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Unilateral Triple Ion Formation in Aqueous Hydrofluoric Acid

By CHARLES BUSHNELL WOOSTER

The phrase “‘unilateral triple ion formation’’ has
been coined! to describe the situation in which a
single ionic equilibrium of the type, B~ + AB =
AB,™, is superposed on the customary binary
ionization of the electrolyte, AB, and to distin-
guish this situation from that in which the corre-
sponding equilibrium A+ 4 AB 2 A,B™, is also
involved.? 1In a previous paper!it has been shown
that with suitable approximations the conduct-
ance function for uuilateral triple ion formation
may be obtained in the linear form3

A\ 2 C
(5) =y - 2ok + 2
w (1 — %.()) c )

and this equation was applied successfully to the
conductivity of dilute solutions of the metal
ketyl, sodium benzophenone, in liquid ammonia.
Because of the unusual character of this electro-
lyte and also due to the fact that additional
equilibria must be considered in the analysis of
this conductance curve in the more concentrated
regions, it is very desirable to test equation 1 in-
dependently by applying it to another electrolyte.
However, instances of unilateral triple ion forma-
tion are relatively rare since they may generally
be expected to occur only when some specific inter-
action (formation of a chemical bond) between a
simple ion and an ion pair is possible.* The only
well established instance seems to be in aqueous
hydrofluoric acid solutions where the equilibrium,
F~ 4+ HF = HF,~, was first suggested by Pick,’
who carried out an analysis of the conductance
data by assuming arbitrary values for the limit-

(1) Wooster, THIS JourNaL, §9, 377 (1937).

(2) Fuoss and Kraus, tbid., 56, 2387 (1933).

(8) C is the total concentration in equivalents (as AB) per liter,
A is the equivalent conductance, K = [A*+][B~]/[AB], the constant
for binary dissociation, & = [B~][AB]/[AB™:], the dissociation con-
stant for the triple ion equilibrium, Ao the limiting value of A, Xo
the sum of the limiting values of the mobility of the triple ion and of
the single ion with opposite charge, f the activity coefficient defined
by —log f = ISAo"-/h/ CA and m a mobility coefficient defined as
1 — aAo~%/24/CA. Theconstants a and 8 have the same significance
as in the paper of Fuoss and Kraus [THis JournaL, 88, 476 (1933)].
In water at 25° a = 0.228A0¢ + 59.7 and 8 = 0.504; at 0°, a =
0.220A¢ + 29.0 and 8 = 0.486.

(4) It is also conceivable, of course, that coulomb forces alone
occasionally may give rise to a situation which closely simulates uni-
lateral triple ion formation in media of appropriate dielectric con-
stant, if one of the simple ions is much larger than the other and par-
ticularly if the larger ion is unsymmetrical.

(8) Pick, Nernsi's Festschrift, 360 (1912).

ing conductivity of the triple ion. His conclu-
sions were substantially verified by Davies and
Huddleston® through a study of the anionic trans-
ference numbers.’ .

It is the purpose of this paper to present the
results of applying equation 1 to the analysis of
the conductance curves for aqueous hydrofluoric
acid solutions and to compare them with the
results which may be obtained by a substantially
independent method from the transference data
of Davies and Huddleston. The use of equation
1 involves the assumption that only the solute
species H*, F~, HF and HF,~ and the equilibria
HF 2 Ht + F~and HF,— 2 HF + F~ need be
considered and that the species F;~~ and HF,
are present only in negligible proportions, if at
all. Since it is probable that the hydrofluoride
ion owes its existence to hydrogen bridge forma-
tion,® it is evident that there is no corresponding
justification for assuming the existence of Fy~—.
The existence in the gaseous state® of H¢F; sug-
gests the possible presence of H,F, (or higher
polymers) in solution, but the results of the present
analysis decisively exclude this possibility in
aqueous solutious of hydrofluoric acid at con-
centrations 1 N and less. This result may be
interpreted as indicating that H,F, is a very
strong acid or that the addition of a second proton
to the hydrofluoride ion greatly weakens the
hydrogen bridge, or both. In Section III the
results obtained from the data on hydrofluoric
acid are applied to the interpretation of the
conductivity of potassium hydrofluoride.

I. Analysis of the Conductance Curve

The conductance data of Deussen® were choseu
as the most reliable of those available and two
series one at 25° and omne of probably lesser ac-
curacy at 0° were employed in the calculations.
In order to apply equation 1 it is also necessary
to have independent values of the limiting equiva-
lent conductance, the dielectric constant and the

(6) Davies and Huddleston, J. Chem. Soc., 128, 260 (1924).

(7) The only other attempt at analysis of these conductance data
is that of Kendall [THrs JourNaL, 89, 7 (1917)] on the basis of a
more or less empirical equation for "'transition electrolytes.”

(8) Huggins, J. Org. Chem., 1, 409 (19386).

(9) Simons and Hildebrand, THIs JoURNAL, 46, 2183 (1924),

(10) Deussen, Z. anorg. Chem., 44, 312 (1905).
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viscosity. The values which were used, A == 404,
88, p = 0.01794 at 0%, were obtained from a va-
riety of sources but do nnt differ in any important
respect from the values given in the “'Interna-
tional Critical Tables.”

Plots of f2CA¥/m*(1—A/A0) against C{1—A/Ap)
appear in Fig. 1 where curve I represents values
based on the measurements at 35% and curve 11
at 0%, It is evident that, in accordauce with the
requirements of equation i, the poiuts fall very
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the dielectric constant of the medium reduces
the interionie {coulomb) forces so much that the
approximate forms of the Debye-Hiickel-Onsager
equations employed serve adequately to calculate
the effective values of the activity and mobility
coefficients.

The applicability of equation 1 to unilateral
triple ion equilibria is also determined by the
degree to which the ratio Ay/A¢ approximates
unity, since this approximation was used to dis-
pose of a second order term in the derivation of

nearly on a straight line. By applying the method the equation. In general, this ratio may not
be obtained directly from
- the conductance data and
B - the sole available test of
" 400 the validity of this approxi-
L{ mation may often be the
u|< 800 T extent to which the linear
, ,L ' T /,/"’"/‘1 form of equation 1 is satis-
« 7 200l- /,/’/ . T - i fied by the data, In the
Zg o e present instance, however,
~ 100--'5'), e additional information is
L available from two sources.
J 1 First, the difference be-

! i . | | ; |
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Fig. 1.—Unilateral triple ion formation in aqueous hydrofluoric acid.

of least squares to the ten points covering the
dilution range 1-512 liters at 25° the values
351.5 for the slope and 112.4 for the intercept
were obtained and iu a similar way a slope of
201.1 and intercept of 71.2 were obtained from
nine points at 0° over the dilutiou range 1-256
liters. The lnes in Fig. | are drawn in accord-
ance with these values from which the equilibrium
constants are found to be K = 6.80 X 10+ at
25% and 10.95 X 10t at 0°, 2 = 0.320(2 Ao/ No—
1) at 23° and 0.354 (2N\/A¢ — 1) at 0°. The
ionization coustant obtained at 25° differs very
little from that (6.9 X 10-%) obtained by other
investigators!! but the value at 0° is somewhat
higher than that in the literature!! (9 X 104,

The excellent agreement with equation 1 at
such high total concentrations requires some ex-
planation which is afforded by the facts that due
to the low value of the ienization constants and the
high values of the triple ion dissociation constants'?

(11) "International Critical 'I'ables,” McGraw-Hill Book Co.,
Iac., New York, N, Y., 1929, Vol. VI, p, 280.

(12) - The order of magnitude of 2 is given by 0.320 at 25° and 0.354

at 0° since the coefficient (Zhs/ds ~ 1) does not differ widely from
unity.

tween A, and A is deter-
mined entirely by the dif-
ference in the limiting mo-
bilities of the simple anion
(F~) and the triple anion (HF,~) which is doubt-
less so small in comparison with the high mobility
of the hydrogen ion (351 at 25° and 229 at 0°) that
the ratio Ao/Ao caunot differ widely from unity.
Second, the value for the limiting mobility of the
triple anion which may be obtained from the trans-
ference data (see Section II) yields the value
Ao = 437 at 25° so that at this temperature
Ao/A¢ = 1.08. The maximum alteration in the
slope of the plot due to neglect of the second order
term in deriving equation 1 is given in percentage
by 100(1 — No/80)%/[(2No/ A0 — 1) + (1 — No/A0)?]
which on substituting 1.08 for X\o/A¢ becomes
0.559; and is well within the limits of the experi-
mental errors involved in Deussen’s measure-
mernts.

It may also be noted at this point that evalua-
tion of the ratio Ao/Ao permits the calculation of
k = 0.371 at 25° and (assuming A¢/A, independent
of temperature as it would be if Walden’s rule
applies) 0.411 at 0°.

Using the slopes and intercepts given above
the conductance curve {A agaiust log V) has been
caleulated as previously described! and the re-

0.7 0.8 0.9
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sults appear in Fig. 2 where the smooth curves
represent the calculated values and the circles
represent the experimental poiuts. The arrows
indicate the limits beyond which the smooth
curve represents au extrapolation, the experi-
meutal points in these regions not having been
used in determining the slopes and intercepts
given. The experimental points lie very close
to the calculated curve except in the most di-
lute region. Due to experimental difficulties in
maintaining a constant temperature at 0° under
the conditions of Deussen’s measurements, the
data at this temperature, particularly in the
more dilute region, are less reliable than that
at 25°.

II. Analysis of Transference Data

By combining values for the anionic transfer-
enice numbers with those for the equivalent con-
ductances at various concentrations, Davies and
Huddleston® have calculated the values for the
triple iou dissociation constant and the mobility,
U, of the triple ion which appear in the second
and third rows of Table L.

TABLE I
CONSTANTS FROM TRANSFERENCE DATA AT 25°
A 1 2 4 8 16 32
k 0.212 0.215 0.210 0.199 0.165 0.137
U 73.0 68.3 64.9 61.0 53.4 47.3
k corr. 0.338 0.338 0.324 0.356 0.340 0.288
U, 85.6 83.6 83.5 83.C 89.3 84.3

It may be observed that Davies and Huddles-
ton’s values of 2 show an average deviation of
13.79, from the mean 0.190 which, itself, is much
lower than the figure 0.371 obtained in the pre-
vious sectioti. The two values are not strictly
comparable, however, since these authors intro-
duced no corrections for the effect of interionic
forces on the activities and mobilities of the ions.
The effect of this omission is particularly evident
in their values for the mobility of the triple ion,
which show a 12.19, average deviation from the
mean and a pronounced trend toward decreasing
values of U with decreasing concentration,
whereas the true mobilities of ions should iticrease
with decreasing concentratioi.

In the fourtlh and fifth rows of the table are
given values of £ and of the limiting mobility of
the triple ion, U, whicli have beei obtained fromn
the same data by introducing activity and mo-
bility coefficients.

This method of calculatiou uses Davies and
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Fig. 2—Conductance curves for aqueous hydrofluoric acid.

Huddleston's equations'®* with the following
substitutions: K/f* for K,'; 351 m, for ¢, and
53 my for b. The figures 351 and 53 represent
the limiting mobilities of the hydrogen and the
fluoride ions and the m’s are mobility coefficients
calculated by the use of the following form of
Onsager'’s equation for the mobility of an ion of
the type ;.

8.15 X 108
A =4, %1 ~\ o T

41 =
W] \/CA% 2)

In the present instance this reduced to the fol-
lowing values for the mobility coefficients, m, =
1 — 0.01564/Chand m;, = 1 — 0.03950/CA. The
values for the limiting mobility of the triple ion
were obtained from the values, U, of the mobility
at various concentrations also by the use of equa-
tion 2 in the reduced form

_ U+ 149V
* 1 = 00113+/CaA

It is evident on inspection of Table I that the
“corrected’’ calculations give more consistent
values of & (0.331 = 4.99%,) and of U, (83.9 =
2.69,) which, unlike U, should be independent of
concentration. It is further noteworthy that
the value of & from transference data now agrees
reasonably well with that obtained substantially
independently*® from conductance data. Al-

(13) Equation 9 of Davies and Huddleston® (p. 267) is in error duc
to a misprint and should read
—r  A(p — 21— 8K1(aC — p)
2h 2b

(14) For the sake of cousistency the valne 6.80 X 104 was used
for K instead of the figure 7.4 X 1074 employed by Davies and fInd-
dleston. 1t may also be noted that their K2 = 1/&.

(15) 1t is traoe that Ue from transference data was ascd to obtaip
k = 0371 from conductancc data. but this apparent dependence
ronld be avoided easily by comparing ¥ = 0.320 (2x¢ Ay — 1) from
conductance data alone with & = 0.286 (2Ag/A0 -- 1) from transfer-
ence data by the '‘corrected’”’ method of Davies and Huddleston;
the direct comparison of the 2 values is more convenient, however.

3

) =2
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though the difference of 11.49, between these
values is greater than the average deviation
of the transference # values from the mean, it must
be noted that the error in LY is also involved iu
making the comparison. Furthermore, it is
doubtful that the precision of the transference
data is sufficient to render the mean value 0.331
reliable to within less than 129, as an absolute
value of &Y

III. The Conductivity of Potassium Hydro-

fluoride

Data for the conductivity of potassium hydro-
fluoride over the dilution range 50-1000 liters
based on the measurements of Walden!” are giveu
in the “International Critical Tables” " (p. 251).

Since the conductivity of this electrolyte ex-
ceeds that of potassium fluoride at corresponding
concentrations, Walden concluded that the salt
decomposed into potassiumn fluoride and hydro-
fluoric acid.  Although his conclusion appears to
be substantially correct at low concentrations,
it was based partly on the erroneous assumption
that the mobility of the hydrofluoride iom could
not exceed that of the fluoride iou.

In view of the results obtained with hydro-
fluoric acid in Sections I and IT and the fact that
potassiim fluoride is a strong electrolyte, it is
likely that only the following solute species:
K+, H*, F~, HFy~, HF and equilibria: HF =
H++ F-, HF,~ == HF + F~need be cousidered
inn interpreting the conductivity of potassium
hydrofluoride, but this restriction is insufficient
to permit direct analysis of the data. It is pos-
sible, however, to use the equilibrium constants
and mobilities which have been obtained for in-
dependent calculations of the equivalent con-
duetauce at various concentratious.

The equivalent conductarnce is related to the

(16) In fact, it is probable that a part of the self-consistency of the
results from transference data is due tothe fact that Davies and Hud-
dleston used values interpolated from a smoothed curve and not the
direct experimental measurements, The same values were used in
the above calculations in order to obtain results comparable with
those of Davies and Huwlkdleston. Since the conductance data are
miuch more precise than the transference data, and since a satisfac-
tory equation for the conductance carve is now available, it wonld
seem a more advisable procedure 1o use the experimentally ileter-
mined transference data in combination with interpolated (amd,
where necessary in the concentrated region, extrapolated) conduct-
ance data.  This method applied to the ten transference measure-
ments in the concentration range 2.33 to 0.327 moles per liter yielded
ko= 0.327 = 58%, Us = 83.0 = 6.1%, from which it is evident that
the results are less self consistent. although the agreement of the mean
with the results from the conductance eyuation is substantially un-
changed: % from conductance equation using Ue = 83.0 to caleu-
late Aois 0.368. The difference from 0.327 is 11.8%, of the mean.

{(I7) Walden, 2. phesik Chio 2,40 188
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total concentration and the conceutrations of the
several ionidc species (indicated by the terms in
parentheses} by equation 4

CA = Tdmpt (K) -+ R3map,_ (HF.") +

Sdmy(177) 435 m,(HL ) (4)

where the numerals are the values of the limiting
mobilities and the m's represent the Omnsager
mobility coefficients. The mobility and activity
coefficients may be approximated with sufficient
accuracy for the present calculations by setting
the total ion concentration equal to 2C so that

—log f = 0.504+/C and Mj = 1-(0.228 + 29.9/4i)/C

The concentration (K*) is given directly by
(K*) = (, and the coucentrations of the other
four species are related by the following four
independent equations.

(H"O(F)/HF = K¢ ()
(HR)(F)/(HE) = k (8)
¢ = (HFy") + (HF) + (1) o))
2C = 2(HE;") + (HF) + (I ) (®)

On solving these simultaneously it is possible to
obtain the conceutration of the fluoride ion from
the cubic equation

(B R(ET) + R [K/ P~ CI(F7) — 2CRK/f* = 0 (9)

by the usual methods, and the other two ionic
concentrations by successive substitution in
equations 10 and 11
(HU,") = (F7)[2C — (F) ]/ [k + 2(F7)] (1)
(H™) = (F) + (HI") — ¢ (1)

Using the values K = 6.89 X 1074 2 = 0.368,
the following results were obtained at C =
0.0200: (F—) = 0.02007, (HF,~) = 0.00098,
(H*) = 0.00105, (HF) = 0.01797 and A = 136.0;
the observed value of .\ is 138,

At lower comncentrations decomposition of the
hydrofluoride ion is so great that the solution of
the cubic equation becomes too sensitive to the
value of & to be useful. A better approximate
caleulation of A is then obtained by setting
(HF,~) = 0, so that the other ion concentrations
are given by equations 12 and 13.
2AH ") = -~ [C+ KT+ [CH KPR +4KC/f (12)

(F)y =+ (H) (13)

The complete results are given in Table IIL.

It is unfortunate that data are not available
at higher coucentratious where the triple ion
equilibrium plays a more important part, al-
though it is true that at much higher ion con-
centrations the interionic coulomb forces will
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TABLE 1I

Tus ConpucTiviTy OF AQUEOUS PoTassium Hybpro-
FLUORIDE AT 25°

c 0.020 0.006 0.006 0.002 0.001

A exptl. 138 150 167 217 270

A caled. 136.0 163.3 169.6 217.7 265.5
1.45 8.87 1.56 0.32 1.67

% Dev.

complicate the analysis. The relatively large
deviation at C = 0.006 is, of course, due to the
error introduced by neglecting the concentration
of the hydrofluoride ion; at lower concentrations
this error becomes of less importance.

INFLUENCE OF DIELECTRIC CONSTANT ON IONIC REACTIONS
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Summary

It has been shown that the conductance function
for unilateral triple ion formation applies satis-
factorily to the conductance data for aqueous
hydrofluoric acid at 25 and at 0°. The constants
determined in this way are consistent with the
substantially independent values which may be
obtained from transference measurements and
they may be employed successfully to calculate
the conductivity of potassium hydrofluoride
solutions.

PrROVIDENCE, R. I. RECEBIVED APRIL 20, 1938

[JoinT CONTRIBUTION FROM THE CHEMISTRY LABORATORIES OF CAN1SIUS COLLEGE AND OF THE UNIVERSITY OF
MARYLAND]

The Critical Increment of Ionic Reactions.

1I1.

The Influence of Dielectric Constant and Ionic Strength

By James LANDER! AND W. J. SVIRBELY

Recently,? equations were derived which pre-
dicted the influence of dielectric constant and
ionic strength upon the critical increments of
ionic reactions. The critical increments obtained
by means of the theoretical equations were then
compared with the experimental critical incre-
ments obtained for the reaction between ammo-
nium and cyanate ions in methanol-water mix-
tures of constant dielectric constants. In the
present investigation, the same reaction was
studied over a temperature range of 30 to 60° in
mixtures of water with ethylene glycol at the
fixed dielectric constants of 63.5, 60, 55, 50, 45
and 40 in order to observe if there would be any
specific medium effects due to the use of a differ-
ent solvent. The experimental critical increments
were then compared with the values obtained by
means of the theoretical equations.?

Experimental

The ethylene glycol used was Eastman Best
Grade (Highest Purity). The glycol was dis-
tilled and the fraction boiling sharply at 197°
(uncorr.) was used. All other materials were
prepared or purified as described in previous
papers® which also describe the procedure used in
this investigation. All temperatures were checked

(1) From the thesis presented to the Graduate Committee of
Canisius College by James Lander in partial fulfilment of the re-
quirements for the degree of Master of Science, June, 1938.

(2) (a) Svirbely and Warner, THIS JoURrNAL, B7, 1883 (1935);
(h) Svirbely and Schramm, bid., 60, 330 (1938).

(3) (a) Warner and Stitt, ¢bid., 55, 4807 (1933):
and Warrick, ib/d., 67, 1491 (1935).

(b) Warner

against a thermometer calibrated by the Bureau
of Standards. Thermostat temperatures were
maintained constant within =0.01°, Dielectric
constants for glycol-water mixtures were taken
from the work of Akerlof.

Average values of the limiting velocity con-
stants were determined by means of the equa-
tion®®?

1 ol
kot={1+454\/6j B {1-1—4613)‘\/6‘ } "
and are listed in Table I. Deviations (8) of the
experimental value of C/(1 + 4 A~/C) from the
value calculated from the average &, are plotted®
against the experimental values of this function
in Figs. 1 and 2. The filled circles represent
values of C°/(1 +4A4+/C%. In Table II, we give
velocity comnstants (k) at v/z = 0.194 obtained
from k; by the relation®
By o= ko/(1 + 24/ix) (2)
In Fig. 3, log ko is plotted against 1/7 for the
various media. These lines, as well as those ob-
tained by plotting log k, against 1/7, can be ex-
pressed by the general equation
log k = log K — (E/4.58T) (3)
Values of log K, and E; and of log K; and E, ob-
tained by means of equation (3) are listed in
Tables T and II, respectively. The tables also
contain values of k; and k; calculated by equation
(3) using the tabulated values of log K and E.
(4) Akerlof, ibid., 64, 4125 (1932).



