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THE NATURE AND STABILITIES OF THE FLUOCOMPLEXES 
OF TANTALUM 

I$ I.1Wfi 

The Original Bases of the Investigation 

The Project Proposal 

The preliminary project proposal submitted to the U. S. Department 

of the Interior, Bureau of Mines for consideration for fiscal year 1958 states 

the original purpose of this investigation. Quoting in part: 

"The objective of this research is to determine the nature of the 

species present in aqueous solutions containing columbium (or tantalum) and 

fluoride ions. This includes both identification and quantitative estimation of 

the relative amounts and stabilities of the complex species under varying 

solution conditions. Although a large scale separation and. purification of 

columbium and tantalum is based. on solvent extraction from aqueous fluoride 

mèd.ia, practically nothing is known concerning the nature of columbium and. 

tantalum in these systems. Before the separation can be placed. on a sound 

theoretical basis, which in the end will lead to optimum separation and. purif I- 

cation, the precise nature of the species must be determined. 

The analytical chemistry of columbium and. tantalum is practically 

synonymous with a study of their complexes. Quantitative data on the nature 

of these complex species will open the door to new and superior methods of 

analysis. 



2 -4 

Many physical chemical methods are available for studying the nature 

and. stability of complex species. These include potentiometric titrations, 

ion exchange, spectrophotometry, oxidation potentials, polarography, solvent 

extraction and. displacement reactions, to name a few of the most promising. 

First, it is proposed. to study the absorption of ultraviolet radiation 

in the region 200 to 400 mu. This will probably necessitate the construction 

of special apparatus, resistant to fluoride corrosion and. still transparent to 

ultraviolet radiation. Such equipment will prove valuable in studying other 

metal-fluoride complexes, and. in devising analytical methods using these 

systems. 

Through this stud.y, fundamental data will be obtained which will be 

invaluable to the Bureauts- Work on separation of tantalum and columbium., 

and. should benefit all solvent extraction processes." 

The Literature 

Fluoride Complexes of Ta and Nb 

Until recently, the only large-scale separation of tantalum and 

niobium was based on fractional crystallization of the non isomorphous salts 

K2TaF7 and K2NbOF5.H20 (22, p. 128). The salt K2TaF7 is stable and 

recrystallization from dilute HF solutions yields a salt of stoichiometric 

composition (22, p. 188-189). The alkali metals Na, Rb and Cs, and. the 

ammonium ion also forms salts containing the TaF7 group while H, Li, Na 

and. Cs may form salts under some conditions which contain the TaF6 group 
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(55, p. 916-917). Sodium and ammonium ions may form crystals containing 

the TaF8 group (55, p. 917). 

Niobium may be crysta1lized from excess fluoride ion in the normal 

series R2NbF7 but, according to Hoard (36), niobium tends to form oxy- 

fluorides such as K2NbOF5. H20 to a greater extent than tantalum. Crystal- 

lographic x-ray studies (36) showed K2NbF7 and K2TaF7 to consist of 

aggregates of K and MF7 ions with almost identical lattice constants. The 

NbF7 or TaF7 polyhedron is conveniently visualized as derived from an 

MF6 group in the form of a trigonal prism by addition of a seventh fluorine 

atom through the center of one square face followed, by appropriate distortion 

(36). X-ray studies of Na3TaF8 by Hoard. and. co-workers (38) showed. the 

crystal to consist of Na+ and. TaF8 ions. The TaF8 group is very nearly 

a square Archimedean antiprism with the average Ta - F bond. distance 1, 98A° 

and. the average F-F bond distance 2.41A°. No evidence for 8 - coordinated. 

Nb has been found.. (37) (47). 

Only semi quantitative estimates have been reported for the tantalum 

and. niobium species present In aqueous fluorid.e solutions. The anion ex- 

change studies of Kraus and Moore (45) in 3. 0 to 9. 0 M HC1 solutions led 

these workers to postulate the existence of TaX5F and HTaX5F3 in O. 02 

to 1. 0 M HF. Niobium was eluted rapidly from the anion resin columns, 

presumably because oxygenated species were present. A 4M NH4C1 - i M HF 

mixture was found to elute tantalum more rapidly from the resin apparently 



due to the formation of higher charged species such as TaX6F and 

TaX6 F2 at the higher F ion concentrations (46). TaX6 was said to 

exist at low (possibly zero) HF concentrations which would, have high absorp- 

tion properties compared. to TaX6F2 in the strong HC1 solutions. This 

agrees with Donnan membrane equilibria which predicts the preferential 

sorption of ions of high ionic charge from dilute solutions, but of ions of low 

ionic charge from concentrated solutions. For ions of the same ionic charge 

those of lower hydrated ionic radius are sorbed preferentially (67, p. 25). 

From solubility studies in the HF-NbF5-H20 system Nikolaev and, 

Buslaev (60) found evidence for the species H2NbOF5 in solution, but no 

conclusions were reached. in similar studies on the HF-TaF5-H20 system 

except as deduced. from analysis of the solid phase (10). 

In solvent extraction studies of tantalum-niobium separation with 

diethyl ketone from aqueous HF solutions, Foos and, Wilhelm (21, p. 31-32) 

found. a decrease in the Ta - Nb separation factor when the HF concentration 

of the aqueous phase was increased. This was interpreted as being due to an 

increase in the concentration of an extractable species such as H2NbF7 at 

the expense of the presumably non extractable H2NbOF5. The principal 

tantalum species present at all fluorid,e levels was assumed to be H2TaF7 

which was assumed. also to be the extractable tantalum species. However, in 

single stage extractions, these workers found. a maximum in the tantalum 

extraction coefficient at about 9 M HF (21, p. 23). The maximum separation 
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factor was found. at about 4. 5 M HF because of the much lower extraction of 

niobium at the lower fluoride level. 

Burstall and associates (9) interpreted their chromatographic sepa- 

ration of tantalum and niobium in HF solutions with methyl ethyl ketone in 

terms of the species TaF6 or TaF7 and, NbOF5 or NbF7 . The 

oxygenated. niobium species was preferentially absorbed on the oxygen-con- 

taming cellulose while the non oxygen - containing tantalum species transferred. 

to the ketone. Strong HF concentrations were required. to wash the niobium 

from the column. 

Haissinsky and. co-workers (30) (31) reported. that a thin tantalum 

sheet electrod.e immersed for a time in a solution containing excess HF at a 

pH less than 0. 5 behaved reversibly to the TaF7 ion. The standard electrode 

potential at 18°C. was given as E°red 0,43 y. A niobium electrode was 

reported to behave similarly toward the N1DF7 ]Dfl at pH less than 0. 3 with a 

standard reduction potential at 18°C. of about -0. 33 volts. 

Several careful studies have been made in recent years on the fluoride 

complexes of easily hydrolyzed metals such as those of Groups 3a and 4a, 

Fe Ill, Ga III, In III and a few others (6, p. 89-92). In most instances 

special conditions had. to be imposed. on the system to assure the absence of 

polynuclear and hydrolytic species, and. the greatest confidence could be 

placed, on those studies in which the acid. and. metal concentration were varied. 

over as wide a range as possible in order to study hydrolytic and polynuclear 

species. 
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From the foregoing survey it was felt that the tantalum fluoride system 

would be the more lcgical system to study first since the possibility existed. 

that a conveniently low acid. concentration could. be found in which the tantalum 

fluorid.e complex would not be partially hydrolyzed.. No pred.ictions concern- 

ing the relative tendency toward. polynuclear formation could. be made, but 

from tracer stud.ies on zirconium and niobium, Schubert and. Richter (71) 

found evidence for colloid formation under certain cond.itions. Hydrolysis 

and. polymerization of zirconium in perchloric acid solution was confirmed, by 

Connick and Reas (12). From this it was inferred, that the possibility of 

polynuclear formation with tantalum would. have to be investigated, in these 

studies. 
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The Final Bases of the Investigation 

A Restatement of the Problem 

In contrast to the works cited. above where the tantalum species pres- 

ent in solution were assumed, postulated or derived, on the basis of an 

inad.equate theory, it was d.esired in this work to derive logical proofs of the 

nature of the tantalum fluorid.e complexes present in the solutions under study 

with the use of few or no assumptions. A perfectly general theory was sought 

which would. allow unambiguous calculation of the parameters of the system In 

an objective manner directly from the experimental data. 

The question of what species exist in solution cannot be separated 

from the calculation of the stability constants of the system. Thus the first 

step in an investigation of this kind, should be the determination of the para- 

meters j, p, q and r in the concentration ranges of interest for the general 

reaction 

rH + qTa5 + pOH + jF = Hr Taq (OH)p Fj (il) 

with the formation constant expressed by 

. = (Hr Taq (OH)p Fj) 
Kjpqr 

(H+)r (Ta+5)(OH)P(F)i 
(i2) 

So that the activity coefficients of all species remain constant as the total 

tantalum and. fluorid.e ion concentrations are varied. independently, a constant 

ionic medium is employed. Then Kjpqr may be assumed. constant over the 
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concentration range of interest. In these studies constant (C104) = 1. 0 

molar was maintained by HC1O4 and NaC1O4. 

It is generally conceded (1) (77, p. 188) (81, P. 594) that measurement 

of the concentration of one of the individual species Is the most reliable way 

to study a system of complex compounds. In equation (12) measurement of 

one of the HrTaq(OH)p F complexes may be made by distribution studies to 

ion exchange resins 1f the species has a net charge. Measurement of (Ta+S) 

or (F) may be made directly if an electrode is found. which is reversible to 

these ions under the conditions chosen for the measurement. Also since F 

ion is the conjugate base of the weak acid HF, potentiometric H+ ion measure- 

ments might be used to calculate (F) provided the dissociation constant of HF 

is known in the ionic medium used. All of these methods were successfully 

employed.. 

A second type of measurement utilizes an extensive property of one or 

more of the individual species. Examples are absorbance measurements, 

enthalpy titrations, magnetic susceptibility, conductance measurements, etc., 

where the relation between the molar concentration of the species in solution 

and. the measurement involves two constants for each species, the formation 

constant Kjpqr and the molar extinction coefficient or the enthalpy of forma- 

tion, etc. The number of unknowns usually is too great to allow a solution 

for systems of three or more mononuclear complexes or for polynuclear 

complexes (81, p. 596). Attempts were mad.e in these studies to find. a useful 
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absorption spectra for tantalum and niobium fluorides but without success. 

An absorption of niobium at 205 mp might be useful ti a spectrophotometer 

were available that could be used. to 180 mji or lower. 

A third type of measurement sometimes used to study complexes is 

solubility. However, the total metal in solution and the total ligand in solution 

cannot be varied, independently in this type of study making it impossible to 

distinguish polynuclear species. No attempts were made here to use this 

method.. The various method.s for studying complexes have been discussed. by 

Sll1n (77), Tobias (81) and Yatsimirskii (86). 

Stepwise Formation of Complexes 

Historical Development 

Morse (57) and Sherrill (72) in 1902-1903 first demonstrated the 

stepwise formation of complexes for the system Hg2, HgC1, HgC12, 

HgC13 and, HgC14. Other early work on complexes by Bodlnder, Abegg, 

Niels Bjerrum and others has been reviewed by Sil1n (77) and Tobias (81). 

The concept of the simultaneous existence of all possible complex species in 

an aqueous solution at equilibrium was greatly hindered. in the twenties and, 

early thirties by the introduction of the Lewis concept of activity and, the 

Debye-Hûckel theory of electrostatic ion interaction. Chemists began think- 

ing of most electrolytes as completely dissociated. and. all deviations from 

ideal behavior in solutions containing high salt concentrations were attributed. 

to non-specific electrostatic effects. Another practice which slowed experi- 

mental progress in this period was the general acceptance of the hypothetical 
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1-molal solution in the solvent water as the standard. state for free energy 

measurements. Since it was impossible to arrange conditions, in a study of 

weak complexes which required, say, 10 molar HC1 for formation in appreci- 

able concentrations, so that extrapolation to infinite dilution would. give two or 

three equilibrium constants, the stud.y of stepwise complex formation simply 

languished. 

Led,en, in his work on Cd2 complexes beginning in 1941 (48), is 

given credit (77, p. 182) (81, p. 594) as the first person to demonstrate 

accurately the ad.vantages of using a high constant salt concentration as a 

medium to study stepwise equilibria. It was shown that activity coefficients 

remain almost constant in this new "solvent" and. the law of mass action could. 

be used. directly with stoichiometric concentrations to establish the kind, and 

concentrations of complex species in the particular solvent chosen. In by- 

passing the impossible task of finding the equilibrium constants at infinite 

dilution, Leden solved. the more modest but more fundamental question of 

what species are really present in the system over the range of ligand con- 

centration of interest. 

Calculation Method.s 

The Average Ligand. Number 

Jannik Bjerrum (4, p. 21) defined. a function called, the average ligand 

number. This quantity is represented by Z in a general system containing 

polynuclear and mixed complexes, 



z total concentration of ligand. bound. to the central atom (13) 
total concentration of central atom 

In a system containing the ligand. A of total analytical concentration CA and 

the metal ion M of total analytical concentration CM, the expressions hold. 

CA = (A) + j (1r Mq (OH)A) 

CM= (M) + q (Hr Mq (OH)A) 

(14) 

(i5) 

13 

as may be seen on comparison with the tantalum fluoride system of equation 

(il). Here (A) is the total concentration of ligand. not bound. to the metal atom. 

The ligand. A may be bound to solvent or 11+ ions but for convenience they are 

called. free ligand. and as such must be available for complexing. In equation 

(i5) (M) denotes the molar concentration of the free hydrated central ion in 

the valence state of interest. 

The total concentration of ligand bound to the central atom becomes, 

from equation (14) 

J (Hr Mq (OH)A) = CA - (A) 

so that equation (i3) can be written 

z = 
j (HrMq(OH)p A1) CA - (A) 

(M) + q (HrMq(OH)pAj) CM 

(i6) 

If the concentration of the complex species (Hr Mq(OH)pAj) is expressed. in 

terms of its formation constant Kjpqr by analogy with the tantalum fluoride 

system in equation (12) we may express equation (i7) by 

z = 
(H+)r (M) (OH (A)3 Kjpqr CA (A) 

(i8) 
(M) + : q (H+)r(M)(oH)P(A)JKjpq CM 
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The Use of CA - (A)/CM. - Equation (i8) may be used directly to cal- 

culate Z as a function of fluoride ion concentration if several requirements 

are met: 1) an analytical method. is available to measure the equilibrium 

concentration of free ligand. (A) in molarity units, 2) the quantities CA and 

CM are known in molarity units and can be varied independently, 3) the 

complex is sufficiently stable so that the difference CA - (A) can be measured. 

with some precision. If radioactive tracer methods are used. to give relative 

concentrations of total metal, then equation (i8) cannot be used because of 

the requirement of consistent units. If the complex is so weak that CA (A) 

over the ligand concentration range of interest, again equation (i8) may not 

be used.. 

If the 3 requirements above are met, CA - (A)/CM may be used., 

first, to establish the value of q, the order of polynuclear complex formation. 

The method involves calculation of Z at constant acidity and. various values of 

CM as a function of (A). Inspection of equation (i8) shows that Z will be a 

function of both (M), and thus CM, and. (A) at constant acidity if the value of 

q in equation (i8) is other than unity. If the formation function curves mad.e 

by plotting Z as a function of (A) or log (A) at constant acidity show coinci- 

d.ence at all values of CM then polynuclear complexes may be assumed to be 

absent and q = 1. If q i and. the constants of the polynuclear series of 

complexes are the quantities sought then the methods of Silln (73) (74) (34) 

(66) may be used. 1f q does not equal unity at high CM concentrations, it may 
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be possible to find a value of CM below which the formation function curve 

behaves as if only mononuclear complexes were present. If one confines CM 

to this level or below, or ti q were found. to be unity at all CM then (M) may be 

cancelled out of equation (18) to give 

z = I 
i 

(H±)r (OH (A)J Kpr CA - (A) (19) 

1 1' (H) (OH (A)J Kipr CM 

where q is omitted from subscript to K when q = 1. 

The depe.d.ence of Z upon (Ht) and. thus (OH) is found by analysis of 

the family of formation function curves obtained, at various H+ ion concentra- 

tions or, more convenient, at various values of CH the stoichiometric acid 

concentration but at constant CM. If the formation curves coincide, Z is not 

a function of (IP) or (OH) and. no weak acids of the complex or hydrolytic 

species are present over the ligand. and acid, concentration range studied 

except where p = r. In this case the net effect is the association of a solvent 

molecule or molecules and. equilibrium studies will not distinguish such corn- 

plexes. 

Weak Acids. - If Z is found. to be a function of (IP) or CH then an 

independent analysis will distinguish between the presence of weak acid.s of 

the complex and hydrolytic species of the complex in certain cases. From 

the general reaction for the mononuclear series of complexes 

rH + M + p1120 + jA = (Hr M (OH)p A) 4 pH (ilO) 

with formation constan.t 
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Kjpr (Hr M (OH) A) (ill) 
(H+)r-P (M)(A)J 

the stoichlometric acid concentration CH is seen to be 

or 

C11 = (Hf) + (r - p) (H)'P (M) (A)J K. (i12) jpr 

CH - (H) = (r - P) (H+)r-P (M) (A)J Kjpr (113) 

Inspection of equation (i13) shows that CH - (Ht) will be a function of (H), 

(M), and (A) if r - p O or if r and p each do not equal zero. A plot of 

CH _ (Ht) against, say, log (A) will give a constant value zero at all (M), or 

CM 1f r - p = zero. If the function CH - (Hf) has a positive value then r ) p 

and weak acids of the complex are present. If the function CH - (H+) has a 

negative value then p> r and there are more 0H groups than H+ in the 

complex species. If it is probable that r = O and it is desired to find the 

complexity constants for the series of mixed hydrolytic complexes then 

the methods of Silln (75) (76) or Watters (84) may be used. 

Calculation of K 

If the formation function curve is found to be independent of both CM 

and CH then only simple mononuclear complexes are present. Calculation 

procedures under these conditions have been reviewed by Sullivan and. 

Hindman (79) and by Yatsimirskii (86). Equation (i9) reduces further then 

to the simpler expression which Bjerrum (4, p. 21) introduced 



ii 
j(A)JK1 

i + (A)) K. 

Expanding equation (i14) gives 

n= 
K1 (A) + 2K2 (A)2 + ---- N KN (A)N 

i + K (A) + K2 (A)2 + KN (A)N 
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(i14) 

(115) 

where N is the maximum ligand number of the system at the highest ligand 

concentration used in the experiment. N is found by plotting ii of equation 

(i14) (or Z of equations (i8 or i9)) as a function of (A) or log (A). If the 

ligand concentration range is extended far enough, the resultant formation 

curve will level out at the value of i = N. 

Knowing the number of constants of the system, equation (115) may be 

rearranged to 

(1 - ) K1 (A) + (2 - ) K2 (A)2 + --- (N -ñ ) KN (A)N = (116) 

The simultaneous equations of the form of equation (116) may be solved, by 

reading from the formation function curve obtained for the case of simple 

mononuclear complexes the values of (A) at half integral values of ii. A 

system of N equations in N unknowns is obtained which may be solved, by 

determinants, inversion of a matrix, electronic digital computers or other 

straightforward means (79) (54). Block and McIntyre (7) give a numerical 

method for systems up to N = 3 which they compare favorably with Bjerrum's 
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(4) original iteration method. Graphical methods are favored by some 

workers (65) (66) (75). 

The Use of aj, the Degree of Formation 

For a variety of reasons, the use of the function CA - (A)/Cij to 

calculate the average ligand. number i may not be used. These include cases 

where 1) any of the quantities CA, (A) or CM cannot be measured. independ- 

ently in molarity units, 2) weak complexes are under study and. CA(A), 

3) it is desired. to measure M or one of the MA complexes by means of a 

reversible electrode, by distribution studies, etc. 

Bjerrum (4, p. 22) (79) (86) defined a function a1 called, the degree of 

formation of the individual complexes, 

From 

and 

(MA1) (i17) 
CM 

(MA1)/(M) =K (A)l (ilS) 

N 

CM I" (M) = 1 + L K (A)) (119) 

j =1 
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equation (117) may be expressed by 

N 
a [1 + i 

I = 
i 

(A) (i20) 
j=1 

J 

Differentiation of equation (i20) with respect to (A) gives 

r i r N i 

aj i K (A) - 1 da 
I 1 + K (A)J 

I = i Ki (A)J - 1 (i21) 
[j=i j d(A) 

L 
j=1 j 

Multiplying equation (i21) through by (A)/aj and rearranging we have 

N 

iKj(A) 
j =1 

+ 
N 

1+ Kj(A)i 
i =1 

(A) da. 

d(A) 
(i22) 

Substituting in the expression for n from equation (114) and remembering 
(A) da dlna that ____ J = _______ equation (i22) may be arranged finally 
a d(A) din(A) 

to 

- d log aj (i23) n=i 
d log (A) 



20 

Therefore, if aj is nieasured as a functlou of free ligand concentration by 

measurements of the relative central ion concentration (M) or the 
CM 

relative concentration of one of the complex species MA , then n may be 

CM 

obtained by graphical differentiation of the log aj - log (A) plot. If the central 

ion is being measured, i = 0, and if one of the complexes is being measured, 

j for that complex must be known to deduce ñ. 

If a weak complex is under study a good first approximation is made 

by putting 

(A) CA (i24) 

If a strong complex is to be studied then equation (i24) is not valid. In this 

case an independent measurement may be mad.e to determine (A) at each ai 

or a series of approximations must be made to evaluate (A). The procedure 

used. to approximate (A) in this case has been outlined by Sullivan and 

Hindman (79). 

The measurement of the central ion concentration by means of a 

reversible electrode has been shown by Leden (48) to lead to an equation 

similar to equation (i23). An equation of this type (equation t12) was used. 

to interpret the tantalum electrode potential data given in the Discussion 

where the slope of the cell potential vs. ln (A) plot was shown to equal 

X (RT/nF). 
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It should be noted that the substitution of the expression for i in the 

form of equation (i14) implies the absence of polynuclear and mixed species 

and so equation (i23) can be used. for quantitative calculations of ii only after 

it has been demonstrated, that polynuclear and mixed species are absent over 

the concentration ranges of interest. 
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DISCUSSION 

Ion Exchange Measurements 

The introduction in recent years of synthetic ion exchange resins of 

the strongly acidic (sulfonic acid) and strongly basic (quaternary ammonium) 

types of high constant exchange capacity, stability and. uniformity has allowed 

an important extension of methods available to study complex species in solu- 

tion. In a 1956 review article, Salmon (67) has discussed the properties of 

ion exchange resins of special importance to workers studying complex ions. 

Usually monofunctional strongly acidic (or basic) resins of the cross-linked 

polystyrene structure are chosen since these resins do not act as oxidants or 

reductants in most aqueous solutions containing unstable ions. Furthermore, 

they possess a constant exchange capacity over a wide pH range and the 

functional groups do not act as ligands toward. most metals as do some weak 

acld and. weak base exchangers (67, p. 25). 

Both column and batch methods have been used to advantage in the 

study of complex ions. Kraus and Nelson (82, p. 113-125; 131-138) have done 

much pioneering work using the column method., and more recently Marcus 

(51) mad.e use of this method to obtain resin activity coefficients for the thio- 

sulfate ion during studies of the silver thiosulfate system. Most work has been 

done by the batch technique, however, for several reasons: 1) the mathemati- 

cal treatment of data from systems at exchange equilibrium is simplified, 
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2) small quantities of resin and solution are required. resulting in simplified 

technique. This factor is especially important when radioactive tracer meth- 

od.s are used. 3) Variation of the ratio, volume of solution to weight of resin, 

v/rn, in the equilibrated mixture allows a study to be made of the presence of 

colloid.s. Schubert and. Conn (69) distinguished between cations of a radio- 

active tracer, for which the distribution coefficient is constant for cation ex- 

change with changes in v/rn, and radiocolloids, for which the distribution co- 

efficient varies directly with v/rn. 

Salmon (67) and Lister (78, p. 112-121) have adequately reviewed the 

earlier work on the studies of inorganic complexes using exchange resins. 

Schubert and co-workers (70) are generally credited. for the first quantitative 

determination of stability constants using ion exchange resins. They used 

cation exchange resins on systems such as strontium citrates and. tartrates, 

The important quantitative and, qualitative data reported in the literature on 

the stability constants of inorganic complexes up to the middle of 1957 includ- 

Ing ion exchange data have been compiled by Bjerrum, Schwarzenbach and 

Sillen (6). Data on organic complexes have been reviewed by the same authors 

up to January, 1956 (5). 

Anion Exchange Studies 

The Literature 

More work has appeared in the literature in recent years on the use of 

anion exchange resins for the qualitative and quantitative study of complexes 
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than has been the case for cation resins. Perhaps this has been due to the 

lack of other powerful methods to study the large and important class of 

anionic complexes, perhaps it has been due to the controversy and lack of 

agreement concerning the interpretation of data resulting from the use of 

anion exchange resins. This situation reflects the very newness of the method 

and. the fact that no rules have yet been firmly established. This area of re- 

search may be described as being in a general state of flux. 

Much of the early work of Kraus and associates (82, p. 113-125; 131- 

138) was summarized at the 1955 Geneva conference. These workers used 

the ligand. form of the anion exchange resin and radioactive tracer levels of 

metal ion. For the case of a monovalent anion ligand. A the mass action ex- 

pression for anion exchange equilibrium may be written 

MA + 'V RA = MA R1,, + JA (al) 

L (MAi R» (Al x G (a2) 

(MA) (RA) 

where is the charge on the complex anion. R represents the resin phase, 

L is the exchange equilibrium constant and. G is the activity coefficient quotient. 

Kraus and Nelson (82, p. 123) state that it has become customary to assume 

L/G constant and independent of medium in dilute electrolyte solutions. That 

is, by the use of the ligand form of the resin at low loading of the resin by the 

trace metal, the concentration of the ligand in the resin phase remains con- 

stant at the exchange capacity of the resin. 1f the outer phase concentration 
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of ligand remains small then all activity coefficient terms which make up G 

are constant and L/G becomes a concentration constant. Under these condi- 

tions, however, a high constant salt strength in the outer solution is ruled out. 

This experimental approach of Kraus and Nelson has been expanded. and elab- 

orated and in general adhered to by all subsequent workers making stability 

measurements of complex ions using anion exchange resins. The reasoning 

was, of course, sound for the type of studies made by Kraus and co-workers, 

namely, the systematic study of a number of anionic complexes. These 

included weak complexes such as the chioro complexes of copper and cobalt 

where the 11Cl concentration in the outer phase was required to vary from. 

zero to 12 molar in some cases in order to follow the formation of these weak 

systems. Fronaeus (24) correctly pointed out that if, say, the perchiorate 

form of the anion resin was used with a constant perchiorate concentration in 

the outer phase, a study made on such a weak system, where the concentra- 

tion of the anion ligand must be varied over wide limits, would result in 

considerable anion exchange between the resin and ligand. Then the activity 

coefficient quotient for the exchange equilibrium expression would vary 

drast1ca1y, making quantitative results unattainable. For this reason 

Fronaeus (24) preferred the use of the ligand form of the resin so as to keep 

the ionic composition of the resin phase approximately constant. But the 

variation of the activity coefficients in the outer solution now precluded the 

simple quantitative interpretation of anion exchange equilibria. The obvious, 
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though difficult, way out of this dilemma was to determine the resin activity 

coefficients for the various anions over a suitable range of concentration. 

Nelson and Kraus (59) have reported. some work of this nature and Marcus (52) 

has alread.y used. this published, data of Nelson and. Kraus (59) to study the sil- 

ver chloride system from 0. 002 to 12 M HC1. Another approach originated 

by Marcus was to calibrate the resin activity coefficient quotient over the 

range of ligand concentration desired by the use of simple ions like Br - or a 

well established, complex like PtC16. The theory of this method. has been 

presented by Marcus and Coryell (53) (2, p. 57S) and several systems have 

been stud.ied successfully by Marcus: cadmium chloride (2, p. 57S), silver 

thiosulfate (51), and. uranyl phosphate (83, p. 465-471). 

Russian workers have been active in this field also. Fomin and co- 

workers (19) investigated, the cadmium chloride system using the ligand form 

of an anion resin. Several assumptions were necessarily made in the inter- 

pretation of the data. Fomin and. Sinkovskii (20) reported. quantitative results 

for the cobalt oxalate system while Ermakov and associates (17) have studied. 

qualitatively the oxalates of Pu (IV), Zr and. Hf. In the paper by Fomin and 

Sinkovskii (20) a general derivation is given for the connection between the dis- 

tribution ratio , 0, and the formation constants of the complex species in the 

solution phase, for the case where the ligand form of the resin is used. The 

translation is not readily available so it was considered worthwhile to repro- 

duce the derivation here. Some interesting comparisons will be mad.e between 
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the results and. the correspond.ing results used in this thesis for the case where 

the neutral salt form of the resin is used. 

0 Using the Ligand Form of the Resin 

For the general case of a metal ion M of positive charge m and a 

ligand A of negative charge a, the anion exchange equilibrium when the ligand 

form of the resin is used is 

ja-m ____ RA + MAi 
m-aj 

= RMA 
ja-m 

A (a3) 
a 

where R indicates the resin phase and j is the ligand number for a particular 

complex species and includes all values from j > to some maximum ligand 

number N. The exchange equilibrium constant is 
ia-rn 

Li 
= (RMA) (A) a (a4) 

ia-m (RA) p (MAi) 

where the activity coefficient quotient has been incorporated into the constant. 

For the general case where more than one complex anionic species will be 

sorbed. by the resin 
N N ia-rn 

CMR = (RMA) = L. (RA) a (MAi) . (a5) 
. m . m J>___ J>-ä--- AJ-m 

Expressing the formation constant of the complex ion in the solution phase by 

K = 
(MAi) 

(M) (A)3 

(aG) 

the values of K (A)] from equation (a6) may be incorporated into equation (a7) 
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CM = (M) + (MA) + (MAi) (MAN) (a7) 

N 

CM = (M) 
[ 

i + Ki (A)] 
J 

(a8) 

j =1 

Replacing (MAi) in equation (a5) by K (M) (A)] from equation (a6) and dividing 

equation (a5) by equation (a8), one obtains 

N ja-m m 

c m L (RA) a K(A) 

___________________ (a9) 
CM 

N 

i + K(A)] 
j =1 

m 
Inspection of equation (a9) shows that the quantity (A) in the numerator may 

be taken out of the summation. Further, when radioactive tracer concentra- 

tions of metal are used, (RA) will remain constant at a value equal to the 

capacity of the resin, therefore, all the quantities behind the summation sign 

in the numerator are constant and equation (a9) may be written 

0 
L(A) 

i+I K(A)J 
i =1 

(alO) 

where L is a combined exchange constant. Putting equation (alO) in the more 

convenient form 

N 

0 
[ 

+ K (A) 
J = 

L (A) (ali) 
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it is differentiated with respect to (A) and multipled by 

(A) 

N 
i + K(A)] 

j =1 

to obtain 

iK (A)] dø (A) m 
_____________ + = (a12) 

i+K (A) d(A) Ø a 

From equation (i14) 

N 

: jK(A)J 
j=1 = ii (i14) 

N 
1+ K(A)J 

i =1 

and remembering that 

d 0 (A) d in Ø d log 0 
d (A) 0 d in (A) d log (A) 

equation (ai2) may be written 

u = m _ dlogø (ai3) -a:- dlog(A) 

or 

d log 0 m ii .. )/' (a14) 
dlog(A) a 

where ' is the weighted average charge of the series of complex anions 

being sorbed. Kraus and Nelson (82, p. i23) derived the relation 

dlogø 
_ 

(a15) 
d log (A) a 
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on the basis of their column work assuming the presence of a single strong 

complex with ligand number N. In this case, of course, is a whole number. 

As seen from the derivation of equation (a14), however, the restrictions of a 

single complex being sorbed is not necessary. The important restrictions 

are: 1) The activity coefficient quotient for both the resin and the solution 

phases must remain constant over the range of ligand concentrations studied.. 

This requirement can only be met, practically, by the use of tracer concen- 

trations of metal and by restricting the studies to strong complexes so that 

the range of ligand concentration remains small. 2) The concentration of 

polynuclear and mixed complexes must remain negligible. This restriction is 

implicit when i is introduced in the form of equation (i14). Equation (a14) 

agrees with the conclusion of Fronaeus (24) concerning the interpretation of 

the maximum to the curve obtained by plotting log 0 vs log (A). At this point 

- m d log ø = O and n = , the ratio of charge of central ion to ligand. 
d. log (A) a 

Of more fundamental importance is the conclusion that, within the limits out- 

lined., the formation function curve can be obtained from the slopes of the 

log 0 - log (A) plot from equation (a13) without ambiguity since rn/a is gener- 

ally known and the equation is valid when more than one complex species is 

sorbed. by the resin. The limitation that only strong complexes may be 

studied is, of course, a serious one and therefore this method only comple- 

ments and. does not replace the methods based on determining the change in 

the resin activity coefficient quotient with ligand. concentration. 
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Theory of the Method. Used Here 

A somewhat d.ifferent approach was made on the studies of the tantalum 

fluoride system reported here. Basically, the approach differed only in that 

the perchlorate form of the anion resin was used allowing a neutral salt med- 

ium, 1 M perchloric acid, in our case, to be used throughout the experiment 

as the outer phase. As mentioned on p. 25 concerning the comments of 

Fronaeus (24), this approach certainly is not valid for weak complexes when 

the anion ligand concentration must be varied over wide limits. If the ligand 

concentration at all times is small, however, compared to the neutral salt 

concentration and if the ligand concentration need not be varied over wide 

limits to study the system of strong complexes then the results may be inter- 

preted quantitatively with the assumption that the exchange equilibrium activity 

coefficient quotient remains constant. As a consequence of making this 

change in experimental procedure compared to the use of the ligand form of 

the resin, several subtle changes are brought about in the interpretation of 

the data that can best be discussed after derivation of the relation between the 

distribution ratio of metal between the anion resin and the solution and the 

formation constants of the system. 

For the case of a positive metal ion M of charge m and a negative 

monovalent ligand A, the expression for the anion exchange equilibrium based 

on the law of mass action is 

(i m) RC1O4 + MA 
m - J RMA1 (j m) Cl.O4 (a16) 
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for the case where the perchiorate form of the resin is used. The concentra- 

tion equilibrium constant for exchange is 

Li 
(RMAi) (C104) j - m 

(RC1O4) - m (MAi) 

(a17) 

The concentration formation constant of the j th complex in the solution phase 

is expressed as before by 

K. 
(MAi) 

(M) (A)J 

(a6) 

and CM may be given in a form similar to equation (a8), 

N 
CM = (M) K (A)J, K0 =1. (a18) 

j =0 

For the general case where more than one complex anion species is sorbed by 

the resin, the distribution ratio is 

Nç 
¿ (RMA.) 

CMR j>m (a19) 
CM CM 

or substituting the expression for (RMA) from equation (a17) and CM from 

equation (a18), equation (a19) becomes 

Li (RC1O4) - m (MAi) 
J> m (C104) J -m (a20) 

(M) Kj (A)) 

i 
=0 

From equation (a6), K (M) (A)) may be substituted for (MAi) in the numerator 

of equation (a20). Since (M) may be taken out of the summation term in the 

numerator it cancels (M) in the denominator and equation (a20) becomes 
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N (RC1O4) - m 
K (A)) Li (C104) j - m 

(a21) 0= 
j>m 

N 

K (A)3 

j =0 

At constant perchiorate concentration in the outer phase, low loading of the 

resin by the complex species and by the ligand, 

L (RC1O4) - m 
K 

(C104) j - m 

* 
may be considered constant and equal to L. 

N 
L (A)3 j>m 

N 

> K (A)] 
i =0 

Then equation (a21) reduces to 

(a2 2) 

Compared to equation (alO), equation (a22) is considerably complicated 

by the dependence of 0 on a different combined exchange equilibrium constant 

for each species being sorbed by the resin. If the special case of only one 

complex species being sorbed is considered equation (a22) becomes analogous 

to equation (alO), 

0 

j* (A)] 

I Ki (A)3 
j=0 

(a23) 

Differentiation of equation (a23) with respect to (A) and the substitution of ii 

N ./N 
for j K (A3/ K (A)) gives an equation similar to equation (a13) 

/ j=0 

and of the form of equation (i23) 
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log 0 

d. log (A) 
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(a24) 

Equation (a24) indicates that the formation function may be derived from the 

slopes of the plot of log 0 vs. log (A) if the value of j is known, the ligand 

number of the species which is actually being sorbed by the resin. Since the 

ligand number for the neutral species is known, measurements of the first 

significant uptake of the metal complex species by the resin from low ligand 

concentrations to higher concentrations can usually be interpreted in terms of 

= m + 1. Thus in the interpretation of Figure 1 for the tantalum fluoride 

system the portion of the curve at a fluoride ion concentration near 

4. 3 x iø M was found to have a slope of + 1. 0. Thus for j = 6 equation 

(a24) becomes 

ñ = 6-1=5 (a25) 

so that = 5 in th.is portion of the curve. The assumption was made that up 

to ii = 5. 5 where the slope = + 0. 5 no appreciable concentration of species 

higher than TaF6 was being sorbed by the resin so that the values of (F) at 

i equal to both 4. 5 and 5. 5 could be used in calculation of the formation 

constants. 

Treatment When Two Species Are Sorbed 

The tantalum fluoride system may be used as an example for the 

derivation of the connection between 0 and the complex formation constants 

when two species, TaF6 and TaF7 are sorbed by the perchlorate form of an 

anion resin. This treatment is similar to Fronaeu& (23) for the case of two 



cationic species sorbed by a cation exchange resin. The anion exchange 

equilibria for the two species are 

TaF6 + RC1O4 = RTaF6 + C104 

TaF7 + 2RC104 RTaF7 + 2C104 

with exchange constants, respectively, 

L 
(RTaF6) (C104) 

6 (RC 104) (TaF6) 

(RTaF7) (C10412 L7- 
2 

(RC1O4) (TaF[) 

In this case the 0 function may be written 

CMR (RTaF6) + (RTaF7) 

CM 7 

(TaF) 
i=o 
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(a2 6) 

(a2 7) 

(a28) 

(a2 9) 

(a30) 

At this point it was found more convenient to describe the system in terms of 

the dissociation constants, D, instead of the formation constants, thus 

- - (TaF6) (F) 
TaF7 = TaF6 + F , D1 = (a31) 

(T aF7 ) 

TaF7 = TaF5 + 2F , D2 
(TaF5) (F)2 (a32) 

(TaF7) 

TaF7 = TaF4 + - - - - etc. 

Substitution of the relations for (RTaF6) and (RTaF7) from equations (a28) and 

(a29) into equation (a30) gave 



0= 
L 

(RC1O4)2 (TaF7) + L 
(RC1O4) (TaF) 

' (C1O)2 6 (C104) 

7 

(TaF.) 
j =0 

36 

(a33) 

At constant perchiorate concentration in the resin and solution phases and 

the solution phase concentrations expressed in terms of the dissociation con- 

stants from equations (a31, 32, etc.) (after dividing through by (TaF7) ) 

equation (a33) becomes 

L71 + L61 D1 

0 = (F) (a34) 

7 

Di 

i = O (F-)J 

or 
7 

0 D (F) = L71 + L6* (F) (a35) 

i =0 

Differentiation of equation (a35) with respect to (F) gave 

7 7 

0 - j D (F) + d. 0 D (F3 LG* (F (a36) 
j=O d(F ) j0 

Multiplying equation (a36) through by (F)2 and differentiating again gave 

0 -i (-i + 1)D (Fmi + d(F) j0 -iDi (Fyi + i 

7 
d 0 (-i + 2) Di (F + i + d2Ø D(FjJ +2o (a37) 

d. (F) j = o 
d(F)2 = 
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If it is assumed that over the range of fluoride ion concentration studied the 

principle species are TaF5, TaF6 and TaF7= , the summations in equation 

(a37) go from j = O to j = 2. Carrying out these summations and rearranging 

the terms one obtains 

t? 

D1 0 (F) + D2 
[ 

201 20 1 = -2Ø'(F) 0" (F (a38) 
(F) (F_)2J 

where 

= do and 0" 
d20 

d(F) d(F)2 

An attempt was made to use equation (a38) by utilizing data from Anion Run 3 

in a region where it was probable that species TaF5, TaF6 and TaF7 were 

predominant. Inspection of Figures 1 and 15 suggested that this might be the 

case up to a fluoride ion concentration of about 5 x 1O molar. In practice, 

however, the errors involved, in the graphical differentiation of the 0 -(F) 

data to obtain 0' and 0" were so large as to make the derived constants have 

questionable values. Fronaeus (23) has studied the errors involved in the 

graphical determination of 0" and concluded that the procedure was not of 

sufficient accuracy. He did suggest an alternate procedure based on eval- 

ilation of the L constants by graphical extrapolation. This procedure has 

been discussed in this work in connection with the cation exchange studies 

(equations (dO) to (c15)) but, unfortunately, it does not work in the case of 

anion exchange resins. Thus rearrangement of equation (a34) in the form 
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r L7- + L*(F_)_ 

shows that 

hm 1 = 1 

0 L71 1-)0 
(F ) 
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7 

I 

D. (F) 
±j=1 (a39) 

L71 + L6* (F1 

(a40) 

but no such extrapolation will give L6* without prior knowledge of the dis- 

1 >0 
sociation constants. In addition, as (F) species higher than 

TaF7 are known to exist so that the concept of extrapolation to infinite 

ligand. concentration would be useful only in the ligand concentration range 

where the metal assumes its maximum coordination number. 

Exnerimental Procedure 

The anion exchange studies consisted. of five runs carried, out over a 

period of several months. The first two runs were of an exploratory nature 

and the data are considered. of qualitative accuracy. An inspection of Figure 

1 will show that the range of fluoride ion concentration covered in Runs 1 and 

2, from about 4. 5 x 10 to 3. 0 x iø M (F), placed them in the region 

where simple interpretation of the data was not possible, anyway. Run 3 

covered the high fluorid.e end of the curve also but gave a most interesting 

point at a somewhat lower fluoride concentration than that covered by Run 1 

and 2. This point indicated a possible falling off of the distribution ratio, 0, 

at the lower fluoride ion concentration. Runs 4. and 5 investigated. the lower 
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fluoride range, exclusively, and resulted in the only data which was consid-- 

ered of a quantitative nature according to the theory set forth in the preceding 

section. Thus from about i x i05 to 2 x 1O M (F) the data are inter- 

preted in terms of a single species TaF6 being sorbed by the anion resin 

and all activity coefficients being constant in both the resin and solution phase. 

Above this fluoride ion level it was probable that two or more species were 

being exchanged and that resin activity coefficients were changing due to 

increased uptake of fluoride ion by the resin. All of the data were plotted in 

Figure i since a smooth curve may be drawn through all the points tying the 

runs together and indicating that the changes mentioned were gradual. 

Anion Exchange Resin 

The anion exchange resin used was Bio-Rad Laboratories AR Grade 

Dowex i x 8, 100 - 200 mesh, C1 form, capacity 3. 2 meq per dry gram. 

Anion Runs i and 2. - The resin was dried under an inI ra-red lamp 

and 0. iOO g portions of this dried resin in the chloride form were weighed 

out and equilibrated with a large excess of i. O M HCiO4 and HF of the same 

concentration as the final equilibration solution but without the radioactive 

tantalum. An exception was the first resin sample used with 10 M HF 

which was equilibrated with i. O M HC1O4 only (see Table i). The solutions 

used for pre-treatment of the resin were centrifuged from the resin and then 

the test solution containing radioactive tantalum was added and the final 

equilibration started. 
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Anion Run 3. - A portion of the original chloride form Dowex 1 x 8 

was washed in a polyethylene column with successive amounts of 0. 2 M HF, 

1. 0 M HC1O4 until the effluent gave no chloride test with dilute silver 

nitrate. The resin was washed with distilled water until the effluent was 

neutral to pH paper and then dried at 70°C. for about 40 hours and stored in 

a polyethylene container. Exactly 0. 100 g. portions of this resin were 

weighed out for equilibration with all solutions of Run 3. 

Anion Runs 4 and. 5. - The resin was prepared by repeated washing 

of 7 g. portions of the original Dowex i x 8 with 0. 1, 0. 06, 0. 03, 0.02 and 

0. 01 M HF in 1. 0 M HC1O4 until the solutions gave no chloride test with 

dilute silver nitrate. The resin was then washed thoroughly with distilled 

water, d.ried at 85°C. for 12 hours and stored in polyethylene. Exactly 

0. 100 g. portions of this resin were used for equilibration with the corres- 

pond ing solutions of Runs 4 and 5. 

Radioactive Tantalum Solution 

Radioactive Ta-182 produced at Oak Ridge National Laboratory by 

thermal neutron irradiation of natural tantalum, was received in the form of 

tantalate in 1. 4N KOH solution. The solution concentration was 0. 435 mg. 

Ta per ml. and. the specific activity as of 9-26-58 was 7494 mc. per g.. 

Ta-182 is a emitter of 112-day half life. Maximum ç3 energy is 0. 51 

Mev and the two most energetic radiations have energies of 1. 1 and 1. 2 

Mev. The solution was stored in its original 1/2-inch lead shield behind a 
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lead brick barracade 2 inches thick. About 60 days elapsed from the assay 

date above to the date of first use to allow for the decay of the 5. 2 day Ta- 

183. The isotope was characterized by 
f3 

absorption and decay measure- 

ments using standard techniques (13, p. 54, 96). 

Anion Run 1. - The radioactive tantalate solution as received from 

Oak Ridge was used, for make-up of solutions for Anion Run 1. To 6. 0 ml. 

2.5 M HC1O4 and 0.036 ml. tantalate solution were added 1.05, 1.50, 3.00 

and 6. 00 ml. of 9. 91 M HF to make, respectively, 0. 694, 0. 991, 1. 98 and 

3. 97 M HF after dilution to 15 ml. in a polyethylene graduate. The two 

solutions of 9. 85 M HF listed in Table i were made up from concentrated 

HF and the final concentration of HF determined by titration with standard 

thorium nitrate (3). 

Anion Run 2. - The radioactive solutions used in Anion Run 2 were 

the same solutions used in the cation exchange studies of the next section. 

Anion Runs 3and 4. - Due to the appearance of some solids in the 

Oak Ridge tantalate solution, the solution which was about 1 ml. in volume 

was treated with 1. 0 ml. of standard 9. 91 M HF. Effervescence occurred, 

undoubtedly due to carbonates, leaving a clear solution. This radioactive 

tantalum solution which now contained HF was used. for make-up of the solu- 

tions used in Runs 3 and 4. For Run 4 a new standard HF solution was made 

up which analyzed 0. 319 M HF by titration with standard thorium nitrate. 

To 3. 0 ml. of 5. 0 M HC1O4 and 0. 025 ml. of the radioactive tantalum 



42 

solution were added 0.50, 1.00, 1.50, 3.00, 5. 00, and 10. 00 ml. of the 

0. 319 M HF by a polystyrene buret to make, respectively, solutions of nom- 

mal HF concentrations of 0. 0106, 0. 0213, 0. 0319, 0. 0638, 0. 1064, and 

0. 2129 M HF after dilution to 15 ml. in a polyethylene graduate. In order to 

find the increment of HF added with the radioactive tantalum solution, the 

three most dilute solutions above were analyzed for HF by titration with 

thorium nitrate and the average difference between the latter result and the 

nominal concentration was 0. 0077 molar HF. This value was added to the 

nominal concentrations for all solutions of Run 4 giving the HF concentra- 

tions listed, in Table 1. 

Since 0. 04 ml. of the radioactive tantalum solution containing HF 

were used for make-up of the solutions for Anion Run 3, 0. 0077 x . 040 = 

025 

. 013 M was taken as the increment of HF added with the tantalum in this run. 

Thus for Run 3, 0. 30, 0. 60, 1. 05, 1. 50 and 3. 00 ml. of 9. 91 M HF were 

added to 6. 0 ml. of 2. 5 M HC1O4 and 0. 040 ml. tantalum solution and made 

up to 15 ml. in a polyethylene graduate. The respective total HF concen- 

trations for these five most dilute solutions of Run 3 were as listed in Table 

1. The 4 and 10 molar HF solutions of Run 3 were titrated with standard 

thorium nitrate to give the values listed in Table 1. 

Anion Run 5. - The solutions for Anion Run 5 were made from a 

o. 777 M HF solution standardized by titration with standard sodium hydrox- 

ide using phenolphthalein indicator. A dilution was made on this HF for 
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make-up of the most dilute solution. Thus 1. 793 ml. of 0.208 M HF, 

1.793 ml. of 0. 777 M HF using a calibrated polyethylene pipet, and 7. 60 ml. 

and 19. 08 ml. of 0. 777 M HF using a polystyrene buret were added to 22.69 

ml. of 4.407 M HC1O4. Dilution of these solutions to 100 ml. in a calibrated 

polyethylene graduate gave solutions 1. 00 M in HC1O4 and 0. 0037, 0. 0139, 

0. 0591 and 0. 148 M in HF. Additional 9. 91 M HF had been added. to the 

radioactive tantalum solution, some solids centrifuged off and 0. 025 ml. of 

this solution added to a 15 ml. aliquot of each mixture above. Titration of 

these radioactive solutions with standard thorium nitrate after being equil- 

ibrated. and separated from the resin gave the total HF concentrations 

listed in Table 1. 

Procedure 

All of the anion runs were made with 0. 100 g. of the Dowex i resin 

and 15 ml. of solution. For all runs except Run 5 the equilibrations were 

carried out by stirring the solution and resin mixture in a polyethylene 

centrifuge tube while immersed in a water bath at 25°C. For Run 5 the 

resin-solution mixtures were sealed in polyethylene bottles of 50 ml. 

capacity and shaken while partially immersed in the water bath. 

The contact times as given in Table 1 were mostly in the range of 

2 to 3 hours. Exceptions were one of the 9. 85 M HF solutions of Run i, 19 

days, and all of the solutions of Run 5, over 3 days. The contact times of 

Run 5 represent not continuous agitation for that period but simple standing 

at room temperature (22 - 25°C.) with occasional shaking. 
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After equilibration the resin-solution mixtures were centrifuged, the 

solution decanted off and saved for assay, and then the resin was rapidly 

washed into a filter crucible and repeatedly washed with small portions of 

distilled water. The resin was then air dried and transferred to a stainless 

steel cup in preparation for radioactive assay. In Anion Runs 1, 2 and 3 this 

transfer was done quantitatively and the resin recovery was assumed to be 

100%. In Rims 4 and 5 the transfer was made to tared assay cups and less 

painstaking care was taken in the transfer. After drying, the resin samples 

were weighed and the resin count rate was then corrected to O. loo g. of 

resin. Assay of the solutions was made by counting 0. 100 ml. aliquots of 

the solutions on copper planchets prepared in the same manner as described 

in the section on cation exchange resins. 

The count rates given in Table i for Anion Runs i and 2 were corree - 

ted for background., for daily randomness by a RaD-E reference standard 

and for radioactive decay but not for dead-time of the detector tube. The 

same may be said for Run 5, but here dead-time corrections were not 

significant. Dead-time corrections were made on all count rates above 

lo, 000 counts/mm. in Runs 3 and 4. The correction was based, on a dead 

time of 200)is for the Tracerlab TGC-2 G.M. tube. Since count rates for 

resin and solution were in units of e. /m. per 0. i g. and e. /m. per 0. 1 ml., 

respectively, the ratio of experimental resin activity to solution activity 

gave 0 directly in units of ml. /g. in Table i. 
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Hydrogen Ion Concentrations 

Anion Runs 1 and 3. - Hydrogen ion concentrations for Anion Runs i 

and 3 were calculated from hydrogen electrode-N calomel electrode cell 

measurements in a manner similar to that described, in the section on 

cation exchange studies. From equation (c19) we have 

log (IP) 0.2893 - Ecell + Ed, (c19) 
0. 0591 

For Runs i and 3 the value of Ed was deduced from rerun #9 of the tantalum 

electrode potential series (Table 34) where the average of 29 measurements 

gave a cell potential of 0. 3060 volts when (IP) = 1. 04 molar so that 

Ed = 0. 0170 y. and the working equation for the calculation of (IP) given in 

Table 2 became 

log (IP) 0. 3069 - Ecell 
0. 0591 

(a4 1) 

Anion Run 2. - The solutions of Anion Run 2 were the same as those 

used in the cation studies so that the hydrogen ion concentrations given in 

Table 2 for this run are the same as in Table 4b 

Anion Runs 4 and 5. - All of the solutions of Run 4 contained low 

concentrations of HF so that the contribution to (H+) was negligible and the 

values of (IP) were assumed to be 1. 0 from the 1. 0 M HC1O4. The excess 

HF concentrations in the solutions of Run 5 were low also but measurements 

were made, nontheless, on these solutions using the quinhydrone-saturated 
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calomel cell. According to the method used in the section on potentiometric 

(11+) studies, equation (p32) was used to calculate the hydrogen ion concen- 

tration, 

log (Ht) Ecell - 0.4544 -Ed' (p32) 
0. 0591 

Here 0.4544 y. is the sum of the oxidation and reduction potentials, respec- 

tively, of the saturated, calomel electrode (-0. 2448 y) and the quinhydrone 

electrod.e (0. 6992 y), and Ed' is a correction term which includes the 

diffusion potential, the activity coefficient correction term, the quinhydrone 

salt error, and errors in the standard potentials. Assuming that (H+) = 1. 00 

in the two solutions of Anion Run 5 most dilute in HF (see Table 2), the 

average cell potential was 0. 45134 y. from which Edt' was calculated to be 

-0. 0031 y. by equation (p32). Thus the working equation for calculating 

log (Ht) for Anion Run 5 was 

log (Ht) Ecell - 0.4513 (a42) 
0591 

The values of (11+) obtained for the two solutions of Run 5 most concentrated 

in HF were 1. 06 and 1. 01 molar, values whose real variation from 1. 00 

molar probably would not be significant. Nevertheless, the values were used 

as obtained for the calculation of the fluoride concentrations in Table 2 using 

equation (x7) of the Appendix. 
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Interpretation of the Data 

The fina.l values of log 0 and log (F) of Tables i and 2 were plotted 

in Figure 1. A least squares analysis of the data by Petersen gave the 

equation for the full drawn curve shown in Figure 1 

Log 0 = -4. 6021 - 3.2244 log (F) - 0.4837 [log (Fi] 2 (a43) 

Differentiation of equation (a43) with respect to log (Fi gives 

= -3.2244 - 0.9674 log (Fi (a44) 
d log (F) 

from which the value of log (F) at any value of may be calculated accord- 

ing to equation (a24). Accordingly, log (Fi = -4. 88 and -3. 85 when 

d log 0 / d log (F) are 1. 5 and. 0.5, respectIvely. Therefore, (Fi is 

found t;o be 1.32 x 1(r5 and. 1.41 x io Mwhen =4.5 and 5.5, respec- 

tively, assuming that j = 6. These values will be corn.bined. with the poten- 

tiometric measurement$ of (H1) to calculate several constants of the system 

(see Conclusion). If Ta.F6 Is being sorbed in the range wh ... ere ñ = 5 then 

the presence of TaF44 must be inferred, in this region also. This argument 

is the basis for the interpretation of the cation exchange experiments of the 

following section. For quantitative interpretation of the anion exchange data 

the assumption is made thai. only TaF6 is exchanged by the resin in 

appreciable concentrations up to i = s. s where the experimental slope of 

J/ Peteisen,R. G. , Associate Professor of Statistics. Oregon State 
College, Corva,]iis, Oregon. 
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the curve is 0. 5. Above this concentration, the potentiometric (H+) studies 

indicate that the concentration of TaF7= would rise gradually (see Figure 

15). 

The falling off of the slope of the curve of Figure 1 at high fluoride 

ion concentrations may be explained partly on the basis of changing resin 

activity coefficients and partly on the basis of Donnan membrane equilibria 

which leads to preferential sorption of ions of low ionic charge from concen- 

trated solution (67, p. 25). An explanation for the phenomenon may be 

stated in a different way, although, basically, the same factors are involved. 

This statement is that the fluoride ion acts to elute the metal anionic corn- 

plexes from the resin at relatively high fluoride ion concentration. The 

mechanism for elution phenomena involves, of course, activity coefficient 

changes. 

Cation Exchange Studies 

The Literature 

The earlier work of Salmon (67), Samuelson (68), Schubert (70) and 

Fronaeus (23) on the use of cation exchange resins for the study of complex 

Ions in solution has been extended in recent years mostly by Russian 

workers. Moskvin and Artyukhin (58) studied the composition and instability 

constants of Pu (III) with ethylenediaminetetraacetic acid. (EDTA) using 

cation exchanges. Kirakosyan and Tanaev (44) used cation exchange resins 

to study the oxalate, citrate and sulfate complexes of zirconium. Gelman, 
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TABLE 1. - Anion exchange data. The distribution ratio, 0 

HC1O4 1. 0 M,weight dowex i x 8 = O. loo g. , solution volume = 15 ml. 

Activity, counts/mm. 
(HF) Equil 0. 100 g. 0. lOO ml. 0 

Run M Time Resin Solution ml. /g. Log Ø 

O. 694 3 hr. 5 m 26, 700 4, 915 5. 43 0. 735 

O. 091 3 hr. 26, 170 4, 150 6. 31 0. 800 

1.98 3hr. 26,050 6,320 4.12 0.615 
3.97 3hr. 13,400 3,700 3.62 0.559 
9. 85 3 hr. 20 m 23,565 3,847 6. 13 0. 788 
9. 85 19 d 21, 960 3, 695 5. 94 O. 774 
1. 98 3 hr. 34, 480 6, 319 5. 46 0. 737 

2 0. 396 3 hr. 54 780 10, 060 5. 45 0. 736 

0.694 3hr. 49,444 8,737 5.66 0.753 
0.991 3hr. 50,288 9,471 5.31 0.725 
1. 98 3 hr. 46, 400 10, 700 4. 34 0. 637 

3.97 3hr. 42,400 13,500 3.14 0.497 
3 0. 211 2 hr. 128, 970 26, 745 4. 82 0. 683 

0.409 2hr. 125,000 21,200 5.90 0.771 
O. 707 2 hr. 84, 150 16, 440 5. 12 0. 709 

1.00± 2hr. 157,600 35,800 4.40 0.644 
1. 995 2 hr. 83, 000 20, 100 4. 13 0. 616 
3. 92 2 hr. 56, 000 13, 390 4. 18 0. 621 
9. 98 2 hr. 53,400 16,950 3. 15 0. 498 

4 O. 0184 3 hr. 55 m 4,580 5, 189 0. 883 -0. 0542 
O. 0290 4 hr. 7,300 5,546 1. 316 0. 1193 

0.0396 3hr. 40m 8,430 5,007 1.684 0.2263 
0. 0715 3hr. 48m 15,450 5,099 3.030 0.4814 
0. 1141 3 hr. 15 m 33, 300 9,564 3. 482 0. 5418 
0.221 3 hr 20m 39,600 6,131 6. 459 0. 8102 

5 O. 0178 3 d 18 h 676 1, 046 0. 6462 -0. 1896 

0. 0326 3 d 18h 1, 111 1, 003 1. 108 0. 0445 

0. 656 3 d 20 h 3, 280 962 3. 410 0. 5328 
O. 1483 3 d 20h 4,564 672 4. 696 0. 6717 



TABLE 2. - Anion exchange data. Hydrogen ion and fluoride ion concentrations. 

Ecell Log (Hi) = 
(HF) (H2-NCa1. 

) 
O. O96 - Ecell (H) (F-) 

Run M y. O. 0591 M M* Log (F) 

o. 694 0. 3064 0. 00846 1. 02 7. 24 x iO -3. 140 
o. 991 0. 3043 0. 0440 1. 11 9. 49 x io -3. 023 
1. 98 0. 3041 0. 0931 1. 24 1. 69 x iO -2. 772 
3. 97 0. 2946 0. 2081 1. 61 2. 59 x iO -2. 587 
9. 85 0. 2754 0. 533 3. 3. 03 x io -2. 519 
9.85 0.2751 O.53 3.45 3.00x iO -2.772 
1. 98 0. 3014 0. 0931 1. 24 1. 69 x 1O -2. 772 

2 0. 39 O. 3048 0 1. 0 4. 22 x io -3. 375 
o. 694 - - (1. 02) 7. 24 x icr4 -3. 140 
o. 991 - - (1. O) 9. 75 x iO -3. 011 
1. 98 0. 3011 0. 0626 1. 15 1. 81 x io -2. 742 
3. 97 0. 2886 0. 2741 1. 88 2. 22 x 10 -2. 654 

3 0. 211 0. 3076 - 1. 0 2. 25 x 10 -3. 648 
0. 409 0. 3068 0 1. 0 4. 36 x i0 -3. 361 
0. 707 0. 3067 0. 0034 1. 01 7. 45 x i0 -3. 128 
1. 004 0. 3059 0. 0169 1. 04 1. 025 x i0 -2. 989 
1. 995 0. 3025 0. 0745 1. 19 1. 77 x i0 -2. 752 
3. 92 0. 2963 0. 1794 1. 51 2. 73 x i0 -2. 564 
9. 98 0. 2742 0. 553 3. 41 3. 07 x i0 -2. 513 

4 0. 0184 - - 1. 0 1. 97 x i0 -4. 706 
0. 0290 - - 1. 0 3. 10 x 10 -4. 509 
0. 0396 - - 1. 0 4. 23 x i0 -4. 374 
0. 0715 - - 1. 0 7. 64 io-5 -4. 117 Q 



Run 

4 

5 

TABLE 2. - Continued 

E cell Log (Ht) = 
(HF) (H2 - NCa1.) 0. 3096 - Ecell (H) (F4) 

M y. 0.0591 M M Log(F) 

0.1141 - 1.0 1.22x10 -3.914 
0.221 - - 1.0 2.36 x 10 -3.627 

(Quin-Sat'd Cal.) Ecell - 0.4513 
0. 0591 

0. 0178 0.45138 0 1. 00 1.90 x i0 -4.721 
0.0326 1.00 3.48 x 10 -4.458 
0.0656 0.45283 0.02520 1.06 6.61 x i0 -4. 180 

0. 1483 0.45152 0. 00304 1.01 1.57 x 10 -3.805 

* see equation (x7) of the Appendix 

Ql 
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Matorina and Moskvin (26) studied the oxalate complexes of Pu (Ill) by 

cation exchange. Paramonova and Sergeev (61) determined the instability 

constant of Zr (NO3)2 using Zr and cation exchange resins. 

Theory 

53 

Calculation methods for the determination of stabiiit.y constants using 

cation exchange resins are based on the measurement of the degree of for- 

mation function aj MA (see equation (117)) where j is a particular 
CM 

value from O to N. To illustrate this calculation, let us assume a system 

containing a mononuclear singly-charged cation M+, ligand A, and complex 

species MA and MA2. Over the range of ligand concentration studied, all 

three metal species exist in appreciable concentration. The equilibria to be 

considered for the solution phase are 

M4 + A = MA , K1 = J) (ci) 

(Ml (A) 

M + 2A MA2 K2 
(MA2 i (c2) 

(Mt) (A)2 

where Ki and K2 are the respective formation constants. The mass action 

expression for the exchange equilibrium may be written 

M + HR MR + H , Lj - (MR) (Ht) 
(HR) (ñ 

(c3) 

For the solution phase the parentheses refer to molarity units , thus the K's 

and L1 are concentration constants and apply only at constant activity co- 

efficients of all species over the ligand concentration range covered. In 
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this work this condition is approximated by maintaining a constant perch- 

brate concentration of 1. 0 with perchioric acid and/or sodium perchborate. 

For the activity coefficients of MR and HR in the resin phase to remain 

constant, Schubert (70) recognized that radioactive tracer concentrations 

only of metal ion should be used. The distribution ratio between metal on 

the resin to total metal in solution is denoted by 0, 

0= 
(MR) 

(M+) + (MA) + (MA2) 
(c4) 

lithe value of (MR) from equation (c3) is substituted Into equation (c4) and 

the expression divided through by (M), the result is 

(HR) 
L1 (H+) 

1 
(MA) (MA2) 
(Mt) (Mi) 

(c5) 

When the condition is imposed. that the measurements are made at constant 

H ion concentration the quantity (HR) / (Ht), the ratio H ion in the resin 

to H+ Ion in solution, will remain constant at tracer concentrations of CM 

and may be incorporated into the exchange equilibrium constant to give a 

new constant L1' . Also, if the concentration ratios 

(MA) and (MA2) 
(Mt) (Mt) 

are expressed in terms of the formation constants, Kl and K2 of equations 

(cl) and (c2), the result is 
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0 
L1' 

. (c6) 

i + K (A-) + K2 (A)2 

By the original method of Schubert (70), one or the other of the complex 

species would be ignored, and the reciprocal of equation (c6) formed., 

1 1 Kn(A)" 
_-_ L1' Lf 

(c7) 

where n is the ligand number of a complex species which is assumed to be 

predominant in concentration to all other complex species. By trial and 

1 -n error an integral value of n is sought such that a plot of 
-j---- 

vs. (A ) 

will give a straight line of intercept - and slope Kn/L1' from which 
L1 

Kn, the overall formation constant of the one species, may be deduced. 

This example d.emonstrates the objections of Fronaeus (23) toward 

the original calculation method of Schubert (70). First the method depends 

upon the assumption that M+ was the only positive species present to ex- 

change with the cation resin. A more serious limitation to the calculation 

method used. by Schubert is the requirement that a single complex species 

be predominant over all others in the range of ligand concentration studied 

and it is the over-all formation constant of this one species only which is 

calculated. For the systems which Schubert reported (70) the method 

probably was validj but, in general, when several complex species exist 

simultaneously in appreciable concentration the approach cannot be used 

without modification. A more general method (4) (79) (86) for calculating 
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all of the constants of the system when a single species is sorbed by the 

resin is to put equation (c6) in the form 

ø [ 
1 + Kj (Ai) 

J 
= Li' (c8) 

Both sides are then differentiated with respect to (A-) to eliminate the un- 

known constant L1' and the resulting expression multiplied through by 

(A)/Ø. Upon introduction of the expression for ii from equation (114), and 

remembering that (A) x d 0 d in 0 
0 d, (A) d in (A) 

we obtain finally 

n = d in 0 d log 0 (c9) 
d in (A) d log (A) 

Thus the formation function may be obtained from the tangents to the curve 

upon plotting experimental values of log Ø vs. log (A) over the range of 

(A) values studied. All the constants of the system may then be evaluated 

by the methods outlined in the Introduction. Equation (c9) is, of course, 

the same as equation (i23) since 0 is directly proportional aj for i = O, 

ie, a0 = 
(M') since 0 is a measure of the concentration of central ion 
CM 

(M) in the solution. 

Fronaeus (23) suggested an alternate calculation which is an ex- 

tension of Schubert's (70) method. Taking the reciprocal of equation (c6), 

= _L + Kl (A) + K2 (A)2 (dO) 
0 L1' Li' 

. 1 _ - 
a plot is made of -i-- vs. (A ) and the curve extrapolated to (A ) = zero. 

From equation (dO) it is seen that 
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um _L_ 
= (cil) 

0 L' 
(Aj- o 

Having the value of L1t, a constant, equation (dO) may be written 

L1' i + K1 (A) + K2 (A)2 . (c12) 

0 

Thus two measurements of 0 at two values of (A) allow both constants of 

the system to be calculated. The question of the choice between equations 

(c9) and. (c12) to calculate the same set of constants is important enough to 

merit discussion. Both method.s have advantages and inherent hazards, 

and the choice would depend on the nature of the system under study. In 

some cases the methods would complement each other and. thus warrant 

the use of both methods. 

The advantage of equation (c9) is that the formation function curve 

derived, from its use immediately gives the maximum ligand. number, N, 

for the system over the range of ligand concentration studied. In equation 

(d12), however, no obvious maximum value of N is indicated., and. if one 

had a dozen measurements of 0 at a like number of ligand concentrations 

there is no, a priori, reason why 12 constants could not be calculated. 

In practice, it is found., however, that the maximum number of constants 

usually is made obvious in the calculation. Thus if an attempt is mad.e to 

calculate three constants by use of the general equation of the form of 
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equation (c12) 

L1' 
1 + K1 (A) + - - - KN (A_)N (c13) 

0 - 

by the use of determinants, when in fact only two complex species were 

formed, it is usually found that one or more of the calculated "constants" 

have a negative sign, an obviously impossible situation. 

If the graphical method (23) (79) is used to solve equation (c13), it is 

first rearranged to 

L1' 
______ i 

0 
__________ = K1 + K2 (A) + - - - KN (A)N - i (c14) 

(A ) 

when the graphical limit is the first formation constant, 

um L1' 
- i 

0 =K1 . (c15) 

(A)- O (A) 

The value of this first constant is then transposed to the left side of equation 

(ci4), both sides divided through by (A), and the graphical limit of the new 

left side function evaluated. to obtain K2. Repitition of this process will 

give all the constants of the system. If an attempt is made to obtain more 

constants than there are compuex species or if the original data are of 

insufficient accuracy, the latter "constants" should. have impossible or un- 

likely values. Thus it is seen that early knowledge of the maximum ligand 

number, although convenient, is not always necessary if good data are 

available and the cauculated results interpreted with intelligence. 
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When the average-ligand-number method. of Bjerrum (4) using 

equation (c9) is compared. with the method of Fronaeus (23), of greater 

importance is the fact that the introduction of ii in the form 
N 

i = i i Ki (A) (i14) 

N 
1± Ki(A)' 

i =1 

into the derivation of equation (c9) precludes the study of polynuclear and 

mixed complexes such as hydrolytic species. The assumption is usually 

made that at tracer concentrations of metal ion no polynuclear species are 

present in appreciable concentrations, and. the experiments are carried out 

at high acid concentrations so that the concentrations of hydrolytic species 

are depressed and presumed absent. In most cases these assumptions are 

justified, but no studies can be made to the contrary. 

Fronaeus (23, p. 870) states that all of the simple mononuclear corn- 

piexity constants may be calculated using his method even if polynuclear 

complexes are present. However, inspection of Fronaeus' equations shows 

that only at the limit as (M) > O is one justified in calculating the 

mononuclear constants of the system by th.e method proposed. Thus this 

method has the identical limitation as does Bjerrum's ligand number meth- 

od. The required experimental conditions may be approximated in both 

methods by the use of tracer levels of metal or by working with only strong 

complexes so that the equilibrium concentration of free metal ion is low 
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over the whole range of ligand concentration or, preferably, both. The 

advantage in the use of the method of Fronaeus is that the dependence of the 

function 0 in an equation such as (c6) or (c12) upon CM, the total metal con- 

centration, may be used as a test for polynuclear species. Once polynuclear 

species are confirmed, however, neither the simple graphical-limit pro- 

cedure of Fronaeus nor the ligand-number method of Bjerrum using 

equation (c9) may be used to calculate the constants of the simple mono- 

nuclear series. 

Other approaches using cation exchange resins have been used to 

establish the presence and formulae of polynuclear species in solution. 

Kirakosyan and Tanaev (44) reported dinuclear zirconium citrate complexes 

while Cady and Connick (11) in a study of ruthenium complexes gave a gen- 

eral method for the establishment of the formula of a positive polynuclear 

complex over a narrow range of H+ and ligand concentration using a cation 

exchange resin. Most quantitative data on hydrolytic and polynuclear species 

have been obtained potentlometrically (33) (40) (41) (63) (35) (80) (84), 

although Connick and Reas (12) were able to study zirconium hydrolysis and 

polymerization by solvent extraction of the thenoyltrifluoroacetone (TTA) 

complex. 

In the work reported in this thesis, it was established by potentio- 

metric (H+) measurements that hydrolytic and polynuclear species were 

absent over a portion of the ligand concentration range studied (see Figures 
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4 and 5). The results of the potentiometric (Ht) measurements and both the 

cation and anion exchange resin data were found to complement one another, 

and. thus the validity of the d.ata was enhanced. 

Experimental Procedure 

Cation Exchange Resin 

The Dowex-50 cation exchange resin used was 50-100 mesh, 8% 

cross-linked, medium porosity. The resin was slurried with water to 

float all fines and particles of d.irt, column washed. with 1. 0 M HC1O4 for 

two hours and. then washed. with distilled, water until the effluent was neutral 

to pH paper. The resin was then dried in an oven at 7 0°C. for several hours 

and. stored in a loosely stoppered bottle. 

Cation Run 1 

Solutions. - Stock 2. 5 M HC1O4 and. 10 M HF solutions were made up 

from reagent grade chemicals and distilled water. All solutions containing 

hydrofluoric acid were stored in polyethylene. Solution make-up was ac- 

complished. by adding 0. 50, 1. 00, 1. 75, 2. 50, 5. 00 and. 10. 00 ml. of stock 

10 M HF from a polystyrene buret to a 25 ml. polyethylene graduate to 

make, respectively, solutions of nominal concentrations 0. 2 , 0. 4 , 0. 7, 

1. 0, 2. 0 and 4. 0 M in HF. Then 0. 06 ml. of radioactive tantalate solution 

was added. using a 0. 2-ml. Mohr pipet attached. to a remote pipetting device, 

followed by 10 mi. of the stock 2. 5 M HC1O4 using a transfer pipet, and. the 

solutions were made up to volume with distilled water. A standardization 
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of the stock 10 M HF with standard thorium nitrate in a buffered solution 

using sodium alizarin sulfonate showed. it to be 9. 91 M HF, so the corrected 

HF concentrations of the solutions are given in Table 3. 

Procedure. - Exactly 0. 200 g. of the cation exchange resin were 

weighed into a polyethylene centrifuge tube; one of the solutions was ad.ded 

and the mixture piaced in a water bath of 25°C. and stirred with a poiy- 

ethylene stirrer. The time of stirring is given in Table 3. This time was 

varied considerably, but no direct correlation was found between contact 

time and sorption of tantalum by the resin, so it may be assumed that the 

shortest contact time, 2 hrs., was sufficient to establish exchange equilib- 

rium. 

After equilibration the solution phase was decanted from the resin 

and stored in polyethylene for later assay. The resin was washed rapidly 

with. distilled water 4 times in the centrifuge, the resin transferred to 

stainless steel cups used. for radioactive assay and. dried under an infra- 

red lamp. 

Preparation of Planchets. - One-inch, copper planchets used for 

radioactive assay of the equilibrated solutions were placed in warm benzene 

for a few minutes to remove grease, then in warm 2 M HC1 to remove oxide 

and finally washed with water. The wet planchets were placed on a glass 

plate and one drop of a wetting agent such as Dupanol or S. S. Anticreep 

spread over the face of the planchet. Glass micro pipets of 100-jiivolume 
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were used. to transfer an aliquot of the equilibrated, solution to the planchet. 

After transfer the pipet was rinsed with an additional loo pl of distilled. 

water and the water added to the planchet since the micro pipets were cali- 

brated for content not delivery. Duplicate planchets were prepared from 

each solution assayed. The planchets were dried under an infra red. lamp 

and. stored in a. desiccator over Drierite until counted. 

Counting. - A Tracerlab G. M. tube type TGC-2 was used for the 

radioactivity measurements. This is a. mica end-window type of counter 

with window thickness about i. 8 mg. / cm, dead-time about 200 p seconds, 

and. sensitive, in our case, mainly to the O. 51 Mev beta radiation of Ta-182. 

This detector tube was mounted in a lead castle having 1 1/2 - inch thick 

walls and the castle was lined with aluminum to reduce back-scatter. The 

detector was used. with an Atomic Instrument Co. "Multiscaler", model 105. 

The samples were mounted. in a. uniform position below the detector for all 

of the assays made. Counting times varied. considerably but the total count 

t:aken on the planchets, when feasible, was kept above 10, 000 t.o reduce the 

random counting error below 1%. The low-activity resin samples were 

counted for 20 minutes giving about 1000 total counts with a random counting 

error of about 3%. Duplicate counts were taken in some cases to improve 

reliability. Background corrections were made for all counts. 

Since the counting procedure was carried. out over a period of days, 

all counts were corrected to a standard. count by the use of a Ra D-'E 



64 

reference standard., and decay corrections were made when applicable. 

The planchets were counted through an added, absorber of aluminum, 

10. 82 mg. / cm. 2, but no absorber was used on the resin samples. The 

counting data are given in Table 3. 

Cation Run 2 

The fraction of the total tantalum taken up by the cation resin in 

the solutions was so small tha.t a second run was made on the solutions re- 

maining from Cation Run 1. In this case 0. 200 g. of fresh cation resin was 

equilibrated with 20 ml. of the remaining radioactive solution. All sub- 

sequent procedures were the same as outlined above for Cation Run 1. The 

data are given under Run 2 in Table 3. 

Hydrogen Ion Concentrations 

Hydrogen ion concentrations reported. for the various solutions used 

in Cation Runs 1 and 2 were calculated from measurements of the hydro- 

gen-N calomel cell in a manner similar to that reported for the tantalum 

electrod.e series (Table 34). Thus from the basic cell reaction 

H2 + Hg2 Cl2 2H + 2Hg° + 2C1 (cl6) 

the Nernst equation at 25°C. for the N calomel electrode is 

T 0591 log (H+)2 0591 log Çt 1MHC1O4 Ed.. (c17) Ecell = E cal 2 

From the tantalum electrode runs (Table 34) it was found by ex- 

perience that the correction for the partial pressure of hydrogen varied 
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from 0. 0004 y. to 0. 0005 y. d.epending on the barometer reading. From 

Robinson and Stokes (64, P. 476) the mean activity coefficient of 1 mHC1O4 

was reported as 0. 823, the value used. here. The potential for the N calomel 

electrode was taken from Hamer (32, p. 62) as 0. 2848 volts. Substituting 

these values into equation (c17) we obtain 

Ecell 0.2848 - E (.0005 y.) - 0.0591 log (Ht) - 0. 0591 log 0.823 + Ed 
(cl 8) 

or 

log (H) 0. 2893 - Ecell + Ed 
0. 0591 

(c19) 

The diffusion potential term, Ed, is really a catch all correction 

term which allows for errors in E0' ( ±, and ¿ E since, when 
1 N cal 

(H) is known, it is obtained algebraically from the cell potential by the use 

of equation (c19). Thus from the cell potential, 0. 3048 y. given in Table 4, 

obtained with the solution containing only 0. 396 M HF in 1. 0 M HC1O, 

where the contribution to (Ht) from the added HF was negligible, Ed. was 

calculated to be 0. 0155 y. Assuming this value of Ed to remain constant 

over the range of hyd.rogen ion concentrations measured, the final working 

equation to calculate log (Ht) at 25°C., as given in Table 4 is 

log (H) = 0. 3048 - Ecell (c20) 
0. 0591 

The hydrogen ion concentrations of the solutions containing 1. 98 

and 3. 96 M HF were found to be 1. 15 and 1. 88 M H , respectively. 



66 

Measurements were not made on the other three solutions. The values of 

(Ht) shown in Table 4 for these three solutions were obtained by Interpolation. 

Fluoride Ion Concentrations 

From the (Ht) and (HF) molarities given in Table 4 the fluoride ion 

concentrations of Table 4 were calculated by the use of the approximate 

equation 

(F) (HF) total (x7) 
(Ht) 2 

______ + i + (HF) total 
Ka Ka2 

derived in the Appendix. 

Interpretation of the Data 

Assuming that a single species was taken up by the resin and that no 

hydrolytic or polynuclear species were present, the log 0 - log (F) data of 

Tables 3 and 4 shown plotted in Figure 2 may be interpreted in terms of 

equation (a24) 

n = - 
dlogø 
d log (A) 

(a24) 

From the anion exchange data of Figure 1 it was showii that in the range of 

fluoride ion concentrations from about iO to iO M the average ligand 

number, ii , was about 5. Extrapolation of the cation exchange data as 

plotted in Figure 2 into this fluoride ion concentration range indicated that 

the slope of the curve was - 1. 0 over at least a portion of this fluoride range. 

The value of j from equation (a24) may then be calculated as 4, a quite reason- 

able result. It was probable that the species being taken up by the cation 
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resin over the whole range of fluoride ion concentrations studied, was TaF4+ 

with a negligible contribution from TaF3 and. lower species. 

Inspection of the slope of the experimental points plotted in Figure 2 

indicated, however, that the apparent value of of 5 continued up to a fluoride 

ion concentration of io3 molar, a result not consistent with other data pre- 

sented here (see Figure 15). The discrepancy probably lies in surface 

phenomena occurring between the radioactive species and the resin under the 

conditions of these exchange measurements. The low counting rate reflected 

the low concentration of the TaF4 species at the relatively high fluoride ion 

concentrations used. As Fronaeus (24) has pointed out in similar studies 

using anion exchange resins, the relative effect of surface adsorption is neg- 

ligible at high concentrations of the sorbed, species on the resin, but, for low 

take up by the resin by the process of ion exchange, the surface adsorption 

may not be negligible. Inspection of Table 3 shows that the actual count rate 

for 0. 200 g. of resin ranged from 173 c. /m. to only 8.4 c. /m. above back- 

ground, values that might reasonably be expected of materials of much less 

exchange capacity than Dowex 50. Thus the slope of the curve shown in 

Figure 2 does not fall off as rapidly as might be expected and no quantitative 

data concerning the formation constants of higher species may be calculated 

from the data. 

In retrospect, however, it is felt that quantitative data may be obtained 

in this system from measurements made at lower fluoride levels than were 

studied here. At tracer tantalum levels the possibility of polynuclear species 
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being present is minimized and. with a resin of the Dowex 50 type, measure- 

ments may be made at 2 or even 5 molar perchioric acid., with negligible 

adverse effect on the resin, in order to suppress the formation of hydrolytic 

species. 



TABLE 3. - Cation exchange distribution data. 

Tantalum fluoride system. HC104 1. 0 M 
Run i : 0. 200 g. Dowex 50 equIlibrated with 25 ml. solution 
Run 2 : 0. 200 g. Dowex 50 equilibrated with 20 ml. solution 

Equil. Count rate * 
(HF) time 0. 200 g. resin 0. 100 ml. soin. ml. 

Run M hrs. e. /m. e. /m. g. Log 0 

0.198 67 83. i 2855 1.455 x io_2 -1. 837 

0. 396 67 39. 6 4020 4. 925x iO -2. 308 

0. 694 18 34. 5 3435 5. 022 x io -2. 299 

0. 991 2 23. 3 4288 2. 717 x io -2. 566 

1. 982 42 16. 4 4220 1. 943 x i0 -2. 712 

3. 965 18 8. 4 5957 7. 05 x i0 -3. 152 

2 0. 198 18 172. 6 3010 2. 867 x 10-2 ..1 543 

0.396 2 1Q3. 3 3936 1. 312 x i2 -i. 882 

0.694 2 93.2 4275 1.090x 102 ...1963 
0. 991 2 30. 2 3948 3. 825 x i0 -2. 417 

1. 982 2 24. 7 4096 3. 015 x i0 -2. 521 

* Count rate corrected for background, for daily randomness by means of a RaD-E reference 
standard, and for decay. 

** Soiu1ion samples were counted through 10. 82 mg. /cm. 2 absorber. 
Resin count rate x 0. 5 / solution count rate. 



TABLE 4. - Cation exchange data. 

Hydrogen ion measurement and determination of log (F). HC1O4 = 1. 0 M 

Ed = 0. 0155 y 

Ecell Log (Ht) = 
(HF) (H2 - NCa1.) 0. 3048 - Ecell (FP) (F) 

M y. 0.0591 M M* Log(F) 

0. 198 - - 0 1. 0 2. 11 x 10 -3. 676 
0. 396 0. 3048 0 1. 0 4. 22 x i0 -3. 375 
0. 694 - - (1. 02) 7. 24 x 10 -3. 140 
0. 991 - - (1. 08) 9. 75 x i0 -3, 011 
1. 892 0. 3011 0. 0626 1. 15 1. 81 x 10r3 -2. 742 
3. 965 0. 2886 0. 2741 1. 88 2. 22 x icr3 -2. 654 

*See equation (x7) of the Appendb 
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Potentiometric H+ Ion Measurements 

B as e s 

Measurement of Free Ligand. Concentration 

1f the total analytical concentration of metal and llgand CM and CA 

are known and allowed to vary independently and if the complex species 

under investigation are relatively stable, then an independent measurement 

of the free ligand concentration (A) allows a complete study to be made of the 

complex system. Equation (i8) and subsequent simplifications were shown in 

the Introduction to be used for this purpose. 

A potentiometric measurement of the free ligand concentration may 

be made directly if an electrode is available which is reversible to the ligand 

species. The silver-silver chloride and. the mercury-mercurous chloride 

electrodes are examples of electrodes reversible to chloride ion. The 

bismuth-bismuth fluoride electrode (43) and the lead amalgam-lead fluoride 

electrode (42) are examples of electrodes reversible to fluoride ions. The 

utility of one of these electrodes would depend upon the nature of the complex 

system under study. All of the above electrodes are useful only in a limited. 

ligand concentration range. At low concentration the solubility product of 

the metal salt may not be exceeded, and at high ligand concentration the 

metal salt may dissolve due to complexing. A second, though related factor, 

Is that the electrode must behave reversibly over a useful pH range. The 

bismuth fluoride electrode is useful from about pH 5 to 9 only, thus restrict- 

ing its application to systems that do not hydrolyze easily. 
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Free Ligand. From H+ Ion Measurements 

If the ligand is the conjugate base in a weak acid-base system then 

the free ligand. concentration may be determined from potentiometric H± ion 

measurements, provided the acid-base constants are known. Examples are 

the ammonium hydroxide - ammonia system used by Bjerrum (4) and the 

hydrofluoric acid - fluoride ion system used in this thesis. Ahrland and. co- 

workers (1) in studies of the uranyl fluoride system have described the meth- 

od. for the case of the fluoride ligand in some detail, and a modification of 

their approach was used. here. The acid constants of hydrofluoric acid which 

Ahrland. and co-workers (1) determined at (C104) = 1. 0 molar are the values 

used in this thesis after correction to 25°C. 

Acidity Constants of HF. - The data of Connick and. co-workers on the 

thermo dynamics of the HF system in 0. 5 M NaC1O4 as compiled by Bjerrum, 

et al. , (6) were used to calculate H298 in the integrated form of the van't 

Hoff equation (49, p. 613-615) 

log 
K298 = 

H298 
{ 4.5787 x 298,1T ] 

298. 1 - T 

At 25°C. the logarithm of the formation constant of HF, log K298, was given 

as 2. 91. At 15°C. log K283 was 2. 85. Substituting these values and 

T = 283. 1° into equation (pl) gave H298 = 23, 600 calories. Based on the 

assumption that this value of H298 was valid at i M C104 and was con- 

stant over the temperature range under consideration, it was used with 

Ahrlandts (1) value of log K293 = 2. 94 in equation (pl) with T = 293. 1 to 
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calculate log K298 = 2. 97. Thus K298 = 934 and Ka 
= 

= 1. 07 x i0. 
Ahrland.1s value of Ka.2 for the dissociation of HF2 was 0. 32 at 20°C. (1). 

Due to the low reliability of this quantity it was not justifiable to attempt a 

temperature correction and the value was used as given. 

Weak Acids of the Tantalum Fluoride System 

If the general reaction for complex formation in the tantalum fluoride 

system is written 

rH + qTa5 + pOH + j F = Hr Taq (OH) F (P2) 

then the concentration formation constant at 25°C may be written 

(Hr Taq (OH) F) 
(p3) Kjpqr = 

(Ht) r (Ta±S) (OH)P (F)J 

The total acid concentration in the system is given then by 

CH (Ht) + (HF) + (HF2) + r (11r Taq (OH') F) (p4) 

which from equation (p3) may be written 

CH (Ht) 4 (HF) + HF2) ± r (H-)r (Ta+S) (OH)P (F) Kjpqr (p5) 

Transposing the experimentally determined value of (H4) to the left side 

of the equation, dividing through by (W') and introducing the constants of the 

hydrofluoric acid, system for the temperature 25°C., 

HF=IP+F , Ka=F± =1.07x103 (p6) 
(HF) 

HF2- HF + F Ka2 = . 
(HF) (F) = fl$J2 o. 32 (p7) 
(HF2- ) Ka (HF2) 

equation (p5) becomes 
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CH - (Ht) (F) (F)2 r (H+)r-1 (Ta+S) (OHio (F Kjpqr 
(Ht) Ka KaKa2 

(p8) 

CH -(Ht) 
Inspection of equation (p8) shows that will be a function of (F) 

(Ht) 
only if r = O since then no weak acids of the tantalum fluoride complexes 

exist in appreciable concentration. This is not known beforehand, however, 

so the more important obseation is made that, even if r / o, 
CH - (H+) 

(H±) 

will be a function of (F) only at the limit as (Ta5) or CM > O. 

Limit CH - (Ht) (F) + (Fi2 (p9) 

CM > o 
(H±) Ka KaKa2 

CH - (Hi) 
as a function of (F) or A plot of experimental values of 

(Ht) 

log (F) at various parameters of CM would indicate the dependence of 

CH -() on CM. If no dependence exists, i.e., all the curves coincide 
(H+) 

then there are no weak tantalum fluorid.e acids. If the experimental points 

were found to give a resolvable curve at each CM then weak acids of the 

tantalum fluoride complexes must be assumed to exist in appreciable con- 

centration. It should, be noted that this argument breaks down when p = r, for 

then the tantalum fluoride complex would, in effect, have associated. with 

various amounts of the solvent water, and equilibrium measurements will 

not detect the presence of such complexes. More subtle "fingerprinting" is 

needed to study such species, and Sillen (77) has expressed the hope that 

Raman spectra may, some day, be increased, in intensity by a factor of 

io6 while maintaining resolution to allow such studies. 
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A plot was made of experimental values of CH - (Hl vs. log (F) 
(Ht) 

from seven runs in the series of potentiometric (H+) ion measurements using 

the quinhydrone-calomel cell. Six of these runs were at approximately con- 

stant values of CH near 0. 15 molar while the seventh was at CH = 0. 350 M. 

The total tantalum concentrations CM ranged. from 0. 50 to 3. 00 m Molar. 

Points were chosen at random from some of the runs so that the plot would 

not be too cluttered. The data are given in Table 5 and plotted in Figure 3. 

All of the points fell on a single curve within visual limits and it may be 

assumed. that weak tantalum fluoride acid.s were absent. Evid.ence of random 

scatter was not observed, which indicated that the potentiometric (Hl 

measurements were of greater reproducibility than could be deduced other- 

wise by graphical means. However, the graphical presentation appeared. 

convincing enough so that a least-square analysis of the curve appeared re- 

dundant and was not made. With the presence of weak acids other than HF 

and. HF2 assumed absent in the system, the total concentration of acid. 

hydrogen becomes from equation (p5) 

CH (H) + (HF) + (HF2) (piO) 

The Formation Function 

z in the Tantalum Fluoride System 

In a hydrofluoric acid. solution of tantalum, the (A) term of equation 

(14) must include all fluoride species not complexed. with tantalum, 

(A) = (F) + (HF) + 2 (HF2) (pli) 



TABLE 5. - CH -(H)/(H) as a function of log (F-) at various values of CM 

Run 51 CH O. 1547M Run 40 CH _ O. 1547M 
CM O. 50 mM CM 1. 00 mM 

CH _ (H) log (F) CH _ (Ht) log (F) 
(Ht) (H) 

0.1530 -3.786 0.1081 -3.938 
0.2058 -3.658 0.1634 -3.758 
0.2576 -3.560 0.2148 -3.639 
0.2985 -3.497 0.2660 -3.546 
0.3511 -3.426 0.3071 -3.484 
0.3976 -3.372 0.3595 -3.416 
0.4858 -3.286 0.4095 -3.363 
0.5376 -3.242 0.4566 -3.312 
0.5814 -3.208 0.5233 -3.254 
0.6256 -3.177 0.5936 -3.199 
0.7641 -3.090 0.6850 -3.137 
0.8580 -3.040 0.7835 -3.079 
0.9523 -2.994 0.8719 -3.033 
1.0417 -2.95 1.009 -2.969 
1.188 -2.899 1.177 -2.903 
1.307 -2.858 1.404 -2.828 
1.446 -2.814 1.653 -2.757 
1.615 -2.768 1.942 -2.688 
1.786 -2.724 2.209 -2.633 
1.989 -2.678 2.469 -2.585 
2.229 -2.629 2.750 -2.539 
2.785 -2.534 3.095 -2,488 
3.376 -2.452 3,357 -2.454 

Run 17 CH = 0. 1518M Run 27 CH = 0. 1512M 

CM =1.00mM CM= 1.00mM 
CH - (Ht) log (F) CH - (Ht) log (F) 

(Ht) (H) 
0. 0565 -4. 220 0. 0574 -4. 212 
0.1044 -3.952 0.1556 _3779 
0.1452 -3.909 
0.2027 -3.664 
0.2466 -3.580 
0.2972 -3.499 
0,3892 -3.382 
0.4883 -3.283 
0. 5797 -3.209 
0. 7183 -3.117 
0.8568 -3.040 
1.000 -2.974 
1.184 -2.901 

Run 31 CH = 0. 1512M 
+ C=1.00mM CH-(H) 

log_(F) 
0.1002 -3.970 
0.1492 -3.797 

-z' 

-z' 



TABLE 5. - Continued 

Run 46 

CH-(H 
(Ht) 

0.3 591 

0. 4146 

0. 4611 

0. 5149 

0. 5630 

0. 6186 

0. 6621 

0. 7127 

0. 7655 

0. 8111 

0. 9094 

1. 009 

1. 108 

1.250 

1.387 

1. 521 

1.708 

1.865 

2. 083 

2.331 

2.594 

2.879 

3.225 

3. 528 

3. 941 

CH = 0. 1547M 

CM= 2.00mM 
log (F-) 

-3.417 

-3,354 

-3.308 

-3.261 

-3. 221 

-3. 180 

-3. 152 

-3. 120 

-3. 089 

-3. 064 

-3. 014 

-2. 970 

-2. 930 

-2. 878 

-2. 831 

-2,792 

-2. 744 

-2. 705 

-2,658 

-2.6 10 

-2. 564 

-2. 520 

-2.472 

-2.434 

-2,387 

Run 50 

CH - (Ht) 

(Ht) 

0. 7174 

2, 009 

3. 515 

CH = 0.350M 
CM= 3.00mM 

log (F) 

-3, 117 

-2.6 74 

-2.434 
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Figure 3.-Tantalum fluoride system. CH-(H4) as a function of log(F) 



so that, in terms of the tantalum fluoride system, equation (i6) becomes 

i (Taq (oH) Fi) = CA - [(F-) + (HF) + 2 (HF2-) 
J 

(p12) 

In all of the potentiometric work reported in this thesis, tantalum metal was 

introduced to the system in the form of the stable stoichiometric salt K2TaF7. 

A discussion of this complex salt was given in the Introduction and analyses 

made to establish its stoichiometry are given in this section under experi- 

mental procedure. The total analytical concentration of fluoride ion CA may 

thus be given as the sum of the fluoride introduced with the tantalum and that 

added as hydrofluoric acid, (HF)a 

CA = (HF)a + 7 x CM (p13) 

Introducing equations (p12) and (p13) into equation (17) gives 

Z = (HF)a + 7 x CM -[F- + (HF) + 2(HF2] (p14) 
CM 

which, of course, may be equated to equation (i8) or equation (i14) when p and 

q of equation (p12) have th.e values O and 1, respectively. 

Equations for the Calculation of (F) 

Equation (pl4) would give the average ligand number Z if the potentlo- 

metric H+ ion measurements were interpreted in terms of the sum of the con- 

centrations of the free fluoride species as shown. There are several ways of 

doing this, some exact and some of varying degree of approximation. Two 

exact methods will be discussed, first followed by the derivation of two approxi- 

mation methods used. in these studies. 
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Exact Calculations of (F). - Equation (p9) may be used directly to 

CH - (Hi) 
calculate (F) at any CM when Ka and Ka2 are known since was 

(H) 
found independent of CM. At the low fluoride ion concentration ranges which 

were to be measured in these studies, however, the solution to the quadratic 

of equation (p9) involved the differences of such similar quantities that the 

calculated fluoride ion concentration was good only to one or, at most, two 

figures. 

Another fluoride ion calculation involving no assumptions is based on 

equation (pii) and the hydrofluoric acid constants of equations (p6) and (p7). 

Substituting the expression for (HF2) from equation (p7), equation (pii) may 

be written 

(Ht) (F)2 
(HF) = (A) -(F) - 2 (pi5) 

KaKa2 

Putting this expression for (HF) into equation (p6) and rearranging gives 

2 (H) (F)2 +1 (H) 
J 

(F) - (A) = O (pi6) 
KaKa2 

I. 
Ka 

which may be solved for (F) from (H) ion measurements provided an express- 

ion for (A) were known. The quantity (A), the total fluoride uncomplexed by 

tantalum may be calculated, from equations (i7) and (pi3) to be 

(A) = (HF)a + (7 _ Z) CM (pi7) 

It is seen that the quantity sought, Z, is buried under the square root sign in 

the quadratic solution for the fluoride ion concentration. The only practical 

way to solve for Z by substituting such an expression into equation (pi4) would 

be laborious iteration processes. 
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Approximate Calculation of (F-). - An approximate equation finally 

chosen for the calculation of the (F) term in equation (p14) was derived from 

equation (pe), (p7), (pii), (p17) and the approximation 

CH - (H1* = (HF) (p18) 

in the same manner as shown for equation (x12) of the Appendix. The result 

is 

(HF)a + (7 - Z) CM (p19) (F) = _____________________________ 
(H+) 2 

+ 1 + 
Ka Ka2 

Again it is seen that the expression for (Fi contains Z, but now Z is not in- 

cluded with other terms as the square root. 

An Approximation to Z 

From equation (p10), the approximation was made that 

[CH - (H1** = (HF) + 2(HF2) (p20) 

The expression for (F) from equation (p19) and. the expression for (HF) + 

2(HF21 from equation (p20) when substituted into the term (A) of equation 

(p14) gave an approximate relation between Z and. the various experimental 

quantities, 

- I (HF)a + (7 - Z) CM 
[CH (P21) (HF)a + 7 CM (H) 

[CH _ 
(H* 

L Ka Ka2 
Z= 

CM 

Equation (p21) when solved for Z gave the equation for the calculation of 

qualitative values of Z 



f((H±) 2 
+ i + [CH - (11*) ((HF)a + 7 CM - [CH (Hr)} _{(HF)a + 7 CM] 

Ka Ka2 

Z "f- V 
(p22) 

CM f (Ht) 
+ + CH - (11+)] j - CM 

Ka Ka2 L 

It should be noted that the two assumptions made in the calculation of equation (p22) both tend to increase the 

value of Z above the true va]ue. Thus the CH - (H+)* terms of equations (p21) and (p22) experimentally are 

too large by one (HF2) term as seen from a comparison of equations (piO) and (p18). The CH - 

term of equations (p21) and (p22), however, is too small, experimentally, by one (HF2) term as may be seen 

on inspection of equations (p10) and (p20). It is seen in equation (p21) that CH (H+)* in the denominator of 

the (F) term of (A) tend.s to make the (A) term too small, and., since the (A) term is a negative quantity, the 

effect is that Z becomes too large. The CH (H+)** term in equation (p21) increases Z by analogous reasoning. 

As the total HF concentration increases, (HF2) and Z increase, and. CH - (H+)* would be too large, 

experimentally, by an increasing amount, thus having a greater effect on Z at high Z values than at low Z 

values. However, inspection of equation (p19) shows that --- [CH -(H* is actually a correction term 
Ka2 

in the calculation of (F) which is small compared to i. 
Ka 



As the total HF concentration increases, increasing (HF2) and Z, 

+** equation (p20) shows that CH - (H ) would be too small, experimentally, by 

an increasing amount, thus having greater effect on Z also at high Z values. 

Both of the approximations, therefore, increase Z beyond its true value to a 

greater extent at high Z than at low Z values, but CH - (H+)** from the argu- 

ment of the preced.ing paragraph probably influences Z to a greater extent than 

CH -(HY. Equation (p22) was used in qualitative studies of the tantalum 

fluorid.e system such as comparisons of the formation function curves to de- 

duce the conditions under which polynuclear and hydrolytic species form and 

at what concentration limits of CH and CM one may expect only simple mono- 

nuclear species. These data are given in Tables 6, 7, 8, 9, 10, 11, 12, 13, 

14, 15, 16 and. 17, and the formation function curves are plotted in Figures 4 

and 5. 

Interpretation of the Formation Function Curves 

Hydrolytic Species. - Figure 4 gives a family of formation curves at 

constant CM = 1. 00 m Molar and varying values of CH. A definite dependence 

of the formation function upon CH and thus (OH) was indicated below CH 

values of about 0. 15 molar. At total acid concentrations above 0. 15 molar 

the formation curves appeared to coincide in a random fashion indicating no 

dependence upon (OH) and thus p in equation (18) had the value zero and no 

hydrolytic species were present. At CH = 15 molar the situation was 

borderline. The formation curves derived from some runs coincided with the 

curves at higher acidity and from some runs they fell in the region where 



TABLE 6. - Determination of Z as a function of log (F-L 

Run 35 CH=O. 07559 M Cj= 1. 00 mM 
Initial cell volume 20 ml: 0. 07559 M HC1O4, 0. 9214 M NaC1O4 

Titrant: 0. 07559 M HF, 0. 997 M NaC1O4, 0. 001 M K2TaF7 
Add 0. 00784 g. K2TaF7 after 1. 00 ml. titrant 

0. 34757 = 0. 40940-0. 05912 log 1 + Ed corr. 
0. 07559 

Titrant (HF)a E cell Ed2 Edgorr Log i (H+) 
ml. M y. mv. mv. (H+) M Z Log (F-) 
O O 0.34757 5.11 4.47 
1 0. 003600 0. 34568 5. 06 4. 42 1. 15257 0. 070378 5. 309 -4. 101 
2 0.006872 0.34434 5.03 4.39 1.17473 0.066876 
3 0. 009860 0. 34310 5. 00 4. 36 1. 19520 0. 063796 4. 868 -3. 703 
4 0. 012598 0. 34196 4. 97 4. 33 1. 21397 0. 061099 
5 0. 015118 0. 34088 4. 94 4. 30 1. 23173 0. 058651 4. 871 -3. 511 
6 0.017444 0.33995 4.92 4.28 1.24712 0.056609 
7 0. 019597 0. 33887 4. 89 4. 25 1. 26488 0. 054339 4. 929 -3. 380 
8 0. 021597 0. 33794 4. 87 4. 23 1. 28028 0. 052466 
9 0. 023459 0. 33692 4. 84 4. 20 1. 29702 0. 050464 4. 802 -3. 274 

10. 5 0. 026023 0. 33566 4. 81 4. 17 1. 31783 0. 048102 
12 0. 028346 0. 33442 4. 78 4. 14 1. 33829 0. 045888 4. 954 -3. 162 
14 0.031125 0.33292 4.74 4.10 1.36299 0. 043350 
17 0. 034731 0. 33078 4. 69 4. 05 1. 39834 0. 039963 5. 156 -3. 023 
20 0. 037795 0. 32884 4. 64 4. 00 1. 43031 0. 037128 5. 232 -2. 959 
25 0. 041994 0. 32593 4. 57 3. 93 1. 47835 0. 033239 5. 291 -2. 870 
32 0. 046517 0. 32262 4. 48 3. 84 1. 53281 0. 029321 5. 577 -2. 777 
40 0. 050393 0. 31941 4. 40 3. 76 1. 58576 0. 025957 5. 740 -2. 694 
50 0. 053993 0. 31634 4. 32 3. 68 1. 63633 0. 023103 6. 112 -2. 622 
60 0. 056693 0. 31355 4. 18 3. 54 1. 68116 0. 020837 6. 177 -2. 559 
75 0. 059673 0. 31046 4. 00 3. 36 1. 73038 0. 018605 6. 476 -2.493 



TABLE 7. - Deteriutnation of Z as a function of log (F-). 

Run39 CH=O.100M CM=1.00mM 
Initial cell volume 20 ml: O. 100 M HC1O4, O. 897 M NaC1O4 

Titrant: O. 07733 M HF, 0. 0227 M HC1O4, O. 9743 M NaC1O4, 0. 001 M 
K2TaF7 Add 0. 00784 g. K2TaF7 after 2. 00 ml. titrant 

0. 35620 = 0. 40940 - 0. 05912 log (1/0. 100) + Edcorr 

Titrant (HF) E cell Ed2 Edcorr Log i (H) 
ml. M y. mv. mv. (H) M Z Log (F-) 

O 0.35620 5.32 5.92 
2 0,007030 0.35398 5.27 5.87 1.03681 0.091895 5.831 -4.126 
3 0.010087 0.35295 5.24 5.84 1.05362 0.088386 5.333 -3.852 
4 0.012888 0.35218 5.22 5.82 1.06631 0.085837 5.549 -3.754 
5 0.015466 0.35136 5.20 5.80 1.07984 0.083209 5.459 -3.667 
6 0.017845 0.35065 5.18 5.78 1.09151 0.081004 5.598 -3.601 
7 0.020049 0.34986 5.16 5.76 1.10453 0.078610 5.368 -3.537 
8 0.022094 0.34926 5.15 5.75 1.11451 0.076823 5.595 -3.492 
9 0.023999 0.34861 5.13 5.73 1.12517 0.074963 5.605 -3.448 

10.5 0.026622 0.34764 5.11 5.71 1.14124 0.072239 5.451 -3.387 
12 0.028999 0.34702 5.09 5.69 1.15139 0.070567 6.121 -3.351 
14 0.031842 0.34590 5.07 5.67 1.16999 0.067609 5.940 -3.292 
16 0.034369 0.34484 5.04 5.64 1.18742 0.064952 5.746 -3.240 
18 0.036630 0.34397 5.02 5.62 1.20179 0.062838 5.838 -3.200 
21 0.039608 0.34281 4.99 5.59 1.22091 0.060129 6.031 -3.151 
25 0.042961 0.34146 4.96 5.56 1.24323 0.057117 6.279 -3.098 



Table 7. - (continued) 

Titrant (HF) a E cell Ed2 Ed Log 1 
- (Ht) 

ml. M y. mv. 
corr 

mv. - (H) M Z Log (F-) 

30 0.046398 0.34003 4.92 5.52 1.26675 0.054107 6.603 -3.044 
36 0.049712 0.33852 4.87 5.47 1.29144 0.051117 6.812 -2.993 
43 0.052781 0.33677 4.83 5.43 1.32037 0.047822 6.444 -2.936 
50 0.055236 0.33559 4.81 5.41 1.33999 0.045710 6.685 -2.899 
57 0.057244 0.33442 4.78 5.38 1.35927 0.043725 6.603 -2.865 
65 0.059135 0.33343 4.75 5.35 1.37551 0.042119 6.797 -2.837 
75 0.061050 0.33245 4.73 5.33 1.39175 0.040575 7.073 -2.809 



TABLE 8. - Determination of Z as a function of log (F-) 

Run 40 CH = 0.1547 M CM = 1.00 mM Initial cell volume 20 ml.: 0.1547 M HC1O4, 0.842 M NaC1O4 
Titrant: 0.1547 M HF, 0.997 MNaC1O4, 0.001 M K2TaF7 Add 0.00784 g. K2TaF7 after 2.00 ml. titrant 

0.40055 = 0.45440 - 0.05912 log (1/0.1547) + Edorr. 
n, ci Irr -n - h r, _1 r il i IrrL iitran r)a ceii. rao '°corr. () 

fl) 

ml. M y. mv. mv. M Z Log (F-) 
O O 0.40055 -5.01 -5.93 
2 0.014060 0.39779 -5.13 -6.05 0.85521 0.13957 5.854 -3.938 
3 0.020173 0.39648 -5.19 -6.11 0.87635 0.13294 5.278 -3.758 
4 0.025777 0.39533 -5.23 -6.15 0.89513 0.12731 5.197 -3.639 
5 0.030932 0.39422 -5.28 -6.20 0.91306 0.12216 5.148 -3.546 
6 0.035691 0.39337 -5.31 -6.23 0.92693 0.11832 6.023 -3.484 
7 0.040097 0.39233 -5.34 -6.26 0.94401 0.113760 5.813 -3.416 
8 0.044189 0.39142 -5.37 -6.29 0.95890 0.10993 6.025 -3.363 
9 0.047998 0.39059 -5.40 -6.32 0.97395 0.10618 6.031 -3.312 

10.5 0.053243 0.38931 -5.44 -6.36 0.99340 0.10153 6.555 -3.254 
12 0.057998 0.38812 -5.47 -6.39 1.101302 0.09705 6.755 -3.199 
14 0.063684 0.38664 -5.52 -6.44 1.03721 0.091785 7.084 -3.137 
16 0.068738 0.38514 -5.56 -6.48 1.06191 0.086715 6.964 -3.079 
18 0.073260 0.38387 -5.59 -6.51 1.08288 0.082624 7.292 -3.033 
21 0.079216 0.38200 -5.64 -6.56 1.11367 0.076970 7.453 -2.969 
25 0.085922 0.37989 -5.69 -6.61 1.14851 0.071038 8.052 -2.903 
30 0.092796 0.37731 -5.73 -6.65 1.19147 0.064346 7.998 -2.828 
36 0.099424 0.37472 -5.78 -6.70 1.23444 0.058285 8.304 -2.757 
43 0.105562 0.37202 -5.83 -6.75 1.27926 0.052571 8.421 -2.688 
50 0.110471 0.36976 -5.86 -6.78 1.31698 0.048197 8.682 -2.633 
57 0.114489 0.36773 -5.89 -6.81 1.35081 0.044585 8.820 -2.585 
65 0.118270 0.36570 -5.92 -6.84 1.38464 0.041244 8.961 -2.539 
75 0.122101 0.36341 -5.95 -6.87 1.42287 0.037768 8.967 -2.488 
85 0.125201 0.36181 -5.96 -6.88 1.44976 0.035501 9.528 -2.454 



TABLE 9. - Determination of Z as a function of log (F) 

Run 41 CH = 0.1547 M CM 1.00 mM 
Initial cell volume 20 ml.: 0.1547 M HCIO4, 0.842 M NaClO4 

Titrant: 0.1547 M HF, 0.997 M NaC1O4, 0.001 MK2TaF7 
Add 0.00784 g. K2TaF7 after 3. 00 ml. titrant 

0.40104 = 0.45440 - 0.05912 log 1 + Edcorr 
0. 1547 

Titrant (IIF)a E cell Ed Edi Log 1 (Ht) 

ml, M y. mv. mv. (Ht) M Z Log (F-) 
O O 0.40104 -4.98 -5.44 
3 0.020173 0.39713 -5.16 -5.62 0.87365 0.13377 6.116 -3.778 
4 0.025777 0.39592 -5.21 -5.67 0.89327 0.12786 5.753 -3.649 
5 0.030932 0.39483 -5.25 -5.71 0.91103 0.12274 5.734 -3.557 
6 0.035691 0.39372 -5.30 -5.76 0.92896 0.11777 5.468 -3.475 
7 0.040097 0.39280 -5.33 -5.79 0.94401 0.11376 5.813 
8 0.044189 0.39184 -5.36 -5.82 0.95974 0.10971 5.802 -3.359 
9 0.047998 0.39094 -5.38 5.84 0.97463 0.10602 5.869 -3.311 

10 0.051553 0.39007 -5.41 -5.87 0.98884 0.10260 5.952 -3.267 
11 0.054879 0.38924 -5.44 -5.90 1.00237 0.09945 6.077 -3.228 
12 0.057998 0,38840 -5.47 -5.93 1.01607 0.09637 6.063 -3.190 
13 0.060927 0.38768 -5.49 -5.95 1.02791 0.09377 6.345 -3.160 
14 0.063684 0.38686 -5.51 -5.97 1.04144 0.09090 6.177 -3.127 
15 0.066283 0.38611 -5.53 -5.99 1.05379 0.08835 6.174 -3.098 
16 0.068738 0.38541 -5.55 -6.01 1.06529 0.08604 6.269 -3.072 
17 0.071060 0.38474 -5.57 -6.03 1.07629 0.08389 6.392 -3.047 
19 0.075347 0.38344 -5,60 6.06 1,09777 0.07985 6.541 -3.002 



TABLE 9. - Continued 

Titrant (HF)a E cell Ed' Edorr Logi (Ht) 
ml. M y. mv. mv. (IP) M Z Log(F) 

21 0.079216 0.38220 -5.64 -6.10 1.11806 0.07620 6.652 -2.961 
23 0.082725 0.38105 -5.66 -6.12 1.13718 0.07291 6.784 -2.924 
25 0.085922 0.38005 -5.68 -6.14 1.15376 0.07019 7.175 -2.894 
28 0.090218 0.37848 -5.71 -6.17 1.17980 0.06610 7.237 -2.847 
31 0.094009 0.37699 -5,74 -6.20 1.20450 0.06245 7.234 -2.806 
34 0.097379 0.37565 -5.77 -6.23 1.22666 0.05934 7.353 -2.769 
39 0.102233 0.37362 -5.80 -6.26 1.26049 0.05489 7.542 -2.716 
44 0.106329 0.37175 -5,84 -6.30 1.29144 0.05112 7.651 -2.670 
50 0.110471 0.36986 -5,86 -.6.32 1.32307 0.04753 7.965 -2.624 
57 0.114489 0.36771 -5.89 -6.35 1.35893 0.04376 7.922 -2.574 
65 0.118270 0,36585 -5,91 -6.37 1.39005 0.04073 8.402 -2.532 
75 0.122101 0.36380 -5.94 6.40 1.42422 0.03765 8.833 -2.487 
85 0.125201 0.36190 -5.96 -6.42 1,45602 0.03499 8.854 -2.447 

100 0.128883 0.35972 -5.98 -6.44 1.49256 0.03217 9.420 -2.401 



TABLE 1O.- Determination of Z as a function of log (F-). 

Run 42 CH = 0. 200 M CM 1. 00 m M 
Initial cell volume 20 ml: 0. 200 M HC1O4, 0. 797 M NaC1O4 

Titrant: 0. 1547 M HF, 0. 04534 M HC1O4, 0. 9517 M NaC1O4, 0. 001 M 
K2TaF7. Add 0. 00784 g. K2TaF7 after 3. 00 ml. titrant 

0. 40787 = 0. 45440 - . 05912 log i + Edcorr 
0. 200 

Titrant (HF)a E cell Edt' Ed 'corr. Log i (Ht) Log 
ml. M y. mv. mv. (Ht) M Z (F) 
O 0. 40787 -4. 67 -5. 21 
3 0. 020173 0. 40482 -4. 82 -5. 36 0. 74797 0. 17866 5. 705 -3. 894 
4 0. 025777 0. 40393 -4. 86 -5. 40 0. 76235 0. 17284 5. 449 -3. 775 
5 0. 030932 0. 40310 -4. 89 -5. 43 0. 77588 0. 16754 5. 265 -3. 684 
6 0. 035691 0. 40238 -4. 93 -5. 47 0. 78738 0. 16316 5. 610 -3. 618 
7 0. 040097 0. 40154 -4. 96 -5. 50 0. 80108 0. 15810 4. 904 -3. 548 
8 0. 044189 0. 40093 -4. 99 -5. 53 0. 81089 0. 15456 5. 435 -3. 503 
9 0. 047998 0. 40031 -5. 02 -5. 56 0. 82087 0. 15105 5. 702 -3. 461 
io o. 051553 0. 39957 -5. 05 -5. 59 0. 83288 0. 14693 5. 097 -3. 414 
ii 0. 054879 0. 39905 -5. 08 -5. 62 0. 84117 0. 14416 5. 626 -3. 384 
12 0. 057998 0. 39846 -5. 10 -5. 64 0. 85081 0. 14099 5. 541 -3. 350 
13 0. 060927 0. 39810 -5. 12 -5. 66 0. 85656 0. 13914 6. 600 -3. 330 
14 0. 063684 0. 39751 -5. 15 -5. 69 0. 86604 0. 13613 6. 314 -3. 301 
15 0. 066283 0. 39697 -5. 17 -5. 71 0. 87483 0. 13340 6. 151 -3. 274 
16 0. 068738 0. 39648 -5. 19 -5. 73 0. 88278 0. 13098 6. 156 -3. 250 
17 0. 071060 0. 39608 -5. 21 -5. 75 0. 88921 0. 12906 6. 534 -3. 232 
19 0. 075347 0. 39520 -5. 23 -5. 77 0. 90376 0. 12481 6. 515 -3. 192 
21 0. 079216 0. 39445 -5. 27 -5. 81 0. 91576 0. 12141 6. 936 -3. 161 
23 0. 082825 0. 39360 -5. 30 -5. 84 0. 92963 0. 11759 6. 569 -3. 127 



TABLE 10. - (continued) 

Titrant (HF)a E cell Ed Edorr Logi (Ht) 
ml. M y. mv. mv. (Ht) M Z Log (F-) 

25 0. 085922 0. 39299 -5. 32 -5. 86 0. 93961 0. 11492 7. 054 -3. 103 
28 0. 090218 0. 39195 -5. 35 -5. 89 0 95670 0. 11049 6. 846 -3. 064 
31 0. 094009 0. 39108 -5. 38 -5. 92 0. 97091 0 10693 7. 013 -3. 033 
34 0.097379 0.39020 -5.41 -5.95 0.9852e 010345 6.836 -3.004 
38 0. 101329 0. 38924 -5. 44 -5. 98 1. 00101 0. 09977 7. 031 -2. 972 
.44 0. 106329 0. 38803 -5. 48 -6. 02 1. 02081 0. 09532 7. 482 -2. 934 
50 0. 110471 0. 38685 -5. 51 -6. 05 1. 04026 0. 09115 7. 353 -2. 897 
57 0. 114489 0. 38578 -5. 54 -6. 08 1. 05785 0. 08753 7. 656 -2, 865 
65 0. 118270 0. 38465 -5. 57 -6. 11 1. 07645 0. 08386 7. 662 -2. 834 
75 0. 122101 0. 38351 -5. 60 -6. 14 1. 09523 0. 08031 7. 832 -2. 802 
85 0. 125201 0. 38252 -5. 63 -6. 17 1. 11147 0. 07736 7. 883 -2. 775 

100 0. 128883 0. 38137 -5. 65 -6. 19 1. 13058 0. 07403 8. 113 -2. 744 
125 0. 13332.8 0. 37987 -5. 69 -6. 23 1. 15528 0. 06994 8. 303 -2. 706 



TABLE 11. - Determination of Z as a function of log (F-) 
Run 43 CH = 0.200 M CM = 1.00mM Initial cell volume 20ml.: 0.200 M HC1O4, 0.797 MNaC1O4 

Titrant: 0.1547, 0.0453 M HC1O4, 0.952 M NaC1O4 0.001 MK2TaF7 
Add 0. 00784 g. K2TaF7 after 7.00 ml. titrant 0.40775 = 0.45440 - 0.5912 log (1/0.200) + Ed'corr. 
Titrant (HF)a E cell Ed Edcorr (H Log -i--- ml. M V. mv. mv. (Ht) M Z Log (F-) 

O 0.40775 -4.67 -5.33 
7 0.040097 0.40174 -4.95 -5.61 0.79584 0.16002 6.850 -3.574 
8 0.044189 0.40102 -4.99 -5.65 0.80834 0.15583 6.716 -3.519 
9 0.047998 0.40035 -5.02 5.68 0.81817 0.15199 0.661 -3.472 

11 0.054879 0.39913 -5.08 -5.74 0.83779 0.14528 6.757 -3.396 
12 0.057998 0.39857 -5.10 -5.76 0.84692 0.14226 6.825 -3.364 
13 0.060927 0.39804 -5.12 -5.78 0.85555 0.13946 6.924 -3.334 
14 0.063684 0.39752 -5.15 -5.81 0.86384 0.13682 7.011 -3.307 
15 0.066283 0.39705 -5.17 -5.83 0.87145 0.13445 7.213 -3.284 
16 0.068738 0.39660 -5.18 -5.84 0.87889 0.13216 7.351 -3.262 
17 0.071060 0.39616 -5.20 -5.86 0.88599 0.13002 7.506 -3.241 
19 0.075347 0.39528 -5,23 -5.89 0.90037 0.12579 7.508 -3.202 
21 0.079216 0.39446 -5.27 -5,93 0.91357 0.12202 7.555 -3.167 
23 0.082725 0.39372 -5.29 -5,95 0.92574 0.11865 7.645 -3.137 
25 0.085922 0.39306 -5.32 -5.98 0.93640 0.11577 7.917 -3.111 
28 0,090218 0.39206 -5.35 -6,01 0.95281 0.11148 7.853 -3.073 
44 0.10633 0,38801 -5.48 -6.14 1.01911 0.09569 7.861 -2.937 
50 0.11047 0.38687 -5.51 -6.17 1.03789 0.09164 7.856 -2.902 
57 0.11449 0.38576 -5.54 -6.20 1.05616 0.08787 8.005 -2.868 
65 0.11827 038473 -5.57 -6.23 1.07307 0.08452 8.341 -2.840 
75 0.12210 0.38365 -5,60 -6.26 1.09083 0.08113 8.678 -2.808 
85 0.12520 0,38266 -5.62 -6,28 1.10724 0.07812 8.669 -2.782 

100 0.12888 0.38163 -5,65 -6,31 1.12415 0.07514 9.264 -2.755 
125 0.13273 0,38013 -5.68 -6.34 1.14902 0.07095 8.758 -2.716 
147 0.13516 0,37925 -5.70 -6.36 1.16357 0.06852 8.753 -2.694 



TABLE 12. - Determination of Z as a function of log (F-). 

Run 44 CH=O. 250 M CM=l. 00 mM 
Initial cell volume 25 ml: 0. 250 M HC1O4, 0. 747 M NaC 104 

Titrant: 0. 250 M HF, O. 997 M NaClO4, 0. 001 M K2TaF7 
Add 0. 00980 g. K2TaF7 after 10. 00 ml. titrant 

O. 41406 = 0. 45440 - 0. 05912 log 1 + Ed'corr 
0. 250 

Titrant (HF)a E cell Ed( Edcorr LQJ (H+) 
ml. M y. mv. mv. (11+) M Z Log (F-) 

O O 0. 41406 -4. 33 -4. 75 
10 0. 071428 0. 40497 -4. 81 -5. 23 0. 74763 0. 17880 6. 803 -3. 371 
11 0. 076389 0. 40420 -4. 84 -5. 26 0. 76015 0. 17372 6. 641 -3. 330 
12 0.081081 0.40352 -4.87 -5.29 0.77114 0.16938 6.953 -3.294 
14 0. 089744 0. 40211 -4. 94 -5. 36 0. 79381 0. 16076 6. 912 -3. 228 
16 0. 097561 0. 40079 -5. 00 -5. 42 0. 81512 0. 15307 6. 956 -3. 171 
18 0.104651 0.39945 -5.06 -5.48 0.83677 0.14562 6.508 -3.118 
20 0. 111111 0. 39831 -5. 11 -5. 53 0. 85521 0. 13957 6. 839 -3. 075 
22 0. 117021 0. 39729 -5. 16 -5. 58 0. 87162 0. 13439 7. 496 -3. 038 
25 0. 125000 0. 39567 -5. 22 -5. 64 0. 89800 O. 12647 7. 436 -2. 984 
28 0. 132075 0. 39424 -5. 28 -5. 70 0. 92118 0. 11990 7. 822 -2. 938 
31 0. 138393 0. 39289 -5. 33 -5. 75 0. 94317 0. 11398 8. 106 -2. 898 
34 0.144068 0.39159 -5.37 -5.79 0.96448 0.10852 8.205 -2.859 
38 0.150794 0.38997 -5.42 -5.84 0.99104 0.10209 8.349 -2.814 
44 0. 159420 0. 38770 -5.48 -5. 90 1. 02842 0. 09367 8. 324 -2. 753 
50 0. 166667 0. 38583 -5. 54 -5. 96 1. 05903 0. 08729 8. 987 -2. 706 
57 0. 173780 0. 38375 -5. 60 -6. 02 1. 09320 0. 08068 9. 246 -2. 655 



TABLE 13. - Determination of Z as a function of 10 (F- 

Run 46 CH = 0. 1547 M CM = 2. 00 m M 
Initial cell volume 20 ml: 0. 1547 M HC1O4, 0. 842 M NaC1O4 

Titrant: 0. 1547 M HF, 0. 997 M NaC1O4, 0. 002 M K2TaF7 
Add 0. 01569 g. K2TaF7 after 7. 00 ml. titrant 

0.40138 = 0.45440 - 0. 05912 log 1 + Edcorr 
0. 1547 

Titrant (HF)a E cell Ed5 Ed(corr Logi (Ht) 

ml. M y. mv. mv. (H+) M Z Log (F-) 
O 0. 40138 -4. 97 -5. 10 
7 0. 040097 0. 39315 -5. 32 -5. 45 0. 94384 0. 11380 6. 427 -3. 417 
8 0.044189 0.39209 -5.35 -5.48 0.96127 0.10933 6.208 -3.354 
9 0. 047998 0. 39123 -5. 38 -5. 51 0. 97530 0. 10585 6. 348 -3. 308 

10 0. 051553 0. 39027 -5. 41 -5. 54 0. 99104 0. 10209 6. 217 -3. 261 
11 0.054879 0.38944 -5.44 -5.57 1.00457 0.09895 6.284 -3.221 
12 0. 057998 0. 38852 -5. 46 -5. 59 1. 01979 0. 09555 6. 114 -3. 180 
13 0. 060927 0. 38782 -5. 48 -5. 61 1. 03129 0. 09305 6. 306 -3. 152 
14 0.063684 0.38702 -5.51 -5.64 1.04432 0.09030 6.283 -3.120 
15 0. 066283 0. 38622 -5. 53 -5. 66 1. 05751 0. 08760 6. 204 -3. 089 
16 0. 068738 0. 38555 -5. 55 -5. 68 1. 06850 0. 08540 6. 307 -3. 064 
18 0. 073260 0. 38416 -5. 58 -5. 71 1. 09151 0. 08101 6. 316 -3. 014 
20 0. 077330 0. 38281 -5. 62 -5. 75 1. 11367 0. 07697 6. 284 -2. 970 
22 0. 081012 0. 38155 -5. 65 -5. 78 1, 13447 0. 07337 6, 273 -2. 930 
25 0. 085922 0. 37984 -5. 69 -5. 82 1. 16272 0. 06875 6. 343 -2. 878 
28 0. 090218 0. 37828 -5. 72 -5. 85 1, 18860 0. 06478 6.433 -2. 831 
31 0. 094009 0. 37686 -5. 75 -5. 88 1, 21211 0, 06136 6. 549 -2. 792 
35 0. 098420 0. 37499 -5. 78 -5. 91 1. 24323 0. 05712 6. 537 -2. 744 
39 0. 102233 0. 37352 -5. 80 -5. 93 1. 26776 0. 05398 6. 791 -2. 705 



TABLE 13. - (continued) 

Titrant (HF)a E cell Ed' Edorr Logi (H+) 
ml. M y. mv. mv. (Hf) M 

44 0. 106329 0. 37160 -5. 84 -5. 97 1. 29956 0. 05017 
50 0.110471 0.36959 -5.86 -5.99 1.33322 0.04643 
57 0. 114489 0. 36761 -5. 89 -6. 02 1. 36620 0. 04304 
65 0. 118270 0. 36562 -5. 92 -6. 05 1. 39936 0. 03987 
75 0.122101 0.36340 -5.95 -6.08 1.43640 0.03661 
85 0. 125201 0. 36161 -5. 96 -6. 09 1.46651 0. 03416 

100 0. 128883 0. 35935 -5. 98 -6. 11 1. 50440 0. 03130 
125 0. 133328 0. 35650 -6. 00 -6. 13 1. 55227 0. 02804 
150 0. 136465 0. 35475 -6. 00 -6. 13 1. 58187 0. 02619 
175 0. 138797 0. 35324 -6. 00 -6. 13 1. 60741 0. 02469 

Log(F1 

6.821 -2.658 
6.892 -2.610 
7.065 -2.564 
7.229 -2.520 
7.337 -2.472 
7.507 -2.434 
7.707 -2.387 
8.009 -2.330 
8.456 -2.295 
8.693 -2.265 



TABLE 14. - Determination of Z as a function of log (F-) 
Run 47 CH 0.250 M CM 2.00 mM Initial cell volume 20 ml. : 0.250 M HCIO4, 0.747 M NaCIO4 
Titrant: 0.250 M HF, 0.997 MNaCIO4, 0.002 M K2TaF7 Add 0.01569 g. K2TaF7 after 7.00 ml. titrant 

0.41405 = 0.45440 - 0.05912 log (1/0.250) + Edcorr. 
Titrant (HF)a E cell Ed Ed'corr (Ht) Log_!_ 

ml. M y. mv. mv. (H+) M Z Log(F) 
o o 0.41405 -4.34 -4.76 
7 0.064815 0.40612 -4.75 -5.17 0.72919 0.18656 
8 0.071429 0.40498 -4.82 -5.24 0.74729 0.17894 6.973 -3.373 
9 0.077586 0.40407 -4.85 -5.27 0.76218 0.17291 7.012 -3.322 

10 0.083333 0.40311 -4.89 -5.31 0.77774 0.16683 6.814 -3.274 
11 0.088710 0.40231 -4.93 -5.35 0.79060 0.16196 7.045 -3.237 
12 0.093750 0.40147 -4.97 -5.39 0.80413 0.15699 7.054 -3.199 
13 0.098485 0.40062 -5.01 -5.43 0.81783 0.15211 6.957 -3.164 
14 0.102941 0.39992 -5.04 -5.46 0.82916 0.14820 7.204 -3.136 
16 0.111111 0.39851 -5.10 -5.52 0.85200 0.14060 7.441 -3.082 
18 0.118421 0.39698 -5.17 -5.59 0.87669 0.13283 7.156 -3.028 
20 0.125000 0.39579 -5.22 -5.64 0.89597 0.12707 7.521 -2.988 
22 0.130952 0.39459 -5.26 -5.68 0.91560 0.12145 7.638 -2.949 
25 0.138889 0.39292 -5.32 -5.74 0.94283 0.11407 7.847 -2.898 
28 0.145833 0.39117 -5.38 -5.80 0.97141 0.10681 7.609 -2.847 
31 0.151961 0.38973 -5.42 -5.84 0.99509 0.10114 7.770 -2.807 
35 0.159091 0.38795 -5.48. -5.90 1.02419 0.09458 7.965 -2.760 
39 0.165254 0.38639 -5.53 -5.95 1.04973 0.08918 8.262 -2.720 
44 0.171875 0.38437 -5.58 -6.00 1.08305 0.08260 8.170 -2.670 
50 0.178571 0.38230 -5.63 -6.05 1.11722 0.07635 8.261 -2.625 
57 0.185065 0.38010 -5.68 -6.10 1.15359 0.07021 8.293 -2.570 
65 0.191176 0.37806 -5.72 -6.14 1.18742 0.06495 8.569 -2.524 
75 0.197368 0.37559 -5.77 -6.19 1.22835 0.05911 8.549 -2.471 
85 0.202381 0.37354 -5.81 -6.23 1.26235 0.05466 8.653 -2.428 

100 0.208333 0.37113 -5.85 -6.27 1.30244 0.04984 8.993 -2.379 
125 0.215517 0.36798 -5.89 -6.31 1.35504 0.04415 9.416 -2.316 



TABLE 15. - Determination of Z as a function of log (F-) 

Run49 CH=O.350M CM=2.00mM 
Initial cell volume 20 ml.: 0.350 M HC1O4, 0.647 M NaCIO4 
Titrant: 0.350 M HF, 0.997 M NaC1O4, 0.002 M K2TaF7 

Add 0.01569 g. K2TaF7 after 9.00 ml. titrant 
0.42291 = 0.45440 - 0.05912 log i + Edorr 

Titrant (HF)a E cell Edn' Ed Logi (Ht) 
ml. M y. mv. mv. (H+) M Z Log (F-) 
O 0.42291 -4.54 -3.75 
9 0.10862 0.41299 -5.19 -4.40 0.61265 0.24398 8.069 -3.334 

10 0.11667 0.41205 -5.23 -4.44 0.62788 0.23557 7.859 -3.285 
li 012419 0.41118 -5.28 -4.49 0.64175 0.22817 7.897 -3.244 
12 0.13125 0.41045 -5.32 -4.53 0.65342 0.22212 8.378 -3.212 
13 0.13788 0.40960 -5.37 -4.58 0.66695 0.21530 8.256 -3.176 
14 0.14412 0.40882 -5.41 -4.62 0.67947 0.20919 8.295 -3.144 
16 0.15556 0,40714 -5.49 -4.70 0.70653 0.19655 7.637 -3.080 
18 0.16579 0.04059 -5.55 -4.76 0.72649 0.18772 8.295 -3.037 
20 0.17500 0.40466 -5.62 -4.83 0.74628 0.17936 8.674 -2.995 
22 0.18333 0.40341 -5.67 -4.88 0.76658 0.17117 8.696 -2.954 
25 0.19444 0.40169 -5.75 -4.96 0.79432 0.16058 8.886 -2.902 
28 0.20417 0,40006 -5.82 -5.03 0.82070 0.15111 8.940 -2.855 
31 0.21275 0.39850 -5.89 -5.10 0.84591 9.14259 8.897 -2,812 
35 0.22273 0.39643 -5.98 -5.19 0.87940 0.13201 8.495 -2.758 
39 0.23136 0.39495 -6.04 -5.25 0.90342 0.12491 9.180 -2.720 
44 0.24063 0.39294 -6.11 -5.32 0.93623 0.11582 9.155 -2.671 



TABLE 16. - Determination of Z as a function of loa (F- 

Run5O CHO.350M CM=3.00nIM 
Initial cell, volume 20 mL: 0.350 M HC1O4, 0.647 M NaC1O4 
Titrant: 0.350 M HF, 0.997 M NaC1O4, 0.003 M K2TaF7 

Add 0.02353 g. K2TaF7 after 15.00 ml. titrant 
0.42279 = 0.45440 - 0.05912 log i + 

0.350 

Titrant (HF) E cell Ed Ed 
, 

ml . 
a 

M y mv 
corr. 

mv. 
0' .42279 -.3.76 -4.66 

15 0.15000 .40800 -4.66 -5.56 
17 0.16081 .40652 -4.73 -5.63 
19 0.17051 .40516 -4.80 -5.70 
21 0.17927 .40394 -4.85 -5.75 
23 0.18721 .402R9 -4.91 -5.81 
25 0.19444 .40159 -4.96 -5.86 
28 O.204i7 .39984 -5.04 -5.94 
31 0.21275 3984i -5.11 -60i 
35 0.22273 .39662 -5.18 -6.08 
39 0.23136 .39486 .-5.25 -6.15 
44 0.24063 .39294 -5.32 -6.22 
50 0.25000 .39087 -5.39 -6.29 
57 0.25909 .38871 -5.46 -6.36 
65 0.26756 .38647 -5.53 -6.43 
75 0.27632 .38417 -5.59 -6.49 
85 0.28333 .38221 -5.63 -6.53 

100 0.29167 .37959 -5.69 -6.59 

Log i (Ht) 
(H+), M Z Log (F) 

0.69080 0.20380 8.012 -3.117 
0.71465 0.19291 7.951 -3.062 
0.73647 0.18346 8.003 -3.016 
0.75626 0.17529 8.166 -2.975 
0.77639 0.16734 8.130 -2.936 
0.79415 0.16064 8.278 -2.903 
0.82240 0.15052 8.094 -2.852 
0.84540 0.14276 8.322 -2.813 
0.87449 0.13351 8.507 -2.766 
0.90308 0.12500 8.484 -2.720 
0.93437 0.11631 8.605 -2.674 
0.96820 0.10760 8.742 -2.626 
1.00355 0.09919 8.873 -2.575 
1.04026 0.09115 8.938 -2.526 
1.07815 0.08353 9.168 -2.476 
1.11062 0.07751 9.389 -2.434 
1.15392 0.07017 9.557 -2.381 



TABLE 17. - Determination of Z as a function of log (F-). 

Run5l CH=O.1547M Cj=O.5OmM 
Initial cell volume 20 ml: 0. 1547 M HC1O4, 0. 842 M NaC1O4 
Titrant: 0. 1547 M HF, 0. 997 M NaC1O4, 0. 0005 M K2TaF7 

Add 0. 00392 g K2TaF7 after 2. 00 ml titrant 
0.40098 = 0.45440 - 0. 05912 log 1 + Ed'corr. 

0. 1547 

Titrant iE )a E cell Edn' Ed'corr LOgl ( H+ ) Log 
ml. M y. mv. mv. (H ) M Z (F-) 

O 0.40098 -4.98 -5.50 
3 0. 020173 0. 39714 -5. 16 -5. 68 0. 87246 0. 13414 5. 979 -3. 786 
4 0. 025777 0. 39594 -5. 21 -5. 73 0. 89191 0. 12826 5. 314 -3. 658 
6 0. 035691 0. 39396 -5. 29 -5. 81 0. 92405 0. 11911 6. 645 -3. 497 
7 0. 040097 0. 39291 -5. 32 -5. 84 0. 94131 0. 11447 6. 064 -3. 426 
8 0. 044189 0. 39201 -5. 35 -5. 87 0. 95602 0. 11066 6. 529 -3. 372 
9 0. 047998 0. 39113 -5. 38 -5. 90 0. 97040 0. 10705 6. 827 -3. 324 

10 0. 051553 0. 39039 -5. 40 -5. 92 0. 98258 0. 10409 7. 930 -3. 286 
11 0. 054879 0. 38948 -5. 43 -5. 95 0. 99746 0. 10059 7. 472 -3. 242 
12 0. 057998 0. 38873 -5. -46 -5. 98 1. 00964 0. 09780 8. 037 -3. 208 
13 0. 060927 0. 38800 -5. 48 -6. 00 1. 02165 0. 09514 8. 481 -3. 177 
14 0. 063684 0. 38720 -5. 50 -6. 02 1. 03484 0. 09229 8. 188 -3. 143 
16 0. 068738 0. 38584 -5. 54 -6. 06 1. 04717 0. 08767 8. 869 -3. 090 
18 0. 073260 0. 38447 -5. 58 -6. 10 1. 07967 0. 08324 8. 854 -3. 040 
20 0. 077330 0. 38317 -5. '31 -6. 13 1. 10115 0. 07922 8. 755 -2. 994 
22 0. 081012 0. 38199 -5. 64 -6. 16 1, 12060 0. 07575 8. 990 -2. 956 
25 0. 085922 0. 38017 -5. 68 -6. 20 1. 15071 0. 07068 8. 361 -2. 899 
28 0. 090219 0. 37878 -5. 71 -6. 23 1. 17371 0. 06703 9.403 -2. 858 
31 0. 094009 0. 37725 -5. 74 -6. 26 1. 19909 0. 06323 9. 093 -2. 814 
35 0. 098420 0. 37551 -5. 77 -6. 29 1. 22801 0. 05915 9. 402 -2. 768 

o 
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dependence upon (OH) definitely was indicated.. The rejection or acceptance 

of data to be used in quantitative calculation of the formation constants was 

made by this type of simple visual comparison of the formation curves. Many 

of the runs at CH = 0. 15 were rejected in this manner as were several runs 

at 0.200 molar CH. 

Polynuclear Species. - The question of presence of polynuclear 

tantalum fluoride species was answered in a simila.r manner. If one tantalum 

atom were present per complex ion, the value of q in equation (18) is one, the 

term (M) then cancels, and the formation function is independent of (M). The 

formation function then becomes the familiar of equation (114). Experimen- 

tally it was not feasible to hold. CH constant and vary CM alone to find the 

dependence of the formation function upon CM and thus (M). This was due to 

the relative insolubility of the K2TaF7 sait in solutions containing a small 

excess of hydrofluoric acid. It was more convenient to study the family of 

formation curves at various values of CH/CM, the ratio total acid concen- 

tration to total metal concentration. These data are shown in Figure 5. 

Since CM was held constant at 1. 00 m M in the runs plotted in Figure 

4, the value of CH/CM considered borderline for the presence of hydrolytic 

species was found to be about 150. The data of Figure 5 were interpreted in 

a similar manner so that the borderline ratio CH/CM was about 150 also for 

the presence of polynuclear species to be detected. Inspection of Figure 5 

shoWs that runs at CH/CM o 175 and larger gave rapidly rising Z values to a 
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maximum ligand number 9 while a run at CH/CM = 155 gave a sluggishly 

rising curve and the data were rejected for quantitative use. The maximum 

value of CM was 3. 00 m Molar in Run #50 where CH = 0. 350 molar, so that 

CH/CM = 117. Even at this relatively high acid concentration, the formation 

curve did not rise as rapidly as curves at higher values of CH/CM, so poly- 

nuclear species were indicated. In Run #51, however, where CH = 0. 1547 

molar but CM = 0. 50 m Molar so that CH/CM = 309, a rapid. rise of the for- 

mation curve to the maxinmn value 9 was obtained. The ratio CH/CM was the 

first criterion for acceptance of data for quantitative purposes. The quanti- 

tative treatment of the data is presented. in the following paragraphs. 

Calculation of i 

It was noted previously that the assumption made by the use of 

+** . - . 

CH _ (H ) in place of the terms (HF) + 2(HF2 ) according to equation (p20) 

had, a larger effect on the calculated Z function using equation (p22) th an did 

the use of CH (H+)* for the term (HF) according to equation (p18). For 

quantitative calculations of the formation function ii of the simple mononuclear 

series of complexes a corrected. equation was derived and. used instead. of 

equation (p22). 

Introducing 

CH _ (Ht) + (HF2) = (HF) + 2(HF2) 

and 

(p2 3) 



[CH - (H+)} 
* (F) [CH - (H1} 

* 
[(HF)a + 7 CM - CMI (p24) (HF2- = __________________ __________________________________ 

Ka2 Ka [UP) + 1 + 2 [CH (H+)]*] 
2LKa Ka2 

from equations (p7), (plO), (p18), and (p19) into equation (p14) in terms of ii gives the equation 

(HF)a + 7 CM -ii CM 
+ CH -(H) + CM = (HF)a + 7 CM 

-( _ 
(H) + i + 2 ICH -(H)1 

* 

Ka Ka2 . -i 

[c11 -(Hi] * 
[(HF)a + 7CM - ii CMI (p25) 

Ka2 I (H) + + 2 [C11 - (HI] 
[Ka Ka2 

which easily reduces to 

CM(HF)a+7CM íHFa+7 CM-ÜCM - xIl+ CH _(HIJ* 
]+CH_(Hi (p26) 

(Hi + 1 + 2 [CH 
* Ka 

\ Ka Ka2 
(Hi] L 

2 

This equation may be solved for in the same manner as equation (p22) to give the working equation 

for the calculation of n 

01 



((H) +1+ 2 [cH-(Ir)] ((HF)a + 7 CM -[CH - (11±)]) 
Ka Ka2 

{(HF)a + 7 CM] 
__________ 

Ka2 
n = 

(H) ±1 2 [CH - (H+)II 
* 

i Ka Ka2 _l CM 

I Ka2 

(p27) 

It should be noted that the term CH - (Hf) of equation (p23) Inyolves no assumption but is, in itself, 

exact. The assumption lies in the substitution of CH - (H+)* from equation (p18) for (HF) into the expres- 

slon for (HF2) in equation (p24). Thus the un-starred CH - (Ht) term Is exact and the CH - (H1* terms 

of equation (p27) are not exact. However, unlike the situation in equation (p22), there now is only one 

assumption made in the derivation of equation (p27) and close Inspection reveals that the C11 (H+)* terms 

tend to cancel and so reduce the magnitude of error involved by the use of the assumption. 

Fifteen formation curves which were thought to represent the simple mononuclear series of tantalum 

fluoride complexes were calculated. from poten.tlometric titration data b the use of equation (p27). The 

o 
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ratio CH/CM ranges from 151 to 309 in these runs and. the calculated. forma- 

tion function ii goes from about 5. 5 to a maximum of 9 in the fluoride concen- 

tration range from about 1 x 10 to 5 x iO3 molar. The data are given in 

Tables 1,8 to 30 and plotted in Figures 6, 7, 8, 9 and 10. 

The Final Formation Curves 

Wave-like Nature and Statistical Considerations. - Inspection of the 

curves reveal several interesting points. One is the apparent wave-like 

nature of the formation curves in most but not all of the runs, No correlation 

was found. between the value of CH/CRI for a particular run, and whether or 

not the formation curve was wave-like. True step formation of the tantalum 

fluorid.e complexes would indicate were 

sufficiently different in magnitude so that the species corresponding t'o a 

particular integral value of the average ligand number would be the predomi- 

nant species along the plateau at that ligand number. This may be stated in 

terms of the statistical effect governing the formation and dissociation of 

complex ions. The statement is that if the formation and. dissociation of a 

complex species is not affected. by chemical and physical considerations such 

as bond type, bond direction, steric hindrance, etc. , with their accompanying 

entropy and enthalpy changes such that all these factors are constant from one 

complex species to the next, then the formation and dissociation of a complex 

is governed by statistical probability on].y. Such a complex system would. 

show no steps and. the formation curve would. be a smooth sigmoid curve from 



TABLE 18. - Determination of as a function of fluoride ion concentration 

Run 17 CH 0. 1518 M 

Initial cell volume 20 ml: 0. 1518 M HC1O4, 
Titrant: 0.1518 M HF, 0.997 M NaCIO4, 
Add 0. 00784 g. K2TaF7 before addition 
0.36450 = 0.40940 - 0.05912 log 1 

0.1518 

CM=1.00m M 

0.845 M NaC1O4 
0. 001 M K2TaF7 

)f titrant 
+ Edcorr. 

Titrant (HF)a E cell Ed1 Edcorr log i (Ht) (F) 
ml. M y. mv. mv. (Ht) M ii M 

O O 0.36450 3.51 4.47 
O O 0.36423 3.49 4.45 0.82341 0.1502 5.40 1.133x105 

1/2 0.003701 0.36368 3.46 4.42 0.83271 0.1470 5.90 3.47 x105 
i 0. 007227 0. 36301 3. 43 4. 39 0. 84269 0. 1437 6. 055 6. 04 x105 
2 0. 013796 0. 36182 3. 38 4. 34 0. 86198 0. 1374 6. 329 1. 117 x104 
3 0. 019795 0. 36084 3. 33 4. 29 0. 87771 0. 1325 7. 390 1. 553 x104 
4 0. 025293 0. 35953 3. 28 4. 24 0. 89902 0. 1262 6. 479 2. 17 x104 
5 0.030352 0,35857 3.24 4.20 0.91458 0.1217 7.044 2.64 x104 
6 0.035022 0.35750 3.19 4.15 0.93183 0,1170 6.900 3.18 x104 
8 0. 043360 0.35566 3. 11 4. 07 0. 96160 0. 1092 7.369 4. 16 x104 

10 0.050587 0.35382 3.04 4.00 0.99154 0.1019 7.194 5.22 x104 
12 0.056910 0.35223 2.98 3.94 1,01742 0.09607 7.494 6.20 x104 
15 0. 065040 0.34998 2. 89 3. 85 1. 05396 0. 08832 7.677 7. 67 x10 
18 0. 071886 0.34790 2.80 3. 76 1. 08762 0. 08173 7. 745 9. 15 x10 
21 0.077731 0.34591 2.72 3.68 1.11993 0.07587 7.524 1,067x103 
25 0.084311 0.34357 2.64 3.60 1.15815 006948 7.507 1.261x103 



TABLE 19. - Determination of ii as a function of fluoride ion concentration 

Run 21 CH = 0.1518 M CM = 1.00 mM 
Initial cell volume 20 ml.: 0.1518 M HCIO4, 0.845 M NaC1O4 
Titrant: 0.1518 M HF, 0.997 M NaC1O4, 0. 001 M K2TaF7 

Add 0. 00784 g. K2TaF7 before addition of titrant 
0.36520 0.40940 - 0.05912 log i +Ed 

0.1518 corr. 

Titrant (HF)a E cell Ed1 Edcorr log i (H) (F) 
ml. M y. mv. mv. jj+ M 

n 
M 

o o 0.36520 4.51 4.21 
O O 0.36501 4.50 4.20 0.82189 0.15070 5.932 7.53 x106 
0. 5 0. 003701 0. 36430 4. 46 4. 16 0. 83322 0. 14682 5. 721 3. 60 x105 
1 . 5 0. 010588 0. 36299 4. 39 4. 09 0. 85419 0. 13990 5. 631 9. 07 x105 
3.5 0.022603 0.36080 4.30 4.00 0.88972 0.12891 6.547 1.986x104 
6. 5 0. 037224 0. 35774 4. 16 3. 86 0. 93911 0. 11505 7. 135 3. 41 x104 

io 0.050587 0.35461 4.03 3.73 0.98985 0.10237 7.597 5.15 x104 
15 0. 065040 0. 35098 3. 89 3. 59 1. 04888 0. 08935 8. 739 7. 46 x104 
20 0.075880 0,34763 3.75 3,45 1.10318 0.07885 8.761 9.86 x104 
25 0.084311 0.34481 3.65 3.35 1.14919 0.07093 8.956 1.215x103 
32 0.093391 0.34128 3.50 3.20 1.20636 0.06218 8.844 1.534x103 
40 0.101173 0.33792 3.38 3.08 1.26116 0.05481 8.768 1.882x103 
50 0.108400 0.33442 3.25 2,95 1.31817 0.04807 8.671 2.29 x103 



TABLE 20. - Determination of as a function of fluoride ion concentration. 

Run 24 CH=O. 1518 M CM=l. m M 
Initial cell volume 20 ml: 0. 1518 M HC1O4, 0. 845 M C1O4 
Titrant: 0. 1518 M HF, 0. 997 M taC1O4, 0. 001 M K2TaF7 

Add 0. 00784 g K2TaF7 after 5. 00 ml. titrant 
0. 36574 = 0. 40940 -0. 05912 log 1 + Edcorr 

0. 1518 

Titrant (HF)a E cell Ed1 Ed 1ogj (H) ( F) 
ml. M y. mv. mv. (IP) M ii M 

O O 0. 36574 4. 52 4. 75 
5 0. 030357 0. 35984 4. 25 4. 48 0. 91407 0. 12188 7. 185 2. 62 x 10 
6 0. 035022 0. 35875 4. 21 4. 44 0. 93183 0. 11699 6. 905 3. 18x 10 
7 0. 039345 0. 35777 4. 17 4. 40 0. 94773 0. 11279 6. 961 3. 69 x 10 
9 0. 047098 0. 35589 4. 08 4. 31 0. 97801 0. 10519 6. 989 4. 73 x io 

11 0. 053850 0. 35434 4. 02 4. 25 1. 00321 0. 09927 7. 698 5. 65 x io 
14 0. 062489 0. 35198 3. 93 4. 16 1. 04153 0. 090884 7. 766 7. 12 x i0 
17 0. 069728 0. 34980 3. 84 4. 07 1. 07696 0. 083759 7. 677 8. 66 x 
21 0. 077731 0. 34734 3. 74 3. 97 1. 11688 0. 076406 8. 078 1. 052 x i0 
25 0. 084311 0. 34511 3. 66 3. 89 1. 15325 0. 070264 8. 264 1. 236 x 
32 0. 093391 0. 34160 3. 51 3. 74 1. 21008 0. 061649 8. 285 1. 556 x 
40 0. 101173 0. 33818 3. 39 3. 62 1. 26590 0. 054212 8. 128 1. 914 x 10 

o 



Titrant 
ml. 
o 

8 

9 

lo 

12 

14 
17 
21 
25 
30. 5 

38. 5 

47. 5 

TABLE 21. - Determination of as a function of fluoride ion concentration 

(HF)a 
M 

o 

0. 043360 
0. 047098 
0. 050587 
0. 056910 
0. 062489 
0. 069728 
0. 077731 
0. 084311 
0. 091657 
0. 099876 
0.106794 

E cell 

Run 25 CH 0. 1518 M CM 1. 00 m M 
Initial cell volume 20 ml. : 0. 1518 M HC1O4, 0. 845 M NaCIO4 
Titrant: 0. 1518 M HF, 0. 997 M NaC1O4, 0. 001 M K2TaF7 

Add 0. 00784 g. K2TaF7 after 8. 00 ml. titrant 
0.36565 = 0.40940 - 0. 05912 log i + Edcorr 

0.1518 
Ed1 Edcorr log 1 (Ht) 

V. mv. mv. (H+) M n 
o. 36565 
o. 35683 
0. 35591 
o. 35509 
0. 35336 
0, 35202 
0. 34980 
0. 34726 
0. 34498 
o. 34218 
0. 33868 
0.33 539 

(F) 
M 

4.52 4.66 
4.11 4.25 0.96110 0.10937 7.501 4.14 x104 
4.08 4.22 0.97615 0.10565 7.454 4.66 x104 
4. 05 4. 19 0. 98951 0. 10244 7.673 5. 14 x104 
3. 98 4. 12 1. 01759 0. 09603 7. 452 6. 20 x10 
3.93 4.07 1.03941 0.09132 8.209 7.07 x104 
3. 84 3. 98 1. 07544 0. 08406 7. 976 8. 60 x104 
3.73 3.87 1.11654 0.07646 8.134 1.050x103 
3. 65 3. 79 1. 15376 0. 07019 8. 187 1. 239 x103 
3.53 3.67 1.19909 0.06323 8.223 1.491x103 
3.41 3.55 1.25626 0.05543 8.141 l.849x103 
3.29 3.43 1.30988 0.04899 8.079 2.23 x103 



TABLE 22. - Determination of ii as a function of fluoride ion concentration 

Run 26 CH = 0.1512 M CM =1.00mM 
Initial cell volume 20 ml: 0.1512 M HCIO4, 0.846 M NaC1O4 
Titrant: 0.1512 M HF, 0.997 M NaCIO4, 0.001 M K2TaF7 

Add 0. 00784 g. K2TaF7 after 3. 00 ml. titrant 
0. 36560 = 0.40940 - 0.05912 log i + Ed 

0. 1512 
corr. 

. Titrant (HF)a E cell Ed1 Edcorr i og j FT]+ 

nil. M y. mv. mv. (Ht) M ñ M 

o o 0.36560 4.52 4.71 
3 0.019720 0.36185 4.34 4.53 0.88092 0.13155 6.912 i.597x104 
4 0. 025198 0. 36071 4. 28 4. 47 0. 89919 0. 12613 6. 910 2. 12 x104 
5 0.030237 0.35964 4.24 4.43 0.91661 0.12117 6.929 2.65 x104 
6 0. 034889 0.35861 4. 20 4.39 0. 93336 0. 11659 6. 937 3. 17 x104 
8 0. 043196 0.35675 4. 11 4.30 0. 96329 0. 10882 7.360 4. 16 x104 

10 0.050495 0.35499 4.04 4.23 0.99188 0.10189 7.449 5.17 x104 
13 0.059558 0.35264 3.95 4.14 1.03011 0.09330 7.891 6.62 x104 
16 0. 067194 0.35047 3. 87 4. 06 1. 06546 0.08601 8. 041 8.09 x104 
20 0. 075593 0.34772 3.75 3.94 1. 10995 0. 07763 7. 798 1. 011 xlO3 
25 0.083992 0.34466 3.64 3.83 1.15984 0.06921 7.429 1.262x103 
32 0.093038 0.34112 3.50 3.69 1. 21735 0. 06062 7.435 1.590 x103 
40 0. 100791 0.33762 3.37 3. 56 1. 27436 0. 05317 7. 210 1. 961 x103 
50 0.107990 0.33407 3.24 3.43 1.33221 0.04654 7.169 2.39 x103 



TABLE 23. - Determination of i as a function of fluoride ion concentration 

Hun 27 CH 0. 1512 M CM = 1. 00 m M 
Initial cell volume 20 ml: 0.1512 M HCIO4, 0.846 M NaClO4 
Titrant: 0.1512 M HF, 0.997 M NaC1O4, 0. 001 M K2TaF7 

Add 0.00784, g. K2TaF7 after 1.00 ml. titrant 
0.36583 = 0.40940 - 0. 05912 log i + Ed 

0. 1512 
corr. 

Titrant (HF)a E cell Ed1 Edcorr log .j. (Ht) (F) 
ml. M V. mv. mv. (H 

) M n M 
O O 0.36583 4.53 4.94 
i 0. 007199 0. 36433 4. 46 4. 87 0. 84472 0. 14298 5. 932 4. 14 x105 
2 0. 013744 0. 36316 4. 40 4. 81 0. 86350 0. 13693 6. 372 1. 113 x104 
3 0. 019720 0. 36194 4. 35 4. 76 0. 88329 0. 13083 6. 187 1. 664 xiO4 
4 0. 025198 0. 36082 4. 30 4. 71 0. 90139 0. 12549 6. 264 2. 19 x104 
5 0. 030237 0.35980 4. 25 4. 66 0. 91779 0. 12084 6. 597 2. 68 x104 
6 0.034889 0.35868 4.20 4.61 0.93489 0.11591 6.249 3.25 x104 
7 0.039196 0.35775 4,16 4.57 0,95095 0.11196 6.547 3.74 x104 
8 0.043196 0.35689 4.12 4.53 0.96482 0.10844 6.971 4.21 x104 
9 0. 046920 0.35597 4. 08 4.49 0. 97970 0. 10478 6. 976 4. 73 xiO4 

10 0. 050395 0. 35503 4. 05 4. 46 0. 99509 0. 10114 6. 735 5. 29 xiO4 
11. 5 0. 055195 0. 35377 4. 00 4. 41 1. 01556 0. 09648 6. 779 6. 06 xiO4 
13 0. 059558 0.35268 3.95 4.36 i. 03315 0. 09265 7.227 6. 75 x104 
15 0.064794 0.35122 3.90 431 1. 05700 0.08770 7.382 7.73 xiO4 
17 0.069464 0.34981 3.84 4.25 1.07984 0.08321 7.430 8.72 x104 
20 0.075593 0. 34781 3.75 4.16 1.11214 0.07724 7.394 1.021 x103 
25 0. 083992 0.34491 3.65 4. 06 1. 15951 0. 06926 7.485 i. 261 xiO3 
31. 0.091897 0.34179 3.52 3,93 1.21008 0.06165 7,380 1.547x103 
37. 5 0. 098600 0.33884 3.41 3.82 1. 25812 0. 05519 7.203 1. 850 x103 

I- 
I-. 



TABLE 24. - Determination of ñ as a function of fluoride ion concentration 

Run28 CH=O.1512M CM=1.00mM 
Initial cell volume 20 ml: 0.1512 M HCIO4, 0.846 M NaC1O4 
Titrant: 0.1512 M HF, 0.997 M NaC1O4, 0.001 M K2TaF7 

Add 0. 00784 g. K2TaF7 after 2.00 ml titrant 
0.36583 = 0.40940 - 0. 05912 log + Ed 

0. 1512 corr. 

Titrant (HF)a E cell Ed2 Edeorr. log i (Ht) (F-) 
ml. M y. mv. mv. (H±) M ii M 

0 0.36583 5.55 4.94 
2 0.013744 0.36336 5.49 4.88 0.86130 0.13763 7.080 1.053x10-4 
3 0.019719 0.36213 5.47 4.86 0.88177 0.13130 6.658 1.621x104 
4 0.025197 0.36113 5.44 4.83 0.89817 0.12643 7.225 2.09 x104 
5 0.030236 0.36012 5.41 4.80 0.91475 0.12169 7.467 2.59 x104 



Titrant 
ml. 

o 

6 

7 

8 

9 

lo 

11 
12 
13 
15 
17 

20 
25 
32 
40 
50 

TABLE 24. - Continued 

(HF)a 
M 

0.034889 
0.039196 
0.043196 
0.046920 
0.050395 
0.053647 
0.056695 
0.059558 
0.064794 
O. 069464 
0.075593 
0.083992 
0.093038 
0.100791 
0.107990 

E cell 1 (Ht) (F-) 
V. 

Ed1 Edcorr lO(l-) 
M h M 

0.36583 4.53 4.94 
0.35911 4.22 4.63 0.92896 0.11777 8.140 3.03 x104 
0.35815 4.18 4.59 0.94452 0.11363 8.241 3.53 x104 
0.35723 4.13 4.54 0.95924 0.10984 8.395 4.02 xiV4 
0.35631 4.10 4.51 0.97429 0.10610 8.315 4.54 xiV4 
0.35547 4.06 4.47 0.98782 0.10284 8.475 5.02 xiV4 
0.35463 4.03 4.44 1.00152 0.09965 8.471 5.52 xiV4 
0.35382 4.00 4.41 1.01472 0.09667 8.469 6.02 xiV4 
0.35309 3.97 4.38 1.02656 0.09406 8.673 6.48 xiV4 
O,35i56 3.91 4.32 1.05142 0.08883 8.547 7.49 xiV4 
0.35009 3.85 4.26 1.07527 0.08409 8.338 8.51 xiV4 
O.348i8 3.77 4.18 1.10622 0.07830 8.490 9.93 xiV4 
0.34522 3.66 4.07 i.15443 0.07008 8.337 i.234xiV3 
0.34167 3.52 3.93 i.212ii 0.06136 8.217 1..559xiV3 
0.33825 3.39 3.80 1.26776 0.05398 8.089 i.9i5xiV3 
0.33467 3.27 3.68 1.32629 0.04717 7.875 2.34 xiV3 

o.' 



TABLE 25. - Determination of ii as a function of fluoride ion concentration 

Run 31 CH = 0. 1512 M CM = 1. 00 m M 

Initial cell volume 20 ml: 0. 1512 M HCIO4, 0. 846 M NaC1O4 

Titrant: 0.1512 M HF, 0.997 M NaC1O4, 0. 001 M K2TaF7 
Add 0. 00784 g. K2TaF7 after 2. 00 ml. titrant 
0.36516 = 0.40940 - 0. 05912 log _ 1 + Ed 

0.1512 corr. 

Titrant (HF)a E cell Ed2 Edcorr log (Ht) (F) 
ml. M y. mv. mv. (H ) M i M 

O O 0.36516 5.54 4.27 
2 0.013744 0.36265 5.48 4.21 0.86198 0.13741 6.862 1.071 x104 
3 0. 019719 0.36150 5.45 4. 18 0. 88092 0. 13155 6. 918 1. 596 x104 
4 0. 025197 0.36027 5.42 4. 15 0. 90122 0. 124 6.321 2. 18 x104 
5 0.030236 0.35928 5.39 4.12 0.91746 0.12093 6.694 2.67 
6 0. 034888 0.35822 5.37 4. 10 0. 93505 0. 11613 6.481 3. 23 x104 
7 0.039195 0.35731 5.35 4,08 0.95010 0.11218 6,774 3.72 x104 
8 0.043194 0.35636 5.32 4.05 0,96566 0.10823 6.760 4.24 x104 
9 0.046918 0.35550 5.30 4.03 0.97987 0.10475 6,941 4.74 x104 

10.5 0.052046 0.35421 5.27 4.00 1.00118 0,09973 6.957 5.51 x104 
13 0, 059556 0. 35229 5. 22 3, 95 1. 03281 0. 09272 7. 301 6. 73 x104 
17 0.069461 0.34945 5.15 3.88 1.07967 0.08324 7.461 8.71 x104 
23 0. 080864 0. 34581 5. 07 3. 80 1. 13988 0. 07246 7. 705 1. 158 x103 
31 0.091894 0.34159 4.96 3.69 1.20940 0.06174 7.484 1.542x103 
41 0.101613 0.33752 4.85 3.58 1.27639 0.05292 7.770 1.975x103 



TABLE 26. - Determination of ii as a ftmction of fluoride ion concentration 

Run 34 CH 0.200 M CM 1.00 m M 
Initial cell volume 20 ml: O. 200 M HCIO4, O. 797 M NaC1O4 
Titrant; 0.1512 M HF, 0. 0488 M HCIO4, 0.948 M NaClO4, 0. 001 M K2TaF7 

Add 0. 00784 g. K2TaF7 after 3. 00 ml. titrant 
0.37327 = 0.40940 - 0.05912 log 1 + Edcorr 

0.200 

Titrant (HF) E cell Ed2 Edcorr log 1 (Ht) (F) 
ml. M 

a 
mv. mv. () M n M 

O 0.37327 5.75 5.19 
3 0.019719 0.37047 5.67 5.11 0.74493 0.17992 6.510 1.194x104 
4 0. 025197 0. 36979 5. 65 5. 09 0. 75609 0. 17535 7. 374 1. 503 x104 
5 0.030236 0.36887 5.63 5,07 0.77131 0.16931 6.335 1.938 x104 
6 0.034888 0.36818 5.61 5.05 0.78265 0.16495 6.587 2.27 x10 
7 0. 039195 0. 36746 5. 59 5. 03 0. 79449 0. 16051 6. 414 2. 63 x10 
8 0.043194 0.36678 5.58 5.02 0,80582 0.15638 6.235 2.98 x104 
9 0.046918 0.36625 5.57 5.01 0.81461 0.15325 6.791 3.26 x104 

10 0. 050393 0.36564 5. 55 4. 99 0. 82459 0. 14977 6. 744 3. 58 x104 
11.5 0.055193 0.36488 5.53 4.97 0.83711 0.14551 7.235 4.00 x104 
13 0. 059556 0. 36410 5. 51 4. 95 0. 84997 0. 14126 7. 293 4. 44 x104 
15. 5 0. 066008 0. 36292 5. 48 4. 92 0. 86942 0. 13408 7. 467 5. 13 x104 
20 0.075590 0.36095 5.43 4.87 0.90189 0.12535 7.151 6.36 x104 
25 0. 083989 0. 35919 5. 39 4. 83 0. 93099 0. 11722 7. 262 7. 54 x104 
35 0.096205 0.35642 5.33 4.77 0.97683 0.10548 7.447 9.56 x104 
50 0. 107986 0. 35365 5. 26 4. 70 1. 02250 0. 09495 8. 368 1. 179 x103 



TABLE 27. - Determination of ñ as a function of fluoride ion concentration 

Run36 CH=O.200M CM=l.00mM 
Initial cell volume 20 ml: O. 200 M HC1O4, O. 797 M NaCIO4 
Titrant: 0.1512 M HF, 0.0488 M HCIO4, 0.948 M NaCIO4, 0.001 M K2TaF7 

Add 0. 00784 g. K2TaF7 after 3. 00 ml. titrant 
0.37364 = 0.40940 - 0.05912 log 1 + Edcorr 

0.200 

Titrant (HF)a E cell Ed2 Ed log (Ht) (F) 
ml. M y. mv. 

r 
m (H 

) M ii M 

O 0. 37364 5. 76 5. 56 
3 0.019719 0.37094 5.68 5.48 0.74323 0,18062 7.220 1.148x104 
4 0.025197 0.36992 5.66 5.46 0.76015 0.17372 5.742 1.618x104 
5 0.030236 0.36924 5.64 5.44 0.77131 0.16931 6.335 1.938 x104 
6 034888 36854 62 42 78281 0. 16489 6. 524 2. 28 x104 
7 0.039195 0.36785 5.60 5.40 0.79415 0.16064 6.541 2,62 x104 
8 0.043194 0.36723 5.58 5.38 0.80430 0.15693 6.790 2.93 x104 
9 0.046918 0.36657 5.57 5.37 0.81529 0.15301 6.547 3.28 x104 

10 0.052046 0.36575 5.55 5.35 0.82882 0.14831 6.926 3.72 x104 
12 0.056693 0.36499 5.53 5.33 0.84134 0.14410 7.304 4.15 x104 
14 0. 062251 0. 36393 5. 51 5. 31 0. 85893 0. 13838 7. 064 4. 76 x104 
16 0,067191 0.36301 5.49 5.29 0.87415 0.13361 7.163 5.31 x10 
18 0.071612 0.36217 5.46 5.26 0.88786 0.12946 7.364 5.82 x104 
21 0. 077434 0.36099 5.43 5. 23 0. 90731 0. 12379 7.410 6. 57 x104 
25 0. 083989 0. 35963 5. 40 5. 20 0. 92980 0. 11755 7. 592 7. 49 x104 
30 0.090708 0.35814 5.37 5.17 0.95418 0.11113 7.744 8.53 x10 
36 0.097187 0.35658 5.33 5.13 0.97922 0.10490 7.833 9.67 x104 
43 0. 103186 0. 35508 5. 29 5. 09 1. 00321 0. 09927 8. 028 1. 082 x103 
50 0. 107986 0.35419 5.27 5. 07 1. 01962 0. 09558 9. 025 1. 165 x103 
60 0.113385 0.35277 5.23 5.03 1.04296 0.09058 9.237 1.287x103_ 
78 0.119353 0.35100 5.19 4.99 1.07223 0.08468 9.061 1.451x103 



TABLE 28. - Determination-of as a function of fluoride ion concentration 

Run45 CH =0.250 M CM=l.00mM 
Initial cell volume 25 ml: 0.250 M HCIO4, O. 747 M NaÇ1O4 
Titrant: 0.250 M HF, 0.997 M NaCIO4, 0.001 M K2TaF7 

Add O. 00980 g. K2TaF7 after 10. 00 ml. titrant 
0.41408 = 0.45440 - 0. 05912 log 1 + Ed 

0.250 corr. 

Titrant (HF)a E cell Ed Edï log ± (Ht) (F) 
ml. M y. mv. porr. (1f1) M ii M 
o o 0.41408 -4.33 -4.73 

lo 0.071428 0.40523 -4.80 -5.20 0.74374 0.18041 8.336 4.12 xl04 
11 0. 076389 0.40447 -4. 83 -5. 23 0. 75609 0. 17535 8. 178 4. 55 x104 
12 0. 081081 0. 40377 -4. 86 -5. 26 0. 76742 0. 17084 8. 303 4. 95 x104 
13 0.085526 0.40295 -4.90 -5.30 0.78062 0.16573 7.570 5.43 x104 
14 0. 089744 0. 40234 -4. 93 -5. 33 0. 79043 0. 16202 8. 025 5. 80 x104 
15 0. 093750 0. 40172 -4. 95 -5. 35 0. 80058 0. 15828 8. 234 6. 19 xl04 
17 0.101190 0.40042 -5.01 -5.41 0.82155 0.15082 8.090 7.02 x104 
19 0. 107955 0. 39914 -5. 07 -5. 47 0. 84219 0. 14381 7. 715 7. 88 x104 
21 0. 114130 0.39791 -5. 13 -5. 53 0. 86198 0. 13741 7.358 8. 74 x104 
23 0. 119792 0. 39692 -5. 17 -5. 57 0. 87804 0. 13242 7. 917 9. 47 x104 
25 0. 125000 0. 39589 -5. 21 -5. 61 0. 89479 0. 12741 7. 991 1. 026 x103 
28 0.132075 0.39444 -5.27 -5.67 0.91830 0.12070 8.171 l.142xlr3 
31 0. 138393 0.39317 -5.31 -5. 71 0. 93911 0. 11505 8.666 1.250 xl03 
34 0.144068 0.39173 -5.36 -5.76 0.96262 0.10899 8.072 1.378 xl03 
37 0.149194 0.39056 -5.40 -5,80 0.98173 0.10430 8.329 1.488 x103 
40 0. 153846 0.38943 -5.44 -5. 84 1. 00017 0. 09996 8.459 1. 598 x103 
43 o. 158088 0. 38839 -5. 47 -5. 87 1. 01725 0. 09811 8. 674 1. 704 x103 
46 0. 161972 0. 38728 -5. 50 -5. 90 1. 03552 0, 09215 8.401 1. 822 xl03 
50 0. 166667 0. 38599 -5, 54 -5. 94 1. 05666 0. 08777 8. 475 1. 9136 x103 
54 0. 170886 0. 38479 -5. 57 -5. 97 1. 07645 0. 08386 8. 547 2. 11 x103 



TABLE 28. - Continued 

Titrant (HF) a E cell Ed3' Edi log i (ff) (F) 
ml. M y. mv. 

corr. 
niv. 

1-\ 
(H j M n M 

58 0.174699 0.38357 -5.60 -6.00 1.09658 0.08006 8.306 2.26 x103 

63 0. 178977 0. 38243 -5. 63 -6. 03 1. 11536 0. 07668 8. 956 2. 40 x103 

68 0. 182796 0.38112 -5.66 -6. 06 1. 13701 0. 07294 8. 734 2. 58 x103 

75 0. 187500 0. 37950 -5. 70 -6. 10 1. 16373 0. 06859 8. 695 2. 81 x103 

82 0. 191589 0. 37811 -5. 72 -6. 12 1. 18691 0. 06503 8. 862 3. 01 x103 

90 0. 195652 0. 37656 -5. 'i5 -6. 15 1. 21262 0. 06129 8. 758 3. 26 x103 

100 0. 200000 0. 37507 -5. 78 -6. 18 1. 23831 0. 05790 9. 281 3. 51 x103 

110 0.203704 0.37343 -5.81 -6.21 1.26455 0.05438 8.956 3.80 x103 

125 0.208333 0.37149 -5.84 -6.24 1.29685 0.05048 9.037 4.17 x103 

150 0.214286 0.36895 -5.87 -6.27 1.33931 0.04578 9.362 4.70 x103 

175 0.218750 0.36692 -5. 90 -6.30 1.37314 0. 04235 9. 589 5. 16 x103 

200 0.222222 0.36521 -5.92 -6.32 1.40173 0.03965 9.629 5.58 x103 

225 0.225000 0.36386 -5.94 -6.34 1.42422 0.03765 9.797 5.92 x103 

I-. 
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TABLE 29. - ñ as a function of fluoride ion concentration 

Run 43 Run 44 

CH=O.200 M, CM=l.00 mM C11=O.250, CM=l.00 mM 
Initial cell volume 20 ml. Initial cell volume 25 ml. 

Titrant (F) (F) 
ml. ñ M n M 

7 6.817 2.67 x104 
8 6.674 3.03 x104 
9 6.610 3.38 x104 

10 6.319 3.74 x104 6.708 4.26 x104 
11 6.688 4.03 x104 6.528 4.69 x104 
12 6.746 4.34 x104 6.824 5.08 x104 
13 6.835 4.64 x104 6.130 5.57 x104 
14 6.913 4.93 x104 6.746 5.93 x104 
15 7.106 5.21 x104 
16 7.233 5.48 x104 6.750 6.76 x104 
17 7.379 5.75 x104 
18 6.256 7.65 x104 
19 7.361 6.30 x104 
20 6.545 8.44 x104 
21 7.387 6.82 x104 
22 7.162 9.18 x104 
23 7.457 7.32 x104 
25 7.711 7.77 x104 7.030 1.042x103 
28 7.616 8.47 x104 7.348 1.157x103 
31 7.561 1.272x103 
34 7.585 1.389x103 
38 7.628 1.543x103 
44 7.478 1.162x10-3 7.447 1.776x103 
50 7.424 1.260x103 7.967 1.982x103 
57 7.523 1.360x103 8.050 2.23 x103 
65 7.809 1.455x103 8.151 2.50 x103 
75 8.091 1.560x10-3 8.234 2.83 x103 
85 8.028 1.661x10-3 8.211 3.14 x103 

100 8.565 1.768x10-3 8.416 3.57 x10 
125 7.967 1.934x103 8.694 4.20 x103 
147 7.904 2.04 x103 
150 8.910 4.75 x10 
175 8.973 5.23 x103 
200 8.955 5.66 x103 
225 8.987 6.04 x103 
250 9.093 6.35 x103 



TABLE 30. - ñ as a function of fluoride concentration 

Run 49 

CH = 0.350, CM = 2.00 mM 
Initial cell volume 20 ml. 

Titrant (F-) 
ml. M 

3 

4 
5 

6 

7 

8 

9 

10 
11 
12 
13 
14 
16 

18 
20 
22 
25 
28 
31 
35 
39 
44 
50 
57 
65 
75 
85 

100 
125 
150 
175 

7. 991 
7. 766 
7. 788 
8.255 
8. 115 
8. 137 
7.437 
8. 059 
8.402 
8. 383 
8. 511 
8. 502 
8.391 
7. 891 
8.494 
8. 362 
8. 565 
8. 538 
8. 578 
8. 723 
8. 895 
8. 839 
9.231 
9.493 
9.673 

4.64 x104 
5.19 x10 
5.70 x10 
6.15 x10 
6.68 x104 
7.19 x10 
8.33 x104 
9.22 x10 
1. 015x103 
1. 114x103 
1. 257x103 
1.402x10-3 
1. 549x103 
1. 757x103 
1. 917x103 
2. 15 x103 
2.40 x103 
2.79 x103 
3.02 x103 
3.39 x103 
3.73 x103 
4.23 x103 
4.89 x103 
5.45 x103 
6.02 x103 
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Run 51 

CH 0. 1547, CM 0. 50 mM 
Initial cell volume 20 ml. 

(F ) 

n M 

5. 958 
5.278 
4. 899 
6. 573 
5. 977 
6.411 
6 . 684 
7. 764 
7.276 
7. 814 
8.230 
7. 904 
8.523 
8.440 
8.270 
8.435 
7.687 
8.628 
8. 198 
8.358 
8.210 
8.229 
8. 108 

1. 636x10 
2. 201x10 
2.75 x10 
3.19 x104 
3.75 x104 
4.25 x104 
4.75 x104 
5.19 x104 
5.74 x104 
6.21 x104 
6.68 x10 
7.22 x10 
8.16 x104 
9.16 x10 
1. 016x103 
1. 111x103 
1. 266x103 
1. 393x103 
1. 540x103 
1. 718x103 
1. 899x103 
2.11 x103 
2.37 x103 

7.935 2.95 x103 

8.952 3.57 x103 

9.219 4.60 x103 

9.612 5.49 x103 
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ligand. number zero to the maximum ligand. number. The appearance of steps 

in the formation curve ind.icates that one or more of the factors mentioned. 

above are not constant from one species to the next and. the individual forma- 

tion constants will differ by an amount greater than predicted. on a statistical 

basis. In ordinary potentiometric titrations the step formation of a complex 

species is noticed only when the successive constants differ by several ord.ers 

of magnitude. 

Bjerrum (4, p. 24) gave the ratio between successive formation con- 

stants when statistics only govern the formation of a complex as 

kj (N-j+1)(j+1) 
k+1 (N-j)j 

(p28) 

Comparisons between ratios derived by this equation and. the experimental 

ratios determined in this thesis are discussed. in the Conclusion. There is no, 

a priori, reason why steps could. not be noticed. when the formation constants 

d.iffer only by a small amount from that predicted by statistics if the data 

were sufficiently accurate and the points closely spaced. In the data presented 

here, random scatter or other unknown factors erased. evidence of step forma- 

tion in some runs , while runs made under similar conditions showed definite 

wave-like formation curves. In any case the region of a plateau in one of the 

curves of Figures 6 through 10 at some integral i value should, not be inter- 

preted. as showing that all of the metal complex species have exactly n ligands 

at that fluoride ion concentration. It is most probable, due to the similarity 
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of the individual formation constants, that several species, above and below 

that particular ligand number, are present in the system at equilibrium. 

Drift at High n's. - A second feature of the formation curves plotted 

in Figures 6 to 10 is the decrease of i in some runs with increasing (F) after 

attaining a maximum value of 8 or 9. Several explanations are possible though 

none was proved. Quantitatively the effect was not significant because the por- 

tion of the formation curve containing the initial rise was the only portion used 

for a quantitative analysis of the system. If the decrease of ii with increasing 

(F) is real and not due to some experimental error such as change In liquid 

junction potential, etc., then the effect may be interpreted In terms of a 

ligand group other than fluorid.e ion displacing fluoride from the complex. It 

is unlikely that this ligand would be quinhydrone or one of its products because 

the concentration of dissolved quinhydrone would. be approximately constant 

throughout the experiment and at high fluoride concentrations the tantalum 

fluoride complex would be increasingly protected. The possibility of an irre- 

versible hydrolysis occurring, however, must be considered since the free 

H+ concentration decreased during the course of a titration asH+ was replaced 

by undissociated HF and HF2 . One might expect that the tantalum fluoride 

complex would be similarly protected as the free F concentration increased, 

but the 0H ion is much more similar in size and charge distribution to (F) 

than is quinhydrone or one of its products. The data of Run #51 in Figure 10 

show this type of behavior. 
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Also in Run #51 as in Runs #45 and #49, n values rose considerably 

above 9 at the highest fluoride concentrations used. Considerations of the 

ionic radii of Ta+S and F, as discussed in the Conclusion, and of electro- 

static repulsion effects make the possibility of a tantalum species containing 

10 fluoride ligands appear unlikely. Again, if the observed effect is not due 

to gross error in the experiment, the likely explanation lies in change of the 

values of Ka and Ka2, the acid dissociation constants of hydrofluoric acid, as 

the Ionic medium changes from perchioric acid to sodium perchiorate during 

the course of the potentiometric titration. Ahrland (1) recognized this effect 

in his studies of the uranyl fluoride system, and Fialkov and Spivakovskii (18) 

found considerable influence on the constants of cadmium chloride as the 

nature of the cation was changed in the outer coordination sphere. 

Analysis of the Data 

Because of the apparent step nature of some of the formation curves 

of Figures 6 to 10 it was not possible to analyze the data by a least squares 

technique since such a procedure would give equal weight to all points along 

a plateau at integral ii values as to intermediate points. For calculation pro- 

cedures the important quantity is the fluoride concentration at half-integral 

values . These were best obtained by simply reading from the formation 

curves the fluoride concentrations at the half-integral n values. The curves 

themselves were drawn visually so as to pass through or between the greatest 

number of points and so as to conform to the accepted sigmoid shapes of such 

curves. 
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From the fifteen curves plotted in Figures 6 to 10 the fluoride concen- 

trations at the half-integral values 6. 5, 7. 5 and 8. 5 were read off and these 

values are given in Table 31. Inspection of the mean values at each half 

integral value reveals that the deviation of Run #44 from the mean is 4, 9 

and 5 times, respectively, the standard deviations of the mean. On this basis, 

it was felt that Run #44 could. not be considered. one of the population and it 

was rejected for quantitative purposes. The means and their stand.ard devia- 

tions for the runs not including Run #44 are given at the bottom of Table 31. 

These data will be combined in the Conclusion with data at = 4. 5 and 5. 5 

from the anion exchange experiments to calculate the last five formation con- 

stants of the tantalum fluoride system. 

Experimental Procedure 

Equipment 

Reference Electrodes and the Salt Bridge 

The potentiometric H+ ion measurements were carried out as titrations 

using the quinhydrone-calomel cell. A N calomel electrode was used up to and 

including Run #39. This reference electrode was separated from the perch- 

brate solution in the titration vessel by a salt bridge containing saturated 

NaC1. The N KC1 solution in the calomel electrode was stagnant since the 

vessel was stoppered. and no reservoir of KC1 was maintained. over the elec- 

trode. Liquid. junction was made with the NaC1 salt bridge by a half-inch 

length of 1/4-inch-diameter, porous glass tube (Corning Glass Works, 7930) 



TABLE 31. - Fluoride ion concentrations at half-integral ì values 

Figure 

6 

7 

9 

10 

36 
34 
31 
49 
27 
28 
21 
17 

25 
45 
43 
26 
51 
44 
24 

CH/CM 

200 
200 
151 
175 
151 
151 
152 
152 
152 
250 
200 
151 
309 
250 
152 
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(F) / Molar 
i=6.5 ñ=7.5 n=8.5 

2.5 x 10 7.0 x 10 1.15 x 

2.5 xlO4 7.0 x10 
2.5 x 10 9.0 x 10 

2.6 x 

3.5 x 10 10 x 10 
2.6 xlO4 0.7 xiO3 

1. 8 x 10 4. 75 x 10 0. 7 x io 
1.45 x 10 6.25 x iø4 

5.1 x10 
2. 15 X io 

6.4 x10 
5.1 x10 

4.45 X io- 6. 0 x 10 0. 8 x io 
6. 2 X io-4 14 x io-4 3. 75 x i3 

5.6 x10 

Means including Run44 3.11 x 10 6.83 X 10 1.69 X i0 
Standard deviation of mean i 55 x 10 79 X 10 .5 x io 
Means not including Run 44 2. 67 x 10 6. 23& x io4 i. 35 x 
Standard deviationof mean ±.38 x io4 ±.56 x 10 -'-.34 x io 
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sealed to the calomel electrode by tygon tubing. The end of the saturated. 

NaC1 salt bridge that dipped. into the fluorid.e-containing solutions in the titra- 

tion vessel was mad.e of polyethylene. Liquid junction between the NaC1 and. 

the titration solution was affected by an asbestos fiber wick sealed into the 

polyethylene tubing. A positive pressure of saturated NaC1 was maintained. 

in the salt bridge by a liquid head. consisting of a dropping funnel sealed. into 

the system which was kept full of the. NaC1 solution. When a titration run was 

not in progress the NaC1 solution was allowed, to flow continuously so as to 

keep the asbestos wick moist while the wick was out of solution. When a run 

was in progress the brid.ge was closed by a stopcock except when a potential 

reading was being taken. The construction of this asbestos wick polyethylene 

tubing liquid junction which appeared to maintain a constant liquid junction 

potential over a long period, of time was a critical factor in the successful 

completion of the potentiometric stud.ies. 

Over a period of time the reference electrode potential was suspecter1 

of having drifted. due to diffusion of saturated NaC1 from the salt bridge into 

the N KC1 solution of the reference electrod.e through the porous glass liquid. 

junction. This occurred, even though the flow constant of 2mm. of porous 

glass No. 7930 is given by Corning Glass Works as only O. 00065 c. c. water 

per cm. 2 of area per atmosphere pressure per hour. For Runs #40 through 

#51 a saturated. calomel reference electrode was used. The calomel electrodes 

were constructed by standard. techniques (14, p. 373) using double distilled. 

mercury and. reagent grade mercurous chloride and KC1. 
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Potentiometer and Null Detector 

A Leeds and Northrup type K-2 potentiometer was used with an Eppley 

low temperature coefficient form of the standard Weston cell (No. 317789). 

This cell was calibrated against a similar Eppley Weston cell (No. 630177, 

Oregon State College inventory no. 4456B) with a certified rating of 1. 01940v. 

absolute at 24°C. The average of 8 measurements showed the Eppley Weston 

cell (No. 317789) to have a potential of 1. 01945 volts. The null detector used 

was a General Electric mirror galvanometer with a sensitivity of about 0. 001 

p amperes per mm. of scale division and a coil resistance of about 2000 ohms. 

Materials of Construction and Bath Temperature 

Titration vessels were of polyethylene or polystyrene, and. the buret 

used. in the titrations was constructed. entirely of polystyrene. A bright plati- 

num electrode, constructed of thin sheeting 1 cm. square, was used as the 

quinhydrone indicator electrode. All vessels in contact with fluoride-contain- 

ing solutions during make-up and storage were of polyethylene so that the only 

materials in contact with such solutions before and during a titration were of 

plastic or platinum. The calomel electrode and the titration vessel were 

partly submerged in a water bath at 25+ 0. 1°C. 

Materials 

Standardization of Solutions 

Reagent-grad.e hyd.rofluoric and perchloric acid.s were used in make- 

up of the solutions used. These solutions were standardized with carbonate 

free 0. 1 N NaOH kept in a polyethylene bottle with a soda-lime vent. This 
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NaOH solution was standardized. at frequent intervals with primary standard 

grade potassium acid phthalate. The perchioric acid, was standardized using 

0. 1% o( -naphthophthalein in 70% alcohol as indicator. Four drops of this 

indicator solution in a volume of about 25 ml. gave an intense color change 

from very pale rose to green in the pH range 7 to 9. Phenolphthalein was 

used as indicator in standardizations with hydrofluoric acid and potassium 

acid phthalate. 

The initial standardization of the hydrofluoric acid was done in the 

presence of KNO3 first ice-cold and then completed at 80°C. so as to deter- 

mine separately the HF and H2SiF6 content (25, p. 2209-2210). No apprec- 

jable concentration of H2SiF6 was detected. so subsequent analyses were 

carried out without KNO3 at room temperature. 

Standard. solutions of sodium perchiorate were made by neutralizing 

an aliquot of standard perchioric acid with carbonate-free sodium hydroxide 

and. then diluting to final volume. This neutralization was carried to pH = 6. 8 

as indicated by measurements using glass-calomel electrodes with a Beckman 

model H-2 pH meter. 

Cell Solutions 

Cell solutions used for the initial determination of the liquid junction 

or diffusion potentials, Ed., contained only perchioric acid and sodium perch- 

brate. The concentration of perchioric acid in this initial cell solution was 

equal to C11 for the particular run. The concentration of sodium perchlorate 
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was adjusted so that the sum of the perchioric acid and sodium perchiorate 

concentrations was 0. 997 molar. For example, in Run #39 of Table 7, made 

at CH = O. loo molar and CM = 0. 001 molar, the make-up concentration of 

perchioric acid in the cell solution was O. loo molar. The sodium perchior- 

ate concentration was then adjusted to 0. 997 - O. 100 = 0. 897 molar. During 

the course of a titration the contribution of K2TaF7 and HF2 to the ionic 

strength was ignored according to accepted practice in studies of this kind 

(1), (77), (81). The cell solutions were made by diluting aliquots of the stan- 

dard perchioric acidj and sodium perchiorate solutions to volume. In most 

runs 20 ml. of this initial cell solution were pipeted into the titration vessel 

for the initial potential measurements made to establish the diffusion poten- 

tial. 

Titrant Solutions 

The sum of the hydrofluoric and perchloric acid concentrations in the 

titrant solutions was kept constant at the value CH for the particular run being 

made. Thus CH was constant in the solution being measured for the entire 

course of the titration. This made the mathematical treatment of the data 

simpler. Sufficient K2TaF7 salt was dissolved. in the titrant solution to bring 

the concentration of total metal to the value CM for the particular run. CM 

also was kept constant for the entire course of the tItration facilitating fur- 

ther the mathematical treatment of the data. The sum of the concentrations 

of sodium perchiorate and perchioric acid in the titrant solution was made 

equal to O. 997 molar as before. 
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K2 TaF7 Salt 

The potassium heptafluotantalate salt K2TaF7 was prepared according 

to the directions given by Brauer (8, p. 198). Spectrographic analysis of 

the tantalum metal used. in this preparation gave Cu under 0. 001%, Fe 0. 001 

to 0. 01%, Mn 0. 001 to 0. 01%, Nb 0. 01 to 0. 1%, Ni 0. 01 to 0. 1%, Si 0. 001 to 

0. 01%, Ti 0. 001 to 0. 01%, V 0. 001 to 0. 01% and all other elements in this 

tantalum sample undetected. A weighed amount of the tantalum metal was 

dissolved in concentrated hydrofluoric acid in a platinum dish. To this solu- 

tion was added a stoichiometric amount of KHF2 made by mixing KF 2H20 

and 48% HF in a 1:1 molar ratio and diluting slightly. The supernatant solu- 

tion was decanted from the precipitate which formed and the damp cake was 

stored in a desiccator over NaOH to rid the cake of excess HF. The dried 

material was dissolved in a slight excess of 1% HF at 80°C. and the K2TaF7 

then recrystallized on cooling the solution in an ice bath. The crystals were 

washed once with a small volume of ice cold 1% HF solution, air dried and 

then stored in a desiccator over NaOH pellets. 

Analysis of the salt for Ta and F was made to establish its stoichio- 

metry. Duplicate analyses for Ta were performed. on two solutions containing 

weighed portions of the K2TaF7 salt. Boric acid was added to aliquots of the 

tantalum solution, the tantalum precipitated. as the cupferronate, ignited and. 

weighed as the oxide (29). The tantalum recovery is not quantitative in this 

_/ u. s. Bureau of Mines. Spectrographic report no. 816A. Albany, Oregon 
August 16, 1957. Sample 1. 



138 

method so a standard tantalum solution was made by dissolving a weighed 

portion of tantalum metal in hydrofluoric acid and diluting to volume. Dupli- 

cate analyses of this standard gave a 93. 49% recovery so this factor was 

applied to the analyses of the tantalum solutions made from the salt. 

Analyses of the two solutions gave 98. 0 and 99. 5% of the theoretical tantalum 

concentration based on the formula K2TaF7 for the salt. 

Analysis of the tantalum salt for fluoride was done by Mr. Howard 

Griffin, Analytical Laboratory at the U. S. Bureau of Mines, Albany, Oregon. 

Fluosilicic acid was distilled from sulfuric acid and sulfuric-phosphoric acid 

mixtures as in the method of Willard and Winter (85). The distillate was 

titrated with standard thorium nitrate using sodium alizarine sulfonate indi- 

cator (3). The average of 4 determinations gave 0. 3361 g. fluoride per g. of 

tantalum salt compared to the theoretical value of 0.3392 grams. Assuming 

that the difference between the sum of the tantalum and fluoride percents and 

100 was due to potassium, the experimental stoichiometric composition of 

the salt was found, to be K2 Ta0 988 F6 For solution make-up 

purposes the composition of the salt was taken as K2TaF7 with a molecular 

weight of 392. 15. 

The Diffusion Potential. Ed. and Calculation of 

During the course of a titration, the hydrogen ion concentration de- 

creased from the value CH in the absence of HF and tantalum to a small con- 

centration depending on the concentration of HF in the titrant solution and the 
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total volume of titrant solution added. It was found that the diffusion poten- 

tial drifted significantly during a titration so all cell potentials were 

corrected for this drift. This was accomplished by the construction of dif- 

fusion potential plots as a function of cell potential. These plots were obtain- 

ed from a titration made in the absence of tantalum and HF. Increments of 

1 molar perchloric acid, were added to i molar sodium perchlorate over the 

same (H+) range covered in an actual titration. The difference between the 

hydrogen ion concentration as calculated from the dilution factor assuming 

that volumes were additive and that calculated from the Nernst equation was 

assigned to the correction term Ed as given in Table 32. This term probably 

is mad.e up mainly of a real change in the diffusion potential, but may include 

changes in the activity coefficient of (H) and other similar corrections. The 

form of the Nernst equation used in the calculation of the diffusion potential 

correction charts was the same, of course, as used in the calculation of all 

H+ ion concentrations in these potentiometric studies so an example of this 

calculation will serve to explain both sets of data. 

Ed1 and Ed2 

Three blank titrations to establish the change in Ed were made during 

the potentiometric H ion studies of the tantalum fluoride system and thus 

three diffusion potential correction plots were constructed. The first Ed 

plot was used to correct Runs 14 through 30. A potential drift suspected in 

the N calomel electrode prompted the construction of the second Ed plot used 
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in Runs 31 through 39. The data for these two plots are given in Table 32 

and plotted in Figure 11. 

In the quinhydrone - calomel cell in acid solutions oxidation takes 

place at the calomel electrode and reduction takes place at the quinhydrone 

electrode so that the reaction is spontaneous from left to right as written 

2 Hg° + 2 CF + Q + 2 H Hg2 Cl2 + H2Q (p2 9) 

The cell potential is made up of a sum of potentials according to the Nernst 

equation which for the cell at 25°C. containing the N calomel electrode may 

be written 

E cell = Eooxid,. + E° red. - 0. 05912 log - 0. 05912 log _ 1 + Ed 
N cal. Quin. (H±) ± 

(p30) 

Using the value E°xid. N cal. = - 0. 2848 y. at 25° C. for strong acid. 

according to Hamer (32, p. 62), E° red Quin. = 0.6992 y. and ± = 0. 823 

from Robinson and Stokes (64, p. 476) equation (p30) becomes 

Ecell = 0.40940 - 0. 05912 log + Ed (p31) 
(H±) 

In Table 32, equation (p31) was used to calculate Ed from the measured cell 

potential and the H+ ion concentration as calculated from dilution data for the 

two titrations. The cell potentials given in Table 32 are averages of several 

readings at equilibrium. In Figure 11 a smooth curve was drawn through the 

experimental points for the two sets of data, and diffusion potential corree- 

tions were read directly from these plots for all cell potential measurements 

ofRuns l4through39. Inspection of Figure 11 shows that the correction term 



TABLE 32. - The diffusion potential as a function of cell potential 

N Calomel - Quinhydrone Cell. Temp. = 25°C. 

Ecell = 0.40940 - 0.05912 log -L- + Ed. (p31) 
(Ht) 

Initial cell solution: 20 ml. 1. 00 M NaC1O4 

1. 000 M HCIO4 (Ht) Ecell1 Ed1 Ecell2 Ed2 
ml. M y. y. y. y. OO -- --- -- -- 

0. 25 0. 012345 0. 29721 0. 00064 0. 29894 0. 00237 
0. 50 0. 02439 0. 31631 0. 00226 0. 31850 0. 00445 
0. 75 0. 03614 0. 32714 0. 00299 0. 32888 0.00473 
1. 00 0. 04762 0. 33442 0. 00319 0. 33595 0.00472 
1. 25 0. 05882 0. 34015 0. 00350 0. 34158 0.00493 
1. 50 0. 06976 0. 34462 0. 00359 0. 34609 0. 00506 
2. 00 0. 09091 0.35159 0. 00376 0. 35302 0.00519 
2.50 0.11111 0.35713 0.00414 0.35833 0.00534 
3.00 0. 13043 0. 36136 0. 00426 0. 36271 0. 0061 
3. 50 0. 14894 0. 36501 0.00450 0. 36606 0.00555 
4.25 0.17526 0.36942 0.00473 0.37041 0.00572 
5. 00 0.200 0.37294 0. 00486 0.37340 0.00532 
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Ed changed. considerably during the course of a titration - as much as 1 mv, 

or more for some runs. 

Ed , the Sum of the Diffusion Potential and Activity Coefficient Terms 

A third. diffusion potential correction curve was constructed. after the 

N calomel electrode used up to Run #39 was dismantled, and a saturated 

calomel electrode prepared. The procedure used was the same as before. 

Here E0' oxid. saturated cal. was taken as -0. 2448 y. at 25°C., a convenient 

average of a number of values taken from different sources. The activity 

coefficient correction term for H+ was incorporated into the diffusion poten- 

tial this time, however, since it was not realistic to assign a value to a 

quantity which probably changed during the course of the measurements. This 

combined correction term was designated Ed so that equation (p30) became, 

in this case, 

Ecell = 0.45440 - 0. 05912 log -L-- + Ed. . (p32) 
(H+) 

The cell potential and H ion concentration data of Table 33 were used. with 

equation (p32) to calculate the Ed ' term given. From the plot of Ed as 

a function of Ecell for the saturated, calomel - quinhyd.rone cell as shown in 

Figure 12, the cell potentials of Runs #40 through 51 were corrected. for 

changes in the diffusion potential and the mean activity coefficient of H ion 

during the course of a titration. 

Procedure 

The diffusion potential calculated. at the beginning of each titration 
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before the introduction of HF or K2TaF7 did not coincide exactly, as may be 

expected, with one of the diffusion potential correction plots of Figures 11 

or 12. It was assumed, however, that the initial difference between the 

observed diffusion potential and the diffusion potential as read from one of the 

correction plots would be maintained during the course of a titration. Thus 

it was assumed that the diffusion potential of a titration run would parallel 

exactly the diffusion potential of the appropriate blank run. The corrected 

diffusion potential terms for each run used in this thesis are given in Tables 

6 to 28. Having a corrected value of Ed (or Ed ), (Ht) was calculated by 

equations (p31) or (p32) depending upon the type of calomel electrode used 

and the assumptions made. Knowing (H+), (HF)a, C11 and CM, Z was cal- 

culated, by equation (p22) in Tables 6 to 17 and ii was calculated by equation 

(p27) in Tables 18 to 30. Knowing Z or ii , (F) was calculated in all runs by 

the use of equation (p19) and so the quantity log (F) of Tables 6 to 17 was 

calculated. 
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TABLE 33. - The diffusion potential and activity coefficient correction 
term, Ed , as a function of cell potential 

Saturated Calomel - Quinhydrone e1l. Temp. = 25°C. 
Ecell = 0.45440 - 0. 05912 log _- + Ed 1 (p32) 

Initial cell solution: 20 ml. 1. 00 M NaC 104 

1. 000 M HC1O4 (Ht) Ecell Ed I 
ml. M y. mv. 

O O -- -- 

0. 25 0. 012345 0. 33563 -5.94 
0.50 0.02439 0.35295 -6.10 
0.75 0.03614 0.36321 -5.94 
1.00 0.04762 0.37034 -5.89 
1. 25 0. 05882 0. 37593 -5.72 
1.50 0.06976 0.38033 -5.70 
2.00 0.09091 0.38738 -5.45 
2.50 0.11111 0.39264 -5.35 
3.00 0.13043 0.39692 -5.18 
3.50 0. 14894 0.40053 -4.98 
4.25 0.17526 0.40483 -4.86 
5. 00 0.200 0.40845 -4.63 
6.00 0. 2308 0. 41232 -4.43 
8.00 0.2857 0.41822 -4.01 

10. 00 0. 3333 0.42232 -3. 87 
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Tantalum Electrode Potential Studies 

Bases 

The Literature 

The potential measurements reported here on the tantalum metal 

electrode in hydrofluoric acidj solutions were based mainly on the work of 

Haissinsky and co-workers (30) (31). They reported. that a thin tantalum 

sheet electrode immersed for a time in a solution containing excess HF at a 

pH of less than 0. 5 became an active electrode with an essentially reversible 

potential. These workers gave the electrode reaction as 

Ta° + 7F = TaF7 + 5e (ti) 

or the cell reaction when the tantalum electrode was combined with a hydrogen 

electrode 

Ta° + 5 H + 7F = TaF7 + 5/2 H2 (t2) 

The standard reduction potential of the electrode Ta/TaF7, F (aq.,) was 

given as -0.43 volts. 

According to the theory of stepwise formation of complexes , however, 

more than one tantalum species must exist at equilibrium at the surface of 

the tantalum electrode. It might just as logically be assumed that the species 

in equilibrium with the electrode surface were the free aquo tantalum V ion 

as any of the fluocomplexes. Then the cell reaction of equation (t2) would. 

become the sum of two reactions 
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Ta° + 5 H = Ta5 + 5/2 H2 , Exjd Ta/Ta5 (t3) 

(TaFj) TaFj (t4) 5-fi _________ Ta5 + F = TaF , K 
(Ta5)(F Ta5_ 

where n is the average ligand number for the series of possible simple mono- 

nuclear complexes. 

An Attempt to Determine E%Xjd of the Ta/Ta Fj , F (aq.) Electrode 

If the formation constant of the TaF complex K is substituted into 

the Nernst equation for the cell reaction of equation (t3) at 25°C 

Ecell = E° , Ta/Ta5 0. 0591 log a Ta5 a2 (t5) 
oxid,. 5 2 

a5 

we obtain 

Ecell = E° Ta/Ta5 - 0. 0118 log aTaFfi + 0. 0591 log a + (t6) 
oxid. H 

K- a n 

in terms of the activities of the individual ions assuming that the partial 

pressure of hydrogen is equal to its standard state. In preliminary experi- 

ments the fluoride ion activities were determined independently by taking 

potential measurements of the lead amalgam, lead fluoride electrode - hydro- 

gen electrode cell without liquid. junction. Hydrogen ion activities were 

determined from measurements made on the hydrogen electrode - N calomel 

electrode couple with liquid junction. All solutions were 1. 0 m in HC1O4. 

Having the make up molality of tantalum in the cell solutions from the weight 

of the complex salt K2TaF7 added., equation (tG) when rearranged to 



149 

n Ecell (Ta - H2) - 0. 0118 log a - 0. 0591 log aH+ F 

(E° Ta/Ta5 + 0.0118 log K1) - 0.0118 log aTaFfi (t7) 
oxid.. 

shows that a plot of 

Ecell (Ta - H2) - 0. 0118 log a1 - 0. 0591 log aH+ 

against \/mK2 TaF7 should give the standard potential in i molal HC1O4 

of the Ta/Ta F1 , F (aq.) electrode (EXjd Ta/Ta5 + 0. 0118 log Kjj) at the 

limit as VmK TaF > 0. An attempt to make this extrapolation was 
2 7 

carried, out assuming as did Haissinsky (3) that ii = 7 and that the molality of 

tantalum did not change while a measurement was in progress on a particular 

solution. Widely scattered points were obtained, which could. be extrapolated. 

to YmK TaF7 at potentials ranging from 0.36 to 0.44 volts. This 

compared to 0.43 volts as reported by Haissinsky (30). Experiments in which 

the amount of tantalum in solution was corrected by weighing the tantalum 

electrod.e before and, after a measurement gave points which could, be extrapo- 

lated to values ranging from 0.46 to 0. 54 volts. Because of the uncertainties 

in the experimental data and, fundamental questions involved in the assumptions 

made, this approach to the interpretation of the data was abandoned. 

Calculation of ii 

Assuming that the tantalum electrod,e is reversible to the Ta5 

hydrated ion, the cell reaction of equation (t3) expressed in terms of the 

Nernst equation at 25° is 
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Ecell = E 0. 0591 log (TaPS) (H2) 5/2 
(t8) 

5 (H)5 

where the parentheses denote concentration units and E? is, therefore, a 

formal potential. All measurements were made on solutions containing 1. 0 

molal perchlorate ion so that activity coefficients may be assumed. constant 

throughout the experiment allowing E? to remain constant also. 1f K from 

equation (t4) Is designated a concentration constant, it may be substituted into 

equation (t8) to give 

0. 0591 (TaF ) (H2) 5/2 
E cell E? - log (t9) 

Kn (F) (H)5 

or 

Ecell = E?' + 0. 0118 log (F) - 0. 0118 log 
(TaF) (H2)5/2 

(tiO) 
(H+) 5 

where E = E? + 0. 0118 log K (tu) 

If equation (tiO) is differentiated with respect to log (F) the result is 

dEcell - __________ = n x 0. 0118 (t12) 
dlog (F) 

Inspection of equation (tlO) indicates that the magnitude of the Ta electrode - 

H2 electrode cell potential Is a function of total tantalum and hydrogen ion 

concentrations as well as the fluoride ion concentration but equation (t12) 

shows that the slope of the Ecell - log (F) data Is Independent of metal and 

H+ ion concentration and Is, moreover, a direct measure of , the average 

ligand. number of the system. Leden (48) (79) used an equation of the form of 

equation (t12) in his studies using cadmium electrodes. This equation is of 
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the form of equation (i23) and it should be noted that the same equation could 

have been obtained directly by differentiation of the Nernst equation corres- 

ponding to the cell reaction of equation (t2) where the electrode was assumed 

reversible to TaF7. Thus analysis of the data by equation (t12) will not 

give information as to the species measured. 

Features of the E - Log (F) Plot 

Potential measurements of the hydrogen electrode -N calomel elec- 

trode couple and calculation of H molality are given in Table 34. The 

molality-molarity conversion and calculation of log (F) along with the tanta- 

lum electrode-hydrogen electrode data are given in Table 35. 

Experimental potentials of the cell Ta/Ta V, HF (1 mC1O4) H2/ Pt 

as a function of log (F) are plotted in Figure 13. Several features of this 

plot are of interest. One is agreement of the probable maximum value of ri 

calculated. from the slope of the curve of Figure 13 with the value of N = 9 

derived from potentiometric 11+ ion measurements. The vertical scatter of 

the points due to variations in total metal concentration and in (H+) does not 

conceal the evidence for an increase in ii from low fluoride concentrations to 

a probable maximum ligand number of 9 at log (F) about -3. 0 and. larger. 

The data were too scattered for quantitative interpretation but qualitatively 

the results were of some significance. 
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TABLE 34. - HF Concentrations and Determination of H 

Molality from Cell Measurements 

HC1O4 1m 
NaC 104 = 1. 0 m in solutions 23, 36, 37, 38 and 39 

HF molarities from thorium nitrate titrations 

Cell: Pt/H2(g), mHC1O: N KC1, Hg2 C12(5)/Hg 

Ecell = 0. 2898 - 0. 0591 log (Ht) - E + Ed 

Soln Solution Make-up pobs. Ecell (W) 
no. (HF) (K2TaF7) (HF) h (corr.) AE 

____ m m M mm. mm. Hg mv. y. m 
Ed=0. 0192 

6 0. 016 0. 001 0. 0248 50 757. 6 0. 4 0. 3086 1. 000 
0.3065 1.085 

2 0. 4 0. 01 0. 458 50 756. 4 0. 4 0. 30945 0. 966 
0.3083 1.012 

3 0. 4 0. 001 0. 422 50 755. 7 0. 45 0. 3086 0. 998 

4 0. 1 0. 001 0. 1147 50 753. 9 0. 5 0. 30963 0. 957 
0.3088 0.988 

5 0. 2 0. 001 0. 2034 50 755. 7 0. 4 0. 30944 0. 969 
0.3087 0.996 
0.3070 1.064 

7 0. 2 0. 001 0. 1984 50 756. 8 "0. 4 0. 3097 0. 960 
0.3088 0.992 

8 0. 4 0. 001 0. 4126 50 759. 5 0. 4 0. 3055 1. 129 
0.3030 1.243 
0. 2987 1.470 

758.1 0.4 0.3085 1.004 
9 0. 1 0. 001 0. 1001 50 758. 1 0.4 0.3089 0.988 

0.3084 1.008 
10 0.4 0. 01 0. 463e 50 0.4 0. 30885 0.990 

0.3090 0.984 
0.3075 1.044 

50 754. 3 0.5 0. 3088 0. 988 
0.3064 1.085 

11 1.0 0.01 1.021 50 756.8 0.4 0.3084 1.008 
0.3080 1.024 



TABLE 34. - Continued 

Soin Solution Make-up 
no. (HF) (K2TaF7) (HF) 

m m M 

12 2.0 0.01 1.974 

13 1.0 0.03 1.146 

14 1. 0 0. 0001 0. 9574 

15 0.7 0. 0001 0. 
704o 

16 0.4 0. 0001 0.412 

17 0.2 0.0001 0.201 

18 0. 1 0. 0001 0. 104 
19 2.0 0.0001 1.907 
20 4.0 0.0001 3.892 
21 8.0 0.0001 
22 14.0 0.0001 
23 14.0 
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pobs. Eceii (H+) 
h (corr. 

) 
E 

mm. mm. Hg mv. y. m 
"0.4 0.3055 1.130 

0.3057 1.120 
0.3047 1.164 
0. 3041 1. 191 
0.3048 1.160 

''0.4 0.3073 1.052 
0.3069 1.070 

10 756 0.5 0.3046 1.164 
0.3033 1.224 

15 756 0.5 0.3035 1.215 
0.3031 1.233 

20 756 0. 5 0. 3041 1. 189 
0.3060 1.103 

20 0.5 0.3061 1.100 
0.3062 1.094 

20 756. 1 "0. 5 0. 3080 1. 020 
'-0.5 0.3022 1.280 
"0.5 0.2961 1.620 
"'0. 5 0.2861 2.39 
"'0.5 0.2706 4.38 
,.d0.5 0.2707 4.36 
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TABLE 34. - Continued 

Soin Solution Make-up pobs. Ecell (Ht) 

no. (HF) (K2TaF7) (HF) h (corr.) E 
m m M mm. mm. Hg ''mv. y. m 

Ed=O. 0170 
9 Rerun 0. 1 0. 001 0. 100k 0. 3060 0. 988 
7 Rerun 0. 2 0. 001 0. 1984 0 5 0. 3070 0.973 

0.5 0.3080 0.935 
0.5 0.3057 1.024 

8 Rerun 0. 4 0. 001 0. 4126 0. 5 0. 3053 1. 040 
0.3065 0.992 
0.3044 1.077 
0.3039 1.098 

10 Rerun 0. 4 0. 01 0. 463 0. 5 0. 3048 1. 060 
11 Rerun 1.0 0.01 1.021 0.3041 1.089 
12 Rerun 2.0 0.01 1.974 0.2995 1.303 
l3Rerun 1.0 0.03 1.146 0.5 0.3024 1.164 
25 2.0 0.001 2.037 0.5 0.302k 1.178 
26 1. 0 0. 001 1. 075 0. 5 0. 3029 1. 142 
27 0. 7 0. 001 0. 754 0. 5 0. 3044 1. 077 
28 0. 4 0. 001 0. 416 0. 5 0. 3051 1. 048 

0.3046 1.069 
29 0. 2 0. 001 0. 204 0. 5 0. 3058 1, 020 

0.3058 1.020 
0.3058 1.020 

30 0. 1 0. 001 0. 116 0. 5 0. 3050 1. 052 
0.3065 0.992 

31 4.0 i0 3.901 0.5 0.2963 1.476 
32 2. 0 10-5 1. 907 0.3019 1. 187 
33 1. 0 io 1. 057 0.5 0. 3044 1.077 

0.3030 1.137 
34 0. 7 i0 0.711 0.5 0.3038 1. 102 

0.3044 1.077 
35 0.4 i- 0.433 0.5 0.3058 1.020 

0.3049 1.056 
36 4. 0 0 0.5 0.3087 0. 911 
37 2.0 0 0.5 0.321i 0.562 
38 1. 0 0 0.5 0.337 0. 303 
39 0.7 0 0.5 0.341 0.259 
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TABLE 35. - Tantalum - H2 cell potentials and 
determination of log (F) 

Ta1: thin Fansteel dental sheet. 
Ta2: heavy rolled sheet produced at U. S. Bureau of Mines, Albany, Oregon 

Cell: Ta/TaV, HF, (1m C104), H2/Pt 

E cell 
Soln. (HF)corr d250C. (H) Ta1 Ta2 
no. M g./ml. M Log(F) y. y. 

6 0.0208 1.0525 1.0514 -4.676 0.224 
0. 0208 1. 1407 -.4. 710 0, 210 

2 0.418 1.0554 1.0187 -3.360 0.224 
0.418 1.0672 -3.379 0.201 

3 0.418 1.0524 -3.374 0.200 
0.418 1. 0482 -3.372 0.204 

4 0.1107 1.0532 1.0069 -3.930 0.341 
0.1107 1.0395 -3.944 0.222 

5 0.1994 1.054 1.0203 -3.680 0.229 
0. 1994 1. 0487 -3.692 0.215 
0. 1994 1. 1203 -3. 721 0. 217 

7 0.1994 1.0539 1.0108 -3,688 0.282 
0.1994 1.0444 -3.702 0.253 

8 0.4086 1. 0553 1. 1903 -3.436 0.354 
0. 4086 1. 3103 -3.478 0. 333 
0.4086 1.5493 -4.550 0.347 
0.4086 1.0587 -3.386 0.301 

9 0.0961 1.053 1.0393 -4.006 0.223 
0.0961 1.0603 4.014 0.209 

10 0.4235 1.0555 1.044e -3.364 0.342 
0.4235 1.0377 -3.361 0.327 
0.4235 1.1009 -3.387 0.322 
0.4235 1.0419 -3.363 0.298 

0.4235 1.144i -3.403 0.296 

11 0.981 1.0595 1. 0669 -3. 010 0. 325 
0.981 1.0838 -3.017 0.325 

Remarks 
el. = 

electropolish 
before el. 
one el. 
before el. 
one el. 
before el. 
one el. 
before el. 
one el. 
before el. 
one el. 
two el. 
before el. 
one el. 
before el. 
one el. 
one el. 
one el. 
next day 
before el. 
one el. 
before el. 
one el. 
two el. 
before el. 
next day 
one el. 
next day 

before el. 
one el. 



TABLE 35. - Continued 

Soin. (HF)corr d25° (1fb 

no. M g./ml. M 

12 1.934 1.066 1.2032 
1.934 1. 1926 
1.934 1.2394 
1.934 1.2681 

13 

14 

15 

16 

17 

18 
19 
20 
21 
22 
23 

1.934 

1. 026 
1,026 
0.957 
0. 957 
0. 7036 
0.7036 
0.412 
0.412 
0.201 
0.201 
0. 104 
1. 907 
3. 892 
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E cell Remarks 
Ta1 Ta2 ei. = 

Log (F) y. y. electropolish 
-2.769 0.371 before el. 
-2.766 0.368 one el. 
-2.782 0.363 two el. 
-2.792 0.349 before el. 

l.235 -2.781 

1.0598 1.1137 
1. 1328 

1.0594 1.2317 
1. 295i 

1.0575 1.2833 
1. 3023 

1.0553 1.2532 
1. 1627 

1054o 
1158j 

1518 
l.O53 1.073i 
1.0658 1.3625 
1.079 1.7451 

(1.113) (2.652) 
(1. 128) (4. 919) 
(1.146) (4.973) 

-3. 009 
-3.017 
-3. 083 
-3.104 
-3.234 
-3.240 
-3.455 
-3.422 
-3. 733 
-3.7 30 
-3.985 
-2. 829 
-2.629 
-2. 518 
-2.579 
-2 . 577 

next day 
0.347 one el. 

next day 
0.319 before el. 
0.323 one el. 
0. 314 0. 312 before el. 
0.316 0.316 one el. 
0.295 0.275 before el. 
0.290 0.290 one el. 
0.251 0.185 before el. 
0.208 0.170 oneel. 
0. 119 0. 0875 before el. 

0987 one el. 
0. 042 -0. 057 one el. 
0.3778 0.3595 before el. 

0.3776 before el. 
0.3880 before ei. 
0. 3974 before el. 
0.4029 before el. 



TABLE 35. - Continued. 

Soin. (hiF')corr. d25° (Ht) 
no. M g. /ml. M Log (F) 

9 0.0961 1.0530 1.0393 -4.005 
7 0.1944 1.0539 1.0244 -3.693 

.9845 -3.676 
1.078i -3.715 

8 0.4086 1.0553 1.0966 -3.401 
1.046e -3.383 
1.1355 -3.416 

10 0.4235 1.053 
11 0.981 1.059g 
j2 1.934 l.066 
13 1.026 1.0598 
25 2.033 1.0665 
26 1.071 . 

27 0.750 1.0579 
28 0.412 1. 0553 

29 0.200 
1.054o 

30 0.112 

31 3.901 
32 1.907 
33 1.057 

34 0.711 

35 0.433 

36 (4.055) 
37 (2.081) 
38 (1.055) 
39 (0.741) 

E cell 
Ta1 Ta2 
V. V. 

-. 318 0. 017 
0. 044 
-.261 
-2.88 

0. 325 
0.298 
0.200 

1.1577 -3.424 0.284 0.277 

1. 1177 
1. 125 
1. 3872 
1. 2322 
1. 2548 
1. 2091 
1. l38 
1. 1048 
1. 1269 
1. 0740 
1. 074e 
1. 074e 

1.0532 1.1068 
1. 0437 

l.O79 1.5904 
1.0658 1.2636 
1.060 1.1404 

1. 2 038 
1.0576 1.1642 

1. 1378 
1.0556 1.0756 

1. 1135 
(1. 095) (0. 9966) 
(1. 0824) (0. 6080) 
(1. (0. 3259) 
(1. 0738) (0. 2780) 

-3.394 
-3. 043 
-2. 831 
-3.053 
-2. 766 
-3. 026 
-3. 154 
-3.4 00 
-3.409 
-3.7 02 
-3.7 02 

-3.7 02 

-3.966 
-3. 941 
-2 . 588 
-2.797 
-3. 006 
-3. 030 
-3. 187 
-3. 177 
-3.368 
-3.382 
-2. 374 
-2.448 
-2.471 
-2. 554 

0.342 0.309 
0.383 0.352 
0.401 0.374 
0.386 0.354 
0.3944 0. 3617 
0. 3784 0. 3410 
0.3664 0. 3250 
0.3101 0. 2778 
0. 324 
0. 037 
0.240 0.116 
-. 2542 

-.278 0.056 
0.316 -. 061 
0.3545 0. 3792 
0.3344 0. 3606 
0.3019 0.340 

0. 3370 
0.3674 0. 3239 
0. 3572 
-.306 0.238 
-.343 0.141 

0. 395 
0. 3889 
0. 
0. 
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Remarks 
el. = 

electropolish 
before el. 
before el. 
one el. 
before el. 
next day 
before el. 
before el. 
before el. 
next day 
one el. 
next day 
before el. 
before el. 
before el. 
before el. 
before el. 
before el. 
before el. 
before el. 
two el. 
before el. 
three el. 
before el. 
next day 
before el. 
two el. 
before el. 
before el. 
before el. 
one el. 
before el. 
one el. 
before el. 
two el. 
before el. 
before el. 
before el. 
before el. 
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The formation of polynuclear and hydrolytic species may explain 

another interesting feature of Figure 13, the branching of the curve at low 

fluoride concentrations. The lower branch which shows rapidly falling tanta- 

lum electrode-hydrogen electrode cell potentials is here interpreted as some 

sort of irreversible phenomenon occurring at the tantalum electrode surface 

or solution interface such as the irreversible formation of TaOF3, Ta205, 

etc. The appearance of these low, even negative, values of the electrode 

potential occurred with greater frequency as the series of experiments 

progressed and thus may have been caused instead by the accumulation of 

impurities at the electrode surface on errosion of tantalum depending on the 

length of time of submersion of the electrode in the acid i m perchiorate - HF 

solutions. 

Experimental Procedure 

Solutions 

Tantalum electrode potential measurements were made in a series of 

solutions of various total tantalum and hydrofluoric acid concentrations. Most 

solutions contained 1. 0 molal perchioric acid although a few solutions con- 

tained i. O m NaCIO4 as the ionic medium. The initial tantalum concentration 

ranged from O. 03 molal to iO molal K2TaF7, but continued dissolution of 

the tantalum electrode tended to increase these concentrations. The hydrof lu- 

oric acidj concentration in these solutions ranged from about O. 025 to 12. 5 M, 

but the majority of solutions contained about O. 1, 0.2, 0.4, 0.7, i. O, 2. 0 and 
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4. 0 molar HF. Hydrofluoric and perchioric acids used for make-up of these 

solutions were analytical reagent grade. The potassium heptafluotantalate, 

K2 TaF7 , was the same material as used, in the potentiometric (11+) studies. 

One of the reasons for the original choice of molality units was the 

lack of suitable volumetric equipment resistant to acid, fluoride solutions. 

Therefore the first solutions were made up by weight assuming the specific 

gravity of 70. 0% perchloric acid was 1.67 g. /ml. (39, p. 2012) and 48. 0% 

hydrofluoric acid was 1. 15 g. /ml. (39, p. 1997). To make a solution 1 

molal in HC1O4, 0.4 molal in HF and 0.001 molal in K2TaF7 containing 

500 grams of water, 50. 23 grams of pure HC1O4 or 71. 78 grams 70% 

HC1O4 (21. 55 g. water), 4. 00 grams of pure HF or 8. 34 grams 48% HF 

(4. 34 g. water), and 0. 196 grams of K2TaF7 were dissolved in 474. 1 grams 

of water. This example showed the make-up of solution 3 in Table 34. A 

system finally evolved which resulted in a reproducible quantity of concen- 

trated perchioric acid and the final water dilution being measured by volume 

using glass volumetric equipment based on the specific gravity given above 

for perchioric acid and the ambient specific gravity for water. The hydro- 

fluoric acid was measured more crudely by a polyethylene graduate, how- 

ever, all of the solutions were analyzed later for total fluorid.e content by 

titration with thorium nitrate in the same manner as described previously. 
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The sodium perchiorate solutions used in several of the runs of this 

series were made by first preparing a stock 5. 0 molal NaC 104 solution. 

One hundred grams NaOH pellets were dissolved in 250 grams of water and. 

neutralized slowly with cooling by 215 ml. 70% HC1O4 using a small amount 

of phenolphthalein Indicator. Finally 142. 2 grams of water were added to 

the solution to make a total of 500 grams water. The final volume of this 

solution was 655 ml. To make a 1. 0 molal HC1O4 solution containing 250 

grams of water, i/io or 65. 5 ml. of the stock NaCiO4 was used. For 

example to make solution 36 listed in Table 34 65. 5 ml. stock NaC 104, 

36 ml. 48% HF, and 178.6 grams water were mixed in a polyethylene bottle. 

The concentrations of all of the solutions are given in Table 34. 

Electrodes 

Several tantalum electrodes made from Fansteel Metallurgical 

Corporation (North Chicago, Illinois) thin dental sheeting were used during 

the course of the experiments. A section of sheeting about 1 cm. 2 in area 

was sealed. into a polyethylene tubing by a short extension of the sheeting. 

Contact between the tantalum electrode and copper leads was affected. by a 

small pooi of mercury poured. into the polyethylene tube. When the tantalum 

had corroded dangerously due to immersion in the acid. fluorid.e solutions 

it was replaced. by a fresh electrode. Spectrographic analysis of the tanta- 

lum sheet by personnel of the U. S. Bureau of Mines, Albany, Oregon 

showed it to have the following composition in parts per million: Al 10, 
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Fe 150, Cu<l00, Pb <10, Cr <10, Si 100, Mg <10, Ti <100, Ni < 10, 

1VI<lO, V 10, Co<lO, Sn 75 and Nb,l65 

During the latter half of the tantalum electrode stud.ies potential 

measurements were made also on a second tantalum electrode placed in the 

cell. This electrode was a bar about 1/2 inch wide and 1/16 inch thick and 

was trim material from rolled tantalum sheet produced at the Bureau of 

Mines, Albany, Oregon. Spectrographic analysis of this material by 

personnel at the Bureau of Mines showed it to have the following composition: 

copper under 0. 001%, iron 0. 01 to 0. 1%, magnesium under 0. 001%, niobium 

0. 01% to 0. 1%, silicon 0. 1 to 1%, titanium 0. 001 to 0. 01%, zirconium 0. 001 

to 0. 01% and all other elements not detected. The Fansteel sheet was 

designated Ta1 while the Bureau of Mines metal was designated Ta2 in 

Table 35. 

par a tus 

The hydrogen electrode was constructed from a thin platinum sheet 

about 1 cm. 2 placed inside a 5/8 inch diameter polyethylene tube. The 

bottom of the tube was notched in two places to allow hydrogen gas to 

escape while allowing the cell solution to rise and fall across the active 

area of the platinum surface. The platinum surface was platinized period- 

ically by standard techniques (50, p. 230). A second platinum electrode 

without platinum black was used to polarize the tantalum electrodes during 

the course of the experiments. 
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The N calomel electrode used in this series of studies was the same 

N calomel electrode used in potentiometric H+ ion measurements of the 

preceding section. Liquid junction between the calomel electrode and the 

solution of the salt bridge was affected. through a 1/2 Inch length of 1/4 Inch 

diameter porous glass (Corning 7930) as before. The salt bridge solution 

was N ammonium chloride and. liquid, junction between the salt bridge solu- 

tion and the cell solution was affected through a capillary drawn from 1/4- 

inch polyethylene tubing. 

The cell container was of polyethylene so that the only materials in 

contact with the cell solutions were tantalum, platinum and. polyethylene. 

The cell container was partially immersed. in a water bath at 25± 0. 1°C. as 

was the calomel electrod.e and. the final hydrogen gas scrubber. 

Hydrogen from a commercial cylinder was passed. first through a 

bed. of copper turnings in a furnace at 350 to 400°C. to catalyze the conver- 

sion of oxygen to water. The gas was passed. next through a saturated 

copper sulfate solution to remove sulfides, then into two water bubblers and 

finally into a bubbler constructed of polyethylene which contained. a sample 

of cell solution. This latter bubbler was immersed. in the water bath and 

its purpose was to bring the hydrogen gas to near equilibrium with the vapors 

of the cell solution, especially HF. 
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The Leeds & Northrup K-2 potentiometer, the Eppley standard. cell 

and the General Electric galvanometer were the same pieces of equipment 

used in the potentiometric H+ ion studies of the previous section. 

Procedure 

After introduction of the cell solution into the cell, the hydrogen gas 

was started flowing through the hydrogen electrode and. the first potential 

measurement was made after about an hour. Repeat potential measurements 

were made for all combinations of electrodes of interest at about 15- to 30- 

minute intervals until two or three measurements ind.icated the absence of 

drift. The average potentials after apparent drift had ceased are the values 

listed, in Tables 34 and 35. 

Thermodynamic Reversibility of the Tantalum Electrode 

A study was mad.e of the effect of cathodic polarization on the tanta- 

lum electrodes. A potential of about 4. 5 volts applied between the tantalum 

electrod.e and. an adjacent bright platinum electrode, the tantalum negative 

and the platinum positive, was originally intended as an electropolishing 

device. Since we were not dealing with a uniform surface such as a mercury 

pool, it was hoped that vigorous evolution of hydrogen gas or some similar 

mechanical or chemical action by electrolysis would condition the natural 

crystalline nature of the massive tantalum electrode so that its potential 

would be less erratic and possibly more representative of true thermo- 

dynamic equilibrium between the solution and the electrode. In most cases 
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it was found after this treatment that the cell potential became relatively 

steady. In many cases the tantalum electrode - hydrogen electrode cell 

potential d.ecreased slightly after the treatment but in a few cases the poten- 

tial decreased markedly to negative potentials so that the leads to the cell 

from the potentiometer had to be reversed in order to follow the potential. 

The large decrease in potential after electropolishing usually occurred when 

the tantalum electrode was immersed in solutions containing 0. 2 molar HF 

or less. The negative potentials (the Ta electrode not behaving as a source 

of electrons) were attributed to the tantalum electrode no longer behaving in 

a reversible manner toward its own ions in solution. 

When solutions containing HF concentrations of 0. 4 molar or greater 

were under study, it was occassionally observed that the tantalum electrode 

potential was negative at first, but in a few minutes became positive finally 

reaching a steady value in the range considered reversible. The behavior 

suggested. that the electrode surface, which remained after air exposure of 

the tantalum metal, was being dissolved in the aqueous acid fluoride solution. 

The most probable explanation was that the material being dissolved. was an 

oxide film and that the presence of this oxide film on the tantalum metal sur- 

face was the cause of the "irreversible" behavior. 

The question of whether the tantalum electrode was ever behaving 

reversibly toward ions of the metal in solution is a difficult one to answer. 

When solution 12 was being rerun and when solutions 27 and 28 were being 
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studied, an attempt was made to polarize the tantalum electrode both positively 

and. negatively and to follow the resultant potentials. This was done by holding 

down the medium-sensitivity key of the potentiometer and moving the slide- 

wire until the galvanometer gave a deflection of 40 mm. to one side or the 

other which would correspond to a current flow of about 0. 040 microampere 

through the cell. After one minute of this type of polarization the cell poten- 

tial returned, to the potential it originally had in just a few second,s for both 

negative and, positive polarization. A more drastic test was tried once which 

consisted, of anodic polarization of the tantalum electrode by applying about 

4. 5 volts between it and the bright platinum electrode for several seconds. As 

might be expected the initial potential of this tantalum electrode measured 

against the hydrogen electrode was negative but the potential slowly increased 

to the equilibrium value. Again the tantalum electrode behaved, as if an oxide 

coating or similar surface were slowly dissolved, by the aqueous acid, fluoride 

to give a surface which behaved in a normal manner. These tests do not prove 

reversible behavior, however, but d,o serve to indicate that immersion in HF 

solutions of sufficient concentration and sufficient acidity cause the tantalum 

electrode to become active and approach a potential in a predictable range. 

Perhaps the best criterion of reversibility of the electrode is the agreement 

of the interpretation of the potential data in terms of the tantalum species 

present, TaF --- TaF9, with that derived, by other means. It is doubtful 

if this result were coincidence but more logically it must be explained in 
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terms of true thermodynamic reversibility being attained, between the tantalum 

electrode surface and. tantalum V in solution. 

Conversion of Molality Concentration Units to Molarities 

In ord.er to use the tantalum electrode potential measurements to 

determine the species present in the tantalum fluoride system by the use of 

equation (t12), all of the molality units were converted to molarity units. This 

was d.one for a few solutions by direct determination of solution d.ensities, but 

in most cases the densities were taken from graphs which were constructed. 

for the purpose (see Figure 14). These graphs were constructed. from litera- 

ture data (39) on the densities of HF, HC1O4 and. NaC1O4 solutions after 

making a temperature correction and the graphs were calibrated, by comparing 

the measured densities of some solutions of known composition against the 

graphs. The data used. for construction of Figure 14 are given in Tables 36 

and 37. 

Densities from the literature were corrected for the effect of temper- 

ature because they were taken at three different temperatures, none of which 

were 250 C. the bath temperature maintained in these studies and. the most 

common room temperature encountered. The density conversion was done by 

the method. of Dreisbach (15), assuming that the cubical coefficient of expan- 

sion (the increase in volume per unit volume per degree C. ) of all of the 

aqueous solutions was 0.4 x io. 
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TABLE 36. - Determination of densities at 25°C. for i molal 
HCIO4 and i molal NaC 104 

Percent by 
weight 

% 

Density 
d15° 

(39, p. 2012) 
g. /mI. 

and molal 

Mo1a11t 
m 

of HC1O4 

d25° 
(15) 

g./ml. 

1 1.0050 0.1006 1.0009 
2 1.0109 0.2032 1.0068 
4 1.0228 0.4148 1.0187 
6 1.0348 0.6354 1.0306 
8 1.0471 0.8656 1.0429 

10 1.0597 1.1060 1.0554 

By interpolation: d25 of i m HCIO4 = 1.050 g./ml. 

Density and molality of NaC1O4 

Percent by d18° d25° 

weight (39, p. 2080) Molality (15) 

% g./ml. m g./ml. 

1 1.0051 0.0825 1.0022 
2 1.0116 0.i666 1.0087 
4 1.0247 0.3401 1.0218 
6 i.0381 0.5211 1.0352 
8 i.05i7 0.7098 1.0487 

10 1.0656 0.9070 1.0626 
12 1.0798 1.113 1.0767 

By interpolation: d25 of i m NaC1O4 = i.069 g./nil. 



TABLE 37. -Densities at 25°C. of I mola1 HQIO4 and NaCIO4 solutions 

as a function of-HF concentration 

Molarity d25° 1m HC1O4 d25° 1m NaC1O4 
Percent by (39, p 1997) (15) Molarity HF with % HF given. with % HF given. 

weight 11F (see eq. t17) g. * g. ** 
% HF ml. ml. M M ___________ ml. 

0 0.99705 0 0 1.050 1.069 
5 1.017 1.0149 2.630 2.536 1.0&8 1.087 

10 1.035 1.0329 5.553 5.162 1.086 1.105 
15 1.053 1.0509 8.819 7.878 1.104 1.123 
20 1.070 1.0678 12.494 10, 673 1.121 1.140 
25 1.086 1.0838 16.658 13.541 1.137 1.156 

* d25° d.2° - 0.997 
HC1O4 HF 

** d25° + d25° - 0.997 
NaCIO4 HF 

Experimental HF concentrations and densities of solutions 14 and 15. HF concentrations were determined 
by titration with thorium nitrate. Density data were determined, by weighing using a calibrated polyethylene 
pycnometer. 

Solution (HF) d25 
M 

14 0.957 1.059 
15 0.704 1.058 
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The density data for the 1 molal HC1O4 solution calculated at low HF 

concentrations in the first half of Table 37 were adjusted to fit the experimen- 

tal density and HF concentration data given in the second half of Table 37. 

The resultant plot gave the curves of Figure 14 which were used, to convert 

all of the hydrogen ion concentration data of Table 34 from units of molality 

to molarity units so that a fluoride ion concentration could be calculated in 

molarity units. 

Calculation of H Ion Molalities from H2 -N Calomel Cell Measurements 

For the cell reaction 

H2 + Hg2 Cl2 = 2H + 2Hg° + 2C1 (c16) 

the Nernst equation at 25°C. for the N calomel electrode may be written 

Ecell = E0' - 0. 0591 log m11+ - 0. 0591 log ' + + Ed (t13) 
Ncal 2 pH2 

in terms of the molality of hydrogen ion and the partial pressure of hydrogen 

gas in the hydrogen electrode. From Hamer (32) the standard potential for 

the N calomel electrode was taken as 0. 2848 volts. Robinson and Stokes 

(64, p. 476) give the value of ± , the mean activity coefficient of 1 molal 

perchioric acid., as 0. 823 the value used here. Ed represents the diffusion 

potential of the liquid junction in the 112 - N calomel cell, but it is used. to 

include the sum of all experimental errors. 

The E Correction. - The method used to correct equation (t13) for 

the partial pressure of hydrogen gas may be seen on rearrangement of 

equation (t13) after substituting the numerical values given 
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Ecell + ¿ E = 0.2898 - 0. 0591 log mH+ + Ed (t14) 

where L E 0. 0591 log 760 (t15) 
2 p 

The value of P, the effective partial pressure of hydrogen gas, is given by 

Gold (27, p 55) by the empirical equation 

P = barometric pressure - pH2O + O.4iL (t16) 
13.6 

where p H20 is the partial pressure of water vapor at the temperature of the 

solution and h is the depth of immersion In mm. of the hydrogen jet below the 

surface of the liquidj. In Table 34 are given the calculated values of ¿ E for 

the first group of runs based on corrected barometric pressure readings, the 

partial pressure of water vapor at 25°C. and estimates of h. At first ¿ E 

was found to be 0. 0004 volts, but the value later rose to 0. 0005 volts and 

appeared to remain constant. During the latter part of the experiment no 

measurements were taken for the calculation of ¿ E but the value 0. 0005 

volts was assumed to apply to all cell potentials. 

The Diffusion Potential. - The calculation of Ed, the overall correction 

term, was made first from cell measurements on solution 6 shown in Table 

34. This solution had the lowest HF concentration of any of the solutions made 

and the H+ ion molality was taken as exactly 1. Substitution of mH+ = 1 into 

equation (t14) gave Ed = 0. 0192 y. when E = O. 0004 y. This value of Ed 

was used im Table 34 until solution 9 was rerun. As shown in Table 34, the 

earlier calculated value of mH+ = 0. 988 for solution 9 then was assumed to be 

correct, and a new Ed calculated from the potential measurement. The new 
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Ed, 0. 017v., indicated considerable drift in the diffusion potential correc- 

tion term from the original determination. This new value of Ed was used 

for the remainder of the tantalum electrode studies. Knowing L E and Ed, 

the hydrogen ion molalities of Table 34 were calculated, from the measured. 

H2 - N calomel cell potentials by the use of equation (t14). 

Calculation of Log (F) 

The calculation of fluoride ion concentrations was based on experi- 

mental values of total fluoride concentrations as determined by titration with 

thorium nitrate and the hydrogen ion concentrations as determined from the 

H2 - N calomel cell potentials. A correction was made on the experimental 

fluoride concentration values because of the presence of tantalum fluoride 

complexes in the solutions titrated. In the thorium nitrate titration method 

to determine total fluoride concentration (3), the solutions were neutralized. 

with NaOH before re-acidification and the addition of acid chloroacetate buí- 

fer solution. In the neutralization step it was probable that the tantalum hy- 

drolyzed to form a compbund containing TaOF3. Various compositions have 

been reported for the insoluble oxyfluo tantalum compound obtained on boil- 

ing a solution of K2TaF7 in water (55, p. 918), such as KF. TaOF3, 3KFTa'3 

and 4KF. Ta205 2TaF5, but little is known about the tantalum fluoride species 

formed on neutralization of a dilute tantalum fluoride solutionwithsodium hy- 

droxide. It is probable that the species formed would depend upon conditions 

such as NaOH concentration, rate of stirring, time, etc. It was assumed here 
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that the single species TaOF3 was formed. so that upon neutralization of a 

tantalum solution of concentration CM originally made from the salt K2TaF7, 

an amount of free fluorid.e equal to 4 x CM would be released and. titrated by 

the thorium nitrate along with the original free fluoride in the solution. 

These fluoride determinations were made by Mr. Howard Griffin at the 

U. S. Bureau of Mines, Albany, Oregon. In Table 34 the experimental con- 

centrations of total fluoride determined by thorium nitrate titration are 

listed, followed, in Table 35 by the values corrected. for fluoride from the 

tantalum salt where (HF)corr. = (HF)exp. -4 X CM. 

From the corrected. total HF concentrations in the molal perchloric 

acid solutions, the densities at 250 C. were read off the lower curve of 

Figure 14 which uses the molarity, M, abscissa. For the perchioric acid 

solutions 21 and. 22 of Table 35, the total HF concentrations were too high to 

be conveniently determined by the thorium nitrate titration. The densities 

of these solutions were estimated from the make-up HF molalities by reading 

from the perchloric acid. curve of Figure 14 which used, the molality, m, 

abscissa. No determinations of total fluoride were mad.e by thorium nitrate 

titrations on the molal sodium perchlorate solutions listed in Tables 34 and 

35. The densities at 25°C. for these solutions were estimated from the 

make up HF molalities by reading from th sodium perchlorate curve of Fig- 

ure 14. Estimates of densities at 25°C. for all solutions are listed in Table 

35. 



175 

From the density data, 11+ ion molalities were converted to molarity 

concentration units by the equation 
9 O 

m2 xd u - 
1+ 0.001m2 xMW2 

(ti 7) 

where MW2 is the molecular weight of constituent 2 in the solution. Equation 

(t17) was used also to calculate total HF molarities from make up HF molality 

data and density data for those solutions which were not analyzed. for total HF 

by thorium nitrate. The final H and. HF concentrations in molarity units for 

the various solutions are listed, in Table 35. 

These (H+) and. total HF concentrations were used in the calculation of 

the fluorld.e ion concentration by use of the approximation 

(F-) (t18) 

(Ht) + + 2 (HF)* 
Ka Ka2 corr. 

which is similar to equation (x7) listed in the Appendix. The use of equation 

(t18) for the calculation of (F) assumes that the average fluorid.e ligand num- 

ber of the tantalum in solution is 7. When the actual ligand. number is less 

than 7, the ue of (HF)corr in the numerator of equation (ti8) would. not 

include (F) dissociated from the tantalum fluoride complex and. equation (t18) 

would give a low result. At high fluoride ligand numbers, (HF)corr in the 

numerator would be too large since it would. not reflect the F used up in 

forming the complex with high . However, the use of (HF)orr in the de- 

nominator of equation (t18) is an approximation which tends to make the 
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denominator too large at all times so that at high i values, the two errors 

would. tend to cancel. All of the fluoride ion concentrations used. for the 

calculation of log (F) given in Table 35 were obtained by substituting (H) 

and (HF)corr d.ata of Tables 35 into equation (t18). 

The experimental Ta/TaV, HF (1mC1O4) 112 / Pt cell potentials 

given in Table 35 were plotted against the calculated log (F ) d.ata to give the 

points plotted in Figure 13. 



CONCLUSIONS 

The Nature of the Tantalum Fluorid.e Species 

Anion Exchange Studies 

The Species TaF6 

177 

The interpretation of the anion exchange data as plotted in Figure 1 

was based on the reasonable assumption that the first significant sorption of 

tantalum by the anion resin as the fluoride concentration was increased, was 

due to TaF6. It was assumed that no hydrolytic or polynuclear species 

were present at the trace levels of radioactive Ta-182 in the i molar per- 

chloric acid. medium. The validity of these assumptions was confirmed, by 

potentiometric H+ ion measurements which indicated that if the molar ratio 

CH/CM were greater than 150, hydrolytic and polynuclear species were not 

present. 

TaF5 + TaF4 

The data of Figure 1 were interpreted in the low fluorid.e range by 

equation (i23) which may be written 

n = 6 - dlogø (i23) 
d. log (F) 

Inspection of Figure 1 shows that the slope, d log Ø' / d log (F), increases 

from 1. 0 to i. 5 as log (F) decreases from about -4.4 to -4. 9. Slopes of i. O 

and. i. 5, from equation (123) correspond. to n values of 5. 0 and 4. 5 which in- 

d.icate the presence of the species TaF5 and TaF4 in this fluorid.e range. If 

j:; only is considered, the presence of TaF4+ still is inferred since the 



only species sorbed by the resin is TaF6 and an equal concentration of 

TaF4+ must be present to give an overall i = 5. 

Cation Exchange Studies 

The Species TaF4 
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Inspection of Figure 2 indicates that a reasonable extrapolation of the 

cation exchange distribution data, into the fluorid.e ion concentration range 

where the anion exchange data showed the presence of TaF5, suggests the 

presence of TaF4t Equation (i23) for this case may be written 

5 = 
dlogø 
d log (F) 

(i2 3) 

assuming that the slope, d log 0 / d log (F) were -1 as shown, then j = 4 

and the corresponding tantalum species TaF4t The reasonable conclusion 

is reached, that the only cationic tantalum species present in appreciable 

concentration at the relatively high fluoride ion concentration range studied. 

is the last cationic species. 

Potentiometric H Ion Studies 

The Species TaF6, TaF7, TaF8 and TaF9 

The formation function, ( [ F] ), was calculated. from potentio- 

metric H+ j measurements at CM from O. 50 to 3. 00 m Molar and CH from 

o. ioo to O. 350 Molar in the fluoride concentration range between about iO 

and. 5 x iO Molar. At molar ratios of CH/CM greater than 150 the for- 

mation curve appeared to be independent of CH and. CM indicating the absence 
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of appreciable concentrations of hydrolytic and polynuclear species. The 

experimental formation curves are shown in Figures 6 to 10. The formation 

curve ranged. from i values of about 6 at the highest acidities and lowest (F) 

encountered. to a maximum ligand. number of 9 at the highest fluorid.e ion 

concentrations. A great deal of scatter was encountered. in the calculated. ii 

values because of the experimental difficulties in measuring small d.ifferences 

in (H+), on the order of 0. 003 Molar in some cases, when the total acidity was 

high at the beginning of a titration. As the titration progressed., however, 

and a mixture of HF and. NaC 104 was add.ed. to the perchloric acid cell solu- 

tion, the acidity decreased. and. the d.ata became more reproducible. 

Inspection of Figures 6 through 10 ind.icates that the maximum ligand. 

number encountered., 9, should, be regarded as the coordination number of Ta 

for fluoride ions since the formation curves leveled. out at ii 9, and. accord,- 

ing to the previous nomenclature, N = 9. 

Tantalum Electrod.e Potential Studies 

TaFt to TaF9 

Analysis of the tantalum electrode-hydrogen electrod.e cell potential 

data by the use of equation (t12) indicated. that the average ligand number of 

the tantalum fluoride complex increased to about 9 in the same fluoride ion 

concentration range as shown by the potentiometric H+ ion studies. This is 

shown in the plot of Figure 13. This agreement indicated that the tantalum 

electrod.e was behaving reversibly to one of the tantalum species in solution 
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but no conclusion could be made as to the particular species actually measured 

by the tantalum electrode. The same differential equation of the form of 

equation (t12) can be derived, assuming the tantalum electrode to be reversible 

to Ta5 or TaF9. 



The Formation Constants 

Basis 

The General Equation 
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Calculation of the overall formation constants was made using a form 

of equation (i16) derived on the basis of the species TaF4, TaF5, TaF6, 

TaF7, TaF8 and TaF9 only existing at equilibrium in the concen- 

tration ranges studied. in this Investigation. Under consideration are the 

relations 

TaF4 + F = TaF5, (35 = k 
(TaF5) () (TaF4)(F) 

TaF4 + 2F = TaF6,ß6 (TaF6) (n2) 
(TaF4) (F)2 

(TaF7) 
(i3) TaF4 + 3F = TaF7,37 = 

(TaF4) (F)3 

(TaF8) 
(n4) TaF4 + 4F = TaF8, 3 8 (TaF4) (F)4 

(TaF9) 
(n5) TaF4 + 5F = TaF9 , 9 = (TaF4) (F)5 

where k5 k6 k7 k8 k9, etc. , and. all constants apply to the solvent i M 

do4- at 25°C. 

From equation (i15) first introduced by Bjerrum (4) we may write 

- 4(TaF4) + 5(TaF5) + 6(TaF6) + 7(TaF7) + 8(TaF8) + 9(TaF9) n= (n6) 
(TaF4) + (TaF5) + (TaF6) + (TaF7) + (TaF8) + (TaF9) 
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Dividing equation (n6) by (TaF4) and introducing the overall formation con- 

stants, ,9 , from equations (nl) through (n5) we get 

4 + 5ß 5(F) + 6ß6(F)2 + 7ß7(F)3 + 8ß8(F)4 + 9ß9(F)5 
(n7) 

i + (F) (F)2 
+, 

(F)3 
8 

(F)4 +ß9 (F)5 

which may be rearranged to 

ß5 (5 -i) (Fi ß 6 
(6 - ) (Fi2 +3 7(7 - ii) (F)3 +9 8 

(8 -i) (F)4 + 

(9 -i) (F)5 = -4 (n8) 

As suggested. by Sullivan and Hindman (79, p. 6092), the simultaneous ectua- 

tions of the form of equation (n8) were solved, by taking (F) values at half 

integral values of ii. This selection simplified, the coefficients of the deter- 

minant and. the values were sufficiently spaced so that a good representation 

of the formation curve was obtained.. 

Calculation 

Selection of (F)1s at Half Integral ii Values 

Anion Exchange Data 

(F)'s at ñ = 4. 5 and 5. 5. - Equation (a43) derived by Petersen/ was 

used to determine the values of (Fi at values of 4. 5 and 5. 5 from the anion 

exchange studies. From equation (a24) it was seen that the slope of the 

log 0 vs. log (F) plot was i. 5 and. 0. 5 when i = . and. 5. 5, respectively. 

The first derivative of equation (a43) 

d log 0 __________ = -3. 2244 - 0. 9674 log (F) (a44) 
d. log (F) 
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when solved, for log (F) at d log 0 / d. log (F) equal to 1. 5 and. 0. 5 gave the 

results shown in Table 38. 

TABLE 38. - Evaluation of (F) at ii = 4. 5 and 5. 5 

dlogø 
d log (F) 

log (F_)* (F) 
M 

1.5 4.5 -4.88 ± .04 (1.32 ± .12)x i0 
0.5 5.5 -3.85+. 04 (1.41±.13)x104 

* The liniits derived by Petersen / correspond to one standard. 
deviation 

Potentiometric H Data 

(F)'s at i 6.5, 7.5 and. 8.5. - The data of Table 31 were used. 

directly in calculation of the formation constants. The scatter in the poten- 

tiometric H ion data is reflected. in the magnitude of the standard. d.eviations 

of the means reported in Table 31. 

Combined Data 

The anion exchange data from Table 38 and the potentiometric H+ ion 

d.ata of Table 31 are combined, in Table 39. The standard. deviation limits of 

(F) are given. 

TABLE 39. - ([F] ) data and. the standard. deviations of (F) 

n (F) 
___ M 

4.5 1.32x105 
5.5 1.41x104 
6.5 2.67x104 
7.5 6.23x10 
8.5 1.35x103 

Standard deviation, G 

absolute percent 
0.12 x 10 9.1 
0.13x104 9.2 
0. 38 x io 14. 2 

0.56x104 9.0 
0.34x103 25. 
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A plot of the i ([F-j) data of Table 39 is shown in Figure 15 and the stand- 

ard. deviation limits of the experimental (F)'s are indicated.. 

The Problem for the Computer 

An ALWAC III-E electronic digital computer at Oregon State College, 

Corvallis, Oregon was utilized to make the required calculations in the series 

of 5 x 5 determinants which were programed. Plugging the data of Table 39 

into equations of the form of equation (n8) the problem was to see if five 

positive f3 's could be found. which fit the data and., if so, the range of posi- 

tive 3 's within the standard deviation limits of the (F )'s. 

The computer was programed by Brenne to print out the set of 5 

overall formation constants, /3 j, from the 5 linear equations of the form of 

equation (n8). Any one or all 5 input values of (F) could be varied arbitrari- 

ly and the first step was to see if a set of positive solutions could be found 

for the matrix within the standard. deviation limits of the experimental F ion 

concentrations . Inspection of Figure 15 indicated that it would. be unlikely 

that such a set could be found because of the slightly imperfect allignment of 

the experimental curve of Figure 15 in the transition region between i = . 

and. 6. 5. The data at i = 5. 5 and. below were obtained from anion exchange 

distribution and. the data at i = 6. 5 and above were obtained by potentiometric 

H+ ion measurements. 

_/ Brenne, Robert N. , Research Assistant. Department of Mathematics, 
Oregon State College, Corvallis, Oregon. 
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The Best Formation Constants 

Calculation of the best set of average formation constants and the 

range of the constants within the standard. deviation limits of the experimental 

data was made, essentially, by trial and. error. It was found. that positive 

constants were obtained, upon solution of the 5 x 5 matrix derived from the 

general equation (n8), only when the experimental F - ion concentrations 

substituted. into the equations represented a smooth sigmoid. curve between 

n values of 4 and 9. Therefore the limits of possible solutions to the matrix 

were found by solving a series of equations of the form of equation (n8) and 

noting (F) at the transition between + and - ß values. Usually one, but in 

some cases two F ion concentrations were allowed to vary, holding the others 

constant. 

Relating the positions of the experimental F ion concentrations and. 

their standard. deviation ranges with the known experimental and. theoretical 

confidence that could be placed on the data, it was decided to fix the F ion 

concentration ranges at n = 5. 5 and 7. 5. Trial iterations around ii = 4. 5 

gave no useful information so it was decided to retain the experimental (F) 

range here also. These fluorid.e ion concentrations had almost identical 

percent standard deviations and a smooth curve could be drawn through their 

average values and. through the + and. - limits as may be seen on inspection of 

Figure 15. The average fluoride ion concentration at n = 8. 5 was, likewise, 

fixed. at the experimental value, but the standard deviation limits here were 



found. to be unrealistic since negative constants were calculated. using the - stand.ard deviation limit. 

Procedure 

The Matrix. - Equation (n8) when expanded to 5 equations in 5 unknowns may be written 

n 

4.5: (0. 5)(o( X 105) 6 (1. 5)(o( X 1o_5)2 
+ (2. 5)(o(1 X 1O) 8 (3. 5)(OÇ X 10) + 

(39(4.5)(0Ç1x105)5 = 0.5 

5.5: 3 5 (. 2 
X 1o) +3 (0. 5X2 X 10)2 (1. Ç2 x 10) 

8 
(2. )(°<2 

X 10) + 

ß (3. 5oç2 x i0) 1.5 

6.5: ß (-1. 5)( x 1O) 
6 

(-0. 5)( x 10)2 
+ 

(0. 5)(oç x 1O) 8 (1. 5)( X 10) + 

(2. 5)( x 10) = 2. 5 (n9) 

7.5: (-2.5)(4 x 10) +ß6 (-1.5)(4 x 10-4)2 
+ (_Ø5)(4 x iø) (0.5)(4 X 10) + 

3 (1. 5)(0Ç4 X iO) = 3. 5 
9 



8. 5: (-3. 5)(o( x 10-s) 
6 (-2. 5)(o( x 1o3)2 +3 (-1. 5)(o X 10) (-0. 5)(« X 10) + 

9(0.5)(Ç5x1O3)5 = 4.5 

where o( 
, 0(2, 0(3, 0(4 and 0( are the fluoride ion concentrations without their powers of ten at 

thenvaluesof4.5, 5.5, 6.5, 7.5and8.5. 

Determination of '( +. - It was found that the average experimental value of oÇ when 

used with the average values of 2' o4 and taken from Table 39 resulted. in negative 

constants. A search for a probable value of oÇ holding 1' °'2' 0(4 and 0(5 at the average experi- 

mental values gave the following: 

°i 2 (3 L4 (5 ß5 X i0 ß6 X iø10 ¿9 X 1010,8 X X 

1.32 1.41 3.32 6.23 1.35 .70009 .011773 114.92 -.0050842 .022769 
1.32 1.41 3.325 6.23 1.35 .69961 .012138 113.54 .0085261 .022714 
1.32 1.41 3.715 6.23 1.35 .59094 .042020 .601800 1.1218 .018214 
1.32 1.41 3.72 6.23 1.35 .58946 .042427 -.93612 1.1370 .018152 

The average value of theo<3's which gave positive ßvalues at the transition was, therefore, 3. 52. 

Assigning a percent standard deviation of 9. 1% to corresponding to the average percent standard 

deviation limits of c(, 
2 

o( the value of o( was henceforth taken as 3. 52 ± 0. 32. 



The Overall Formation Constants. - Solution of the system using this 

new average o( gave: 

TABLE 40. - The average overall formation constants 

= 1.32; = 1.41; = 3.52; 0(4 = 6.23; o( = 1.35 

x lo X lo_lo X lo_lo x io x io20 

0.64673 0.026678 58.586 0.55024 0.020524 

The Formation Function. - The average (9 constants of Table 40 

when substituted back into equation (n7) were used to calculate the formation 

function of the tantalum fluoride system. The data are given in Table 41 and 

shown in Figure 15 by the full drawn curve. 

TABLE 41. - The average formation function 

(F 
) 

M fi 

l.32xl05 4.5 
3 xl05 4.77 
6 x105 5.04 
1.41x10 5.5 
3.52x10 6.5 
6.23xlV4 7.5 
9 x104 8.08 
l.35x103 8.5 
2 x103 8.73 
4 x103 8.90 

Determination of the Limit oo(, 
. - Using the - standard deviation 

limits of o( 
, °2' '4 

and 0(5 indicated in Table 39 and. the new - limit for 

0 of 3. 20, it was found that negative ß s were obtained. Substituting 

increasing values of o( into the computer, the first real solution was ob- 

tamed at o( 1. 15: 
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The experimental (F-)'s and their standard ,," 
deviations at half integral s are given 
byo-.The full drawn curve was / - calculated from the formation constants. 

/ 

- 

- o _ol IIIHII 
I 1111111 
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10-5 10-4 - - - 10-3 60-103 

F-/molar 
Figure 15.-The formation function of the tantalum fluoride system 



° i '2 0(3 0(4 0(5 x iø-5 
( 6 X 1010 ß X 10-10 

8 

1.20 1.28 3.20 5.67 1.1 .74378 .022183 135.28 -.46078 
1.20 1.28 3.20 5.67 1.15 .72920 .026724 109.82 .10589 

9 X 

041297 
037582 

The positive set of ßconstants calculated. above was used. to calculate the - limit of the k's, the stepwise 

formation constants, shown in Table 42. 

Determination of the t9 's at the + Limit. - Positive solutions for all (3 's were obtained from the 

experimental + standard deviation limits of 2' O4 and. o( indicated in Table 39 and the + limit of 

0(3 = 3.84: 

°i '2 0(3 0(4 05 (35x105 p6x101° 
1.44 1.54 3.84 6.79 1.69 .57066 .028180 

X 10_10 X i015 p9 x io-20 

17.900 .89012 .010563 

This set of constants was used to calculate the + limit of the stepwise formation constants as shown in Table 42. 

Calculation of the Stepwise Formation Constants. - From the relations k5 = 
, 

k5 k6 =,8 

k5 k6k7 =,6 k5k6k7k8 =ß 8 
and k5k6k7k8k9 = f2 9 

the preceding calculations gave the following results: 
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TABLE 42. - The stepwise formation constants 

- Limit Average + Limit Range 

k5 7.292 x io 6.467 x io 5.707 x iO4 (6.5 ± 0.8) x iö 

k6 3.665x103 4.125x103 4.938x103 (4.10.6)x103 
k7 4.109 x 2.196 x iø3 0.635 x iø (2.2'1.7) x iø 

k8 0.964x102 9.392x102 4.973x103 102to5x103 
k9 3.549 x io 3.730 x 1.187 x io 4 x 10 to iø 

The ranges of k8 and k9 are quite large. These ranges reflect more than 

anything else the extreme sensitivity of this system of 5 equations in 5 

unknowns to small changes in the experimental values of the fluoride ion 

concentrations. Inspection of the equations (n9) shows that the o( 's are 

taken to the 5th power in the term containing 9 , to the 4th power in 

the term containing S 8' etc. , so that it is not surprising that extremely 

good data would be required to prevent the 's from differing greatly at 

the standard. deviation limits of the experimental oc, 's. 

Comparison of the Average k's with the Statistical Values. - The 

interesting decrease of the average value of k8 and. the increase of k9 may 

be discussed from the standpoint of the ratios of successive constants. If 

statistics only govern the formation and dissociation of ft complex, Bjerrum 

( 4, p. 24) gave the ratio between successive formation constants by 

k (N-j+1)(j+1) 
(p28) 

k+1 (N-j)j 
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In Table 43 the ratios between successive constants of the tantalum fluoride 

system calculated by equation (p28) are compared with the experimental 

ratios of the average k's of Table 42. 

TABLE 43. - Comparison of experimental and statistical k's 

N=9 

ki / k + 1 

j (N -j+1)(j+1) 
___ (N-j)j 

5 1.500 
6 1.556 
7 1.714 
8 2.250 

Exterimental 
15. 7 

1.88 
2. 34 
0.25 

Obviously there are more considerations than purely statistical ones 

the formation and dissociation of the tantalum fluorid.e corn- 

plexes assuming that the experimental ratios of Table 43 are meaningful. 

A possible explanation of the low value of k8 compared to k9 is given at 

the end of the Conclusions. 
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Discussion of the Tantalum Fluoride Species 

The Total Number of Species Present 

The first thing made evident by inspection of Figure 15 is that the 

full sigmoid-shaped. formation curve appears to be developed between 

4 and ñ = 9. From this it appears unlikely that simple species of 

the mononuclear tantalum fluoride series below TaF4+ will be found.. This 

conclusion relies heavily upon the shape of the curve of Figure 1 in the re- 

gion of low fluoride concentration, which in turn relies heavily upon the 

position of just a few points. If no species below TaF4+ were a fact, the 

limiting slope of the low fluoride end of the curve of Figure 1 would be 2, 

but, unfortunately the d.ata in this investigation were taken to a slope of 

1. 5 only. 

The Species TaF9 

The x-ray studies of Hoard. (38) on crystalline Na3TaF8 indicated. 

that the eight fluorid,e ions were arranged around each tantalum ion at the 

corners of an almost perfect square Archimedean antiprism. The average 

Ta - F bond. length was 1. 98 A° and. the average F - F bond length was 

2.41 A0 (38, p. 3823). From these data the F ion radius was 1.205 A° 

and the Ta+5 ion radius was O. 775 A°. These values compare with 1. 36 A° 

given by Pauling (62, p. 346) for the crystal radius of F and O. 73 A° 

reported. in Moeller (56, p. 142) for the radius of Ta5 The radius ratio 

from the experimental data of Hoard was, therefore, p = 
O 775 

o. 643 
1.205 
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which compares with Pauling's value (62, p. 382) of 0. 645 as the minimum 

radius ratio for stability of the square antiprism of coordination number 8. 

Pauling gives (62, p. 382) the minimum radius ratio for stability of the 

polyhedron of coordination number 9 as 0. 732. This polyhedron is obtained 

by adding an atom at the center of each square face of a right triangular 

prism. 

There are two mechanisms which may be invoked, to increase the 

rad.ius ratio of Ta5 and. F from the value 0. 645 for stability of the square 

antiprism structure of TaF8 to 0. 732 for stability of the 9 coordinated group, 

TaF9. One mechanism is the effect of coordination number on the interionic 

d.istance. As more fluoride ions are packed. around. Ta+S, the effective 

size of the central ion would be increased, still more by electron transfer 

from F to Ta5. Pauling (62, p. 368) gives a table of correction factors 

which may be used. to correct the interatomic distance for change of 

coordination number. Assuming n = 9 the cqrection going from coordina- 

tion number 8 to 9 is ' _ 052 013 so that the Ta - F bond. distance 
1. 037 

becomes 1. 98 x 1. 013 = 2. 01 A°. If ll of this increase in size were 

assigned. to Ta5, its radius would. become 0. 805 A°. 

A more important mechanism which may explain the high radius 

ratio of 0. 732 necessary for stability of the TaF9 group is found not in con- 

sideration of solid crystals which has been the case till now but in solution 

chemistry. In a crystal the balance between the forces of attraction of the 
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central metal ion and. F - in the anionic group and between the cationic 

group and. F - usually favor the anionic group. Thus in the structure of 

K2SiF6 illustrated by Pauling (62, p. 369) each K ion is surrounded by 

twelve F ions and. the ability of the K ions to attract F away from Sf4 

is severely limited. In an aqueous solution containing M sodium perchiorate, 

however, the anionic species may become enlarged to a considerable degree 

by competitive attraction of the fluo rid.e ion by a large number of Na+ ions 

and. by the positive dipoles of the water molecules. Fialkov and Spivakovskii 

(18) even have found a d.ecrease In the stability of the cadmium chlorid.e 

complexes as the salt medium was changed. from RbC1 to LiC1. The stron- 

ger the electrostatic field. of the cation, the more it weakens the bond 

between the central and coord.inating Ion. If a direct correlation may be 

mad.e between bond. energy and. bond length, then the TaF8 ion in solution 

in M NaC1O4 may be assumed to be somewhat bloated. compared. to TaF8 in 

the Na3TaF8 crystal. The TaF9 ion observed in these studies may be 

assumed, to have a radius ratio of O. 732 which is required. for stability of 

the group. 

A model of the TaF9 group is shown in 3 views in Figure 16, top, 

front and. side. The top view, looking down on the triangular face of the 

right triangular prism, shows the 3 peripheral F ions. The front view 

looks onto a square face of the central prism and. shows one peripheral 

F ion centered on this face. The sid.e view, obtained on rotating the front 
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view 900 c1ockwie, is the most interesting. In this view, one looks edge- 

wise onto two planes containing 4 F ions each arranged in a slightly dis- 

torted square antiprism. The square antiprism is the structure found by 

Hoard (38) for TaF8. The ninth F ion is centered in the face of one of 

the original square faces of the antiprism, moreover, there are three 

identical positions for this ninth F ion. Inspection of the top view will 

confirm that there are 3 pairs of planes of 4 F ions each with the ninth 

F ion for each pair occupying the hole formed. by rolling the two planes of 

4 atoms each away from the Ta V ion. This symmetry of formation of the 

TaF9 ion may explain its large formation constant compared to the 

formation of TaF8. 
If the formation of TaF8 is pictured as taking place by the 

addition of one F to TaF7 in the form of a right triangular prism with 

the seventh F occupying one of the square faces, then there are only two 

holes that the eighth F may occupy. Once occupied, appropriate dis- 

tortion to give an almost perfect square antiprism sets up the structure to 

allow the ninth F to come in at any one of three positions to give the per- 

fectly symmetrical structure shown in Figure i6. 
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SUMMARY 

In acid. solutions, near i M in perchiorate ion and between i05 and 

5 x iO M in fluoride ion, the species TaF4t TaF5, TaF6, TaF7, 

TaF8 and TaF9 were found by ion exchange distribution studies, 

potentiometric 11+ ion measurements with the quinhydrone electrode, and. by 

tantalum electrode potential studies. The formation function for the simple 

mononuclear series of complexes, derived partly on measurements of the 

single species TaF6 by anion exchange distribution and, partly on calculation 

of the free ligand concentration from the potentiometric H+ ion measure- 

ments, exhibited the full sigmoid-shaped curve between average ligand 

numbers of 4 and 9, making it appear unlikely that species below TaF4 

will be found. 

Stepwise formation constants at 250 C. calculated from the formation 

function using an electronic digital computer were found to be: 

TaF4 + F = TaF5 

TaF5 + F = TaF6 

, k5 = (6. 5 ± O. 8) x io 

, k6 = (4.1'O.6)x io 

TaF6 + F = TaF7 , k7 = (2.21 1.7) x i0 

TaF7 + F = TaF8 , k8 = iø2 to 5 x i0 

TaF8 + F = TaF9 , k9 = 4 x i0' to io 
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These values apply to the solvent i molar aqueous perchiorate ion, and they 

were based on the values 1. 07 x iO3 and 0. 32 for the dissociation constants 

of HF and HF2, respectively. 

Distribution studies were made of tracer Ta-182 between the per- 

chlorate form of Dowex i - 8 anion exchange resin and i molar perchioric 

acid at variable HF concentrations. At these low tantalum and high acidj 

concentrations hydrolytic and polynuclear species were assumed absent. 

The average ligand number ii, calculated from the potentiometric 11+ ion 

measurements as a function of fluoride ion concentration, gave evidence of 

hydrolytic and polynuclear species when CH/CM, the ratio total acid concen- 

tration to total metal concentration in solution, was about 150 or less. In 

most solutions at CH/CM >150, the presence of hydrolytic and polynuclear 

species was found to be negligible. No evidence for weak acids of the tanta- 

lum fluoride system was found. 
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APPENDIX 

Derivation of Expressions for the Fluorid.e Ion Concentration 

Basis: . 

(J) (F) = Ka (xl) 
(HF) 

(HF)(F) = Ka2 (x2) 
(HF2) 

1. (HF)total (F) + (HF) + 2 (HF2) (x3) 

* t', 

(HF)total = (HF) (x4) 

Substituting (xl) and. (x2) into (x3) 

Ka (HF)total = Ka (F) + (H')(F) + 2Ka (HF)(F) (x5) 
Ka2 

Approximating (HF) in (x5) by (HF)otai according to equation (x4) and 

solving for (F) 

(F) = 
Ka (HF)totai (x6) 
(H+) + Ka + 2 (H5otai 

Ka2 

(F) (HF)total (x7) 
(if') + i + 2 (HF)* 

a Ka2 

2. CH = (H) + (HF) + (HF2) (x8) 

+ * ¿d 

CH (H ) 
= (HF) (x9) 

Approximating (HF) in (x5) by CH (H+)* according to equation (x9) and 

solving for (F) 

(F) (HF)total (xlO) 
(H) + + 2 [CH - (14+)) 

* 

ka Ka2 
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3. In equation (xlO) the term (HF) total may be replaced. by the sum 

of the stoichiometric concentration of HF added., (HF)a, and the free HF 

produced. or taken up after addition of the salt K2TaF7: 

(HF)total = (HF)a + 7 CM -ii CM (xli) 

(F) = (HF)a + 7 CM -ii CM (x12) 

tH) + + 2 (CH - (H±)} 
* 

Ka Ka2 

4. Combining equations (x3) and. (xli) 

(F) + (HF) + 2 (HF2) = (HF)a + 7 CM - CM (xi3) 

From equation (x8) the approximation Is made 

CH -(H)**(HF) + 2 (HF2) (xl4) 

Substituting (x14) into (xl3) and solving for (F-) 

(F) (HF)a + 7 CM - ii CM - (CH - (1111 
** (x15) 


