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A strategy  for  the  photoreduction  of  Tc-99  pertechnetate  to  low

valent Tc by Keggin polyoxometalates

Introduction

Technetium-99 (99Tc) is a high yield (~6%) fission product of Uranium-235

fission. It has a half-life of 2.1x105 years and is a weak beta emitter with a

max energy of 0.29 MeV. When exposed to air, 99Tc is most prevalent in its

oxidized form which exists predominantly as pertechnetate (TcO4
-). In this +7

oxidation  state,  99Tc  is  fairly  chemically  inert  but  extremely  soluble.  This

makes it hard to separate from other anionic contaminants as well , and as

aiding  its  highly mobileity in  the  environment.1,;  allowing  it  to  move  at

almost  the  same  rate  as  groundwater.2 99Tc  is  considered  a  hazardous

radiological contaminant and, which can be found in used nuclear fuel,  its

correspondingnuclear waste,  and  the  groundwater  and  soils  near  some

national  laboratory  facility  sitesnuclear  facilities.  In  order  to  To

remediateprevent  TcO4
- contamination,  reduction is thought to be a logical

first  step  because  Tc  and  the  reduction  would  then  be  followed  byy  a

sequestration method to remove Tc, is a logical first step from the system.

There are cCurrent strategies in place that allow for  employ  the reduction

and sequestration of this oxyanion.2-5 

A  previous  study  by  our  lab  identified  a  novel  method  wherein  a  single

material,  a polyoxometalate (POM), both can act  reduces TcO4
-   as  both  a

reducing  agent  and then  also incorporate  sequesters  the  reduced  99Tc

covalently into  the bonds of  the POM.   In that study, the lacunary alpha-2

Wells-Dawson  POM  (ɑ2-[P2W17O61]10-)  is  was  photoactivated  by  light  and

reduced by a sacrificial electron donor (2-propanol) to (ɑ2-[P2W17O61]12-). The

reduced  POM  transfers  electrons  to  TcO4
- to  form  a  reduced  TcIV ɑ2

intermediate that   oxidizes to TcV and incorporates into the framework of the

POM wherein the TcVO is bound to four oxygen atoms of the defect site of the
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Figure 1.pH-independent reduction potentials for the 1- electron reduction of Keggin anions as a function of anion charge.The charge of the Keggin ion, dictated by the central heteroatom, allows tuning of the reduction potentials to match the potentials to reach TcIV or Tc0.Table is abstracted from Altenau, Pope, Prados, and So, Inorg. Chem. 1975, 14, 417. The recent AlIIIdata of Geleti is added (Inorg. Chem. 2005, 44, 8955-8966).The potentials shown were determined under pH conditions where no protonation of the anions occurred. The data is referenced against the SCE, not NHE, as in Table 2.To reference against NHE, 0.241 V should be added to the above numbers. 

ɑ2-[P2W17O61]10- ligand  in  a  square  pyramidal  coordination  complex.  That

study demonstrated the versatility  of  POMs and highlighted that  a  single

material  can  be  both  the photocatylitic reducing  agent  and  coordinating

ligand and that the reaction can proceed via photocatalytic means.

In  this  report,  we  investigate  the  potential  of  “plenary”  Keggin  POMs

(M12O40
n-  ) for reduction of  to reduce  TcO4

- and stabilization of  reduced Tc.

Polyoxometalates  are  polyanionic  aggregates  clusters  of  early  transition

metals  (MoVI and WVI)  connected by  oxygen atoms.   The lacunary POMs

investigated in the previous study possess a defect site that can coordinate

metal ions within.   The plenary POMs, such as the Keggins used here,Keggin

ions investigated here do not possess defect sites for coordination but may

exhibit surface binding.   

In general,  POMs are strong, tunable electron donors to substrates. POMs

undergo  stepwise,  multielectron  redox  reactions  while  maintaining  their

structural  integrity. Theyand can  be  reversibly  reduced  through  using  a

variety  of  methods  including  photochemical  reduction6-9,  reduction  by  γ

radiolystic  reductionis10 in  the  presence  of  a  sacrificial  organic  electron

donor, electrochemical reduction, and chemical reduction using appropriate

reducing agents. 11
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Reduced POMs have been used for the reduction ofto reduce metal ions  in

aqueous systems to their metallic state in water. Photocatalytic reduction of

metal ions such as Ag+, Pd2+, AuIII, PtIV, Cu2+ by Keggin ion polyoxometalates

produce metal ions in lower oxidation states or in their metallic (zero) state.

(REF  NEEDED)   The  tunable  redox  nature  and  facile  electron  transfer

properties of POMs allowed for their use for the synthesis of colloidal metal

nanoparticles that are stabilized by the re-oxidized POMs. 

Most of the research on reduction of metal ions to the metallic Mo state and

to  nanoparticles  utilizing  POMs  has  been  performed  with  Keggin  anions,

XW12O40
n-,; which can accept/ be reduced specifically by 1, 2, or 4 electrons

with varying reduction potentials.degrees of ‘reducing power.’  The reduction

potentials  of  Keggin  POMs,  presented in  Figure 1 and  Table S1,  are  a

function  of  the  central  heteroatom that  dictates  the  overall  charge.  This

graph presents the variation of  the first  one electron redox process as a

function  of  heteroatom.  As  the  charge  on  the  polyoxometalate  anion

increases,  the  reduction  potential  becomes  more  negative,  i.e.  more

‘reducing  power’, rendering  these  highly  charged  anions  strong  reducing

agents to metal ions.12-15 All of the  The ions listed in  Table S1 are isolable

and stable for hours, if not days or weeks.14   These reduced POMs can be

generated  electrochemically  and  photochemically  (or  by  radiolysis)  with

inclusion the aid of a sacrifical organic electron donor.

When compared with standard reduction

potentials  for  TcO4
-, thermodynamically,

the 1 and 2 electron reduced Keggin ions

should  effectively  reduce  TcO4
- to  lower

valent  technetium (Supporting  material).

Moreover, the oxidized POMs may bind to

and  stabilize  the  low  valent  99Tc  or

stabilize the surface of 99Tc metal, as was

foundobserved for  other  metal  ions.16-20
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Figure 2 illustrates  the  general  strategy for  the  photocatalytic  reduction

process that we explore in this project. 

The work hereindescribed he rein utilizeds Keggin POMs to photocatalytically

reduce  (TcVIIO4
-)TcO4

-   to  lower  valent  Tc species.  The  reduced  Tc species

wereis analyzed by  X-ray Absorption Spectroscopy (XAS) specifically  X-ray

Absorption Near Edge Structure (XANES) spectroscopy, and  Extended X-ray

Absorption  Fine  Structure  (EXAFS)  spectroscopy,  along  with  UV-Visible

sSpectroscopy, Instant Thin Layer Chromatography (ITLC), and multinuclear

NMR dataspectroscopy.   To further assess study the reduction and to study

identify thermodynamic products, bulk electrolysis was employed to reduce

the POMs prior to adding TcO4
- and the resulting solutions analyzed by 99Tc

NMR, EXAFS, and XANES.    

Experimental

General

All  materials  were  purchased as  reagent  grade and used without  further

purification, unless otherwise noted. 99Tc is a weak beta-emitter with a max

energy of 0.29 MeV. 99Tc was obtained from Oak Ridge National Laboratory

(as NH4TcO4). All  99Tc handling was executed in an appropriately equipped

laboratory approved for the use of low-level radioactivity. Solid ammonium

pertechnetate (NH4TcO4) was treated with H2O2 to oxidize any reduced forms

of  99Tc.21 Standardization  of  prepared  aqueous  ammonium  pertechnetate

solutions was conducted according to established UV-Vis procedures.21-22

Keggin anions

The H3PW12O40  (PW12) and H4SiW12O40   (SiW12) Keggin anions were purchased

from  Sigma-Aldrich  and  used  without  further  purification.  The  H5AlW12O40

(AlW12) was synthesized using a procedure from the literature.23

X-ray absorptionXANES Aspectroscopynalysis
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X-ray  Absorption  Near  Edge  Structure  (XANES)  datTc  K-edge  X-ray

absorption  spectra  were  obtained  at  Stanford  Synchotron  Radiation

Lightsource  (SSRL)  BL  11-2 in  fluorescence.. The  monochromator  was

detuned 50% to reduce the harmonic  content  of  the beam. Transmission

data  was  obtained  using  Ar  filled  ion  chambers.  Fluorescence  data  was

obtained uising a 32 element Ge detector and were corrected for detector

dead  time.  Data  were  reduced  from raw  data  to  spectra  using  SixPack.

Spectra were normalized using Artemis. Sample spectra were convolved with

a 1 eV Gaussian to match the resolution of the standard spectra. Normalized

XANES spectra were fit uising standard spectra in the locally written program

“fites.”24 XANES  standrad  standard  spectra were carefully calibrated using

TcO4
- adsorbed on Reillex-HPQ as the energy reference. The sample XANES

spectra were allowed to vary in energy during fitting. The XANES spectral

resolution is 5 eV based on the width of the TcO4
- pre-edge peak, so each

spectrum  possess  24  independent  data  points  (range  of  the

spectrum/resolution). 

EXAFS Analysis

EXAFS parameters?

EXAFS spectra were analyzed using the “shell-by-shell” approach25 with 

ifeffit26 and Artemis/Athena.27 Theoretical scattering curves were calculated 

with Feff6.28 Scattering shells were removed from the fit if they did not 

decrease the value of reduced 2  . Once the fit was complete,   an F-test was 

performed on each shell to determine the significance of its contribution to 

the total fit.29 The p-factor from the F-test indicates the likelihood that the 

improvement to the fit due to a given shell is due to random error. 

Instant Thin Layer Chromatography (ITLC) Analysis
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Instant Thin Layer Chromatography (ITLC) was performed on the irradiated

Keggin solutions containing TcO4
-.   The ITLC monitors the β- emission of 99Tc.

Solutions  were  spotted on cellulose  paper  and exposed to  a  0.9% saline

solution  as the mobile  phase. ITLC was conducted on a Bioscan AR-2000

utilizing  a  high-resolution  grating.   The  standard  TcO4
- in  the  reduction

solution possesses a Rf of 0.75. 

99Tc NMR analysis: need information from Ben or Matthew

NMR data were collected on a Bruker Avance 400 with 5 mm tubes fitted

with Teflon inserts purchased from Wilmad Glass. For 99Tc; spectral width, 9

kHz; acquisition time, 0.9 s; pulse delay 0.5 s; pulse width, 10 µs (50 tip

angle). Typically, between 200 and 2000 scans were acquired for 99Tc and 31P

respectively. For all spectra, the temperature was controlled to ± 0.2 deg. 

UV-Visible Spectroscopy

NEED description of the instrument and conditions

TEM analysis

TEM and EDAX on Jeol 200 keV. Samples for TEM where prepared by placing

a drop of the Tc-99 POM   solution in water on the oyster Cu grid, coated with

formvar film. When the sample was dried (after sitting overnight on the grid),

the samples where probed with TEM.    Characteristic energy bands for    W

as well as Tc were detected in   the Tc POM samples. Tc Lα 2.3 eV and Tc Kα

18.2 eV, and 1.7 eV for W Mα, and other W K and W L lines around 8 and 10

eV,.   ASK JACOPO FOR DETAILS

Reduction Methods

Reduction  Method  1:  In  situ  reduction  via  sunlight  by  Keggin

ionsPhotocatalytic reduction of TcO4
-   by Keggin ions using sunlight
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Six  different  solutions  were  prepared  by  dissolving  XW12O40
n- (X=P,  n=3;

X=Si,  n=4;  X=Al,  n=5)  and  TcO4
- in  a  2:1:1;  0.5M  H2SO4:D2O:2-propanol

mixture. The stoichiometries of the POM: TcO4
- solutions were 10:1 and 20:1.

The samples were then exposed to natural sunlight for 2 weeks. After the

irradiation period, the PW12 ion showed the most intense red color and the

AlW12 showed the lightest  red/yellow color.  The samples  were studied by

XANES.

Reduction  Method  2:Bulk  electronlysis  of  Keggin  ions  prior  to

reaction with TcO4
-   Electrochemically reduced Keggin ions

Sample solutions were prepared by dissolving the PW12 Keggin anions (0.22

mmol) in a 0.5 M H2SO4 (containing 0.5 M Na2SO4):D2O mixture (1:1 vol, 20

mL).  This  resulted  in  11  mM Keggin  anion  solutions.  The  solutions  were

placed  in  an  electrolysis  cell  and  purged  with  argon  for  30  minutes.  A

potential  was applied  via  the working  electrode to  reduce the POM by 1

electron.  The rest  potential  of  the  reduced  solution  was  monitored  for  5

minutes before continuing the experiment. Nitrogen-purged 0.51 M NH4TcO4

solution  (50  µL,  25  µmol)  was  quickly  added  to  the  solution  of

electrochemically  reduced  Keggin  anion  under  stirring  and  a  slow  color

change was observed. The open circuit  potential  was monitored at timed

intervals during the course of the experiment up to 2 hours post addition.

Samples for  31P and  99Tc NMR were taken 10 seconds after the addition of

NH4TcO4 to ensure mixing. 

Photocatalytic  reduction  of  TcO4
-   by  Keggin  ions  using  UV

illumination

(Description  of  the  apparatus,  lamp  and  power  are

needed)Reduction Method  3A : In situ reduction via UV irradiation

by Keggin ions

Three solutions were made by dissolving XW12O40
n- (X=P, n=3; X=Si, n=4;

X=Al, n=5) in water at a pH of 0.5. 2-propanol was added, followed by TcO4
-
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addition.  The  reaction  solution  consisted  of  a  2:1:1;  0.5M  H2SO4:D2O:2-

propanol  mixture.  The  POM  concentration  was  10  mM  and  the  TcO4
-

concentration was 1.2 mM.   The samples were then irradiated at 254 nm for

16 hours. The samples were studied by XANES.

Reduction method 3B. UV Irradiation with PW12 Keggin at varying

stoichiometries

Ratios of TcO4
-:PW12 at 1:1, 1:5, 1:10 were made with 5 mM of TcO4

- and

varying the amount of PW12 (5 mM, 25 mM, 50 mM). Each sample contained

isopropyl alcohol and was irradiated with tungsten lamp for 12 hours. The

samples were studies by XANES, and the 1:10 ratio was additionally studied

by EXAFS.

Results and Discussion

In  our  previous  work, we  demonstrated  that  technetium  as

pertechnetateTcO4
-   could be simultaneously reduced and sequestered by a

POM that possesses a defect site.   This study investigates photocatalytic

reduction of pertechnetate using Keggin ions that are POMs where there is

no available binding site for the reduced Tc. The Keggin anions  are a well-

studied group of POMs and can accept 1,2, or 4 one, two, or four electrons

with varying degrees of “reducing power”reduction potentials. The reduction

potentials of Keggin POMs, which are presented in Figure 1 and Table S1. ,

are a function of theThe central heteroatom that dictates the overall charge

of  the  ion  and  its  reduction  potential.  When  compared  with  standard

reduction  potentials  for  TcO4
-,  thermodynamically,  the  1  and  2  electron

reduced  Keggin  ions  should  effectively  reduce  TcO4
-   to  lower  valent

technetium (Supporting InformationI).   With this in mind the POMs will have

reducing  power  in  the  order  of  Al>Si>P.  The  process  of  photocatlytic

reduction of TcO4
-   by POMs involves several steps as shown below. The rates

of  reactions  1-3  vary  depending  on  the  identity  of  M  in  MW12O40
n-  .

{Papaconstantinou,  1989  #205}{Triupis,  2009  #204} Reactions  1&2 are
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faster for the POMs that are easier to reduce, so the ordering of the rates are

PW12
   > SiW12 > AlW12. Conversely, reaction 3 should be faster with the POMs

that  are stronger  reducing agents,  so  AlW12 > SiW12 > PW12.  Subsequent

disproprtionation of TcO4
2-   to TcV   and/or TcIV   (reactions 4 and 5) is very fast.

{Kissel,  1969 #206}{Founta,  1987 #207} Therefore,  the  ordering  of  the

observed rates of  reduction of  TcO4
-   as a function of  M in MW12 will  vary

depending on whether reaction 2 or 3 is rate limiting.

POMn-   + hn → POM*       n-                           (1)

POM*n-   + HOi  Pr → POM(n+1)  -   + HOi  Pr+•           (2)

POM(n+1)-   + TcO4
-   → POMn-   + TcO4

2-           (3)

2 TcO4
2-   → TcO4

-   + TcV                                              (4)

2 TcV   → TcO4
2-   + TcIV                          (5)

To  better  understand  the  rates  of  reduction  of  TcO4
-   by  MW12,  wWe

attempted  used  three  types  of  reduction  approaches:  sunlight,

photoreduction using UV or xenon lamps , and bulk electrolysis to reduce the

Keggin ions prior to addition of TcO4
- , and photoreduction using UV or xenon

lamps, and .

In  situ  reduction  via  sunlight  by  Keggin  ions:  Reduction  method
1Photocatalytic reduction of TcO4

-   by Keggin ions using sunlight

Samples of 10:1 and 20:1 POM; TcO4
- were irradiated by sunlight for 1 week

in the presence of isopropanol (reduction method 1).  The samples turned

from colorless to dark yellow over the irradiation period. The samples, and

were studied by XANES to determine the oxidation state of technetium.

 
Table 1. XANES data for sunlight

reductions of TcO4-

POM:Tc Tc(VII) Tc(V) Tc(IV)
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O4
- Ratio
PW12;
10:1

0.17 (7) 0.1 (2) 0.7 (1)

PW12;
20:1

0.07 (8) 0.2 (2) 0.7 (1)

SiW12;
10:1

0.43 (5) 0.0 (1) 0.56 (8)

SiW12;
20:1

0.35 (6) 0.0 (1) 0.6 (1)

AlW12;
10:1

0.72 (4) 0.0 (1) 0.28 (5)

AlW12;
20:1

0.63 (4) 0.0 (1) 0.37 (5)

Table 1 and Table S2  summarize the results from the XANES analyses.   The

fitting methods are described  also  in the supporting information.  The fits  can be

seen are shown in Figures S1 through S6.   It can be clearly seen that the mostThe

most effective reductant under these conditions is PW12 followed by SiW12 and then

AlW12.   This  trend appears  to  contradi is  opposite  to  that  ofct the  reduction

potentials given in Figure 1 and Table S1 wherein the ordering of the ions from

most effective strongest reductant to weakest is s are the reduced heteropoly blues

in the order: AlW12
6- > SiW12

5-> PW12
4-. Consequently, we can determine that in this

case,  the  rate  limiting  step  for  photocatalytic  reduction  of  TcO4
-   by  sunlight  is

reaction 2. In addition, the reaction has no gone to completion since some  TcO4
-  

remains in solution. 3031   

The observed  data likely represents a kinetic  phenomenon:  PW12 has the most

positive  reduction  potential  (Figure  1)  which  means  that  it  is  the  most  easily

reduced of the three POMs.  The timescale of the experiment  (one week)  allows for

the PW12 to be reduced and reoxidized by TcO4
- cyclically until all  (or most)  of the

TcO4
- has been reduced.  In the case of the AlW12, which has the most negative

reduction potential and is the most difficult to reduce, this cycle of reduction and

oxidation may be much slower.  As a result, the amount of TcO4
- reduced is modest

in comparison to PW12. As a result, the amount of reduced Tc and TcO4
- is opposite

from expected based on thermodynamics. 

To probe the reducing power of the Keggin ions and remove the kinetic issues from

the experiments, bulk electrolysis was performed to reduce all of the POM species

by one electron before the addition of TcO4
-.  This study is presented below.  
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The  only  sample  that  appears  to  contain  TcV may  be  the  PW12.  The  reference

standard to fit TcV is the  TcV=O in ɑ1-[P2W17O61]10-.  The overall  fits are mediocre

calling into question if we are observing oxidation states IV or V.  Both could be

possible. Under these conditions, pH ~ 1, decomposition of the PW12 to the lacunary

phosphotungstates have  been reported  REF Can J Chem.  In that case, we would

expect reduction to an intermediate, Tc(IV) species occurred followed by oxidation

to Tc(V) and incorporation of the Tc(V) into the vacancy, similar to our observation

with the lacunary alpha-2 Wells-Dawson POM (ɑ2-[P2W17O61]10-) (vide supra).  On the

other hand, given the reasonably poor fit, it is may be difficult to discern Tc(V) from

Tc(IV) and this species may actually be Tc(IV)  in an environment  coordinated by

two  Keggin ions in analogy to the zirconium and hafnium complexes reported by

Iain May. (WAYNE, 2012 notes).  The TcIV species in the samples do not appear to be

TcO2-2H2O because the XANES spectra do not match well to the TcO2-2H2O standard

.  

While  sunlight  is  an  inexpensive  source  of  light  and  reduction  to  TcIV is  very

encouraging,  such  reactions  may  not  be  as  efficient,  reliable  or  controlled as

employing a continuous irradiation source or using bulk electrolysis to reduce the

POM  by  one  electron  and  then  subsequently  add  TcO4
-.  We  also  employ  a

continuous  source  of  UV  light or  a  xenon  lamp  for  the  photoreductions in

subsequent studies.  

Electrochemically reduced Keggin ions: Reduction Method 2

To determine  if  the better  determine the  roles  of  thermodynamics  and

kinetic in the reduction of TcO4
-   using POMs in sunlight is due to a kinetic or

thermodynamic effect,  samples were prepared by bulk  electrolysis  of  the

Keggin ions XW12:Tc (X= P, Si, Al) to fully reduce the POMs by one electron,

followed by the addition of TcO4
-.  In this study, we are directly determining

the  effect  of  the  reduction  potential  of  the  POMs  on  reaction  3.  The

stoichiometries  were  8:1,  POM:Tc.  99Tc NMR was taken immediately  after

preparation and samples were analyzed by XANES to monitor TcO4
-. Samples

were prepared  two times once in April, 2011 and once in May, June, 2012.

and analyzed in two independent studies.

11



Sample Ratio Tc(VII) P(F)a Tc(V) P(F)a Tc(IV) P(F)a

PW12:Tc 8:1 0.00(7) 1 0.7(2) <0.001 0.3(1) <0.001
SiW12:Tc 8:1 0.21(9) 0.012 0.1(2) 0.726 0.7(1) <0.001
AlW12:Tc 8:1 0.18(8) 0.020 0.1(2) 0.500 0.7(1) <0.001
a.)    Probability  that  the  improvement  to  the  fit  due  to  the  inclusion  of  this
spectrum is due to noise. If p(f) < 0.05, inclusion of the standard has significantly
improved the fit, and that oxidation state is presumably present.
Table 2. XANES data for electrochemically reduced Keggin ions. Samples 
prepared for April, 2011 experiments.

Studies in 2011:

XANES data for  these bulk electrolysis  reactions are shown in  Table 2 and the

individual XANES experiments are shown in Figures S7, S8, and S9.   EXAFS data

were collected on the PW12:Tc sample (Table 3, Figure 3).

One sample, PW12:Tc, contains appreciable amounts of Tc(V) according to XANES

analysis while the SiW12 and AlW12 samples contain minimal Tc(V) and mostly Tc(IV)

with about 20%   TcO4
-.   PW12:Tc appears not to contain TcO4

-   by XANES. Overall,

the fit quality is marginal, which suggests that the Tc(IV) complex is not identical to

TcO2·2H2O prepared in alkaline solution. 99Tc NMR was also employed to monitor the

reduction of pertechnetate.   The  99Tc NMR (Figure S10) was taken immediately

after the addition of TcO4
- and parallels the reduction potentials of the POMS, as

expected. Specifically, AlW12 is the best reducing agent and the 99Tc NMR signal is

not  observed;  however,  pertechnetate  is  observed  in  SiW12 and  in  PW12.   The

concentrations  of  TcO4
- can be calculated by comparison with the standard TBA

TcO4.    Shortly after addition of TcO4
- , the concentrations were measured to be for

PW12: 11% of the Tc is TcO4-; for SiW12: 6.5% of the Tc is TcO4- and for AlW12: 4%

of the Tc is TcO4-.   31P NMR run on the PW12 sample shows only oxidized PW12.

This result

 

Neighbo
r

#  of
Neighbo
rs

Distanc
e (Å)

2 (Å2) p(F)b Local  stucture
of  the  α  (1)
tungsten site

Tc
sitting
above
the  C4

axisc

O 1 1.73 (1) 0.005 (2) 0.001 1.72 --
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O 4
2.011 
(6)

0.0028 
(4)

<0.00
1

1.93 2.00

O 1 2.55 (6)
0.0029 
(4)d 0.002 2.33 --

Tc 1 2.58 (3)
0.0072 
(9)

0.007 --

W 2 3.44 (2)
0.0072 
(9)d 0.010 3.38 2.82

O 8 4.00 (2) 0.004 (2) 0.002
6 from 3.7 to 
4.1 Å

Table  3. Fitting  parameters  for  EXAFS  conducted  on  electrochemically
reduced PW12 plus TcO4

- (April 2011) 
                   a.                     So

2= 0.9 (fixed), ΔEo= 2 (2) eV
                   b.               Probability that the improvement to the fit of including
this shell is due to       random error.
                   c.                     Calculated from the structure of H3PW12 (M.R. Spirlet,
W.R. Busing, Acta Cryst 1978, B34, 907-910)
                   d.                     Constrained to be the same as the preceding shell

Figure 3. EXAFS spectrum (red) and fit (black) for electrochemically 
reduced PW12 plus TcO4

-

   

EXAFS  was  performed on  the  electrochemically  reduced  PW12 plus  TcO4
-.   The

spectrum is shown in  Figure 3 and the fitting parameters are given in  Table 3.
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These data do not fit a simple model. The data is best described as belonging to a

mixture of species. The fit is improved when all  shells are included; the species

representative  of  these  shells  can  be  considered  to  be  observed  in  the  EXAFS

experiment. The coordinatione numbers were fixed. If allowed to vary, the precision

in the coordination numbers is 25% of the value. On the other hand, the distances

between Tc and the scattering atoms are precise (the standard deviation is given in

Table 3)  and can be considered reliable.  The interpretation  of  the spectrum is

mainly based on these distances. 

The short Tc-O distance of 1.73 Å is consistent with the presence of TcO4
- however,

based on the presence of scattering from W atoms, it is possible that a short TcV= O

bond also contributes to this shell. Nevertheless, this Tc-O distance strongly implies

that some TcO4
- is present. The presence of TcO4

- is indicated also in the 99Tc NMR

data that was taken immediately after electrolysis and addition of TcO4
-  (and days

before EXAFS analysis).   The next two Tc-O distances are consistent with either TcV

or TcIV.   The EXAFS data and 99Tc NMR data taken together suggest that the fittings

in  Table  3 may  reflect  that  where  TcV is  suggested,  that  speciation  may  also

contain TcO4
-.    

The  Tc-Tc  distance  of  2.5  Å  is  typical  of  a  TcIV-(-O)2-TcIV moiety  due  to  either

TcO2·2H2O or to a dimeric TcIV complex with the rest of the coordination sphere filled

by other ligands. This interaction causes the peak of 2.2 Å in the Fourier Transform.

Fitting this peak is complicated by the presence of Tc-O scattering at a similiar

distance. Due to the phase difference of the scattered electrons, EXAFS can resolve

scattering from these atoms event though the difference in distance is very small.

 The Tc-W distance is the same as in the TcV=O alpha 2-Lacunary Wells-Dawson ion.

Since  this  coordination  environment  is  basically  identical  to  that  of  a  lacunary

Keggin ion, this suggests that at least some of the Tc has been incorporated into the

Keggin ion most likely as TcV=O consistent with the XANES data. Note that the Tc-O

and Tc-W distances  are  not  consistent  with  Tc  coordinated  to  the  surface  of  a

Keggin ion as found   in (V=O)2PMo12 [NEED THIS REFERENCE]. This was doubled-

checked by taking the structure of H3PW12 and placing a Tc atom above the pseudo

C4 axis  (actually  a  C2 axis  in  the crystal  structure)  such  that  the  average  Tc-O

distance was 2.0 Å; the distances are given in Table 3. The final Tc-O distance is
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also consistent with Tc interacting with a Keggin ion, but it could also be explained

by TcV=O simply adsorbed to a Keggin ion rather than replacing a WVI= 0 site.

The presence of TcV strongly suggests that a lacunary POM, presumably PW11, is

present in the mixture.   This is plausible. The solution used for the experiment is a

0.5 M H2SO4 (containing 0.5 M Na2SO4):D2O mixture (1:1 vol,  20 mL) and

assuming that the presence of D2O and IPA do not greatly affect the pH, this is a

0.5 M solution of NaHSO4, which has a calculated pH of 1.13 using a pKa of 1.9 for

hydrogen sulfate ion. At pH 1.5, PW12 is no longer stable (Can J Chem 2008, 86, 996-

1004). In addition, at pH 1, it seems as though other POMs are present in solution,

specifically  the  lacunary  Wells-Dawson  ions.  [same  REF]   From  the  EXAFS

spectrum, one can  crudely estimate that  ~25% of  the Tc is  present as Tc in a

lacunary ion. This is 1/40th of the amount of PW12 in solution (PW12:Tc=8:1), so the
31P   NMR spectrum may have not picked this up. 

The  second  study  was  conducted  in  June  2012 that  was  a  repeat  of  the

electrochemical  reduction of PW12 and SiW12 prior  to addition of TcO4
- performed

exactly as in the previous year.   Here a different source of PW12 was used.   XANES

data was collected for these samples, shown in  Table 4.   We also re-collected

XANES data on the year-old PW12 reduced sample discussed above (and shown in

Table 4),   for which XANES (shown in Table 2 showed significant TcV content) and

EXAFS  had  been  collected  (that  displayed  TcO4-,   TcV and  TcIV (-oxo  dimer)

content, Figure 3, Table 3).   The Tc K-edge XANES spectra and fits for this second

study are shown in Figures S 11,  S12 and S13. The XANES data is presented in

Table 4. 

Table 4. Tc K-edge XANES resultsa, bof the bulk electrolysis of Keggin ions followed 
by addition of TcO4

- in June 2012.   

Sample
Rati

o TcO4
- pc Tc(IV) EDTA pc

TcO2•2H2

O pc

PW12:Tc 8:1 0.05(
3) 0.086 0.1(1) 0.490 0.8(1) 0.001

SiW12:Tc 8:1 0.07(
2) 0.003 0.8(1)

<0.00
1 0.1(1) 0.276

PW12:Tc 
(2011)d

8:1 0.28(
2)

<0.00
1 0.11(9) 0.238 0.62(9) <0.001
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a) samples   were run June 2012
b) Standard deviation of the fit is given in parentheses. 
c) The value of p is the probability that the improvement to the fit from including 
this spectrum is due to noise. Components with p < 0.05 are significant at the 
two-sigma level and those with p < 0.01 are significant at the 3 sigma level.
d) Sample prepared in 2011 and run in 2011 (Table 2: PW12:Tc: 8:1 and EXAFS, 
Figure 3, Table 3) and re-run in June 2012 and entered here.

Considering the “fresh” PW12 and SiW12 samples shown in Table 4, minimal TcO4
- is 

observed.   In these samples at least 90% represent TcIV species. In fact, two 

different TcIV species appear to be present in these samples: these TcIV species 

match to TcO2•2H2O and TcIV dimers containing a (-O)2 moiety, presumably 

stabilized by Keggin ions. The TcO2•2H2O like species is found predominantly in the 

PW12 sample while the Tc(IV) (-O)2 TcIV species is significant in the presence of the 

SiW12, and TcO2•2H2O is not significant. 

It is likely that this difference is ascribed to the differences in basicity of the ligands.

Since PO4
3- is the strongest acid, PW12 is the worst ligand of the group (least electron

density). Consequently, PW12 is unable to stabilize Tc(IV) under these conditions and

TcO2•2H2O is formed. On the other hand SiW12 and AlW12 are more electron rich and 

better ligands. Under these conditions, they appear to be capable of stabilizing 

Tc2(-O)2 preventing the formation of TcO2•2H2O. Strangely, the TcO2•2H2O like 

species is not found when TcO4
- is photochemically reduced in the presence of PW12.

Considering the PW12:Tc sample that was prepared in April 2011 and run in April, 

2011 and re-run in June,-   the XANES data in Table 4 show 28% TcO4
- and the 

remainder as TcIV partitioned between Tc2(-O)2 and   TcO2•2H2O.   EXAFS taken in 

June, 2012   shows   exclusively TcO2·H2O (December 2012) (Supporting 

information).   This suggests that sample degradation likely occurred. 

 
Reduction Method 3: In situ Reduction of TcO4

- by UV Irradiation by  PW12,  SiW12,
AlW12 Keggin ions

The three Keggin ions (PW12, SiW12, AlW12) at a ratio of 10 mM POM: 1.2 mM TcO4
–

were irradiated at  254 nm for  16 hours (need the lamp power).  (See reduction
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method 2A.) As seen in Table 5, the TcO4
- was reduced to TcIV in similar quantities

with minimal amounts of TcO4
- remaining.   This high level of reduction compared to

sunlight  is  likely  due to  the higher  flux and constant  UV energy and controlled

irradiation.

The XANES data are shown in Table 5,  Table S3 and Figures S14 through S16.

The data were fit to standards including TcO4
-, TcIV EDTA, that is a marker for Tc2(-

O)2 core, and TcO2· 2H2O.   Interestingly, two different  TcIV species appear to be

present in these samples: a TcO2·  2H2O – like species and  TcIV dimers stabilized

presumably by the Keggin ions.   The  TcIV -oxo dimers appear to be the most

prevalent species in these reductions compared to the TcO2· 2H2O like species.   The

Keggin  ions  may  be  reasonably  good  ligands  capable  of  stabilizing  Tc2(-O)2

preventing the formation of TcO2· 2H2O.   Certainly, the SiW12 and AlW12 are electron

rich and should be better ligands.      

Sample TcO4
- TcIVμO2 TcO2-2H2O

PW12
 0.06 (2) 0.72 (9) 0.22 (9)

SiW12 0.07 (2) 0.76 (8) 0.18 (8)
AlW12 0.12 (2) 0.73 (8) 0.15 (8)

Table 5. Tc K-edge XANES   data for UV photocatalyzed reduction of TcO4
- 

by Keggin ions.   Standard deviation of the fit is given in parentheses.   
Reduction method 2 was used. (June 2012)

UV Irradiation with PW12 Keggin at varying stoichiometries

To test the impact of ratio of POM to TcO4
-  on the photocatalytic reduction, three

different  ratios  of  PW12:Tc  were  employed  using  reduction  method  2B.   The

concentration of TcO4
-  was maintained at 5 mM and the concentration of POM was

varied to achieve the stoichiometries of POM: TcO4
- as 1:1, 5:1, 10:1.   Reduction

was accomplished by a xenon lamp that emits a broad spectrum of light.   The

reduction process can be easily followed by color wherein the first color seen is dark

blue due to the reduced species of PW12O40
4- and then turns dark orange brown

suggesting reduction to lower valent Tc.   This is shown in Figure S17. 

The XANES data shown in  Table 6 (and Table S4,  Figures S18  through  S20,

supporting materials) demonstrate that TcO4
- was reduced to TcIV and that there

was significant amount of starting TcO4
-     left in solution.   The large amount of
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pertechnetate may be expected given thatsince the broad spectrum of wavelengths

emitted in a tungsten lamp would does not excite the W=O of the POM as efficiently

as the UV lamp with wavelength of 254 nm, which and would result in less reduction

of the TcO4
-.   (However, the xenon lamp may be a better mimic for sunlight.) As

would  be  expected,  the  amount  of  TcO4
- remaining  in  solution  decreases  with

increasing amount of PW12 in the photolysis experiments. In the case of the 10: 1

ratio almost half of the starting material converted to Tc IV. As in the previous study

with sunlight,  the TcIV is not identical  to TcO2·2H2O prepared in alkaline solution

because the XANES spectra do not match. 

The reaction was monitored by 31P NMR and shows the characteristic resonance of

PW12O40
3- at -14.94 ppm.   Reduced PW12O40

4-     shows a resonance at -10.57 ppm, so

it appears that the POM has reoxidized during the reduction of TcO4
-.    The UV-

Visible spectra show a peak at 490 nm that is attributed to the reduced Tc d-d

transition (Figure S 13). 

Table 6. XANES data for UV photocatalyzed
reduction of TcO4

- by various ratios of PW12:Tc.    
Sample Ratio Tc(VII) Tc(IV)
PW12:Tc 1:1 0.82(3) 0.18(4)
PW12:Tc 5:1 0.72(4) 0.28(5)
PW12:Tc 10:1 0.58(6) 0.42(8)

 
The 10:1 ratio was examined by EXAFS spectroscopy. 

NEED to include UV Vis data, TEM, EDX data and ITLC data
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Figure S14 A shows TEM data for POM: TcO4
- at varying stoichiometries.    Include

the TEM and EDX data from Ivana’s documents. Discussion:   what does the TEM

and EDX show?

Figure S14B:  EDX data for PW12 photoreductions using reduction method 2B at

varying Tc PW12 stoichiometries and bulk electrolysis. The EDX data shows W and Tc

are present in the samples. TEM show no change in morphology after reduction

process.   

We need further discussion for TEM, EDX, other techniques.         I also know we did  

ITLC and this should be included. 

5. Conclusion: Summary
If the oxidation state is dictated by coord. Env.
If  it's like lacunary WD- then coord environment stabilizes square pyramidal  LFT
(ligand field theory)
Favors D2 spin paired
Forms Tc IV inter.
EXPAND
No defect- Keggin- remains Tc IV- mu oxo dimers
**coordination environment dictates oxidation state
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