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EXTRACTION OF HAuC14 , HRe04 AND HCI04 BY 

TRIOCTYLPHOSPHINE OXIDE IN CC14 , ISOOCTANE AND CYCLOHEXANE [1] 

J. J. Bucher and R. M. Diamond 

Lawrence Berkeley Laboratory 
University Of California 

Berkeley, California 94720 

January 1972 

Abstract 

The extraction of HRe04' HCI04 and HAuC14 (in HCl) by dilute solutions 

(~O.lOM) of trioctylphosphine oxide (TOPO) in CC14 , isooctane, or cyclohex~e 

was examined. From acid distribution data and infrared spectra of the organic 

+ phases it was concluded the same unhydrated 2TOPO'H complex as observed before 

in TOPO-benzene and in TOPO..,CHC1
3 

solutions was extracted. This result is in 

disagreement with the conclusions of a previous study of the CC14 system. r A 

discussion is given indicating how this inconsistency can arise from .neglecting 

possible changes in the ratio of the activity coefficients of acid complex and 

the TOPO. It is shown that extraction of strong acids by TOPO does not fit the 

hydronium-ion-core.model, which does, however, satisfactorily describe the 

situation with less basic extractants. 
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Introduction 

A previous study ofHRe04 extraction by 10-2 - 10-~ solutions of tri-

octy1phosphine oxide (TOPO) in CC14 indicated that an acid complex involving 

three TOPO molecules was formed in the organic-phase [2], and of the order of one 

water mOlecule appeared to be co-extracted. Combining these two results, and 

making an analogy with a system using the less basic tributylphosphate (TBP) 

as the extractant (TBP-HC104 -CC14 ) [3], it was concluded that the acid complex 
, . 

with TOPO had a hydronium core around which the maximum number of .three TOPO 

molecules were coordinated. However, two features have come to make this 

conclusion suspect. Firstly, we would expect that the more basic the extractant, 

the fewer the number o~ molecules of it needed to solvate the acid cation, but 

the TOPO-CCl4 system still indicated a 3:1 complex at extractant concentrations 

where the TBP-CC14 system had already changed to a 2:1 complex. More impor

tantly, recent work dealing with the extraction of perrhenic (HRe04) and 

chloroauric (HAuCl4 ) acids by TOPOin genzene, chloroform andsym-triethyl

benzene [4] indicated the extraction complex was solvated by only two TOPO 

molecules and contained insufficient water to allow the formation of a 

hydronium-ion core. The cationic portion of the complex was a proton bound to 

the two TOPO molecules. It was thus of interest to re-examine the extraction of 

HRe04 by TOPO in CCl4 , as it seems difficult to imagine that simply changing the 

diluent from benzene to CCl 4 should cause such a profound change to a hydronium-

ion-based complex. 

It was alpo desired to ~xtend th~ purvey of TOPO ~xtra.ction to one 
"', ,", ."" .1 " '.' 

additional type of diluent, namely an aliphatic hydrocarbon. Both 2,2,4-trimethyl-

pentane (isooctane) and cyclohexane were used; cyclohexane was the preferred 

diluent as it has less tendency for third-phase formation than the straight or 

branched-chain hydrocarbons. 
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In order to determine the· ae'id concentrations down to very low ,values, 

186. . 
Re04 -tracer was employed with mae,ro coneentratioIls ofHRe04' Previous 

studies indicated that the extraction behavior. o:f HRe04 and HC104 are 
I 

similar. [3,4],. HAuC1
4 

extraction was also studied, as it has been :found that 

this ani'on" AuC14 -, is essentially anhydrous in the organic-phase acid complex [4], 

and so :ahy water found co-extraeting.would be on the TOPO cation. 

Experimental 

Reagents 

The purification 'ahdpreparatioti o:f the Various materials aIfdsolutions 

used: TOPO, HRe04' HAuC1 4 ,' HC104 , tracer chloroaurate and tracer pe:r:-rhenate 

were as· previou~lydescribed [4'].. Cyclohexane, CC14, and isooctane were. all 

"spectro-grade" reagents,' obtained from Matheson, . Coleman and Bell. 

Procedures 

Similar procedures were 'used to obtain the distribution and watE:r 

data in this study as have already been outlined elsewhere [4J. Distribution 

measurements were at room temperatllre, 24±2°C. The infrared spectra were 

taken vith a Beckman IR-9 instrument ,in the double-beam mode, using variable 

pathlEmgtp cells having CaF 2 windows .. 

Results and Discussion 

The experimental results are shown mostly as log-log plots in Figs. 1 ":' 

.. 10. The raw data are usually indicated by circles connect'ed by solid lines '. 

Corrections made to the experimental points, as described below, are usually 
J 

indicated by square symbols connected by dashed lines. 

The equilibrium for the distribution o'f water into an organic-phase 

'"',, 

, .. :-
I 

j 
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solution of TOPO may be written: 

nTOPO(org.) + mH
2

0 = mH
2

0.nTOPO(org.) 

The corresponding equilibrium constant 1s 

= 
(mH20'nTOPO)o 

(H20)m(TOPO)~ 

[mH2 0'nTOPO}o YH20 

(H
2

0)In [TOPO]n Y~oPO 
= 

YH ° 2 
I<R ° -n-

2 YTOPO 

(1) 

where parentheses signify activity, brackets dEmote nlolar concentrations, y is 
1 • Ii, 

I a molar act! vity coefficient andK is a mixed ~oncent'ration quo~ient. With the 

assumption that Y
H 
o/Y~po is a constant in the dilute soiutioris used, 

2 
equation (2) implies that a log-log plot of the organic-phase water concentration 

vs. the equilibrium TOPO concentration should yield a curve of slope n, where 

n is the number of TOPO molecules coordinated in each extracted water complex. 

In Fig. 1, the organic-phase water concentration, [H
2
,O] is plotted against the o . 

initial (not equilibrium) TOPO concentration. The amo~t of water extracted by 

the diluent alone, calculated as the product of th~ molar solubility in the 

diluent and the volume fraction of diluent in the organic medium, has been 

substracted to give the points plotted. The water solubility found in ,this 

study for i sooctane and cyclohexane is 0.003M (literature values: O.OO2M [5] -

0.006M' [6]), and r;r CC14 , O. 008M (literature values: 0.008 [7] - .oo87M [8J). In 

Fig. 1, slopes of one are obtained up to TOPO concentrations of 0 .1M ,'V 0.05J'1 

and 'V O.02N for the diluents CC14 , cyclohexane, and isooctane, respectively. 

This indicates that only one TOPO molecule is involved in each TOPO-water 

complex below the stated concentration limits. A comparison between the data 

for water-TOPO-CC1 4 in this study and with an inveFitigation on the same system 

by 0' Laughlin, et al. [7], shows substantial agreement. As pointed out by 

0' Laughlin, et al., the principal difference between their study and an earlier 

one by some of the present authors [2], dealt wi th th~ value for the solubi1ity 
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of water in CC14. Their lower value of O.Oo"8M is confirmed in the present 

study. 

At higher TOPO concentrations, the plots of Fig. 1 show ail increase.in 

slope. This may indicate a TOPO-water complex with n > 1, or a breakdown of 
. . 

the assumption of a constant activity':"coefficient ratio, or a combination of 

these effects. . The data in Fig. 1, do not ailow any clear statement as to'the 

number of water moleculesinvol';'ed in the complex; this information is optainable' 

from a study of water extraction as a function of water activity at a constant 

TOPO acti vi ty. Preliminary experiment s of this type have been made on the TOPO-

CC1 4 system and indicate that only one water is involved.in the TOPO-water 

complex if the TOPO concentration is < O.lOH. For the purpose of this study, 

however, it is sufficient to know the water extraction near a water activity 

of unity, so as to be able to correct data for the amounts of water co-extracted , 

with the various acid complexes (as discussed later). For this reason, and' 

because we do not always know the amount of free TOPO uncomplexed by water 

in each TOPO-diluent system, no distinction will be attempted between total and 

hydrated TOPO. The symbol, [T.oPO], will denote the concentration of TOPO 

not complexed by acid. 

The extrac1;-ion of HX by TOPO solutions to yield an ion-paired product 

may be expressed: 

+ 
H + X + xH20 +nTOPO(org.) = Ht·llTOPO.vTH20 .• 'X-.(X-W)H20(org.) (3) 

,The corresponding equilibrium constant is: 

a 

)( 
[H+·nTOPb·wHO·~.X-·(x-w)H 0] .y 

> .. ' ,2 .• ' 2,o.HX= 

. (H20)x (HX) [TOPO J~ Y~OPO 
(4) aYHX 

K -.' n n 
YTOPO, 

= 

.! 
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with the same symbols as before, and ~ is a mixed concentration quotient for n . . 

an associated species in the organic-phase. All three diluents used in this study 

have low dielectric constants (CC14 , £ = 2.23 at 25°C, cyclohexane, E = 2.02 at 
I 

25°C and isooctane, E = 1.94 at 20°C [9] ), and so ~on association, at least to an 

ion pair is expected. If the aggregation proceeds further, the dependence of 

the organic-phase acid concentration on the TOPO and aqueous acid concentrations 

will be even higher. For example, for ion quadrupoles,.· [H+:nTOPO'wH20"'X-'(x-w)

H20]2' the denominator in equation (4) becomes (H20)2X(HX)2[TOPO]~ny~~po' 

Plots of HAuCl4 extracted into TOPO-CC14 and into TOPO-cycldhexane vs. 

aqueous HAuCl4 concentration are shown in Figs. 2 and 3, respectively. In the 

aqueous concentration product, [H+][AuCI4-], the hydrogen ion concentration is 

the sum of the AuCl4 and Cl- values, the latter being held constant at O. OIOM. 

The use of concentrations for aqueous activities here should make little 

difference because the main changes in the curves occur at very low aqueous 

concent rat ions. 

It can be observed in Fig. 2 that the points at lower concentrations 

fall along a line of unit slope for both the O.lOM and O.OIOM TOPO curves, 

indicating an ion-paired species in the CC14 phase. But for higher values of 

[HAuC14]0~ the experimental points rise above the extrapolated dashed line, 

suggesting that aggregation beyond the ion pair is taking place. Finally, 

when [HAuC14] approaches about 10% the value of the total TOPO concentration, 

the curves for both O.lOM and O.OlOM TOPO start to level off and asymptotically 

approach a value of one-half the total TOPO concentration.· This stoichiometric 

+ -limi t of two TOPO molecules per extracted HAuC14 suggests that 2TOPO' H .~. AuC1 4 

is the formula of the extracted complex, at least in this region of limited 

availability of free TOPO in CC14. 



-6- LBL-609 

The corresponding curves for the extraction of HAuC14 from O.OlOM 

" " 

HCl by O.lOM and O. OIOM TOPO iri cyclohexane, Fig. 3, show somewhat similar 

behavior, including a 2TOPO'H+" 'AuCl- limiting stoichiometry at high loading, , 4 

but the appearance of ion S8gregationoccurs at still lower organic-phase 

concentrations than with CC14 . This order is expeCted, as studies of " 

trilaurylammo~ium perchlorate [10J and halides [11 J show that ion aggregation 

increases as the diluent becomes a "poorer" solvent. That is, "the relatively 

more inert diluent cyclohexane requires ionic species to self-solvate them-

selves electrostatically by aggregation more than does CC14 (which, howeyer, 

is worse than benzene or CRC1
3

). But an unexpected feature of Fig. "3 is 

that the organic-phase HAuC1 4 concentration" at which aggregation beyond the 

ion pair commences is lower for theO.OlOMTOPO solution than for the O.lOM 

one, (this is probably also true to a lesser extent in Fig. 2). We think this 

behavior can be explained if one considers that" a O.1M TOPO solution" in cyclo-

hexane is approximately 4.5% TOPOby volume and so isa concentration in that 
/ 

borderline region between a dilute solution of TOPO in ad'iluent and a new . , " 

solvent composed of TOPO and the diluent . That is, the extracted acid species 

when in a O.lM TOPO solution is in a "better"" (mixed) solvent' system (higher 

dielectri~-constant and more Solvating dipoles) than when in a. more dilutesolu-

tion, say O.OLM TOPO. In the "better" O.lM TOPO solution, an ion pair does 

not have to aggregate further to achieve satisf~ctorYelectrosta.tic solvation [12 J. 

But in the more dilute solution, the ion pair does not receive as much help from 

the fewer polar TOPO molecules,and so ionic aggregation occurs. 

It remains to demonstrate, other than in the region of stoichiometric 

2:1 loading, tpe value of n, the coordination number with TOPO. Fig. 4 is a 

log-log plot of D, the distribution ratio for tracer concentrations of acid, VB. 

,.:t< 

" i , 
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the TOPO coricentration at a constant aqueous hydrogen ion concentration. Since 

[nTOPO'wH O·H+··'X-.(x-w)H 0] 2 _ 2 0 
D - --------~--------------~~ 

[X-] 

substitution into equation (4) yields 

7(a = 
n 

= n + 2 n-
[TOPO] [H ]y± YTOPO 

(6) 

Thus the log-log plot of D vs. TOPO concentration has a slope equal to n for 

ion-paire<i species. Curve 2 in Fig. 4 is for 5XlO-4M HAuC14 in O.lOM HCl 

extracted by TOPO in CC14. It can be seen that a straight line of slope two 

-4 passes through the data points from 10 M to almost O.05M TOPO, and since 

the corresponding region in Fig. 2 shows only ion' pairing, this indicates a 

2TOPO.HAuC14 complex in this concentration range. Even at O.lOM TOPO and 

] -4 -
[HAuC14 = 5x lO M, Fig. 2 still shows only ion pairs, so that the upturn 

of curve 2 in Fig. 4 beyond 0.05M TOPO is not due to ion aggregation. It might 

be due to the formation of a higher TOPO-acid complex, or to a breakdown in 

the assumption that the ratio of the organic-phase activity coefficients in 

equations (4) and (6) remains constant. The fact that the limiting TOPOto acid 

ratio in Fig. 2 for O.lOH TOPO is 2:1, not 3:1, suggests, but does not prove, 

that' it is the. assumption of a constant activity coefficient ratio that is 

failin~. The observed direction of the effect seems to us plausible if one 

considers the argument in the previous paragraph that a O.lM TOPOsolution in a 

relatively inert diluent does not have the macro properties of the pure diluent, 

but has better solvating properties because of the presence of the polar TOPO 

molecules. Thus, the organic-phase activity coefficient ratio, !HX/y~OPO' 

may decrease in the more concentrated TOPO solutions, because the ions, even 

though ion paJred, may obtain some dipole solvation from the TOPO molecules. 
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.~~ .~:t: ,-
As a r~su1t, the extraction will gradually increase above the line of slope 

two at TOPo' concentrations where these activity coefficient changes become 

noticeable. 

The extraction oflxlO"'5M HAuC14 inC.OIOM HCI by TOPO in cyclohexane 

is shown in curve 1 of Fig. 4. Up to a concentration of IV O.02M TOPO a line of 

slope two fits the data, again indicating n = ,2. Since it can be seen in Fig • 3 

that for TOPO concentrations from O.02M to O.lM, lO-5M HAuC14 is not aggregated 

beyond theiqnpair, we think that the deviation of curve 1 (Fig. 4) upwards 

from the line of slope two again is due to the effect of a sufficient concen~ 

tration of the polar TOPO molecules :in imprpving th~ solvation properties of 

the relatively inert and non-polar cyclohexane phase •. Since cyclohexa:ne is 

more inert and has a lower dielectric constant than CC14 , we 'would expect this 

increase to occur at a lower TOPO concentration in the former diluent (IV O.02M) 

than in the latter ( IV O.05M), as observed. 

The amount of wa.ter cciextracted with HAuC1 4 into the organic-phase also . 

provides some information on the nature of the extracted species. For O.lOM 

TOPO inCC14 the amounts of water , less diluent water, found in the organic

phase for various concentrations of HAuC14 are shown in curve 2, Fig. 5. Simi

lar data are presented in Fig. 6 for HAuC14 in O.20M (curve 1) and O.lOM.TOPO 

(curve 2) in isooctane and for O.lOM TOPO in cyclohexane (curve 3). The amount 

of diluent water subtracted is obtained from the product of the volu-"ne fraction 

of diluent present in the solution times the solUbility. of vrater in.the diluent. 

To 6btainthe amount of water coextracted' with the HAuC14 , one must subtract 

from the water data shown the amount of water bOWld to the "non-acid-complexed". 

TOPO. Tneconcentration of the latter is calculated as [TOPO] - 2[HX] , 
, total 0 

assuming. the existence of only a2TOPO·HAuC14 species, and then the amount of 

II 

i 
.. [ 

; , 
1 

,4f': 
. I 
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water bound to this TOPO is obtained from Fig. 1. Subtraction of this water 

leads to the primed curves shown in Figs. 5 and 6. For these TOPO-HAuC14-

diluent systems, the number of water molecules co-extrf~,cted by the acid, 

especially in the range of [RAuC14 ]o concentrations where the water determina

tions are more accurate (>O.OlM HAuCI4 ), is of the order of 1/2. This is more 

than the 5-10% found with benzene and CHCl
3 

as diluents [4], but is still 

less than one. So we believe that with the present diluents also, 

the extracted cation is not the hydronium ibn. Part of 

the water observed in the present systems may be due to the fact that the 

Karl Fischer water titrationsrequirerelatively concentrated organic-phase 

solutions; in these solutions the extracted acid is highly aggregated, and 

may carry some "extra" water (hydrogen- )bonded into the ion aggregate. 

The log-log plots of orgariic-phase HRe04 and HCl04 concentrations vs. 

aqueous-phase activity for various (constant) TOPO molarities are given in 

Figs. 7 and 8, respectively. The aqueous activities of HRe04 were taken 

equal to the measured coefficients for HCI04 solutions ~ O.lM [13]. Since 

the values for HC~04 and HBr were quite similar just above O.lM, the values of 

HEr coefficients were used for HRe04 and HCI04 solutions below O.lM. 

For the HRe04 curves in Fig. 7, straight lines of unit slope can be 

draWn through all but the points of highest concentration, indicating the 

existence of only iori pairS for the extracted TOPO-acid complex under these 

conditions with the CC14, cyclohexane,and isooctane diluents. At higher 

organic-phase acid concentrations; a significant fraction of the ini tiaJ. TOPO 

concentration is bound up in' the complex, and so the equilibrium TOPO concen-

tration falls. The effect of this decrease in [TOPO] can be corrected for by 
o 
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\ means of the expression 

, 
[me]. = [HX] 

o '0 

, 
vhere [HX] is the corrected (higher) aCid concentration' correspondingtoa. 

o 

fixed, initial TOPO molarity ,and the exponent two comes from the fact that 

n = 2, as already seen for HAuC1
4

, and as;will appear below for HR~04 and HCI04 • 

For a mmber of the curves in Fig.' 7, this correction eXtends the line of unit 

slope, and hence theexi.stenceof a purely ion-pairedHRe04'-TOPO species, to 

the entire range of concentrations studied, e.g., curves 1(O.10M TOPO-isooctane), 

2 (0 .10M TOPO-:-cyclohexane), and 5'0 .OlOM TOPO-CC14 ). The upward deviations Of 

the correct'ed points for O.OlOM and 0.0020MTOPO-isd~ctane,curves 4~d 6, 

respectively,may indicate further slight aggregation of the organic-phase 

acid complex beyond the ion pair. The deviation of the corrected points for 

O.lOM TOPO~CC14 (curve 3) could similarly be interpreted as indicating aggrega

tion of the acid complex beyond an ion pair, but since the' extraction curves 

for O.lOMTOPO in cyclohexane and in isooctane, poorer diluents than CC14 do 

not indicate any comparable aggregation, such an explanation becomes unreasonable. 

We believe that thi s anomalous result in the .CC1
4 

system may ari se from ( faulty) 

correction of the data vi th eq,uation (7); the latter has been used with n = 2, 

thus assuming that all the extracted HR~04 species involve tvo TOPO molecules. 
J 

If some 1:1 TOPO:acid complex is formed in CC1
4 

whenaImostall the available 

TOPO is used tip, the appropriate exponent to use in eq,uation (7) is then between 

1 and 2, and use of n = 2 will give too large a cOrrection. The effect may be 

better s'een ih Fig. 8 where the extraction of HCI04 by O.lOM TOPO in CCl4 and 

.in cyclohexane is given. The uncorrected extraction curve for the cyclohexane 

system bends over slowly and remains rather flat as it approaches (and finally 

I 

., i 

. i 
~ 



exceeds) the stoichiometric 2:1, TOPO:acid limit for the complex. Square-
\ 

points indicate the correction for used-up TOPO and are based, as before, upon 

the assumption that only a 2:1 complex is involved. The dashed line is drawn 

with unit slope, indicating pure ion pairing, and passes through the corrected 

points. For the CC14 system, however, the uncorrected. extraction curve turns 

over more rapidly, though at a higher aqueous acid concentration, and then' 

continues to rise gradually and actually crosses ,the cyclohexane curve and 

exceeds the 2:1 stoichiometric limit. The fact that the stoichiometric ratio 

of TOPO to acid falls below two, even though only slightly, requires that a 

1:1 complex be present, and, in fact, a new species has been observed in the 

IR spectrum of the last point on the CC14 curve. Such a 1:1 TOPO:acid complex 

may well resemble the trilaurylammonium salts, as in both cases the backside of 

the proton ,is relatively exposed and so more sensitive to the solvating ability 

of the dilUent used. Thus the acid complex-solvent interaction may dominate 

over the extractant-solvent interaction. This is just the reverse of the 

situation with the 2:1 TOPO:acid species where the proton is somewhat protected 

from th,e effects of the diluent, so that the influence of the diluent [14,15] 

on the TOPO itself plays a significant part in determining the magnitude of the 

acid extraction. With the TLA salts, the diluent extraction order is the 

reverse of that found with the 2:1 TOPO complex ,and CC1 4 solutions show 50-fold 

better extraction than TLA in cyclohexane (llJ. The 1:,1 TOPO:acid complex, 

+ -R
3

POH ···X , may show the sa'Jle diluent extraction order. In addition, the 1:1 

complex may also show a much greater tendency for ion aggregation (again 

similar to the TLA salts) [10,11) than the 2:1 TOPO:acid complexes, and for the 

S8rne reason, namely, the poorer protection of the backside of the proton. So 

the corrected'curve in the CC14 system will deviate upwards from the line of slope 
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one, both because there is 1:1 complex in that diluent, making the c,orrection 

for used-up TOPO by equation (7) ':lith n =? too large, and because such a 1:1 

complex is apt to be aggregated under these conditions. 

Al.l this somewhat complicates the problem of actually determining the 
, , 

number of TOPO molecules coordinated to HRe04 and HCl0
4 

in CC1
4 

by studying 

the dependence of the extraction onTOPO conceritration . But the difficulties 

can be minimii~d by using t~acer concentrations of HRe04; as then there' is nO. 

change of aggregation beyond the ion pair. 'And since the amount uf TOPO is 

enormously greater than the extracted acid concentratioh, there also is no' 

'1:1 acid complex formed. Curve 4 in Fig. 4 shows the extraction of trager 

amounts of HRe04 OUt of an, aqueous HCl concentration of O. 50M. A line of slope 

two is drawn through the data up to TOPO concentrations of O.02-0.05M. (The 

dashed portion is an extension of this n =2 line). At the higher TOPO con-

centrations, the data deviate upwards from this' slope t'Woline, and'this is 
~ 

not due to further organic"';phase' ion aggregation. We believe that the explana-

tion is t~atalready offer~d for the similar HAuC1
4 

curve in CC1
4 

(curve 2), 

namely that the organic-phase activity coefficient ra.tio decreases. By 

comparing curves ~ and 4, it can be seen that the deviations for tracerHRe04 

and HAuC14 are very similar, as might be expected. An investigation of this 

process by osmometric methods is underway, but for the present, this change in 

the ratio of coefficients is -the best plausible explanation. 

C~ve3 in Fig. 4sho'Ws the distribution data of lXlO-6
H HRe04 in 

- . 
1.OM HCl for TOPO in 2,2,4-trimethylpentane (isooctane). The initial slope 

drawn is two (n = 2), but the raw data show deviations from this line of slope 

two even at TOPO concentrations as low as 10-3M. The organic-phase acid 

-10 -9 concentration.in this range of TOPO concentrations is f'rom 10- 10 M HRe04' 

! 
'-, ! 

i 
, ... 1 

i 
i 
I 

.. ,i. 
i 

I 

I 
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so no aggregation beyond the ion pair is expected. Extension o-r the slope 

two line is shown by a dashed line, and the subtraction o-r this line -rrom the 

raw data is indicated by the dashed line connecting the -rilled triangles. This 

resultant line has a slope o-r three. The slope two line was extended with the 

tacit assumption that the activity coe-r-ricient ratio, YHX/y~OPO was not changing. 

But in pre¥ious paragraphs it has been suggested that in CCl4 and cyclohexaile, 

diluents which are somewhat better solvents than isooctane, this ratio decreases 

at higher TOPO concentrations, so it might be expected that isooctane would 

show an even larger e-rfect. That is, we are suggesting that this -rormation o-r 

a slope three line is accidental, and results -rrom neglect o-r the organic-

phase activity coefficients. Unfortunately, it is not possible to establish 

by loading o-r the organic-phase,as was done with TOPO-CCI4 and TOPO-cyclohexane, 

whether a limiting value o-r two or three TOPO molecules per acid is obtained. 

+ Above a ratio of [H ] /[TOPO] of'" 0.2, for O.lOH TOPO, a third phase is formed,· 
o 0 

and more dilute TOPO solutions -rorm a third phase at an even lower ratio. 

Fig. 9 Sh01vS the extraction o-r O.lOM and O.OIOM HRe04 as a function o-r 

TOPO concentration in isooctane'. These data are like curve 3, Fig. 4 but 

involve macro concentrations o-r HRe04; curve 2, for O.OIOM HRe04 is almost 

a duplicate of the D study in Fig. 4. A dashed lineo-r slope two is drawn in 

a to match the apparent concentration quotient, K
2

, derived from line 1. The 

open triangles are then the result of subtraCting the slope two line from the 

raw data and they give a line with a slope of three. The upper end of this 

data set is corrected for TOPO complexed by acid. Square symbols indicate 
, 

correction assuming a 2 TOPO complex, but there is little difference between 

a choice of 2 TOPO or 3 TOPOfor curve 2. However, in the set of data illus-

trated in curve 1, for a .IOr.1 aqueous HRe04; the choice o-r 2 or 3 TOPO molecules 
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in: the comple,x, n =2 or 3 as the exponent in equation (7), leads to much more 
. . '. , 

divergent, results after subtraction of the slope two line. If one assumes a 

2 TOPO.HRe04 complex, the points indicated by squares are obtained, and fall 

surprisingly (~ccidentally) upon the slope three line. If one assumes a 3 TOPO 
, . 

per acid correction (the inve~ted triangle!?), a line with a slope considerably 

steeper than three is obtained. This result fora 3 TOPO correction might be 

possible if aggregation were occuring, but a similar or larger, degree of 

aggregation ought to have been observed iri the set of data for O.OlOM TOPO, 

curve 2, where a similar range of [HX] concentrations were examined. Clearly 
o 

it is not. It is this inconsistency of the slope analysis results for these 

sets of data, as well as the' data in Fig. 4 that makes difficult the acceptance 

of a slope three line as a valid ind'ication of' a three TOPO-:-coordinated complex. 

Rather, as discussed above, we find it more plausible that extraction of acid 

by TOPO in isooctane becomes quite non-ideal even at TOPO concentrations as low 

-3 ' as 10 M, and that neglect of the organic-phase activity coefficient ratio 

negates the use of slope analysis above lO-3M TOPO in isooctane. 

Finally we come to the extraction of macro concentrations of HRe04 by 

TOPO in CC14 . Fig. 10 gives the log-log plots of [HRe04]o vs. [TOPO]o for 

aqueous solutions of 0.437M (curve 1), 0.060M (curve 2),' and O.OIOM (curve 3) 

HReOlt' The initial slopes of curves 1 and, 2 are drawn with slope two, and 

since in this concentration range essentially only ion pairs exist (Fig. 5), 

this means' that n, the number of coordinated TOPO molecules, is two. It canoe 

seen that the raw data for curve 1 fall below the dashed line of slope two 

at high organic-phase concentrations. This is because a significant proportion 

of the initial TOPO is being bound to the extracted acid. But since we do not 

know how much 1: 1 species is being :formed under thes~ conditions, and how ' 

. ! 
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aggregated it is, it is difficult to correct these data for the used-up Tapa. 

In contrast, curves 2 and 3 turn up to steeper slopes at higher TOPO 

concentrations ~ The obvious initial conclus:lon again is that a complex of 

higher TOPO. coordination number is being formed, and curve 3 shows a decompo-

sition into two lines of slope two and three, corresponding to a 2:1 and a 3:1 

complex. In fact,curve 2 down to [TOPO] = O.OlOM is a repeat of the data in 
o 

Fig. 7, ref. 2, and agrees completely with that earlier data, yielding a slope 

just under three. This was the origin of the earlier conclusion that a 3:1 

TOPO:acid complex was being·extracted.[2]. But we now no longer believe we can 
. . 

trust the activity coefficient ratio to be constant in that region, and thus 

that such a species is necessarily involved above O.02M TOPO. Certainly the 

new data below that concentration unequivocally show that a 2:1 complex is 

dominant below O.02!..f TOPO. 

Curve 1 in Fig. 5 shows the water in the organic-phase for the 

extraction of HCI04 by TOPO in CC14, exclusive of diluent water. Assuming only 

a 2:1, TOPO:acid species, thes~ data corrected for the water on non-acid-bound 

TOPO are shown as curve I'. It appears that at low acid concentrations, on the 

order of one water extracts per HCI04 , but at higher concentrations, this 

ratio falls to about 1/3 mole of water per acid. We cannot explain this 

behavior. The initial value of ~ 1 may be in error, as the three points below 

a . OlM acid that determine it are the least accurately knovm; they are the 

differences between large values. On the other hand, it may be real, as there 

are indications that CI04- can carry a (fraction of a) vater molecule with 

it [16]. 

A more definitive answer as to the nature of the cationic TOPO species, 

or at least to its difference from the hydronium-ion core of the TBP-acid 
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complex, is' furnished by infrared studies." Infrared ,spectra of primarily the 

HAuC14 compiex in TOPO-diluent and, for comparison purposes, in TBP-CC14 are 

shown in Figs. 11 and 12. It is not our intent at this time to give an 

analysis of either these TBP or TOPO spectra, but only to point out ,the very 

d~fferent and distinct pattern for each group. CurVe 1 in Fig. 11 is the 

spectrum of o.024M HAuCl 4 in 0.367M TBP in, CC14 against dry 0.367M TBP-:CC14 • 

The acid complex in this system and at this concentration is a hydronium'-based 

complex with ,three bound TBP mOlecules. Those peaks labeled TBP·H20are 

associ ated with the water extracted by the non-acid-bound TBP. Spectrum 2, 

Fig. 11, shows the' resUlt of removing these TBP'H20 bands by vapor-phase drying' 

over P 205 the same solution as used in spectrum 10 Several broad but distinct 

-1 -1 . 
peaks show in the range 3200 cm - 1600 cm and we believe them to be repre-

sentative of ,the hydronium-based complex formed by very strong acids extracted 

into TBP or, more generally, into any not too strongly basic extractant system 

(e.g. ketones, ethers, etc.). Curve 3 shows the spectrUm for dried O.037M HRe04 
I 

in 0 .367M. TBP ..., CC1 4 . The TBP coordination number in this system is two [3], 

instead of three as in spectrum 2, but since the cation core is stili a hydronium 

ion this change h~s little 'effect upon the spectral pattern. 

Fig. 12 shows spectra for the O.05M HAuC14 acid complex in: O~lOM 

'TOPO-benzene (line 1), O.lOM TOrO-CC14 (li~e 2), 0 .2M TOPO~isooctane dried over 

P20
5 

(line 3) and O.lOM TOPO-cyclohexane (line 4). The reain feature of these 

-1 . spectra is the' single :t>road peak centered' at about 1450 cm . Very noticeable 

is the .absence of absorbance pe~ks similar to those found in the TBP systems. 

This result,we believe, 'clearly indicates that the acid complex with TOPO is 

not based on a. hydronium-ion core. In addition, there is no difference in the 

spectrum observed. with HCl04-TOPO in CC14 and that shown for HAuC14 in spectrum 2. 
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And this is true even though the HC104 spectrum was taken in a TOPO concentration 

range where the log-log plot of extracted acid vs. TOPO concentration yields a 

slope of almost 3. Because of this identity of spectra and because it is 

difficult to conceive of a cationic structure, other than the hydronium-ion 

core, to which three TOPO molecules could be bound, we believe there is no 

3:1 TOPO:acid complex with HC104 , and no hydronium core with the TOPO complexes, 

but only the anhydrous 2:1 cationic species already described (and, under certain 

condi t ions, a 1: 1 complex). 

-1 The broad band centered at ~ 1450 cm is possibly the (asymmetric) 

+ stretching vibration of the R PO···H ···OPR ion. Confirmation that it is 
3 3' 

associated with hydrogen motion was obtained by replacing the protons with 

deuterons. This substitution causes the disappearance of the 1450 cm-lpeak, 

, but unfortunately shifts it into a region of strong interference from the 

solvent and TOPO bands. Spectra have also been taken (not shown) of the 1:1 

TOPO:acid complex in CC14 for RAuC14 and HRe04; these show a peak at ~ 3200 cm-l 

-1 
and ~ 2759 cm ,respectively, resembling the trilaurylammonium salt spectra [lTJ, 

as expected. Dilution of these solutions of 1:1 complex with an equal amount 

-1 of TOPO causes the, disappearance of the absorbance around 3000 cm ~and the 

4 -1 appearance of the 1 50 cm band. The magnitude of the shift in going from a 

1:1 to a 2:1 complex (llv = 1750-1300 cm-l ) is similar to the large shifts found 

- -1 ' -in going from HF to HF2 (llv I::::; 2500 cm ) [18] and from HCl to HC12 
~ + 

(llv ~ 1200 cm ) [19].0 Although these data suggest a structure for the 2TOPO·H 

+ cation similar to that of the dihalide ions, namely R
3

PO· ··h .. ·OPR
3

, it is not 

yet possible to decide ",hether, this hydrogen-bonded system is symmetric as in 

HF2 -, or asym..metric as in certain crystalline salts of HC1
2

- [18,19]. 

a Table I gives the mixed conce~tration quotients, K
2

, evaluated at 
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dilu.te TOPO concentrations «O.OOlM) and at very loworgariic-phase acid 
" 

conce~trations( <10~6M) so that the actiVity coefficient ratio, y HX/y~OPO' 

is constant, probably at unity, and only ion pairing Occurs . As eXpected, 

. HAuC1
4

, having the larger anion of smaller hydration e~ergy [20], is more 

readily extracted by TOPOthan isHRe04 ,by. a factor of 2-3xl03 . Because 

of its interaction (hydrogen bonding [14 ~2l] ) with the basic . TOPO molecules, 

HCC1
3 

yields the smallest quotients; cyclohexane andisooctane ,because of fueir 

relative inertness, give the highest values, withCC1
4

in-:between. The'rr

,electrons of benzene can interact with TOPO, but 'also With the acidic cationic 

complex, and so result in large quotients also. But in general, the magnitude 

of the extraction depends primarily upon the interaction of the diluent with 

TOPO, as the cationic proton is somewhat protected by its two TOPO molecules from 

the diluent. 

Summary and Conclusions" 

In the present study, slope analysis of the HAuC1
4 

data indicate a 

2:1 TOPO:acid species, and at higher TOPO concentrations, possibly a higher 

complex. However, the stoichiometric loading limit is clearly 2:1, not 3:1. 

The water"':..uptake data suggest that th'e extracted complex, is essentially anh:v'-

drous, as:already observed for ~uC14 in benzene and HCC1
3

, and the IR spectra 

show conclusively that the cation in all ,of these diluents is indeed the saTTle. 

In addition, co~parison of the IR spectra of the TBP and TOPO 

systems show them to be quite different. Thus the TOPO species is not baseQ 

on the H30+ ion. We conclude that the TOPO-acid speCies is the same anhydrous 

+ 
2:1 cation, R

3
PO"'H "'OPR

3
, observed earlier [4] in the better diluents. The 

evidence from slope analysis for a higher co~plex in the more concentrated TOPO 

solutions can be explained as a break-down in the assumption usually made of a 

r'_ 
f 

J 

.. 
I 
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constant activity-coefficient ratio, YHX/Y~OPO' in the organic-phase, and 

the direction of the effect is what would be expected. Lastly, aggregation 

beyond the ion pair does occur with the TOPO-acid complexes in the solvents 

of the present study, but did not occur with the hydronium-ian-based TBP complexe·s 

in the same diluents. This again indicates the different natures of the 2:1 

+ 
TOPO cation and the H30 -based TBP species, and is a result of the greater 

charge density on the single proton of the former cation compared to the dispersal 

of charge on the three hydrogens of the latter. The still-less protected and 

less-dispersed protonic charge on the l~l complex (ammonium salts) of TLA and 

HAuCl
4 

induces an even greater degree of aggregation • 
. -

The results of TOPO extraction of HCl04 and HRe04 are rather similar 

to those With HAuC14 , and the IR spectra .indicate the same cationic complex. 

However, besides the varying activity-coefficient ratio at higher TOPO concen-

trat~ons, an additional complication in the' slope analysis of the extraction 

data for these acids in CC1 4 is the appearance of a l:l TOPO: acid complex. 

This has an IR spectrum resembling that of the 1:1 TLA:acid species, and pre-

sumably is highly aggregated like the alkylammonium salt. 

Our concLusion is that the interpretation of the previous study [2}of 

HRe04 extraction by TOPO in CC14 as indicating a hydronium-ion-based cation is 

wrong, due to the changing organic-phase activity-coefficient ratio, YHX/Y~OPO' 

at higher TOPO,concentrations in a "poorl! diluent, and that the species is 

+ actually the same R
3
PO".H ···OPR

3 
already observed in the better diluents such 

as benzene and HCC1
3 

[4]. We do not know, however, whether this cation is 
, 

symmetric, like F- ..• H+···F-, or asymmetric, like Cl- ••• H+·Cl- in certain 

crystalline salts. 
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Table 1. CONCENTRATION. QUOTIENTS FOR 

EXTRACTION OF HRe04 AND HAuC14 ' 

Diluent 

isooctane 

cyclohexane 

benzene [4] 

chloroform [4] 

Acid 

HRe04 

HAuC14 

HRe04 

HAuC14 

HRe04 

HAuC14 

HRe04 

HAuC1 4 

" 

~ 

1 x 102 

2 x 105 

5 x 102 

3 x 106 

1 x 103 

2 x 106 

7 

2 x 104 

I , Ii 
i 

I 
, , 

-. ' 

I .. 
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Figure Captions 

Fig. 1. Variation of water content of the organic-phase with initial TOPO 

concentration in isooctane (line 1),0, in cyclohexane (line 2), I, and in 

CC14 (line 3), 6.; ([H20J o = total H20 minus H20 dissolved by diluent .) 

Lines are drawn with unit slope except for the upper portions; there the 

dashed lines indicate an extension of unit slope. 

Fig. 2. Variation of acid content of the organic-phase with aqueous HAuC14 
in 0.01 M RCl for TOPO concentrations of 0.10 M (upper line) and O.OlOM 

(lower line) in CC14. The dashed lines indicate the extrapolation of unit 

slope for ~ ion-paired species. 

Fig. 3. Variation of acid cont.ent of the organic phase with aqueous HAuC14 in 

0.01 M HCl for TOPO concentrations of 0.10 M (upper line) and 0.010 M 

(lower line) in cyclohexane. The dashed lines indic~te the extrapolation 

of unit slope for an ion .... paired species. 

Fig. 4. Variation of distribution ratio, D, with TOPO in cyclohexane for 

1 x 10-5M, RAuC14 in 0.010 M HCl (0, line 1); ,for TOPO in CC14 with 

5 x 10-4!1 HAuC14 in 0.10 M HCl (I, line 2); for TOPO in isooctane with 

-6 1 x 10 M HRe04 in 1. ° M HCl (6. ,line 3), the dashed lines are drawn with 

either slope two or three (Y); and for TOPO in CC1 4 with 2 x la-6M HRe04 

(D)and 1 x la-8M HRe04 (.) in a. 50 !1 HCl (line 4) and the dashed line 

indicates an extrapolation of the Slope two line. 

Fig. 5. Water content vs. HRe04 (line 1) and HAuC14 (line 2) concentration in 

the organic-phase (as the aqueous acid concentration increases) for a total 

TOPO concentration of a .10 !1 in CC14. Lines 1 and 2, " are the total 

organic-phase water less diluent water; while line I' and 2', m, are the 

total organic-phase water less both the diluent water and water bound to 

TOPO. 
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Fig. 6. Water content vs. HAuC1
4 

concentra.tion in the organic-phase {as the 

aqueous acid concentration increases} for a total TOPO concentration of 

0.20M (e, line 1) and 0.10 M (0, line 2) TOPO-isoo:ctaneandfor 0.10 M 

(0, line 3) TOPO in cyclohexane. Lines l' and 2', 0, are the resultant 

of subtracting both the diluent water and water'bound to Tapa in isooctane; 

line 3', ~,is similar tor TOPO incyclohexane. 
,. 

Fig. 7. Variation' of acid content of the organic-phase with aqueous HRe04for. 

0.10 M (V, line 1) TOPO in isooctane, for 0.10M (e, line 2) TOPO in 

cyclohexane, for 0.10 M (e, line 3) Tapa in CC14 , for 0.010 M (V, li~e 4) 

TOPO in isooctane, for 0.01 !i '(e, line 5) Tapa in CC1 4 , and for 0.0020 M 

(', line 6) Tapa in isoo·ctane. Em, ihdicatespoints corrected for used up 

TOPO and are connected by dashed lines; dot-dashed lines 'indic~te an exten-

sion of the initial slope unity solid line. 
./ 

Fig. 8. Variation of acid content of the organic-phase with aqueous HCl0
4 

for 

0.10 M Tapa in cyclohexane -(0, line 1) and for O.lO'M TOPOi~ CC1
4 

({)~ line 

2). The square symbols indicate correctionS for used up TOPO; the dashed lines 

are drawn with unit slope. ", indicate points for HRe04' 

Fig. 9. Variation of acid content of the organic-phase with Tapa in isooctane 

for aqueous HRe04 concentrations of 0.10 M (line 1) and for 0.01 M (line 2). 

0, uncorrected data; ~, resultant of subtracting slope two component from 

O + raw data; ,data corrected assuming 2:1 TOPO:H complex; '1, data corrected 

'+ ' . 
for used up Tapa assuming a' 3:1 TOPO:H complex. Dashed lines are dra1.Jn 

with e:i,ther slope two or three . 

Fig. 10. Variation of acid content 'of the organic-phase with TOPO in CC1 4 ,for 

aqueous HRe04 concentration of 0.431' M (line 1), 0.060M (line 2) arid 0.01 M 

(line 3 ) HRe04' 0, uncorrected raw data; m,' resultant of subtracting slope 

two coinponent. Dashed lines are drawn with either Slope two or three. 

411; 

! 

.1 
j 

! 
f -, 



.. 
" 

.. 

LBL-609 

Fig. 11. 
-1 The infrared spectrum in the region 1300 .... 4000 cm for 0.024 M HAuC14 

in 0.367 M TBP in CC14 (curve 1); the same .TBP solution dried over P205 via 

the vapor phase to remove TBP'H20 bands (curve 2); and dried 0.037 M HRe04 

in 0.367 M TBP in CC14 (curve 3) . 

Fig. 12. 
-1 . 

The infrared spectrum in the·region 1300 - 4000 em for 0.05 M HAuC14 

in 0.10 M TOPO in benzene (line 1), in CC14 (line 2), in eye10hexane (line 4) 

an~ forO.051tl HAuC14 and a.20M TOPO in isooetane, dried overP20
5 

(line 3). 
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P------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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