Mo18, Mo7,

and β一m08 repreSent 9-m01ybdophosphate, 101m01ybdophosphate, ll-

nolybdophosphate, 5-m01ybdodiphosphate, 18-molybdodiphosphate,

respectively.
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3.3.4molybdoarsenates(V)

InFig.3-30areshoyncyclicvoltannogramSat 【As]I 1.0mMand

lMo】=4.0mm. Tbocathodicpeaks(ⅠIcandAc)Wereobservedonthe

lnltialpotentialscan,althoughtheiranodicpeaks(Ⅰ&,ⅠⅠ&,andAa)

werewell-developed. Thecathodlcpeakresponsibleforthetransferof

speciesI(Ic)isnotseenclearlyinFig.3-30.hoyever,IcbecatBea

well-developedpeakathigherlMoH-20m州)value,asshoⅥlinFlg･3-

31. AsshowninFig3132,thevalueofIcinFig.313lwasincreased

with loyperlngpH. ItseemlikelythatspeciesI,whichwasquite

minorspeciesornotpresentintheaqueoussolutlons,wasproducedbya

chemicalreactionprecedingareversiblechargetransfer【102】.

SpecleslwasisolatedastheTBA◆saltlnordertoldentlfy. The

result of elemental analysis showed that the salt was

(TBA)4【H5AsMolOO38]. By adding the salt to the NB phase,Cyclic

voltammOgramSWererecordedatvariousPIIvalues. InFig.3-33are

shoⅥlCyclicvoltammOgramSObtainedatfourdifferentpHvalues. On

the initialpotentialscan,ayell-developedanodlcpeak duetothe

transferoftheheteropolyanlonfromNBtoWwasobservedatanyscan

rate. However,thecathodicpeakonthereversedpotentialscanwas

quite smallcomparedwith theanodicpeak,especially atlowerscan

rate. ThlscanbeaccountedforbyadecompositionoftheanlonlnW

phasebecause of its quite low stablllty ln the aqueous solutlons.

BecausethecathodicwavesinFig.3-33arenotrecognizable,thevalues

ofEpAWereusedtocharacterizespecies工,insteadoftheE,mid-Values.

TheEpAforthe【tlpAsMo.00,8]'○~p'~ anlonagainstpHisshowninFig.

3-34 together with that for species I ln Fig.3-31. Thelr plots

coincidedwellwitheachotherwlthlnexperimentalerrors,whichclearly

demonstratesthatspeciesIIsidentifiedtobethe【HpAsMol｡038]'OJPト

anlon. Theestimated∠]N"B¢Ovalues(+0.035VforlH5.AsMol.038]4~and

-0.112forlH.AsMol｡0｡7】5~)wereinlinewiththeresultofFig.3-31.

1ncontrasttospeciesI,speciesIIwasfoundtobequitestableln

theaqueoussolutionathigherpHvaluesandtobeasemi-hydrophobic

anionlANt"B¢○--0.120Vforcurve(C)1nFig.3-301. SinceSasaki

et. al. 【921 suggested the existence of lH4As4m01205｡14- 1n the
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Figl3-301 CyclicvoltammogramsforthetransferacrosstheNB/W
interface oltheheteropoly-andisopolyanionsformedintheW phase

(【As】-1.0 mM and【Mo1-4.0mM)･ pH 4･4(a),3･6(b),2･1(C),and

0.9(d). Scanrate:0.02V s111
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Fig1313ll CyclicvoJtammogramsforthetransferacrossthe NB/W

interfaceoftheheteropoJy-andisopolyanionsformedinthe W phase

(【As】≡1･OmM andlMo】≡20mM). pH 4.1(a),2.8(b),and1.6(C).
Scanrate:0.02 V ら-1.

ー79-



V

7T
J
3
d
Z
･

0 1 2 3 4 5 6

pH

Fig.3-32. pH dependenceolthecathodicpeakcurrentIc forthe

transferolspeciesIshowninFig.3-31.
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Fig.3133. Cyclicvdtammogramstorthetransferol10-molybdoarsenate

acrosstheNB/W interfaceatpH 4.5(a),3.6(b),2.6(C),and1.6(d). The

NB phasecontained0.5 mM TBA4lHSAsMolOO37). Scanrate:0.02 V s-1.

-81-



0 1 2 3 4 5 6

pH

Fig.3-34. pH dependencesoltheanodicpeakpotentialsforthe

transferol(0)species I (Fig.3130)and(+)10-molybdoarsenate

(Fig.3133)acrosstheNB/W interface.

-821



aqueoussolution,theTBA'saltof lH.As.Mo12050]4l yasprepared (see

Experimental.). Owingtorapidtransformationoftheheteropolyanion

in the NBphase,Cyclicvoltammogramswere recorded immediately after

theadditionofthesalttoNB. AtypicalexampleisshowninFig.3-

35,showingthattheAN"B¢01Valueofthe【H.,As.Mo1205.]̀8~pト anionwas

consistentwiththatofspeciesII. TheANuB¢0-valueofspeciesII

wasinaccordwiththevalueof-0.127V calculatedaslH2As.Mo1205.]6-

by Eq.1.4. Thls fact suggeststhat speciesII transferred asthe

hexavalentanion,【H2As4m01205｡】6-

ThelacunaryKegginanion,1ト 皿01ybdoarsenate,wasneverobservedat

anyconditions. AlthoughtheadditionalmeasurementSbyUVspectroscopy

and conventional voltammetry With GC electrode yere performed (cf.

3.3.3),a9-m01ybdoarsenatecomplexwasnotalsodetected.

InanalogywiththePIMosystem,theexistenceofthe I)awsonanion

【331wasnotalsoobservedin''fresh''solutlonstested.

SpeciesAandByerefoundtobeisopolyanionsasmentionedabovein

section3.3.1.

-83-



0.2

E/V

Fig.3-35. CyclicvoltammogramsoltheNB/W(pH 2.1)interface

inthepresenceol0.2mM TBA4lH4As4Mo120501inNB. Scan
rate:0.02V ら-1.
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3.4DIscusslon

onthebasisofthelineardependenceofA嘗¢oon Lzl/n2'3(Eq.ト

4)ot)servedforavarietyofpolyanions,theauthorhasproposedthat

the quantity Ill/n2'3 Can be employed as a hydrophoblcity (or

hydrophlllclty)scaleofpolyanlons. AsmentionedlnChapterI,the

valueof lzl/n2'3canberegardedasbeingproportionaltothesurface

chargedensityofthepolyanion.Thesmallerthe lzl/n2'3-valueis,the

morehydrophoblc (orthelesshydrophlllc)thepolyanlonbecomes. 工n

Table 3-1 are shown the lzl/n2'3-values for the heteropoly- and

isopolyanlonsassociatedwiththepresentstudy.

ItshouldbestressedthattheyellowKegginanionswithpentavalent

heteroatomS, 【Pmo1204.】3- and lAsMo120.｡】3~,being labile in aqueous

solutions,have arelatively smallvalueof lzL/n2′3 (-0.248). On

the other hand, the Keggin anions with tetravalent heteroatoms,

lSimo120.｡14~ and lGemo120.｡14-, having less hydrophobicity

日siMo120.｡14-andlGeMo120.｡14-ylth lzl/n2'3-0.342),tendtobemore

stableinaqueoussolutlonsatloyeracidconcentrations.

11-heteropolynolybdateanions,【H｡SiMollO39]5-,【H3GeMo1103.]ト,and

lH｡PM011036.]4~YTereObservedinallsystemsexceptfortheAs-Mosystem.

These anlons are more Stable in aqueous solutlons than their

correspondingKegglnanlonsfromthestandpointoftheirhydrophlllclty

(lH3SIMo110,9]5~ and lH,Gemo110｡9]5-, 7ith lzl/n2'3 - 0.435,

lH｡PMoll03｡141 yTlth lzl/n2'3 - 0.348). As a result, relatively

hydrophlllc, 1acunary Keggin anions, as yell as some hydrophllic

isopolyanlons.Seentobeformedpreferentiallyatthecaseofthep-Mo

system. Itshouldbenotedthatthelacunarystructures(seeFig.3-2)

canaccommodatetheirionicchargestotheirenvironmentsbyprotnatlon

ordeprotonatlon,lnsuchawayas

-H+ -H◆
･･写=≧ 【H.PMo11039]3~ 岩=≧ lH3PMol1030]4-等=三 川2PMo11039]51 岩=主 -

-H+ -tr
･･言=≧ 【H.IGeMo1.03914~≠ 【H3GeMo110,915-等=≧ 【H2GeMollO39]61≠ -

-85-



Only in the As-Mo system, however, the soICalled ''reversed'†Keggin

anion,【H2As｡Mo1205｡】61 (cf.thepolyhedralrepresentaioninFig.3-5),

existed in stead of ll-molybdoarsenate. The lzI/n2'3-value(- ･0.442

for lH2As｡Mo1205｡】6-)wasfoundtobehigherthanthe lzI/n2/3-value(-

+0.348) forthetetravalentll一皿01ybdoarsenateanion,日13Asmo11039]4-

In the case that the heteroatoms were tetravalent, same solute

species, XMoll and XM012, Were Observed. The orders of the

stabllitles estimatedformtheirdistributiondiagramsaregivenas

lS iM0120.｡14~ > 【GeMo1204｡】4-

lH3SiMo1.0｡o】5~ < 【H,GeMo.103 9]5-

However,inthecaseofpentavalentheteroatons,avarietyofsolute

specieswereobservedasshoⅥlinTable4-1.

As shoⅥlabove,ion-transfer volta皿皿etry Can Only detect species

that give voltannetric waves in the polarizable potential range.

Extremelyhydrophilicpolyanions,suchas9-molybdophosphate (a-A-type)

and 5-molybdodiphosphate,Cannotbe detected. In thisrespect,the

presentmethodisinferiortoNMRorRamanSpectroscopyWhichcandetect

almost species. Nevertheless, the author does conclude that the

proposed method ls of great value as a new tool for the study of

solution che皿istry of polyanions,because this method alone affords

useful informationconcerningtheionicchargeandsolvatlonenergy of

solutespecies. Fortheclariflcatlonofthecomplicatedequlllbrium

ln polyanlon solutions, lt seems absolutely necessary to take into

account the solvatlon (hydration)energies which rely heavily on the

ionic charges (seeEq.1-3 and1-4). The authorwould like toadd

thatthepresent皿ethodisapplicabletomoredilutesolutlonscompared

toNMRorRananspectroscopy. However,inviewoftheclarification

ofthemechanismofpolynerization,dilutesolutesystemsappeartObe

moreinteresting.
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Table3-1. Heteropoly-andlsopolyanionsassociatedwiththepresent

study andtheir lz(/n2'3-values (hydrophobicity scale)and standardion

transferpotentialsattheNIVWinterface.

Ⅹ/Mo polyanion lzln2'3
A N"B¢O/V

Calcd Found

1/12

lsiMo120.｡14~ 0.342

lGeMo120.｡]4- 0.342

lPMo1204｡】3~ 0.256

lAsMo1204｡】3~ 0.256

lH3SiMollO39]5- 0.435

1/ll 【H3GeMo1103｡】5~ 0.435

lH3PMollO30]4- 0.348

+0.072 +0.066b

+0.072 +0.066b

+0.241 +0.248b

+0.241 +0.248b

-0.112 Flg.3-8.

-0.112 -0.086 (Fig.3-15.)

+0.060 Flg.3-22.

1/10

lH5PMol｡037】4- 0.360

lH.PMol｡037】5~ 0.450

lH4AsMol｡037】4- 0.360

lH.AsMol｡0｡7】5~ 0.450

+0.035

-0.112

+0.035

-0.112
Fig.3-31

1/9 lH,PMo90,.]51 0.572 10.384

lp2Mo18062]6~ 0.383 -0.010 +0.005c

lAs3Mo18062]6~ 0.383 -0.010 +0.005C

4/12 【H2As.Mo12052]6- 0.442 -0.127 -0.120 (Fig.3-35.)

lH2P2Mo5023】4~ 0.495 -0.231

2/5 【HP2Mo502315- 0.618 -0.476

lP2Mo5023】6- 0.742 -0.721

0/7 【H2Mo7024】4~ 0.481 -0.203 -0.147 (Fig.3110.)

a-lMo8026]4- 0.456 10.154 -0.137c

0/8 β｣Mo8026]4~ 0.456 -0.154

lH｡Mo8028]5~ 0.542 -0.325

a)ByEq.i-4

b)Approximatevaluefora-isomer(seeChapterI)

C)FromTable1-1.
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CHAPTERIV

FormationKineticsofHeteropoly皿01ybdatesinAqueousSolutionsf･g)

4.1Ⅰntroduction

Theclarificationofformationmechanismsofheteropolyanlonsseems

toshedlightonanalyticalandcatalyticprocesses【31associatedwith

them. A皿Ong theheteropolyanions,Keggin anionsaremostly usedon

the analyticaland catalyticprocesses.

Since the formation rates of heteropolytungstates are relatively

slow,theirformationprocessesarecomparativelyeasytofollow,e.ど.

bythelsolatlonofmetastablespecieslntheprocessesofformationor

decomposition of the Keggin anions. Despite the differences of

heteroatomS,all authors 【88,103-104】Obtainedan unlfledconclusion

that the Keggin anion is produced via the lacunary anion, i.e.,ll-

heteropolytungstate.

Ontheotherhand,sincetheformationratesofheteropoly皿01ybdates

arequiterapidcomparedwiththoseofheteropolytungstates,itisnot

veryeasytofollowtheformationprocesses. Hence,theformationof

heteropolym01ybdateshasbeenthebasisofthewidelyutilizedmethods

forthedeterminationofsuchoxoanlonsasorthophosphateandsilicate.

Nevertheless,theirformationmechanismShavenotbeenelucidatedvery

well.

There have been a few reports on the formation kinetics of

heteropolymolybdates in aqueous solutions 【74b,105】. Using stopped-

flow measurementS, Kircher and Crouch 【74b】 concluded that 12-

m01ybdophosphate formed from the lacunary species,9-molybdophosphate,

inquitehighacidlcsolutions(【Hー】≡0.3M). However,theanalysis

was based on a lot of uncertain assumptions;hence,the conclusion

seems unrellable. Truesdale and coworkers 【1051 investigated the

formation kineticsofm01ybdosilicates. Theyhaveproposedthatthe

formation process of α-form of lSiMo120｡｡】4~ involves a formation of

another heteropoly species (e.ど.Siうanotherheteropoly speciesうa-
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lSIMo1204｡14~),whereasthatofthe β-formObeysfirst-orderkinetics

with respecttoonly unreactedsilicate (i.e.Si◆β-【SiMo12040】4~).

However,this analysiswason thebasisof their spectrophotometric

studies【81,821whichconflictedwiththoseofmostpreviousworkers.

Theabovetwoworkswereincommonthattheywerebasedonindirect

determination of solute speciesby spectrophotometrlcmethods. As

mentionedabove,ion-transfervoltammetryusingthe0/Winterfacecan

determine directly semi-hydrophoblc or -hydrophllic ions. In this

study, a novel technique based on the amperOmetric detection of

polyanions hasbeendevelopedtostudytheformationkineticsof12-

m01ybdosllicateand12-molybdogermanate. Throughtheanalysesofthe

formationcurvesobtained,reactionmeChanlsmsweredetermined. The

authorhasobtainedadirectevidencethatthelacunaryKegginanlon,

i.e.,ll-heteropolymolybdate,istheintermediateforformationofthe

Keggln-typeheteropolym01ybdate.
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4.2.Experimental

AllchemicalsaredescribedinChapterIII.

Inthisstudy,thefollowingelectrochemicalcellwasused.

Ag/AgCl

(RE2)

工Ⅰ ⅠⅠⅠ AgCl/Ag

(REl)

with

I:0.02MTPnACl + 0.1MMgSO4 (W)

II:0.1MTPnATPB (NB)

ⅠⅠⅠ:0.1MTPnATPB (NB)

IV:0.05MMgC12 + 0.5MMgSO4 + 24皿MNa2m004 + buffer(W)

Ⅴ'.0.05MMgC12 + 0.5MMgSO4 (W)

AnelectrolyticcellassemblyisshowninFig.4-1.

A standard solution of Sl or Ge was syringed to phase IV with

stirringsothatitsconcentrationbecame100UNF.Im皿ediatelyafterthe

injection,amperometricmeasurementwasstartedtofollowtheformation

of heteropolyanions. The stirringwasalwaysstoppedat20 safter

theinjectionofthestandardsolution (notethattheamperometrlcdata

inthefirst30swerenotusedforanalysis).

Theelectrochezuicalneasurenentswerecarriedoutatthreedifferent

temperatures,T= 5,15,and25‡0.1oC.
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Fig.4-1. E一ectrolyticcelI:(W)waterphase,(NB)nitrobenzenephase,
(REl,RE2)referenceelectrodes,(CE)counterelectrode,(A)glasstube,
(B)siliconerubber,(C)testinterface,(D,E)sinteredg一ass,(F)stirrer,
and(G)thermostatedwater.
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4.3.Theoretical

Here, let us derive theoretical equations which can explain

concentration-timeCurvesfortheformationofspeciesI(【H｡XmollO｡O]5-

)andII (【Ⅹ州01204｡14~) (Ⅹ-silicate (Si)orgermanate (Ge))whichare

formed in aqueous solutions containing excess m01ybdate (Mo). When

lM0日= 24血M) ismuchhigherthantheinitialconcentrationofX,【Ⅹ10
(typically, 100 FLM), the variation of lMo] is neglected during the

reaction. Accordingly,YecanassuJnethattheabovereactionprocess

obeysfirst-orderkinetics.

CaseA:Two-stepsuccessivechemicalreaction

ConsiderthecaselnwhichspeciesIIIsformedviaspeciesI:

kl k3

Ⅹ+Mo(excess) 岩 =主 Ⅰ 等=主 ⅠI

k2 k4

(schemelA)

Here,kn (n = 1,2,3,and4)arerateconstants. Thedifferential

first-orderrateequationsofspeciesX,Ⅰ,andIIcanbegiven:

d【Ⅹ】

dt

d【Ⅰ】

dt

d【ⅠⅠ】

dt

- k2【Ⅰ】-kl【Ⅹ】

- kllX]+k4lII]-(k2+k3)lI]

- k3【Ⅰ】-k4【ⅠⅠ】
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For the sake of convenience, two parameters, d and β, are

introduced,whicharerelatedtotherateconstantsby

and

a+β- kl + k2 + k3 + k4

dβ - klk3 + klk4 + k2k4

By solvingtheabovedifferentialequations t1061,Eqs.4-1to4-3,we

obtain:

【Ⅰ】- kl【Ⅹ】｡

【ⅠⅠ】- klk3【Ⅹ】｡

k4 k4-a k4-β
- + e~at+

dβ a(a-β)

[ ÷ ･まdβ d(a-β)

β(β-α)

1
e-at+

e-βt] (4-6,

(4-7)

EquilibriumCOnCentrationsofspeciesIandIIarethengivenby

【Ⅰ】｡q-1im【Ⅰ1-
t一一:p

【ⅠⅠ】｡q- li血tII1-
t.～

and

klk4

dβ

klk3

aβ
UsingEqs.4-6,4-7,4-8,and4-9,asimplerelation:

[Ⅰ】eq
lⅠ】-【ⅠⅠ】 - A(e~dt - e-Pl)

[ⅠⅠ】｡q

with

kl【Ⅹ】｡

isobtained.
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IfthedecompositionofspeciesIIcanbeneglected,1.e.,

kl k3

Ⅹ 言=≧ Ⅰ 一一一一･ ⅠI

k2

Eqs.4-6and4-7aresimplifiedbyintroducingk4=0:

[Ⅰ】- A【e~al-e- β t ]

and

【ⅠⅠ】- kl【Ⅹ】｡
[ ÷ ･忘 e-a忌 e- β t]

where a,P,andAaregivenby

a+β- kl+k2+k3

dβ - klk3

andEq.4-ll.
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CaseBl:Competltlvereaction

Let us consider the case inwhich species I and II are formed

competitively:

kl

X 等=皇 I

k2

(scheme2A)

k3

Ⅹ 言=≧ ⅠI

k4

Undertheassumptionmentionedabove,thedifferentialfirst-orderrate

equationsofspeciesX,Ⅰ,andIIcanI)eglVen:

d【Ⅹ】

dt

dlI]

dt

d【ⅠⅠ】

dt

where

- k2【Ⅰ】+k4[ⅠⅠ1-(kl+k3)tX】

- kl【Ⅹ】-k2【Ⅰ】

- k3【Ⅹ】-k4【ⅠⅠ】

【Ⅹ】｡ - 【Ⅹ】+ 【Ⅰ】+ 【ⅠⅠ】 (4-19)

These dlfferentlal equations can be solved using the method of the

Laplacetransformation. Underthelnltlalconditions,t=0 :【Ⅹ】=

【Ⅹ】oand【Ⅰ】≡【ⅠⅠ】=0,thetransformsofEqs.4-16to4-18aregiven

by

S【Ⅹ1-S【Ⅹ】｡- k2【Ⅰ】+k4【ⅠⅠ】-(kl+k3日Ⅹ1

slI] - kllX]-k2lI]

slⅠⅠ】 k3[Ⅹ】-k4【ⅠⅠ】
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Equation4-21isalsoexpressedas

kl【Ⅹ】

S+k2

BysubstitutingEq.4-19and4-23intoEq.4-20,weobtain

kl(k2-k4)lX]
S【Ⅹ卜S【Ⅹ】｡-

S+k2

Thus,【Ⅹ】1sexpressedby

【Ⅹ】-

- (kl+k3+k4日Ⅹ】+k4【Ⅹ】O

(S+k2)(S+k4日Ⅹ】｡

S2+(kl+k2+k3+k.)S+klk.◆k2k3+k2k.

(4-23)

(4-24)

Usingtheconvenientparameters,αandβ,whicharerelatedtotherate

constantsby

and

a +β- kl+k2+k3+k4

dβ - klk4+k2k3+k2k.,

thedenominatoroftheright-handsideofEq.4-24maybeconvertedto

theformOf(S･d)(S+β). Thus,Eq.4-24and4-23Can bewrittenby

(S+k2)(S+k4日Ⅹ】｡

(S+a)(S+P)

kl(S十k4日Ⅹ】｡

(S+a)(S+β)
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Uponreversetransformation,weobtain:

k 2k4 (k2-a)(k4-a) (k2-β)(k4-β)

aβ a(a-β)
tX1- 【Ⅹ】｡

【Ⅰ】- kl【Ⅹ】｡
k4 k4-a

+

dLl a(a-LH
e-at+

β(β-a)

(4-30)

BysubstitutingEqs.4-29and4-30intoEq.4-19,【ⅠⅠlisexpressedby

【ⅠIl- 【Ⅹ 】｡-【Ⅹ卜【Il

- k3 tX】｡
k2 k2-a

+

aβ a(a-β )
e-d一十 (4-31)

EquilibriumconcentrationsofspeciesIandIIarethengivenby

[Ⅰ】｡q- li血lⅠ】ニ
ー一山>

[ⅠⅠ】eq- li血【ⅠⅠ】ニ
ー -■tp

klk4

dβ

k2k3

aβ

UsingEqs.4-30,4-31,4-32,and4-33,asimplerelation:

[Ⅰ】eq
(Ⅰ)-[ⅠⅠ】 - A(e~dt- e~Ol)

[ⅠⅠ】Qq

with

kl(k41k2)lX).

k2(♂-a)
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IfthedecompositionofspeciesIIcanbeneglected,Le.,

kl

X 等=主 I

k2

(scheJne2B)

k3

Ⅹ- ⅠI

theintroductionatk4=0intoEqs.4-30and4-31yieldsthefollowing

simpleequations:

[Ⅰ】- A 【e~at - e~βt】

【ⅠⅠ】 - k3 【Ⅹ 】｡

and

k2 k2-α

+

aβ a(a -β)

whereα,β,andAaregiven

d+β- kl十k2十k3

dβ - k2k3

and Eq.4-ll.

e-a t+
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4.4.Results

Flgure 4-2(a) Shows a normal pulse voltammOgram (NPV) for the

transferofheteropolyanionsformedintheY-phase(200FIMGe,24mmMo,

pH3.3). Twocathodlcwaves,IeandIIe,correspondtothecathodlc

peaks,Hcandlc,incyclicvolta皿metry (seeFig.3-14),beingdueto

thetransferoflH｡Ge叶0110｡9]5-andlGeMo120.｡】4~(cf.ChapterIII).

Slnce the potentlals of the two catho血ic waves are adequately

separated,theconcentrationsofspecieslandIICanbesimultaneously

determinedby dualpulsea皿perO皿etry (I)PA)【107】withdoublepotential

pulsesofdifferenta皿plitudestseeFig.4-2(b)). Atthebeginning,

the potential E Is held at apotential,El= 0.45V,whereneither

speciesInorIItransfersacrosstheyB/Winterface. Onthisinltlal

potential, two voltage pulses of short duration (T - 100 mS) and

different amplitudes, AEl=-0.17V and AE之=-0.27V,are applied

alternatlvely at an interval,』t = 3 S. The firstvoltage pulse

(』El)givesthellmltlngcurrent,il,duetothetransferofspeciesI,

whilethesecondpulse(』E2)givesthelimitingcurrent,12,duetothe

transfer of both species l and II. As sho那labove (Fig. 3-15),

species I and II (i.e. 【H3GeMollO｡9]5- and lGeMo120｡｡14~) transfer

acrosstheNB/WinterfacewithnoprotonationinthepHranges,2.413.6

and2.0-5.3,respectively. InthesepHranges,thellmltingcurrents

【38】,ilandi2,maybegivenby

and

FA
i1- - Z日原 【ⅠⅠ】

Ji請

FA

12= 需 ㌻ ( Z日原 【ⅠⅠ]'zIJW lⅠ‖

(4-40)

(4-41)

wherezj(j=IorII) lstheionicvalenceofspeciesj, DY(cm2S-1) the

diffusioncoefficientofjlnW-phase,Athesurfacearea(0.127cm2)of

atestinterface,andFtheFaradayconstant. AsdescribedlnChapter

Ill,zland zH are -4 and 15,respectively. Since there is little

differencelnsizebetweenspeciesIandII,itseemsreasonabletouse

-99-



0.18V 0.28V 0.45V

Fig.4-2.

(a)NormaJpulsevoltammogram olthetransferacrosstheNB/W
interfaceoltheheteroporyanionsformedintheW phase(lGeJI

200 FLM,lMo)= 24mM,andpH 3.3). Samplingtime,100ms.
(b)DualpuJseamperometry:ontheinitialappliedpotential,Ei,

thepotentialpuJseolamplitude AEland AE2 andolthewidthoI

T(I TlandT2)areappliedaJternatjveJyatthetimeintervalofAt.
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anapproxlmatlon: I)昔 -DY -I)W. Thus,weobtain

ノ有i

lⅠ】= 一 面 (i2lil)

and

Ja

lⅠⅠ]= 諒 11

(4-42)

(4-43)

Equations4-42and4-43showthatifDVwasknown,lI]arelII]were

estimatedby(12-ll) andll,respectively. ThevaluesofDVforX-Si

and Ge can be assumed to be equal l1081,because there is little

differenceinsizebetweenlSiMol呈0.｡】4~【1091andlGeMo120｡.]4~【1101.

Here,thevaluesofDW weredeterminedtobe2.46×10~6,2.49×10~6,and

2.51×10-8 cm2S-1 at5,15,and25℃ fromthelimitingcurrentsilfor

thetransferoflSiMo1204.]4-at【si]-0.333mm,【Mo1-24mm,andpH

2.5;undertheseconditions,almostallSIspeciesareconsumedforthe

formationof【SiMo1204｡】4-(Seesection3.3.1).

Thus the amperometrlc detection of the transfer currents of

heteropolyanionsenablesustofollowdirectlytheirformation. In

the following,theresultsobtainedforX=SiandGeatvariouspH'S

(2.5-3.5)andtemperatures(5,15,and25oC)willbepresented.
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12一皿01ybdo声illcateFor皿a_tion

Figure4-3ShowsaresultofDPAforatestsolution 日Mo】=24m州,

lSi]｡-100uM,pH3.5)at25℃. Curves(a)and(b)showlⅠ】andlⅠⅠ】

estimatedbyEqs.4-42and4-43,Le.formationcurvesof speciesIand

II. Asseen lnthefigure,【Ⅰ】increasedrapidlyuntilltreacheda

peak,then gradually decreased. On the other hand, 【ⅠⅠ】 increased

monotonously until it reached a constant. In this case, 【Ⅰ】Qq is

negliglbly small and lⅠⅠ】eq is equal to 【Si]o; accordingly, the

decomposition of species II nay be neglected. Thus the formation

nechanisn is regarded as scheme lB or 2B. In order to know which

reaction schemeCanbeappliedtoelucidatesuchformationcurves,the

followinganalysiswasperformed.

Flrst,theauthorexaminedtheapplicabilltyofreactionschemelB,

1.e.atwo-stepsuccessivereaction. Adatafittingofcurve (a)in

Fig. 4-3 to Eq.4-12 was performed using a non-linear least square

method (Gauss-Newton 皿ethod). The parameters obtained by the

regression analysis were:A = 54.2 uM,d - 5.62xlO～3 S-1,and β -

2.17×10~2 S~1. By using Eqs. 4-ll, 4-14, and 4-15, the rate

constants,kl,k2,and k3 Were Calculated fro皿 A,a,and β as kl =

8.7×10J3,k2-1.4xlO-2,andk3-4.6xlO~3S-1. By substitutingthese

rate constantsinEq.4-13,thecalculatedconcentration-timeprofiles

forspeciesI(□ )andII(○ )wereobtainedandplotted. Asseenln

the figure, the calculated values were in good agreement with the

experimentaldata.

Next,the applicability ofreaction scheme2B,1.e.a competitive

reaction, wasexamined. Thedatafittingofcurve(a)usingEq.4-36

yieldedparametersA-54.2FLM,a-5.62×10~3S~1,andβ-2.17×10J2S-1

(notethatEq.4-36isidenticaltoEq.4-12). Fromtheseparameters,

however, the rate constants could not be determined because the

simultaneous equations,4-38 and4-39,gavenosolutionsfortherate

constants. Thus,thisreactionschemewasexcluded.

Thus,theformationkineticsof 【S川0120.｡】4~canbeelucidatedby

thetwo-stepsuccessivereactionschene'.

-102-



80

60

40

20

m

7J
JLT
O.T

I

C?
J

J

U

a

U
U

OD

Tl'me/min

Figl4-3. Formationcurvesolspecies I(a)and Ⅱ (b)obtainedfora

testsolution(lMo】≡24mM,lSi]o≡100 FLM,pH 3.5)at25℃.
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Sl ･Mo(excess) 等 =主 H,SiMollO｡95- ･･.- lsiMo120.｡】4~

In order to examine the validity of the assu皿ptlon that the

respectivereactionstepsobeyfirst-orderklnetlcs,therateconstants,

kl,k呈,andk3,YPeredeterminedatvarious【Si]｡'S(20-200〃州). As

expect,therateconstantsdeterminedWerevirtuallyconstant: kl =

(8.4±0.3)×10-3, k2 - (3.8±1.0)xlO~3, and k｡ - (1.3±0.3)×1012 S-1.

Thisclearly lndlcatesthattheaboveassumptionisvalidwhen lMo]is

muchhigherthan【Sl】｡.

Inaslmllarmanner,themeasurementandtheanalysiswereperformed

atvariouspH'sandtemperatures. Atanycondltlon, 【ⅠIl｡ q = tSl】｡,

Le.no decomposltlon of speciesH wasobserved. Therateconstants

werethendeterminedbytheregressionanalysisforreactionschemelB,

butnotforscheme2B.

Theresultsaresum皿ar12:edlnTable4-1. Ingeneral,theformation

rateconstants,klandk3,becamelargerwithaloweringofpH,whereas

thedecompositionrate.k2,WasnotVerydependentonpH.
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Table 411. Rate constants of the formation of lH3SiMollO｡9]5- and

lsiMo120..]41atvariouspHvaluesandtemperatures.

RateconstantsA)(S~1) pH Temperature(○C)5 15 25

k1 2.5 1.2x10L2 1.6×10ー2 2.3×10-23.0 5.0×10~3 8.1×10~3

3.5 9.Ox10ー4 1.8x10ー3 8.7×10~3

k2 2.5 2.8x10L2 3.8x10I2 1.3x10-23.0 1.2×10-2 1.2x10-2

3.5 2.2×10~3 2.4x10~3 4.6×10~3

k:∋ 2.5 1.1x10t2 2.4×10~2 4.7x10-23.0 1.1×10~2 2.5×10-2

a)rateconstantsdefinedas

kl k3

Si等=≧ 【H3SiMo11039]5~- 【siMo120.｡】4-

k2
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12-molybdoger皿anateFormation

Figure4-4showsaresultofI)PAforatestsolution (lMo】=24皿M,

【Ge】｡≡100uM,pH3.5)atT=25℃. Undertheconditionsathigher

pH'S (≧3.0),【Ⅰ】｡qshowedacertainvalue (=21.0JAM),WhereaslⅠⅠ】eq

(≡19.7mM)waslessthanlGe】｡. Thisdemonstratesthatanequilibrium

existsbetweenspecieslandII. ThedecompositionofspeciesH is

notnegligibleincontrasttothecaseofnolybdos.ilicates. Hence,the

mechanismoftheirformationsshouldberegardedasschemelAor2A. In

order to know which reaction scheme is applicable, the following

analysiswasperformed.

First,theauthorexaminedtheapplicabilityofreactionschemelA,

1.e.atwoIStePSuccessivereaction. Inthiscase,thevalueoflI卜

[ⅠⅠ]([Ⅰ】eq/【工Ⅰ】eq),calculatedusingcurves(a)and(b)inFig.4-4was

plotted against time,and the regression analysiswasperformedusing

Eq.4-10. Theparametersobtainedbytheregressionanalysiswere:a

-4.43×1013,β=6.33xlO12,andA-26.8. ByusingEqs.4-4,4-5,4-

8,and4-ll,therateconstantskl,k2,k3,andk4 WereCalculatedfrom

lⅠ】eq,cl,β,andAask1 -1.6×10~2,k2 -4.5×1012,k3 -3.5×10~3,and

k.-3.7xlO13 S-1. By substitutingtheserateconstantsinEqs.4-6

and4-7,thevaluesof 【Ⅰ】and【ⅠIIwereobtained. InFig.4-4,the

values of 【Ⅰ】 (□ ) and rII】(○ ) Calculatedby theregressionanalysis

are plotted. AsshoⅥlinthefigure,thecalculatedvalueswerein

harmonywiththeexperimentaldata.

Next,the applicability of reaction scheme2A,i.e.a competitive

reaction,wasexaJnined. T h e datafittingfor the【Ⅰ]-[ⅠⅠ日Ⅰ】eq/【ⅠⅠ】eq

vs. t plot using Eq. 4-34 yielded parameters: α - 4.43xlO~3,β-

6.33×10~2,andA-26.8(notethatEq.4-34isidenticalto4-10). By

using Eqs4-25,4-26,4-32,and4-35therateconstantscouldbealso

calculatedfrom 【Ⅰ】eq,a,β,andAask1 -1.7×10~2,k2 --4.6×10~2,k｡

≡1.4×10~3,andk4 =3.5×10~3 S~1. Thecalculatedvaluesof Hland

【ⅠⅠ】arenecessarilyequivalenttothoseforreactionschemelA,1.e.,(

□)and(○)lnFig.4-4. ThusneitherreactionschemeWasexcluded.

However, a favorable choice of the conditions enable us t0
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testsolution(lMol≡24mM,【Ge)o≡100 FLM,pH 3.5)at25℃.
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determlnatethereactlon皿eChanlsm(seeTable4-2).

InFig.4-5isshownaresultwhichwasobtainedforatestsolution

(lMo】=24mM,lGe】o=100〃M,pH2.5)ataloyertemperature (5℃).

Sinceboth 【Ⅰ】｡qlsnegllglbly smalland 【ⅠⅠ】｡qisequalto 【Ge10.the

decomposltlon of species II Is reasonably negligible. Accordlngly,

the formation nechanisn is regarded as scheme lB or 2B, (Le.the

slmpllfledcaseforreactionschemelAor2A). Thus,theregression

analysiscouldbetreated lnamannersimilartothatforthecaseof

molybdosillcateanions.

ByusingreactionschemelB,therateconstantscouldbecalculated

askl=8.7xlO~3,k2-1.4xlOI2,andk3 -4.6xlO~ヨ S-1. As shown in

Fig.4-5,thevaluescalculatedwiththeserateconstantswereingood

agreementwith theexperimentaldata. However,theuse ofreaction

scheme 2Bdidnotenableustodeterminetherateconstants. Thus,

this reaction scheme was excluded. Although therewas no sign of

decompositionforspeciesIIlnthetestsolution(pH2.5)atthehigher

temperatures,15 and 25 ℃,the regression analysiswas unsuccessful

becausethefor皿atlonrateofspeciesIwasquiterapid.

Theanalysisforatestsolution (pH3.0)alsoshowedthatreaction

scheme2B isexcluded. Thus,theformationkineticsof lGeMo120.｡】4~

hasbeenalsofoundtobeelucidatedbythetwo-stepsuccessivereaction

scheme:

Ge+ Mo(excess) 等=≧ H3GeMollO395~ 冒=主 【GeMo1204｡】小

The sets of rate constantsatvariouspH values and temperatures

areshowninTable4-2.

In general,therateconstantsfortheformationof speciesIand

II,klandk3,becomelargerwithaloweringofpH,whereasthatforthe

decompositionofspeciesII,k.,becomessmallerwithanincreaseofpH.

However,thepH-dependenceofk2 issomewhatcomplex.
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Table4-2. RateconstantsoftheformationoflH3GeMollO｡9】5~and

lGeMo12040]4- atvariouspHvaluesandtemperatures.

Rateconstantsa)(S~1) pH Temperature(OC)5 15 25

k1 2.5b)3.Ob) 2.6×10~21.3x10ー2 1.8×10一之 1.6x10-23.5C) 4.1×10~3 8.0×10~2

k2 2.53.0 3.1×10~21.8x10-2 2.2x10-2 4.5x10-23.5 2.Ox10-2 2.5×10~2

k3 2.53.0 7.9×10~31.3×10~3 2.6x10~3 3.5×10~33.5 1.1x10-3 1.7×10~3

k4 2.53.0 ～_02.8x10-4 5.4x10-4 3.7×10~3

a)rateconstantsdefinedas

kl

｡｡ ≠ 【H｡G｡M.11｡3｡】5一 堂 【G｡".120.｡】4-

k2 k4

b)reactionmechanismcouldbedeter皿1netoaboveequation.

C)reactionmechanismCOuldnotbedetermine.
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4.5.Discussion

The results clearly demonstrate that the Keggln anlons,

lSiMo1204｡】4~, and lGeMo1204｡】4- form via lacunary anions,

lH3SiMollO30]5-andlH3SiMollO｡O]5~inaqueoussolutions.

Forcomparison,therateconstants (S~1)fortheSi-MoandGe-Mo

systemsdeterminedunderacertaincondition(pH3.5,T-25℃ ,【Mo】=

24mm,andlⅩ】｡ ≡100FLM)areshownbelow:

8.7×10-3 4.6xlO~3

si l宕 1｡ -2【H3Si"011030]5- ー 【Si"012040】4~

1.6x10J2 3.5xlO13

Ge ≠ 3.7×1013lGeMo12040】4~4.5×10-2lH3GeMollO39]5~ ≠

The formation rate of lH｡GeMo11039]5~ 1s faster than that of

lH3SiMol1030]5~,whereastheformationrateoflGeM01204｡14~isslower

thanthatof lSiMo120.｡】4~ ThisseemstOresultfrom aStructural

factor:because the ionic sizeofger皿anate islarger than thatof

silicate,theMoO6 0CtahedraoflGeMo1204｡】4-[1101lsslightlydistorted

fromthatofastructurallystable【SiMo120.｡】41109】.

Sincetherateconstantskn (n= 1-4)intables4-1and4-2are

determined under the assumption of first-order klnetlcs, they are

regarded as apparent rate constants as a function of 【H◆】and the

concentrationoffreenolybdateorisopolyspecies. However,since

the equlllbria of isopolyanlons are rather complex (e.g‥ sectlon

3.3.1), 1tseemsprematuretodeterminethespeciesassociatedwlththe

formationofspeciesIandII. Furtherstudyshouldbeneededfora

detaileddiscussionoftheformatlon皿eChanisms.

-111-



CHAPTERV

Analy tica l App lica tion -AVolta皿etricPhosphateSensorh･1)

5.1.Introductlon

Todate,avarietyofphosphate-Selectiveelectrodesbasedonmetaレ

Jnetalphosphateelectrodes,enzyneelectrodes,liquid-liquidorpolyner一

membraneelectrodes,etc‥ havebeendeveloped【111-118日forreview,see

【119日. Despitetheseefforts,however,noneoftheseelectrodeshas

reachedcom皿erClalproductionmainlybecauseoftheirpoorselectivity.

The electrodesbased on metal-metal phosphates 【111,112】have a fair

performance lnchloride-freesolutions,buttheirappllcatlonseemsto

be limited. The enzy皿e electrode systems 【116-1181 are very

complicated. Recently, it has been shoyn that polymer-nenbrane

electrodesbasedonorganotlncompoundsdisplayarelativelyhighlevel

ofselectivityfordlbaslcphosphateovermanyCo血onanlons【113-115L

However,many questions remain unanswered concerning the fundamental

chemistry responsible for selectivity of the membrane electrodes.

Further investlgatlon seemstobeneededforpractical application of

thesemembraneelectrodes.

TheformationofheteropolyⅦolybdatecomplexeshaslongbeenusedas

the basis of the spectrophotometric deter皿inatlon of phosphate ion

l120]. Theapplicationoftheheteropolycompoundstothephosphate-

selective electrode is promising;however,a few attempts tO develop

potentiometricelectrodeswereunsuccessful【121】.

工n a previous study 【32】, the electrochemical fornatlon of a

heteropolynolybdophosphatecomplexatNB/Winterfacewasreported:When

an isopolyanion Mo60102~ transfers form NB to W, the anion rapidly

decomposes in W to liberate some Mo(VI) species,which subsequently

forms a molybdophosphate complex 【H3PMollO｡B]5~ with phosphate ion.

TheheteropolyanlonformedlnWgivesavoltammetrlccurrentduetoits

transferbacktoNB. Thecurrenthasbeenfoundtobeproportionalto

thephosphateconcentrationinW. Thisresultshowstheposslblllty
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ofanewtypeofsensorbasedona皿perOmetricdetectionofphosphateion

(notethatallphosphateelectrodessofardevelopedl111-115】,except

the enzyneelectrodes l116-118],arebasedonpotentionetry)･ In

thisstudy,avoltam皿etrlcsensorforphosphateionhasbeenconstructed

anditsperformancehasbeenexamined.

5.2.Experimental

Che皿lcals

Thea-tetrapentylam皿Oniumhexamolybdate(TPnA)2lMo601｡】YraSprepared

bytheadditionofsolidn-tetrapentyla皿皿Oniumbromide(1.5g)toa120

mmMo(V工)-0.5MHC1-70oi(V/V)acetonesyste皿(100ml)【122】. The

resultant yellow salt was subsequently recrystallized from acetone.

ThepreparationsofaNBsolutionofTPnATPBandastocksolutionof

TPnAClforpreparingtheinternalsolutionaredescribedlnsection1.2.

Otherchemicalsusedwereofanalyticalgrade. Distilledwateryas

usedforpreparingallaqueoussolutlons.

SensorConstruction

Thevolta皿皿etricphosphatesensorisschematically illustratedln

Flgure5-1. Adlalyslsmembrane(UnionCarbldeCorp.,20.31皿 thlck)

impregnatedwithdistilledwaterwasspreadatthecutend(3.0-m皿 inner

diameter)ofglasstube''A''by皿eanSOfaTeflon tube. A 0.1m

TPnATPBNBsolutionwaspouredintotheglasstube. Theinnersurface

oftheaglasstube,whichshouldbeincontactwiththeNBsolution,

wassiliconizedlnadvancewithdimethyldichlorosilanevapor. Next,

about40mgofthe(TPnA)2m0601G.Saltfinelygroundinan agatemortar

wasdroppedintotheNBsolution;thesaltwaspartlydissolved,butthe

majority remained the undissolved on the dialysis 皿embrane. An

internalsolutioncontaining0.02MTPnACland0.1MMgSO4 YaSthen
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Fig.5-1. Scheme olthe phosphate sensorsystem: (A)glasstube,(B)

dialysismembrane,(C)Teflontube,(D)0,1M TPnATPB NB solution,(E)

(TPnA)2Mo6019powder,(F)jnternalsolutions(0.02M TPnACl+ 0.1M MgSO4),
(G,H,I)Ag/AgClelectrodes,(J)Luggincapillary.(K)rubbercaps,(L)

testaqueoussolution(x mM KH2PO4+0.5M MgCl2;tyPicaJly pH 3.5),(M)

wate卜jacketedvessel,(N)thermostatedwater(25±0.1℃),(0)stirring

bar,and (P)magneticstirrer.
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gently applied ontotheNB solution. ALuggin capillary and spiral

Ag/AgCl electrode,both heldby a rubbercap,yere immersed into the

internalsolution. AsshowninFig.5-1,theendofLuggincapillary,

being siliconized in advance, was located in the NB solution･

Finally.anotherAg/AgClelectrodewasplaced in the Lllggin capillary

filled with the internal solution. The sensor was conditioned by

dlpplng its end in dlstllled water for at least 12 hours at room

temperature. Whennotlnuse,ltwasstoredlnthesamemanner.

ApparatusaredescribedlnChapterI.

Procedure

The phosphate sensorsyste皿 YaSCOnStruCtedasshoym inFig.5-1.

Fourmlofatestaqueoussolution(Xd KII2PO4 + 0.5MMgC12,typically

pH 3.5) was transferred to a water-jacketed vessel thermOStated at

25±0.1 ℃;the pH of the test solution wasadjusted with a CH3COOH-

(CH3COO)2Mg buffer (lCH3COO~】 = 0.1M). Avoltam皿etrlcmeasurement

wascarriedoutafterstlrrlngthetestsolutionbymeansof amagnetic

stirrer for about 1minute (thedistribution equilibrium ofphosphate

ionbetweenthedialysismembraneandthetestsolutionwasreachedin

thetime). Thepotentialsweepwasappliedintheposltlvedlrectlon

from 0.29V to 0.35V.followedby thenegative to0.16V,then the

posltlve back to the lnitlalpotential;in this cycle,the electrode

potentialwasheldat0.35V for30seconds (unlessotherwisenoted).

The sweep rate was usually 0.02 V s~1. After the voltam皿etric

measurementwasaccomplished,2mlof1M(CH3COO)2Mgsolutionwasadded

tothetestsolution(thepHbecame6.0),followedbystlrrlngforabout

1minute;the heteropoly complex formed in the dialysismembrane ypas

perfectly removed ln this operation. After the test solution was

sucked off,the sensorwasrinsedtwicewithdlstllledwaterandthen

usedforthenextassay.

Afreshlypreparedsensormustbepretreatedbyrepeatingtheabove一

皿entlonedvoltam皿etricmeasurementseveraltimesuntilasteadycurrent
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responseforphosphateionwasobtained. Oncepretreated,thesensor

gavestableresponseallthroughtheexperiment.

5.3.ResultsandDIscusslon

Figvre5-2showscyclicvoltam皿Ogra皿Sinthepresenceandabsenceof

phosphate ion ln the test solution. Theanodiccurrentobservedon

theinitialpositivescanfrom0.29Vto0.35Visduetothetransfer

ofMo601921fromNBtoW (i.e.,dialysismembrane,seebelow). This

anodlc current was not followed by a cathodlc Current due to the

transferofMo601921backtoNB. Thisshowsthattheaniondecomposed

rapidly into some Mo(VI) species (See section 3.3.1) after being

transferredfromNBtoW. Inthismeasurement,thepotentialwasheld

at0.35Vforadefinitetime(e.ど.,30secondsinFig.5-2)1norderto

generate Mo(VI) enough for the subsequent formation of a heteropoly

complex. In the presence ofphosphate ion ln the test solution,a

vell-definedwavewitheathodlcandanodicpeaksappearedaround0.25V.

Asreportedpreviously (Ref.32andChapterIII),thiswaveisdueto

the lnterfacial transfer of a lacunary Keggin anion (lH3PMol103｡】4-)

formed ln theW phase in thevicinity ofthe interface;thecatho血ic

peakcorrespondstothetransferof lH3PMol1039]4~fromWtoNB,while

theanodlcpeakcorrespondstoitstransferbacktoW. Undersuitable

eondltlons, the cathodlc peak current (Ipc ) was proportional to the

phosphateconcentration,asshownbelow.

AlthoughthevoltamogramshowninFig.5-2wasrecordedforaquiet

test solution, Stirring of the test solution had no effect on the

voltammetrlccurve. Thlsshowsthattheformationoftheheteropoly

complextakesplaceinthedlalyslsmembraneimpregnatedpreferentially

withthetestaqueoussolution. Accordingly,itcanbeassumedthat

the NB/W interface is formed at the inner surface of the dialysis

membrane. This ls ln line with the previous study on the

electrochemlcal characteristics of the membrane-covered ion-selective

electrodes【116】.
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Fig･5-3･ Principleolthevoltamrnetricphosphatesensor. Seetextfor
details.
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Flgure 5-3illustratestheprlnelpleofthevolta皿皿etrlcphosphate

sensor. Thus, the Mo(VI) species required to form the heteropoly

complexisprovidedbythelnterfacialtransferofMo60192~. Although

Mo801｡2~1nNBisconsumedforeachmeasurement,1tlssuppliedbyquick

dissolution of excesssolid (TPnA)2m06019,Which皿akes ltpossibleto

use the sensorrepeatedly (at least200tlmes)withoutany particular

treatment.

The effects of pH,phosphate concentration,and potential-holding

period on thevoltamJnetricresponseyereexamined. Flgure5-4shoys

thepHdependenceofthevoltam皿etricresponse. AspHwasincreased

for皿 3.1to5.1,thewavefortheheteropolyanlon transfershiftedto

negative potentials. The IT,CWas not Very dependent on pH in the

range from 3.1to4.1butdecreasedathigherpH. Inthefollowing

experiments,thetestsolutionofpH3.5wasemployed.

The dependence of lpく>On the phosphate concentration forvarious

potentialholdingperiods (T'S)lsshownlnFig.5-5. Thedecrease

ln 工p(,at the T's shorter than 30 Seconds may be attributed to a

deficiency of mo(ⅤⅠ). Yhen T YaS 30 seconds, the lpc was

proportional to thephosphateconcentration lntherangefrom 0.02to

0.5mm. Under theseconditions,the 工pc wascontrolledonlyby the

dlffuslon of phosphate ion in the dialysismembrane. When T Was

longerthan 60seconds,thereproducibilityoflpc becamepoor(datanot

shown). Possiblythislsbecausethediffusionlayerofphosphateion

was no longer confined within the dialysisnenbrane and reached the

solutlon phase where the diffusion layer might be disrupted by

convection. Consequently, the T Of 30 Seconds was determined as

optimum.

Interference studies Were conducted on silicate, arsenate, and

ger皿anate ions ln some detail. because they could possibly form

heteropolycomplexes (seeChapterIII). Theresultsshowedthatonly

slllcate ion interferedwiththedetermlnatlonofphosphateion. As

shoⅥlinFig.5-6,theadditionofsilicateioncausedtheyaveforthe

皿01ybdophosphateanlontoshlfttonegativepotentlalswithadecrease

incurrent. Thecurrentaroundthenegativeswitchingpotential(i.e.

0.16 V) increased with an increase ln the silicate concentration,
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Fig.5-4. pH dependenceolthevoltammetricresponse, pH:(1)3.1,(2)

3.5,(3)4.1,(4)4.3,(5)4.7,and(6)5.1, Phosphate:0.2mM. Other

conditionsareasinFig.5-2.

-119-



6

5

4

3

V

7J
J
｡
d
Z
-

2

0.1 0.2 0.3 0.4 0.5 0.6 0.7

[Phosphate]/mM

Fig.515. Dependenceolthecathodicpeakcurrentonthephosphate
concentration. Potentialholdingperiod:(1)0,(2)1,(3)5,and(4)
30S.

-120-



4

0

14

V

7J

J
Z

l l43 21

0.10 0.15 0.20 0.25 0.30 0.35 0.40

E/V

Fig.516. Ellectolsilicateiononthedeterminationolphosphateion.
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Fig･5-7･ Ellectolarsenateiononthedeterminationolphosphateion.

Posphate:0,2mM. Arsenate:(1)0.0,(2)0.1,(3)0.2,and(4)0.5mM.

OtherconditionsareasjnFig.5-2.
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suggesting that a certain m01ybdosilicate complex, ll-molybdosilicate

(See sectlon 3.3.1 and section 4.4), was formed along with the

molybdophosphate complex. On theotherhand,asshown inFigs.5-7

and 5-8,arsenate and germanate long ln comparable amounts caused no

significant interference,though these ions,aswell as silicate ion,

gave voltammetrlc waves around 0.16 V due to the transfer of the

correspondingheteropolyanlonsformed(seeChapterIII).

Furthernore, interference studies were conducted on many other

common ions,namely,NO31,C10.J,SO.2~,scN∴ Br~,Lil,Na一,K',and

NH4◆ (2.0mMeach). Alltheionsexamined,exceptSCN~andC104~had

noeffectonthevoltam皿etrlcresponseforphosphateion;SCⅣ~andC104~

ledtopositiveerrors(+7and+180%,respectively)inthedetermination

of phosphate ion (0.2 mM), because the currents due to their own

transferfromWtoNBweresuperimposeduponthecathodlcpeakcurrent

tobemeasured.

Wlththepresentphosphatesensor,about20samplescanbeassayed

for an hour. In addition.thevoltamJAetric responseyasreproduced

within±5%(inlpe)foratleastaweekand200assays.

As stated above, the present voltametric sensor displayed a

relativelyhighlevelofselectivityforphosphateion. Accordingly,

theutility ofthissensornayberecognized. Buttheconcentration

range showing the linear current response lsnotvery wide (5×10~4-

2×10-5 m)comparedwiththatshowingtheNernstianresponseforausual

potentiometricelectrode (e.ど.,in l113】,therangeislOJ2 - 10~5 M).

This is because this sensor is based on amperOmetrlc detection of

phosphate ion. In general,however,amperometric (orvoltammetric)

electrodes,givingthecurrentresponsedirectlyproportionaltoanalyte

concentration, are more Suitable for detecting small differences in

analyte concentration than potentlometrlc electrodes glvlng the

potential response proportional to the logarithm Of analyte activity

(concentration).
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COmUSION

In this study,the formation ofheteropolyanions in solutionshas

been studiedby meansof ion-transfervoltannetry using theoil/water

interface.

In ChapterI,thetransferofpolyanionsatthenitrobenzene/water

interface has been studied. Through analyses of the voltammetric

waves,thevaluesofthestandardion-transferpotential(A嘗¢○)were

determinedforthepolyanlonsofvarioussizeandioniccharge. Since

allofthespaceofthepolyanionstructureistakenupbybulkyoxygen

atoms, the charge density can be regarded as being proportional to

lzL/n2'3 (Z,ionicvalence;n,numberofoxygenatoms). Theplotof

AVd'¢〇一values against this quantity showed a simple relationship,

Le.,

A甘さO(Ⅴ)ニ ー1.981日zr/n2/3) .0.749

Thislinearrelationshipshowsthatthe fzl/n2'3-valuecatnbeusedasa

hydrophobicity scaleofpolyanions. Accordingtothe lz[/n2/3-value,

polyanionsmaybeclassifiedasbeingeitherhydrophobicorhydrophilic.

As a whole, polyanions with lzl/n2′3-values smaller than 0.3 are

classifiedasbeing''hydrophoblc'';theyareknowntobestablein皿iXed

organic solvent. Whereaspolyanionswith lzr/n2'3-valueslargerthan

0.3areclassifiedasbeing''hydrophilic'';theyareknowntobestable

inmixedorganicsolvent. Thus,theauthorproposesthe lzI/n2/31Value

tobeusedforthediscussionofhydrophoblcbehaviorsofpolyanlons.

In Chapter II, Ion-transfer voltammetric meaSurementS have been

extended to the 1,2-dichloroethane/W interface. The plots of

''apparent" ion-transfer potentials against lzl/n2'3 at several

concentrationsoforganicphasegavealsostraightlines. Sincethe

slope ofeach straightlinewasalmostthesame,therewerenomarked

differencesintheeffectofionpairingbetweenthepolyanionstested.

Thus, the linear relationship between A苫¢o and lzl/n2′3 was also

obtainedforthissystem.
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A Var¢○(Ⅴ)ニ ー1.781(Izl/n2'3)･Const

By using the Uhlig formula, the ''electrostatic'' part of AVo'¢o

tA苫¢○(el)I was estimated. The AVY¢○(el)-value also depends

linearly on lzI/n2'3 Thus, the electrostatic part of the Gibbs

transferenergy tAGもトO.W(el)Icouldbeexpressedas

AGOt㌻O.W(el) - a(Z2/n2/3)-bz

Such a dependence conflicts with Bornlan (long-range) electrostatlc

solvationenergy. Thisnon-Borniandependencesuggestthatshort-range

lnteractlons (i.e‥ donor-acceptor effects or hydrogen bonds)of the

polyanionwiththesolventmoleculesplaythemostSlgnlficantrole.

In Chapter III, ion-transfer voltam皿etry using the nitro-

benzene/water interface has been applied to characterize aqueous

molybdate solutlons contalnlng such a heteroanion as silicate,

germanate, phosphate, or arsenate. Some SOlute species have been

identified and their formation equilibria could be discussed on the

ba s i s of the hy drophobicity scale proposed inChapter I . TheKeggin

anions with pentavalent heteroatomS, 【PMo120｡｡】31 and lAsMo120.｡13-,

having higher hydrophobicity (lzl/n2/3 - 0.256), have never been

observed in test aqueous solutions (pH ≦ 0.9), whereas those with

tetravalentheteroatomS, 【SiMo120｡｡】4~atnd lGeMo120｡｡】41,having lower

hydrophobicity (LzL/n2'3-0.342),wereratherstableevenatloweracid

concentrations. The ll-heteropolytuolybdate anions, 【H3SiMollO｡9]5~,

lH3GeMollO,915~,andlH3PMollO39]41,Wereobservedinallsystemsexcept

for the arsenate-molybdate system. Only in the arsenate一皿01ybdate

system, however, soICalled ''reversed''Keggin anion, 【H2As.Mo1205｡】6~,

existsinsteadofll-nolybdoarsenate.

InChapterIV,theauthorhasalsodevelopedanewelectrochemical

method for the kinetic study of the formation of Keggin anions,

lSiMo120.O]41 and lGeMo1204｡】4~ This method named dual pulse

amperometry is based on the amperometrlc detection of polyanlons by

meansOftwopotentialpulsesofdifferenta皿plitudes. Thefor皿atlon
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curves of the I(eggin anions and the lacunary anions, 【H｡SiMo.1039]5-

and lH3GeMollO39]5~, have been obtained. The analysis of the

formation curvesclearly demonstratedthattheKegglnanlons formVia

the lacunary anions ln aqueous solutions. The formation rate of

lH｡GeMollO,B]5~ was faster than that of lH｡SiMollO｡9]5~,whereasthe

formationrateoflSiM01204.]41WasslowerthanthatoflGeMo12040]41

In Chapter V, a voltammetric phosphate sensor, which relies on

electrochemicalformationofthemolybdophosphateattheNB/Winterface,

has been constructed and its performance has been examined. Under

optiJnal conditions, the voltanJnetric current is proportional to the

phosphate concentration in the range from 0.02 to 0.5 mm. Though

silicate ion interferes with the determination of phosphate ion,

arsenateandgermanateionscausenosignificantinterference. About

20 sanples couldbe assayed foranhour. Thevoltannetricresponse

wasreproducedwlthin±5%foratleastaweekand200assays. Thus,

thissensorappearstobequitepromisingfortheaccuratedetermination

ofphosphateioninavarietyof皿edia.
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