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Abstract: Electrostatic ion pairing is well-known for highly charged ionic systems in water or for 1-1 electrolytes in solvents
of low dielectric constant. Davies first presented equations for the conductance of such systems in which the solute fraction
of ion pairs reached a maximum and then decreased with further increase in concentration. This apparent “redissociation”
phenomenon is investigated by experimental measurements, theory, and model calculations. The solvent activity is measured
at 373 K for the system tetra-n-butylammonium picrate in 1-butanol for which the conductance and viscosity are known. Over
the measured range from solute mole fraction 0.08 to 0.94 the activity data can be fitted without ion pairing by using a simple
equation including a Debye-Hiickel term and a van Laar term. But conductance data demonstrate ion pairing in more dilute
solutions, and both sets of data can be fitted with a model including ion pairing. The ion distribution implied by this model
is calculated. In the “redissociation” range the fraction of defined “ion pairs” does diminish, but the total probability of finding
unlike ions near one another steadily increases with increasing concentration. Thus there is redissociation only in a formal

sense in terms of a particular model.

In broadening the understanding of concentrated electrolytes,
systems continuously miscible from a fused salt to dilute solution
in polar solvent are of particular interest. Since the pure salt is
clearly ionic, any ion pairing effects at lower concentration must
arise primarily from electrostatic effects. Most systems for which
data are available over the full composition range are aqueous,
near 373 K, and show no significant ion pairing. But with lower
dielectric constant one expects ion pairing and this is known to
occur in many highly but not fully miscible systems. In water,
ion pairing is important for higher valence salts at moderate
temperature or for 1-1 salts at very high temperature. Thus a
careful study of a fully miscible system showing ion pairing is of
broad interest.

Seward! measured both conductance and viscosity for the
system tetra-n-butylammonium picrate—1-butanol at 91 °C which
is miscible over the full range. The conductance indicates sub-
stantial ion pairing in the range 0.0001-0.1 M, but the conduc-
tance—viscosity product for more concentrated solutions is similar
to that for fully ionized systems. The pure fused picrate has
properties typical of fully ionized fused salts. Thus it seems
especially interesting to obtain activity data for this same pic-
rate-butanol system over the full range of composition. Mea-
surements of the vapor pressure of butanol are reported and the
solvent activity calculated therefrom. These activity data are fitted
to the equations corresponding to several models or theories, with
and without simultaneous consideration of the conductance data,
and the results are discussed with respect both to the structural
implications and to the practical representation of thermodynamic
properties.

Experimental Section

Chemicals. Tetra-n-butylammonium picrate was prepared by neu-
tralizing tetra-z-butylammonium hydroxide with picric acid. The picrate
salt was purified by recrystallization from ethanol and dried over P,0Os
in a vacuum desiccator for at least 2 days before use. The observed
melting point of the dry salt was 362.65-363.15 K. Spectrophotometric
Grade 1-butanol (Mallinckrodt, Lot No. KHKX) was used as received.

Apparatus and Procedure. The apparatus and procedure employed in
these experiments is described in detail elsewhere.? Briefly, Pyrex cells
containing sample solutions were attached to a stainless steel valve ma-
nifold through an epoxy glass-to-metal seal. Solutions were degassed by
repeated evacuation of the sample cell vapor space. The system was
brought to the desired temperature in a cylindrical air-oven thermostat
with the sample cell immersed in a mineral oil bath to smooth out tem-
perature fluctuations. Both the oil bath and the sample were stirred
magnetically. Sample cell temperatures were appproximately 373 K and
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were measured by using a calibrated 1000 ohm platinum resistance
thermometer. Vapor pressures were measured by using an MKS 170
Series Baratron differential capacitance manometer; the reference side
of the manometer was kept evacuated to ensure that all pressures mea-
sured were absolute solvent vapor pressures. The pressure transducer and
inlet line were independently thermostated at approximately 383 K to
prevent solvent condensation during the run. A separate Pyrex bulb
containing pure degassed solvent allowed for prepressurization of the
system dead volume to approximately the vapor pressure expected for the
sample solution. This step was necessary in order to prevent bumping
of the salt solution when opening the sample cell valve. Solution com-
positions were determined by weight after the vapor pressure measure-
ments.

Results
If the solute AP is assumed to be completely dissociated

AP = AT+ P
the mole fractions of solvent 1 and solvent 2 are
x; =n/(n + 2n,) Xy = 2ny/(ny + 2ny) (1

where n, is the stoichiometric number of moles of the solute AP
in the solution. Experimental compositions assuming complete
solute dissociation, temperatures, observed vapor pressures, fu-
gacities, and solvent activities are listed in Table I. Vapor
pressures of pure l-butanol at experimental temperatures were
calculated by using the results of Butler, Ramchandani, and
Thomson.> Fugacities were calculated from the vapor pressures
by using the relation

S = pexp(-Bp/RT) 2
where the second virial coefficient B is —1438 cm?® mol™! at 373
K.4
Calculations Assuming Complete Solute Dissociation
Thermodynamic properties of completely miscible aqueous
electrolyte systems have been described>® by using a representation
for the Gibbs energy of mixing in which the electrostatic and
nonelectrostatic (short-range) contributions are additive
ALG/RT = nyIn x, + 2n, In x; + winyz, +
dny(A,/p) In [(1 + oL}2) /(1 + p/2Y3)] (3)
The ionic strength on a mole fraction basis is

I, = 1/zz:xiziz (4)

(3) Butler, J. A. V.; Ramchandani, C. N.; Thomson. D. V. J. Chem. Soc.
1935, 280285,

(4) Dymond, J. H.; Smith, E. B. “The Virial Coefficients of Pure Gases
and Mixtures”; Clarendon Press: Oxford, 1980; p 120.
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Table I. Experimental Vapor Pressures and Derived Activities
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T,K X, p, kPa /. kPa f°, kPa exptl calcd?® caled?
373.09 0.0800 52.56 51.29 52.12 0.984, 0.986 0.983
373.57 0.1036 53.25 51.95 53.11 0.978, 0.982 0.980
373.16 0.1496 51.38 50.17 52.27 0.959, 0.973 0.972
372.89 0.2062 51.27 50.06 51.72 0.967, 0.957 0.957
373.49 0.2500 50.72 49.54 52.95 0.935, 0.941 0.942
372.63 0.2914 49.04 47.93 51.20 0.936, 0.922 0.924
372.96 0.3732 46.04 45.06 51.86 0.868, 0.875 0.876
372.91 0.4275 44.07 43.18 51.75 0.834, 0.835 0.835
373.31 0.5469 37.89 37.23 52.57 0.708, 0.722 0.721
372.70 0.5775 36.49 35.88 51.34 0.699, 0.686 0.686
372.57 0.6376 31.66 31.20 51.09 0.610, 0.611 0.610
372.87 0.7381 24.42 24.15 51.69 0.467, 0.464 0.463
373.28 0.8197 16.95 16.82 52.31 0.321, 0.328 0.329
373.39 0.9442 5.75 5.74 52.75 0.108, 0.103 0.104

@ Calculated as fully ionized. ¥ Calculated with ion pairing.

where Z; is the charge on the ith ion in protonic units, and in this
case x; = x,/2 and I, = x,/2. The quantity z, is a van Laar
composition measure

73 = x,/(gx; + x,) (3)

where g is the ratio b, /b, sometimes taken as a volume ratio. We
take g as a freely adjustable parameter. A, is the Debye—Hiickel
slope on a mole fraction basis (which is larger than A4, by the factor
(1000/M)V/%)

A, = (1/3)(27Npdy/ M,)V/2(e2 /DK T)3/? ©)

where M| is the solvent molecular mass, d; the solvent density,
and D the relative permittivity on the dielectric constant. The
parameter p is related to the hard-core diameter a by the rela-
tionship (for the mole fraction basis)

p= a(8Te*Nyd, / M,DkT)\/> 1)

In the last two equations D must be multiplied by 4w¢, for SI units
(with ¢, equal to the permittivity of free space).

At 373 K, we take! 4, = 0.758 g.cm™, the dielectric constant’®
D =9.4,and M, = 74.12 g.mol™ and obtain 4, = 21.5;. From
eq 3 one may derive the activity of the solvent

Ina;=In x; + wyz,2 + 24,132 /(1 + pl,}/?) (8)

The optimum choice of the closest approach parameter p for this
system is about 19.5; this corresponds to @ = 7.2 A which is ver
reasonable. One can take the quantity (M,/2Ndy)!/* = 7.1
as an estimate of this interionic distance at contact; the agreement
is excellent. With this value of p = 19.5 selected by trial, the values
of w, and g were optimized by least-squares fitting of the solvent
activity data. The results are

w, = -0.419 £ 0.062 g =146 x0.24

with a standard error of fit of 0.0091 in the solvent activity. The
results of this fit are compared with the experimental values in
Figure | and Table I. It is clear that the agreement is excellent
and shows no systematic deviation between experimental and
calculated values.

The Debye-Hiickel term is much larger for this system than
for the aqueous systems miscible to the fused salt which have been
considered.’ Indeed the marked positive departure from ideality
shown on Figure | arises from a large positive contribution from
the Debye-Hiickel term diminished by a smaller negative con-
tribution from the van Laar term. In contrast, the van Laar term

(7) Smyth, C. P,; Stoops, W. N. J. 4m. Chem. Soc. 1929, 51, 3312.
(8) Maryott, A. A; Smith, E. R. Natl. Bur, Stand. (U.S.) Circ. 1951, No.
514.
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Figure 1. The activity of butanol in the system tetra-n-butylammonium
picrate in 1-butanol with measured values and a calculated solid curve.
The dashed line indicates ideal solution behavior.

was dominant for the aqueous systems with the larger dielectric
constant.
The activity of the solute is

a = x%v4? (%)
with the activity coefficient v, given by
In Y+ &
2 1 + p1x1/2 1x1/2 - 21x3/2
wizi2 = A8 = ) In + (10)
P 1+ p/212 1 + pL,}/?
if the pure fused salt is the reference state. If one uses instead

the infinitely dilute reference state, the solute activity coefficient
becomes

In ‘Y*w =

2 I
wy(z2 - 1) — A, (;) In (1 + pI}/?) + W

/2 _ 27 3/2

X

(n

with w, = w)/q and z, = 1 - z,. Values of -In a,” referred to
the infinitely dilute standard state and -In a, referred to the pure
fused salt are given in Table II.

Conductance and Ion Pairing

Although the measurements of alcohol activity are consistent
with full dissociation of the picrate salt, the conductance data are
not. For the consideration of conductance in the alcohol-rich
range, we assume an ion-pairing equilibrium with the ion-pair
species making no contribution to the conductance. In these
calculations the equations of the preceding section were generalized
to include the ion-pair species. Thus, if the fraction of solute
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Table II. Calculated Activities with and without [on Pairing
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X, ] a,t a’ -Ina,”? ~Ing,~? -Ina,® -lna,”
0.05 0.201 0.990 0.987 13.766 13.997 2418 2.364
0.10 0.107 0.983 0.981 13.578 13.831 2.230 2.199
0.20 0.055 0.959 0.959 13.303 13.582 1.954 1.950
0.30 0.038 0.918 0.919 13.044 13.329 1.695 1.697
0.40 0.031 0.857 0.857 12.786 13.070 1.437 1.438
0.50 0.026 0.771 0.771 12.529 12.811 1.180 1.179
0.60 0.023 0.659 0.658 12.275 12.555 0.927 0.923
0.70 0.022 0.522 0.521 12.027 12.306 0.678 0.674
0.80 0.020 0.362 0.362 11,787 12.067 0.438 0.435
0.90 0.020 0.185 0.186 11.559 11.841 0.211 0.209
@ Calculated as tully ionized. ® Calculated with ion pairing.
- T
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Figure 2. The ion-association constant calculated from conductance data
for three values of a.

associated is 8, one can define mole fractions of free ions x; (either
+ or -), of pairs x,, and of a revised value for the solvent x;

x; = (1 =0On/[m+ (2-6n) =1, (12a)
X, = 0y /[y + (2 - O)ny) (12b)
Xs =m/[m + (2 - 0)n,] (12¢)

Now the Gibbs energy of mixing can be appropriately revised and
its derivative with respect to 6 equated to zero to yield the ion-
pairing equilibrium expression

*p 2 12 1x1/2 - 1x3/2
K, = = expdaa,| Zin (1 + pr1/2) + 22—
x? P p ( P ) I+ pll/?

1

(13)

The fraction ionized was calculated from the conductance data
of Seward! by the standard method®!° for very dilute solutions
by using the limiting Debye-Onsager slope; the resulting cubic
equations were solved iteratively. For the conversion of concen-
tration of picrate mole fraction the approximate equation x, =
2M,/1000d,)c = 0.1953¢ was used, where M, and d, are the
molecular weight and density of the alcohol solvent; thus no
correlation was made for the contribution of picrate to the volume
of the solution. Since the conductance measurements were made
in very dilute solutions, this approximation introduces no significant
error. Then values of K, were calculated on three bases: (1) with
p =0, i.e., the limiting law, (2) with p = 19.5 (¢ = 7.3 A) which
is close to the best value for the thermodynamic data, and (3) with
a =23 A, the Bjerrum value e?/2DkT as discussed below. Note
that the conductance was measured at 364 K where D = 10.0.

Alternate values of the limiting conductance were tested, but
Seward’s value of 71.5 seemed best and was adopted. The resulting
log K, values for the range to 0.01 M are plotted vs. concentration
in Figure 2. Extrapolation to zero concentration yields essentially
the same K, on all three bases; hence one concludes that the result
K, = 2.65 X 10* in mole fraction or K, = 2.59 X 103 dm? mol™
in concentration units is unambiguous. The uncertainty related
to the scatter in the reported data is less than 2%, but Seward
notes that there was a large and somewhat uncertain correction
for the conductance of the pure solvent. Hence, the total un-
certainty is probably larger than 2%.

If the assumptions about conductance and activity coefficients
at finite concentration were correct, the apparent association

(9) Fuoss, R. M. J. Am. Chem. Soc. 1935, 57, 488—489.
(10) Davies, C. W. “Ton Association”; Butterworths: London, 1962.

Figure 3. The change in In 4, and In a, when ion pairing is introduced
with other parameters fixed. Note the very different scales for In @, and
In ajz.

constant K, should not depend on concentration. Thus, from
Figure 2 it is apparent that the alternate @ = 0 is inadequate. The
Bjerrum model @ = 23 A deviates in the opposite direction. As
discussed below, this can be corrected by the assumption of ad-
ditional conducting species such as ion triplets. While the in-
termediate case, using the a value consistent with the thermo-
dynamic data, shows a small slope, it is not outside the uncertainty
of the data. Thus, further refinement of the conductance treatment
will not be considered here.

With ion pairing included, the equation for the solvent activity
becomes

Ina; =1nx, + wizy2 + 241272 /(1 + pL,}/?)  (14)

with I, and x, as defined in eq 12a and 12c, respectively.

The parameters w,, g, and p were re-optimized by fitting the
solvent activity values with ion pairing. First § was determined,
from eq 13 with K, = 2.65 X 10% then these parameters were
optimized with respect to eq 14. The resulting parameters are

p =185 w = -0.453 £ 0.052 g=125%0.17

and the values for the solvent activity are given in the last column
of Table I. The standard deviation is now 0.0089 which is just
slightly less than that for the equations without ion pairing.

The equation for the solute ion activity coefficient referred to
the infinitely dilute state remains unchanged (eq 11), but the
activity is now given by

ay = (2x)*y4’ (15)

The equation for solute activity referred to the pure liquid is
now complicated by the fact that 8 is not necessarily zero in the
pure fused salt. Thus it is best to obtain the activity related to
the pure fused salt from eq 11 and 15 by difference.

Table II gives, for even mole fractions, calculated values of a,
and of both In a, and In a, (referred to the fused salt and the
infinitely dilute standard states, respectively). In each case values
are given for the calculation with complete dissociation and for
the model including ion pairing. Since both models fit the solvent
activity over the full experimental range, the values of a, based
on the real fused salt must and do agree for the more concentrated
solutions. However, small differences in a; can cause large dif-
ferences in a, for dilute solutions. In the limit at infinite dilution
the difference between the two models becomes 0.283 in In a,.
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Figure 3 shows the difference in In @, and in In a, when ion
pairing is introduced but with no change in other parameters. The
correction to In a, is large and negative in the range below 0.01
for x, as would be expected. At higher concentration, however,
the fraction associated decreases rapidly, the Debye—Hiickel term
becomes substantial, and the correction to In a, decreases to very
small values. At low x,, the correction to In a; is positive but
extremely small. In the range of our measurements, the De-
bye-Hiickel term dominates and the correction to In 4, is negative
but never large. The differences in a, in Tables I and II are smaller
because w and g were optimized separately for each calculation.
The structural picture and other implications of this model will
be discussed below.

Theory and Discussion

In considering theory for the properties of this picrate-butanol
system it is first important to note that the dielectric constant is
relatively small, approximately 9.4 at 373 K, and consequently
that the interionic electrostatic energy is larger than the thermal
energy for distances less than 48 A. Since the interionic distance
at contact is only 7 A, there is a substantial range in which the
ions are separated by one or more solvent molecules yet still have
an electrostatic energy of interaction several times k7. In this
range the linearization approximation of Debye-Hiickel theory
is inadequate.

Two theoretical approaches are possible; one is an assumption
of a separate ion-pair species at equilibrium with the free ions.
Alternatively, one can now apply accurate statistical mechanics
to the calculation of thermodynamic properties without the lin-
earization approximation.!'** The corresponding calculation for
conductance, however, is more difficult and, while possible in
principle, is not a presently available procedure. Even for the
thermodynamic properties, the direct, nonlinear methods require
extensive numerical calculations. If an accurate potential model
were independently available for the picrate-butanol system, such
calculations would be very interesting. But with only very rough
ideas concerning the short-range interparticle forces, it seems
hardly worthwhile to make elaborate calculations when simpler
methods are available.

The ion-pairing approach requires a division of the population
of ions around a given ion into one subpopulation to be treated
by linearized equations of the Debye-Hiickel type and a second
subpopulation or, strictly, a probability of a closely located
counterion yielding an ion pair. Then an association equilibrium:
is assumed to determine the population of ion pairs while the
remaining. population is treated by Debye-Hiickel methods.

Bjerrum!® suggested this ion-pairing method almost immediately
after the 1923 discovery of Debye and Hiickel. He suggested that
the division be made by distance from the central ion and at the
radius Ry = Z%?/2DkT. He showed that this was the minimum
in the radial population density of counterions at very low con-
centration. While the electrostatic energy is still twice thermal
energy at this radius, it is found that the equations of linearized
theory give a good approximation for the more distant population
as a whole. Presumably this is true because the approximation
improves rapidly with increasing radius and with the screening
which enters at finite concentration. Bjerrum also offered a
theoretical value for the association constant K, for the “restricted
primitive model”, i.e., continuation of the electrostatic potential
with the macroscopic dielectric constant down to a hard-core
diameter a. Since short-range forces in real systems certainly differ
from this model, it is usually better to assume that the association
constant itself is the parameter to be determined empirically. The

(11) Friedman, H. L. “Ionic Solution Theory”; Interscience: New York,
1962,
(12) Rasiah, J. C. J. Chem. Phys. 1972, 56, 3071-3085.
(13) Rossky, P. J.; Dudowicz, J. B.; Tembe, B. L.; Friedman, H. L. J.
Chem. Phys. 1980, 73, 3372-3383,
(14) Valleau, J. P.; Cohen, L. K. J. Chem. Phys. 1980, 72, 5935-5941.
(15) Valleau, J. P.; Cohen, L. K.; Card, D. N. J. Chem. Phys. 1980, 72,
5942-5954,
(16) Bjerrum, N. K. Dan Vidensk. Selska., Mat.-Fys. Medd. 1926, 7, No.
9, 1-48.
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dividing radius Ry (rather than the hard-core diameter a) enters
the equation for the activity coefficient of the unassociated ions.

For conductance it is usually assumed!”!® that ion pairs make
no contribution and that equations for fully dissociated electrolytes
apply for the separated ions again with the dividing radius Ry
replacing the hard-core diameter a. In his most recent paper,
however, Fuoss!® further subdivides the ion-pair population and"
assumes some contribution to conductance from a less closely
bound type of ion pairs.

This ion-pairing treatment is generally quite successful for very
dilute solutions in solvents of dielectric constant down to about
10. At low dielectric constant, however, for even a moderate
increase in concentration there is an increase above the expected
conductance which Fuoss and Kraus? attributed to triple ions.
For example, at 373 K with D = 9.4 the Bjerrum distance is 24
A. Thus at 0.01 M with a central ion pair there is a random
probability of 35% that either another ion or an ion pair is present
with the radius Ry. If this is an ion, one has an ion triplet which
contributes to conductance. For thermodynamic properties one
must consider both ion triplets and quadruplets. This has been
noted for 2-2 electrolytes in water.2!?>  Thus the Bjerrum division
is self-consistent and generally satisfactory at very low concen-
tration but becomes cumbersome as soon as larger ion clusters
have to be included. Since we wish to consider the entire com-
position range to the fused salt, it is not useful.

We favor an ion-pairing approach but with a different division
of populations.>  Assume that around a test ion a Debye—Hiickel
distribution of other ions extends down to the repulsive force cut
off at an effective radius a from a central ion, and then classify
as ion pairs the excess of oppositely charged ions. The formal
equations for conductance and thermodynamic properties remain
the same, but the repulsive radius a enters the Debye-Hiickel
equation for the activity coefficient of the free ions instead of the
Bjerrum radius Rg. We discuss below the ionic distribution of
this basis.

In his extensive research on ion pairing, Davies!® used a def-
inition formally different but practically approximately equivalent
to the one just described. He used a standard equation for the
activity coefficient of the free ions which corresponds approxi-
mately to that for a hard-core repulsive diameter. He also showed
that on this basis the fraction associated would reach a maximum
for 2-2 electrolytes in water in the range 0.03—0.1 M and at even
lower concentration for a case such as our picrate-butanol system.
Davies showed that this was consistent with the conductance
behavior.

This apparent redissociation of the ion pairs with an increase
of concentration seems peculiar. Surely the probability that a
positive ion has a near neighbor negative ion does not decrease
with an increase in concentration. This topic is explored by
calculations based on the ion-pairing model of the previous section;
specifically these calculations assume D = 9.4, Rg =24 A, a =
6.63 A, and Ky = 2.65 X 10% at 373 K.

In considering ion populations in the Debye-Hiickel theory it
is convenient to define (for a symmetrical electrolyte)

q = [Z%*/DkT(1 + xa)]r! exp[-x(r - a)] (16)

k* = 87 Z%%/DkT (17)

where ¢ is the concentration of ions of one sign and the additional
factor 4we, must be inserted in the denominator in each case for

S.I. units. Then the radial distribution functions which were
originally written in exponential form may be linearized to

g+-=1+g (18a)
g++=8-=1-¢ (18b)

(17) Barthal, J. Angew. Chem., Int. Ed. Engl. 1968, 7, 260-276.

(18) Fuoss, R, M. J. Phys. Chem. 1975, 79, 525-540.

(19) Fuoss, R. M. J. Phys. Chem. 1978, 82, 2427-2440.

(20) Fuoss, R. M.; Kraus, C. A. J. Am. Chem. Soc. 1933, 55, 2387-2399.

(21) Gardner, A. W.; Gluekauf, E. Proc. R. Soc. London, Ser. 4 1969,
313, 131-147.

(22) Pitzer, K. S. J. Chem. Soc., Faraday Trans. 2 1972, 68, 101-113.

(23) Pitzer, K. S. J. Solution Chem. 1974, 3, 539-546.
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Figure 4. The total probability of finding oppositely charged ions within
12 A as a function of concentration. Also shown is the ion-pair fraction
6. ’

On insertion of numerical values for the present case one finds
that g is greater than unity for a considerable range of ». This
leads to negative values of g4 ; which are impossible.

However, the actual linearization approximation was not made
for individual distribution functions but rather for the net charge
distribution which appears in the Poisson equation. Thus the only
essential approximation is

g+-—8++=2q (19)

While it is not without some approximation to assume the ex-
ponential form

g++ = exp(-q) (20)

this cannot be significantly in error for our purpose since it yields
values very near zero in the range of special interest. Hence, we
assume

g+- = 2q + exp(-q) (21)

as an unlike jon distribution consistent with the activity and
osmotic coefficients from a Debye-Hiickel type of theory such
as was used in this paper.

The total probability #,. _(R) of finding an ion of the opposite
charge between the hard-core distance 6.63 A and radius R is the
ion-pair fraction plus the product of the concentration of free ions
times the volume integral of g, _ to R (together with a very small
addition for the probability of a second ion pair within R).

This model does not distinguish contact and solvent-separated
ion pairs nor does it introduce any realistic detail about short-range
forces near hard-core contact. Hence it can only be expected to
give a reasonable result on a somewhat coarse-grained basis. One
layer of butanol solvent will occupy about 4 to 6 A. The “jon-pair”
population is that in excess of the Debye-Hiickel distribution and
this extends out to at least 24 A, although it decreases rapidly
with an increase in radius. Thus it seems that this calculation
of n,_ is meaningful only for R including at least one solvent layer,
i.e., about 12 A or greater (with all of the “ion pairs” assumed
to be within the 12 A). The result is shown in Figure 4 which
also shows the ion-pair fraction §. While the ion-pair fraction
decreases above 0.02 M, the actual probability of finding an ion
of opposite charge increases steadily with concentration. Thus
there is “redissociation” only in a formal sense. The model as a
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whole is reasonable and self-consistent in terms of ion distribution.

The more elaborate statistical calculations which avoid the
linearization approximation yield ion distributions similar in most
respects to those just described, but direct comparison is not
possible because such calculations are unavailable for the pa-
rameters of this system. Features that imply triple ions have been
discussed by Rossky, et al.1> Also, it is known!2!4 that there will
be oscillations in the true charge density at high concentration
and that Debye-Hiickel theory does not yield such oscillations.
But this weakness does not seem to cause any serious problem
in the calculation of thermodynamic properties. Also we note that
where ion pairing has only a moderate effect on thermodynamic
properties, those properties can be represented satisfactorily
without the complexity of an ion-pairing equilibrium.?

There are very few investigations of systems at all comparable
to this one. Most relevant is that of Yao and Bennion?* on tet-
ra-n-amylammonium thiocyanate in dimethyl sulfoxide where
conductance and viscosity but not vapor pressure were measured.
At mole fractions less than 0.5 salt the two systems show similar
behavior. At higher mole fractions the conductance-viscosity
product of the picrate system rises moderately but steadily to a
value for the pure fused salt which is approximately equal to that
at infinite dilution. This indicates essentially complete ionization
of the fused salt. In contrast the conductance-viscosity product
for the thiocyanate system shows a maximum near mole fraction
0.6 and then decreases with a value for the fused salt only about
half of that at infinite dilution. The explanation may lie in the
much smaller size of the SCN™ ion as compared to the picrate.
The SCN™ may be able to form an ion pair with one large and
flexible tetra-n-amylammonium ion whereas the larger picrate
ion must retain several nearest neighbor cations in the pure fused
salt.

Conclusions

Over most of the composition range the thermodynamic
properties of the fully miscible system tetra-a-butylammonium
picrate—1-butanol can be represented by a very simple equation
including terms for ideal mixing, a van Laar term for differences
in short range forces, and a Debye—Hiickel term for electrostatic
effects. Conductance data indicate ion pairing in very dilute
solutions, and a more complex equation is developed which rep-
resents this aspect and fits even a little more accurately the
thermodynamic data for higher concentration. This second
equation is recommended as most accurate for all purposes. It
is shown that the “redissociation” of the ion pairs with increase
in concentration is a formal result of the equations but that the
actual probability of finding ions of opposite charge near one
another increases steadily.
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