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The reduction of [9Tc ]pertechnetate was studied as a function ofpH in complexing 
media of pyrophosphate, methylene dipkosphonate (MDP), and ethane-1, hydroxy-1, 
and l-diphosphonate (HEDP). Tast (sampled d-c) and normal-pulse polarography 
were used to study the reduction of pertechnetate, and normal-pulse polarography 
(sweeping in the anodic direction) to study the reoxidation of the products. Below pH 
6 TcOi *as reduced to Tc(IH), which could be reoxidized to Tc(IV). Above pH 10, 
TcO," was reduced in two steps to Tc(V) and Tc(IV), each of which could be reoxidized 
to Tc(),~. Between pH 6 and 10 the results differed according to the ligand present. 
In pyrophosphate and MDP, TcOA ~ was reduced in two steps to Tc(IV) and Tc(IIl); 
Tc(IIl) could be reoxidized in two steps to Tc(IV) and TcO 4~. In HEDP, on the other 
hand, TcO, ~ was reduced in two steps to Tc(V) and Tc(III), and could be reoxidized 
to Tc(IV) and TcO.,". Additional waves were observed; they apparently led to unstable 
products. 
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The practical importance of the diphosphonate 
and pyrophosphate complexes of technetium lies in 
their medical use for radionuclide bone scanning. 
Their structures unknown, they are prepared by 
reducing tracer (nanomolar) amounts of [99nTc] per
technetate with stannous ion in the presence of the 
appropriate ligand. Identification of the products 
remains an unsohed analytical problem despite 
their wide use as pharmaceuticals (/. 2). Although 
the preparations of interest are too dilute to be 
assayed except by radiochemical methods, such 
methods (principally chromatographic) are difficult 
to design and interpret without some prior knowl
edge of the system. In this respect, ignorance of 
the solution chemistry of technetium has been a 
great handicap. We have therefore undertaken to 
characterize by polarographic means the stable 
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complexes of technetium with all three ligands in 
clinical use. Stable oxidation states were positively 
identified for a wide range of pH, and unstable 
states were characterized by their polarographic 
half-wave potentials. 

MATERIALS AND METHODS 

The methods have been described in detail else
where (3) and representative polarograms shown 
(4). As previously described, the number of elec
trons transferred was determined for each wave by 
comparison with the diffusion current for the 
known 4-electron pertechnetate reduction in pH 3 
citrate. If the ratio of tast (sampled d-c) to pulse-
limiting current was that predicted by diffusion the
ory, the wave was regarded as diffusion-controlled. 
Methylenediphosphonic acid (MDP), 
H3PO3.CH2.PO3H;), (medronate) and etidronate, 
the disodium salt of ethane-1, hydroxy-1,1 -diphos-
phonic acid (HEDP), CH3.C(OH):(P03H2)2, were 
used without further purification. The HEDP con
tained 0.79? NaH2P03 , and the possible effect of 
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FIG. 1. Half-wave potentials for reduction of 0.14 mM Tc04 

in 0.1 M MDP. A: n = 6 or 7; B: 5 or 6; C: 4; D: 4, 5, or 6; E: 
3; F; 2. 

TABLE 1. 
TRANSFERRED, 

PH 
1.5 
3.0 
4.1 
5.1 
6.2 
7.0 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 
12.0 
13.0 

* For 

NUMBER OF ELECTRONS 
CALCULATED FROM TAST (t) AND 

PULSE (p) CURRENTS IN MDP* 

Wave I 

t 
4+ 
4+ 
4+ 
4+ 
3.7 
3.1 
2.9 
3+ 
3t 
3+ 
3* 
2.3 
2.4 
2.2 
2.3 

succe 

P 
4t 
4+ 
4+ 
4+ 
3.7 
3.0 
2.7 
3+ 
3+ 
3+ 
3+ 
2+ 
2+ 
3.0 
2.1 

ssive 

Wave II 

t 
5.9 
6.8 
6.0 
5.4 

4* 
4" 
3.9 
3.9 
3.9 
3.8 
S 

3+ 

P 

6.0 
5.0 
4.7 

4+ 
4t 
4.0 
3.9 
4.0 
4.0 

§ 
3.0 
3t 

Wave III 

t 
11 

8.0 
7.0 
6.5 
6.6 
7.0 
II 
§ 

|| 
8 

4.9 
4.6 
5.6 
6.1 

3+ 3+ 

cathodic waves I 
MDP, 0.14 mM NH4TcO« 

+ Reference 
are calculated 

P 
7.4 
7,0 
7.0 
6.6 
6.6 
7.0 
II 

7.7 
8.9 
4.9 
4.8 
4.7 
5.8 
6.2 

Calibration^ 

t 
4.1 

3.7 

4.0 

2.9 

2.8 
6.6 

II, and III in 
NaOH to stated pH. 

wave, relative to which other n \ 
. 

i Measured value of n 
4-electron pertechnetate 
rate. 

|| not done 
§ ill formed 
11 maximum 

for reference wave rela 
redu ction wave in pH 

P 

3.7 

3.9 

2.8 

2.8 

0.1 M 

/alues 

ive to 
3 cit-

this impurity was not evaluated. Ammonium per
technetate was used in 0.14 mA/ concentration for 
all measurements. The pH of the solution was ad
justed by adding the required amount of sodium 
hydroxide or hydrochloric acid; acidic pyrophos
phate solutions were prepared just before use to 
minimize hydrolysis. Measurements were made at 
22-25°C, and all potentials relate to the saturated 
calomel electrode (S.C.E.). 

RESULTS 

Figure 1 shows the polarographic behavior of per
technetate in 0.1 M MDP as a function of pH. The 
number of electrons transferred, n, is stated for 
each wave, basing the assignments on the diffusion 
current data displayed in Table 1. At each pH, the 
value of n was identified for one reference wave 
and the n values for the other waves were deter
mined by proportion. Correct assignment of n for 
the reference wave was verified by comparison with 
the known 4-electron wave in citrate (3): the results 
appear in Table 1 under the heading "calibration." 
(At pH 6.2 no wave could reliably be assigned an 
integral value: there the n values are reported rel
ative to the 4-electron wave in citrate.) The results 
are given both for tast and pulse polarography; 
agreement between the two serves as a criterion for 
diffusion control. Figure 2 shows data for reoxida-

tion of the products, obtained by normal pulse po
larography upon sweeping in the anodic direction 
from a resting (between-pulse) potential on the pla
teau of each cathodic wave. Table 2 shows the 
diffusion-current data used to determine the n val
ues stated in Fig. 2. These relate to the same ref
erence waves used in Table 1 and are adjusted for 

FIG. 2. Half-wave potentials of anodic waves for products of 
reduction of TcO,~ in 0.1 M MDP. Products of cathodic Tc04~ 
reduction are detected by anodic pulses, using normal pulse 
polarography and sweeping in the anodic direction from a 
resting point on the plateau of a cathodic wave. A: Tc(llt) -* 
Tc(IV); B: Tc(IV) - Tc04"; C: Tc(V) -TcO, " . 
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TABLE 2. REOXIDATION OF PRODUCTS IN MDP* 

Cathodic wave 

PH 
1.5 
3.0 
4.1 
5.1 
6.2 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 

E1/2(n) 
+ .04(1.0) 
-.12(1.0) 
-30( .9 ) 
-.4(.9)+ 
-.5(.6)+ 

-.34(2.2) 
-.38(2.0) 
-.53(1.8) 

E,«(n) 

+ .1(2)t 
+ .05* 
- .05(3)* 
-.13(2.8) 
-.30(2.4) 

E„2(n) 
+ .04(1.0) 
-.20(.8) 
-.35(.9) 
- .4( .9) t 
- .5( .5) t 
-.55(.8)+ 
-.57(1.0) 
-.65(.8) 

I 

E,«(n) 

+.n 
+-.05* 

0.0(4)* 
-.13(3.6) 
-.26(3.1) 

II 
-.39(2.6)§ 
-.48(2.8)?? 

E„2(n) 

-•3(.5)+ 
-.5(.6)+ 
- .4 (7 )+ 

II 
-.55(.8) 

II 
i! 

-.8(.8) 
-.8(.8)+ 
-.9(.5)+ 

II 

E,«(n) 

II 
II 
II li li 

-.23(2.8) 
-.26(2.4) 
-.30(2.2) 

* Half-wave potentials, E,c., and number of electrons transferred, n, for anodic-sweep pulse polarographic waves of 
products from cathodic waves I, II, and III: in 0.1 M MDP, 0.14 m/W NHJcO,, NaOH to stated pH. 

+ merges with cathodic wave 
I ill-formed 
|i not done 
S slight maximum 

the expected ratio of reverse pulse to forward tast 
diffusion currents [2.89, with the instrument param
eters used (5, 6)]. Figures 3 through 6 portray sim
ilar measurements in pyrophosphate and HEDP so
lutions. 

A curious phenomenon occurred in HEDP be
tween pH 6 and 10. On the anodic-sweep pulse 
polarogram starting from the plateau of wave I, the 

D 

A A 

r, ° C 

• • D • 
B • 

E 
+ + + 

O ° ° 0 F 

7 
PH 

14 

FIG. 3. Half-wave potentials for reduction of 0.14 n\M l e c t 
in 0.1 M pyrophosphate. A: n = 6 or 7; B: 5 or 6- C: 4" D 4 
5, or 6; E: 3: F: 2. 

current, instead of becoming monotonically more 
anodic, turned cathodic at -0 .4 V. This is illus
trated in Fig. 7. Oscilloscopic examination of the 
current-time curve in this region of the anomalous 
cathodic wave showed that application of the an
odic voltage pulse caused a large but very brief 
anodic current pulse, followed by abrupt reversal 
of the polarity of the current, then gradual decay of 
the cathodic current in a manner resembling quali
tatively the 1/vT decay for a diffusion process. Tri
angular-wave voltammetry showed a similar anom
alous wave at slow scan speeds (one V/sec) when 
the mercury drop was held initially at a potential 
corresponding to the plateau of the first cathodic 
polarographic wave: it was not seen, however, if 
the drop was held initially at a potential where per-
technetate was unreactive. To our knowledge this 

- I . O i 

-.5 
A a D

 n 

D 

c o 
? + 

-to 

7 
PH 

14 

F IG . 4 . Half-wave potentials or anodic waves for products 
of reduct ion of T c 0 4 " in 0.1 M pyrophosphate. A: Tc(IH) -• 
Tc(IV); B: Tc(IV) ^ T c 0 4 ~ ; C: Tc(V) - > T c 0 4 " . 
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FIG. 5. Half-wave potentials for reduction of 0.14 m/W TcO," 
in 0.08 M HEDP. A: n = 6 or 7; B: 5 or 6; C: 4; D: 4, 5, or 6: 
E: 3; F: 2. 

phenomenon has not been described before in re
verse-sweep pulse polarography. It apparently re
sults from the inhibition of reduction of Tc( V) over 
a limited potential range, as described in classical 
polarography for persulfate and chloroplatinate (7), 
and is believed due to double-layer effects. To dis
tinguish this mechanism from one involving for
mation of an insoluble film on the electrode surface, 
we prepared Tc(V) HEDP by controlled-potential 
electrolysis using methods described elsewhere (4). 
A polarogram of the product was quite similar to 
that in Fig. 7. 

DISCUSSION AND CONCLUSION 

The three media studied (pyrophosphate, MDP, 
and HEDP) all gave similar results (Figs. 1-6). In 
each case it is useful to discuss separately the be
havior at acidic pH (below 6), near-neutral pH (6 
to 10), and alkaline pH (above 10). 

At acidic pH, initial reduction yields Tc(III) in all 
three media. This species can be reoxidized elec-
trolytically at the dropping-mercury electrode to 
Tc(IV), as demonstrated by anodic-sweep pulse po
larography. These findings agree with previous ob
servations (3) that pertechnetate in acid media gen
erally undergoes four-electron reduction to Tc(III), 
which can sometimes, depending on the medium, 
be reoxidized to Tc(IV) or Tc(V). Comparison of 
half-wave potentials for reduction of Tc0 4 ~ to 
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FIG. 6. Half-wave potentials of anodic waves for products of 
reduction of Tc04~ in 0.08 M HEDP. A: Tc(lll) - Tc(IV); B: 
Tc(V) -Tc(IV); C:Tc(IV) - TcO,"; D: Tc(V) -*Tc04-. 

Tc(III), and reoxidation of Tc(III) to Tc(IV) (Figs. 
1-6), suggests that the Tc(III)/Tc(IV) couple ap
proaches reversibility, as in tripolyphosphates (8). 
If so, the variation of E1/2 with pH indicates partic
ipation of two hydrogen ions in the reaction, as 
would also be expected in the absence of complex-
ing agent (Tc3+ + H20 -> Tc02 + + 2H+ + e~). The 
loss of two protons with one electron implies a 
higher net charge for the Tc(III) species than for 
Tc(IV) in acid solution: this is relevant to the cor
rect interpretation of radioanalytical separations 
based on ion exchange or electrophoresis. 

Two additional cathodic waves are found at more 
negative potentials. Each probably has a catalytic 
component, since the numbers of electrons trans
ferred, /?, estimated by tast polarography, are 
greater than those estimated by pulse polarography 
(Table 1). Salaria, Rulfs, and Elving also report a 

FIG. 7. Anodic-sweep pulse polarogram showing anoma
lous cathodic wave in 0.08 M HEDP, 0.14 mM NH4Tc04, pH 
7.0. Resting potential between pulses -0.85 V. vs. saturated 
calomel electrode. Cathodic currents are shown as positive. 
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catalytic component for the second pertechnetate 
wave in acidic media (9). The measured value of A? 
can thus be regarded an upper limit for the true 
number of electrons transferred in the first reaction 
step. The // values for the preceding waves impose 
a lower limit. Therefore n must be 5 or 6 for the 
second wave, and 6 or 7 for the third. Some reduc
tion to metallic Tc (// = 7) may best account for the 
deposition on the electrode of an insoluble product 
both at carrier (9) and at tracer (10) concentrations 
of pertechnetate. The products of the second and 
third waves probably reduce water with formation 
of Tc(lll), since they give a reoxidation wave at the 
potential of the Tc(M)/Tc(IV) couple, but the yield 
of Tc(l 11) calculated from the height of the anodic 
wave is not always quantitative (Table 2). The ox
idation states that are stable (on the polarographic 
time scale, see below) in acid media are thus Tc(lll) 
andTc(IV). 

At alkaline pH all three media produce succes
sive 2- and 3-electron cathodic waves. The Tc(V) 
and Tc(lV) formed are both reoxidizable to per
technetate, the waves occurring at the same pH-
dependent potential for reoxidation of both species 
(Figs. 1-6). Thus the wave for Tc(JV) - Tc(V) 
appears to merge with that for Tc(V) -* Tc04~. 
These polarographic properties are similar to those 
observed in strong base even in the absence of 
phosphates (3). A third cathodic wave occurs at 
more negative potentials. Reasoning as before, we 
believe this third wave contains a catalytic com
ponent with regeneration of Tc(III), which is reox
idizable in two steps of first one, then three elec
trons. The initial reduction step corresponds to/? = 
4, 5, or 6. In alkaline media, the only stable oxi
dation states formed by the reduction of pertech
netate are thus Tc(lV) and Tc(V). 

Only in the neutral pH range are differences ap
parent between the three compounds studied. In 
pyrophosphate and MDP. pertechnetate is reduced 
first to Tc(IV) and then to Tc(III). In HEDP, on the 
other hand, reduction yields first Tc(V) and then 
Tc(III). In all three the Tc(III) can be reoxidized, 
first to Tc(IV) and then further to pertechnetate. 
Tc(lV) and Tc(V) are reoxidized to pertechnetate 
at essentially the same pH-dependent potential. A 
curious phenomenon occurs in HEDP. On sweep
ing anodically from a potential where Tc(V) is 
formed, instead of a monotonically more anodic 
current we find a new cathodic wave of magnitude 
consistent with a one-electron diffusion current. 
This can be attributed to the reduction of Tc(V) to 
Tc(IV). inhibited at more cathodic potentials by 
double-layer effects (7). At very negative poten
tials, a third wave is seen for which n is 5, 6, or 7. 
The half-wave potentials for reoxidation of the 

products of this third wave correspond to those 
identified for the successive oxidation of Tc(III), 
first to Tc(IV) and then to pertechnetate. We infer 
therefore that Tc(III) is regenerated by catalytic 
water reduction at the potential of the third wave, 
though the observed currents indicate less than 
quantitative yield of Tc(III). The stable oxidation 
states in neutral media are thus Tc(III), Tc(IV), and 
Tc(V). 

Complexes identified as "stable" are stable on 
the polarographic time scale; this is, for a time at 
least on the order of the 2-sec drop time. Only in 
neutral pyrophosphate have we explored whether 
these are stable for a longer period. In that medium, 
the polarographic data have been used to design a 
controlled-potential electrolytic method for the 
preparation of polarographically pure Tc(lII) and 
Tc(IV) complexes that are stable over the duration 
of a considerably longer experimental study (20 
min) and may be stable indefinitely (4). 

At certain pH values the solutions were poorly 
buffered, corresponding to endpoints in the titration 
curves of the acids studied. Since the electrode 
process can alter pH at the electrode surface, these 
results may not coincide with those measured in 
the presence of additional inert buffer (3). Because 
of the difficulty of proving that such added buffer 
is indeed inert, however, it was omitted. 

The polarographic properties of pertechnetate in 
acidic media could be described simply (3), but we 
were previously perplexed by the nonintegral n val
ues found for well-formed, apparently diffusion-
controlled waves in several alkaline media. The 
present work, with its more detailed study of pH 
effects, showed such nonintegral values to occur 
only in the narrow pH range where transition oc
curs from one set of products to another. Except at 
these transition points, simple integral n values 
were observed. Just why the waves should simulate 
typical diffusion-controlled behavior at these points 
is unclear, but the explanation may lie partly in the 
fact that the ratio of rate constants for two totally 
irreversible processes is independent of potential if 
they have the same naa. The available data, includ
ing some unpublished observations, suggest that the 
stable products of pertechnetate reduction in 
strongly alkaline media are usually Tc(IV) and 
Tc(V), whether or not complexing agents other than 
hydroxide are present. Thus a simple generalization 
also describes the usual polarographic behavior of 
pertechnetate in alkaline media. 

How far these conclusions apply to tracer-level 
chemistry remains uncertain. In any event, carrier-
level studies can serve as a fertile starting point for 
tracer-level investigations. For example, it was the 
demonstration of two stable technetium pyrophos-
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phate complexes at carrier levels by means of po-
larography (3, 4) that led us to seek multiple com
ponent fractions in the corresponding clinical 
radiopharmaceutical. Whether the two fractions 
found by chromatography in the clinical agent (//) 
are identical to the two stable complexes identified 
by polarography is still unresolved. A number of 
studies both at tracer and at carrier levels may be 
necessary before the chemistry of technetium phar
maceuticals is well understood. 
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NEW ENGLAND CHAPTER 
THE SOCIETY OF NUCLEAR MEDICINE 

FALL MEETING 

Downtown Howard Johnsons Boston, Massachusetts Oct. 13-14, 1979 

The New England Chapter of the Society of Nuclear Medicine announces its Fall Meeting to be held 
Oct. 13-14, 1979, at the Downtown Howard Johnsons in Boston, Massachusetts. 

Topics for lectures to be presented on Saturday include: a) Differential diagnosis of bone lesions, 
b) Early detection of gastrointestinal bleeding, c) Liver disease and biliary imaging, and d) Pediatric 
osteomyelitis and genito-urinary reflux. Workshop sessions will be concerned with Bone. Heart, 
Pediatrics, and Techniques. 

On Sunday, following the presentation of the Blumgart Award to Dr. David Kuhl, there will be a 
symposium on "Tomographic Imaging." 

For further information contact: 

Dr. H. William Strauss 
Dept. of Radiology 
Div. of Nuclear Medicine 
Massachusetts General Hospital 
Boston. MA 02114 
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