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Abstract: A model for an ion immersed in a dielectric medium as a spherical charge surrounded by a region of dielectric gra-
dient has been introduced previously. The treatment of this model is extended to structured solutions of all types of strong,
binary electrolytes. The Madelung constant method of calculating energies is analyzed in terms of a Guntelberg charging
process. The activity coefficients of the alkaline earth halides and nitrates, and of NiCly and CoCl,, are examined on the
basis of a loose fluorite structure in solution. The results show excellent agreement with experimental data up to concentra-

tions as highas 2 or 3 M.

A model for ions in solution pictures each ion as a spheri-
cal charge surrounded by a sea of dielectric gradient. The
dielectric gradient sea surrounding one ion interacts with
the electric field from another ion to produce a repulsive
force, in addition to the coulombic force, between that ion
pair. As a result of this additional force, 1:1 electrolytes
vere shown to assume a loose face-centered-cubic lattice in
solution. The partial molar electrical free energy of this
structured solution was found via a Madelung-type calcula-
tion. This led to an expression for activity coefficients of 1:1
electrolytes which agreed with experimental data from the
lowest concentrations at which measurements had been
made up to concentrations as high as 4 M .2 This model also
led to an interpretation of heats of dilution for 1:1 electro-
lytes which agreed well with experimental data.’

In this paper the theory will be extended to strong binary
electrolytes of all valence types and a generalized expres-
sion for partial molar free energies and activity coefficients

will be developed. For the binary salt C,,A,_ the type of
electrolyte is designated by the ratio z4:z_. One formula
unit of this salt exists in solution as v+ cations of charge z+
and v_ anions of charge z—.

Theory

In carrying out the analysis of the specific ion-ion inter-
actions in unsymmetrical electrolytes it became evident that
the equations developed in the first paper? were valid for
symmetrical 1:1 electrolytes in which one kind of ion (cat-
ion or anion) possessed a dielectric gradient sea while the
other kind did not. The force generated by the field of one
ion acting on the dielectric gradient surrounding the other
was recognized, but the force generated by the field of the
other acting on the gradient surrounding the one was ne-
glected. The complete expression for the interaction force
between two ions, i and j, in solution is given, to the degree
of approximation in ref 2, by
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where the symbols are the same as those in ref 2. The work
of bringing a pair of ions from infinite distance to R is,
therefore,
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We use the sign convention that positive work is work done
by the system on the surroundings. Equations 1 and 2 apply
to all pairwise interactions whether the charges on the two
ions are like or unlike. The pairwise interactions resulting
from the field-dielectric-gradient effect now show a contri-
bution from each separate ion. Since the separate parts of
the field-dielectric-gradient term cannot be evaluated and
the B coefficient was determined from experimental data,
the method of analyzing the data has not changed. The
present development is more satisfying since the contribu-
tions of the separate, individual ions are now recognized.
The summation over all pairwise interactions will give
the electrical work of a particular distribution of the ions in
solution. An equivalent summation which gives the electri-
cal work of a distribution of ions in a dielectric medium?* is

2
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The form of eq 3 has been chosen so that the summations
are carried out over all ions. The factor of !5 must be in-
cluded to avoid counting each ion twice. When the particu-
lar distribution is that of a well-ordered structure, such as
fec or fluorite, for example, the Madelung approach can be
used to find the electrical work.

The Madelung constant results from an analysis of the
coulombic energy of a well-ordered three-dimensional array
of ions in a solid, crystalline electrolyte. The existence of a
repulsive force which was not the result of simple charge-
charge interactions has been recognized,>® but the Made-
lung constant itself refers only to the classical interactions
of charges obeying Coulomb’s law. The Madelung constant
can be used to find the classical coulombic electrical energy,
but does not directly reveal the nature of other interaction
energies.

The coulombic work determined with a Madelung con-
stant will be the coulombic electrical free energy. However,
the question of whether this free energy is the total coulom-
bic free energy or the partial molar coulombic free energy
has never been discussed since the partial molar coulombic
free energy and the total coulombic free energy per mole
are identical for a pure, crystalline, solid electrolyte. Previ-
ous considerations of coulombic Madelung free energies
have dealt with such pure, solid, ionic crystals. In solution,
however, the partial molar coulombic free energy and the
total coulombic free energy per mole of electrolyte are not
the same and a careful distinction must be drawn between
them.

The coulombic energy found with a Madelung constant
for structured 1:1 electrolytes in solution has been identified
with the partial molar coulombic electrical free energy?’
and alternatively as the total coulombic electrical free ener-
gy per mole.®® We will now show that the identification of

ijsea+
J
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the Madelung coulombic energy with the partial molar cou-
lombic free energy is correct while the identification of the
Madelung coulombic energy with the total coulombic free
energy per mole is incorrect. We will focus our attention on
the coulombic term for this discussion; the conclusions will
apply to the field-dielectric-gradient term as well.

The Madelung method of calculating the coulombic part
of electrical work for n moles of the structured :lectrolyte
C,,A,_ can be applied with the expression*

—Wel == 2z

W= i Er i @
where the summations are carried out over all ions in the
system. Since we are not interested in the evaluation of
Madelung constants but rather in the interpretation of the
kind of energy found with a Madelung method, we will fol-
low a procedure essentially the same as that used by Kend-
all.'% In the double summation of eq 4 there will be ny4+N
terms in which the central ion will be the cation, and ny_N
terms in which the central ion will be the anion, giving

nvyeN nv_N
-2 () 02 ()
% \ZRr,) o (E R.) - ®

The sum over j+ represents a summation over all ions out-
side the central cation and R;+ represents the distance from
the central cation to the (j+)th ion and the sum over j—
represents a summation over all ions outside the central
anion and R;- the distance from the central anion to the
(j—)th ion. Each distance can be expressed in terms of the
unit distance R as

Ri+ =aj+R (6)
and
Ri-=a;_R ()
In addition, since electrical neutrality requires that
veze+t vz =0 (8)

each z; can be expressed in terms of either z4 or z—. We
therefore write that

_z.¢=_z___< _1_> 9
Jz;Rﬁ R JE; aj+/ )
and that
Zi—  Z4 1
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=Rj- R \jZ aj-

where the primes on the a; signify that the distance factor
has been adjusted by a proper ratio of »’s in those terms
where necessary so that only one z variable remains in each
summation. Substitution of eq 9 and 10 into eq S gives

wel [v+< 1 > - 1 ]z+z_
-—=|2(T—=)+=(Z—) | == 11

nN 2 jz; aj+’ 2 <jz; aj_’> kR ( )
so that in this formulation the Madelung constant is given
by
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We are now in a position to justify the identification of

the partial molar electrical free energy with the work calcu-
lated by the Madelung method.

Guntelberg Charging Process

The proper identification of the coulombic part of the
electrical free energy in structured solutions can be devel-
oped from a Guntelberg charging process.!! According to
the Guntelberg charging process
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Table 1. Coefficients in Equation 27
n a, n an m am
1 108 S 144 3 68
2 156 6 96 4 84
3 64 8 36 19 60
4 54 9 48 27 4
12 8
IvLiel @
-—= ; dz; 13
= ), wida (13)

where u;°'/N is the chemical potential of the /th ion, N is
Avogadro’s number, ; is the electrical potential acting on
the /th ion, and z; is the charge on the /th ion, The advan-
tage of the Guntelberg charging process is that the integra-
tion in eq 13 is carried out at constant ionic separation, or
therefore at constant R, In the Debye-Hiickel approach, eq
13 is integrated at constant ,''"'? which is equivalent to
constant R in the present approach since 1/x = r where r is
the Debye-Hiickel length,!?

The coulombic ¥, in eq 13 can be found easily for struc-
tured ions in solution as

L (14
by )
which, using eq 9, gives
z— 1
=— — 15
* T kR <jz-+:-' aj+’> (15)
Equation 15 can be substituted into eq 13 to give
s + oz < 1 >
— = — —)d 16
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which, on the substitution of eq 8, gives
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The development follqwing eq 15-17 for anions gives
u_e! 1 < | > Z42_
18
N kR ?2 a;-’/ 2 (18)
The chemical potential for a mole of electrolyte is
I-LeI=V+l-L+eI+V—/~L—CI . (19)

which on the substitution of eq 17 and 18 gives
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In view of eq 12, eq 20 now tells us that

/»L_CI_ANZ+Z_

N kR
or that the classical Madelung calculation of the coulombic
electrical work is to be identified with the partial molar
electrical free energy and not with the total free energy as
claimed by Glueckauf® and Frank and Thompson.® Equa-
tion 21 corresponds to the identification used in ref 2; the
justification for this identification using the Guntelberg
charging process is better than the justification given in ref

(21)

In view of eq 21 and 2, for structured ions in solution, the
generalized equation for the partial molar electrical free en-
ergy for any strong binary ionic salt in solution (deviations

from ideal behavior are assumed to be electrical in nature)
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where 4" is the Madelung constant and B,”, B,”, and B3
are Madelung-like constants for the particular structure
displayed by the electrolyte in solution, The Madelung-like
constants, B/’ in eq 22, have been considered previously for
solid, crystalline electrolytes,'4

The Madelung constants, 4" in eq 22, can be found in
various ways and can be expressed with various values de-
pending on which “unit distance” is selected.¢ We have
used R as the shortest distance between a cation and anion
in the particular structure being considered.

Activity Coefficients

The particular structure in solution is not known a priori
but can be found from experimental data, With the sym-
metrical 1:1 electrolytes the X-ray data and the activity
coefficient data agreed with a fec structure.? For the 1:2
and 2:1 electrolytes, as will be shown below, X-ray and ac-
tivity coefficient data agree with the fluorite structure in so-
lution. The Madelung constant, A4”, has been calculated for
many structural types and can be used in eq 22. Care must
be exercised when using these values, however, since a cer-
tain flexibility is allowed in choosing the *‘unit distance”
and in the handling of the z's in the summation, The Made-
lung-like constants, B|”, By”, and B3, could be determined
for these various structural types but checking them against
experimental data will be impossible until more is known
about the dielectric gradient characteristics of individual
ions,

From eq 22 the generalized expression for the mean mole
fraction (rational) ionic activity coefficient becomes

log fs = A'zyz N <_1_> eoN
8/ = 1n 10)sRTk (In 10)4sRT
22,2 | dk
(o (=Rl v-e) +
2z_2 dk , [ z+2 |dk
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where v = vy + »_ for the salt C,,A,_, R is the gas con-
stant, and T is the absolute temperature. For all structures
R~'is given by
N /3
R_l = q 4 <——> Cl/3 24
“"\1000 (24)
where ¢ is concentration in moles per liter, N is Avogadro’s
number, and a4~ is a value found from the particular struc-
ture under consideration, so the generalized expression for
activity coefficients is

log fx = —Ac'/3 + Be (25)

for all strong binary electrolytes in solution. 4 can be calcu-
lated from fundamental values if the structure is known
while B cannot, at least at the present time. Alternatively,
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Figure 1, Intensity of scattered X-rays vs. rs as given by eq 27 for a sin-

gle cell of fluorite structure with cation and anion having equal scatter-

ing powers. The curve nearest the ordinate has a?r2 = 0, the next curve

has a2r2 = 1, and the curve furthest from the ordinate has a2r2 = 4.

A can be evaluated for various structures and that structure
which agrees with, for example, activity coefficient data, as-
signed to the electrolyte in solution.

2:1 Electrolytes

In order to apply eq 25, the structure assumed by ions in
solution must be known. The analysis of X-ray diffraction
patterns from the 1:2 electrolyte chloroplatinic acid indicat-
ed that a loose fluorite lattice was assumed in solution.?
Since the behavior of 1:2 electrolytes should not differ from
the behavior of 2:1 electrolytes, the 2:1 electrolytes should
assume the same fluorite structure.

Albright’s X-ray diffraction data' on concentrated solu-
tions of CaCl; lend further support to the existence of a
loose fluorite lattice in solution. His electron radial distribu-
tion functions do not show this structure directly, but the
method? applied to chloroplatinic acid and LiBr and LiCl
solutions does reveal the structure. The Wierl equation with
exponential is

Ia ¥ zzjeman? <S—”‘—(51L)> (26)
i Srij
For a single fluorite cell in which cation and anion have
equal scattering powers, eq 26 becomes
1-6,8.9.12 g o= (W/4)a’r? gin ((\/Z/Z)rs)

<

n (V'n/2)rs
340927 g, e=(m/190a%2 in ((\/m/4)rs)
po (Vm/4)rs

(27)
where the coefficients a, and a,, are given in Table 1. A plot
of eq 27 with proportionality constant of one is shown in
Figure 1, for a2r2 = 0, 1, and 4, where r is the unit cell
length. Figure 1 indicates that maxima are present at
rs{max 1) = 17.88, 17.72, and 17.2 for a?r2 = 0, 1, and 4,
respectively, and rs(max 2) = 30.04, 29.76, and 29.6 for
a*r? =0, 1, and 4, respectively.

Professor Albright has kindly made available his original
data'é on his most concentrated solution of CaCl, a salt
which should have approximately equal scattering powers
of cation and anion, a condition specified for eq 27. Using
the mole ratios of salt to water, and density from the Inter-
national Critical Tables, this salt has a concentration of
4.84 M and therefore a fluorite unit cell length of r = 11.4
A. A plot of Albright's I vs. s is shown in Figure 2 and defi-
nite changes in slope occur at the two points expected for
structured ions, namely, s(1) = 1.49-1.57 and s(2) = 2.60-
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Figure 2, X-Ray intensity vs. s (= [4x/A] sin 8) for 4.84 M CaCl; so-
lution in water as obtained by Albright.!s'é

2.64. Professor Albright also pointed out that the geometry
of his system was chosen to maximize the counting efficien-
cy at large values of s which has the undesirable effect of
reducing peak resolution at low s, so that the change in
slope rather than a more definite maximum is not surpris-
ing.

gThe loose fluorite structure for 2:1 electrolytes can be
tested further with eq 25. For the fluorite structure the
Madelung constant, A” in eq 22, has the value 2.51939!7 if
the distance R is the shortest distance between cation and
anion. In this case, R™' = (2/v/3)(2Nc/1000)!/3 and
therefore a4~ in eq 24 has the value (2/v/3)(2)!/3. Using k
= 78.36 at 25°,'8 eq 25 for 2:1 electrolytes in water be-
comes

log f» = —0.64100 ¢!/3 + Be (28)

To make use of tabulated activity coefficient data the ex-
pressions for mean molal and mean mole fraction ionic ac-
tivity coefficients'® can be combined to give

log v+ + 0.64100c'/3 + log (1 + [smM, /1000]) = Be (29)

For 2:1 electrolytes, v = vy + v— = 3. The form of eq 29 is
preferred to that used in ref 2, eq 14.

The left-hand side of eq 29 can be plotted against ¢, and
should give a straight line with slope B. Such plots for the
alkaline earth halides and nitrates and NiCl, and CoCl, at
25° are shown in Figures 3-7 and straight lines are ob-
served up to concentrations as high as 1 M (2 N) in all
cases and in some cases as high as 3 M (6 N). The data
were taken from the tables in Robinson and Stokes.?? The
slopes and intercepts, determined by linear regression anal-
ysis, for the linear portions of these curves are shown in
Table I1. The relationship between molality and molarity
was determined from density data in the International Crit-
ical Tables.

Discussion

The straight lines obtained over a broad concentration
range for the 2:1 electrolytes in Figures 3-7 indicate that
the behavior of these salts can be interpreted on the basis of
a model of a loose fluorite structure in solution. This is fur-
ther confirmation of the importance of the field-dielectric-
gradient forces operating between ions in aqueous solution.

The sign of the higher valence species should have no ef-
fect on the final structure and we would expect both 1:2 and
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Table 11, Slopes and Intercepts for the Linear Portions of the
Curves Shown in Figures 3-7

Salt Slope Intercept
MgCl, 0.45390 -0.0253
MgBr, 0.55911 -0.0256
Mgl, 0.65388 -0.0176
Mz(NO,), 0.42750 -0.0247
CaCl, 0.39824 -0.0277
CaBr, 0.47877 -0.0267
Cal, 0.56914 -0.0185
Ca(NO,), 0.22156 -0.0309
StCl, 0.36357 -0.0261
SrBr, 0.42921 -0.0245
Srl, 0.53322 -0.0174
BaCl, 0.28957 -0.0217
BaBr, 0.36933 -0.0229
Bal, 0.51441 -0.0221
CoCl, 041521 -0.0226
NiCl, 0.42381 -0.0263

»n
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Figure 3, The left-hand side of eq 29 plotted against the molar concen-
tration for magnesium halides and nitrate at 25°C in water.

2:1 electrolytes to assume a fluorite structure. The 1:2 salts
should behave like 2:1 salts. We have analyzed activity
coefficient data for one group of 1:2 salts, the alkali sul-
fates, and they do not behave as predicted. Previous work
on the 2:1 and 1:2 electrolytes?! has indicated that the alka-
line earth halides and CoCl; and NiCl; are very strong elec-
trolytes in aqueous solution while the alkali sulfates are not.
Since a fundamental requirement of the theory is complete
dissociation, failure of the alkali sulfates is not surprising.
Equation 29 indicates that the plots in Figures 3-7
should intercept the origin, but the intercepts miss (0,0).
The original extrapolations, based on a square-root law,
should be corrected to bring the intercept through the origin
and this will give a new set of standard chemical potentials
and a new set of activity coefficients for each of the alkaline

Logy + A(G"S + Log(ﬂ%&%"_g).

L

p) 3

C. mol 1.}

Figure 4. The left-hand side of eq 29 plotted against the molar concen-
tration for calcium halides and nitrate at 25° in water.

—

Logy + A(c)® + Log{1+¥JM)

c.mol 17?

Figure 5, The left-hand side of eq 29 plotted against the molar concen-
tration for strontium halides at 25°C in water.
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Figure 6, The left-hand side of eq 29 plotted against the molar concen-
tration for barium halides at 25°C in water.

earth halides and nitrates and CoCl, and NiCl,. No at-
tempt to correct the tables has been made in this paper.

As can be seen from eq 22 and 23, the B coefficient in eq
25 is related to the interactions between ions and the water
adjacent to the ions. Of the many experimental and theoret-
ical methods used to investigate the interaction between
ions and solvent one of the most informative has been the
study of the thermodynamics of hydration of ions.22-2¢
Noyes?? used the electrical free energy of hydration and the
crystallographic radii of ions to find the effective dielectric
constant (eefr) necessary to satisfy the Born equation. He
concluded that the solvent immediately adjacent to an ion
behaved as if it displayed a low dielectric constant and the
bulk dielectric constant of water was reached, at least in
one estimation, at distances greater than 2.86 A from the
center of a cation. Noyes did not specify the way in which
the dielectric constant changed as a function of distance
from the ion, but Glueckauf?’ assumed a continuous varia-
tion of dielectric constant with distance to calculate thermo-
dynamic values which agreed with the values found by
Noyes. The conclusions reached by Noyes and the model
adopted by Gluekauf have many similarities to the model
used for the field-dielectric-gradient effect, in particular, a
low dielectric constant near the ion increasing to the bulk
dielectric constant within a few 4ngstréms from the ion.

A correlation exists between Noyes’ ¢.rr and B of eq 25.
Noyes carefully noted that e is not the local dielectric
constant. His approach to the relationship between e and
€loc led to his estimation of the distance from a cation where
eloc became the dielectric constant of the bulk solvent.
Noyes pointed out that ey is a single parameter used to col-
lect all contributions to the electrical free energy of hydra-
tion resulting from the application of the Born equation, ex-
cept for the ionic radius and ionic charge which were kept
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Figure 7, The left-hand side of eq 29 plotted against the molar concen-
tration for NiCl, and CoCl; at 25°C in water,
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Figure 8, The correlation of 1/ (Noyes??) with B of eq 25. The al-
kali chloride and alkaline earth chloride lines refer to the left ordinate;
the sodium halide and calcium halide lines refer to the right ordinate.

as explicit parameters, Equations 22 and 23 indicate that B
is related to |dk/dR| Vsea/ko? where kg is the low dielectric
constant of the solvent at the surface of the ion. Because B
contains 1/ko? and e has been chosen to behave like a di-
electric constant, a correlation between l/éeff2 and B was
investigated, Since single ion activity coefficients cannot be
obtained, finding a B+ and a B_ for cations and anions re-
spectively does not seem possible. However, one can use the
B’s for a set of salts with a common anion to indicate the
variations with cations, and a set of salts with a common
cation to indicate the variations with anions. Figure 8 shows
a plot of 1/es? against B for several salts composed of dif-
ferent cations with a common chloride anion, and for sever-
al salts composed of different anions with a common cation.
The correlation indicates that a single model applies both to
the thermodynamics of ion-ion interactions and to ion-sol-
vent interactions. One particularly gratifying aspect of this
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correlation is the recognition of a difference between cat-
ions and anions. Thus, both B and 1/e? increase with an
increase of anionic crystallographic radius, and both B and
1/ees? increase with a decrease of cationic crystallographic
radius.

A further possible relationship between B and ion-sol-
vent interactions can be seen by noting that (—6B/6T) (ref
3) is either positive or slightly negative for those univalent
salts which contain ions that are considered *‘structure mak-
ers” (H*, Li*, F7) and much more negative for univalent
salts which contain ions that are considered to be “structure
breakers”.2* A reexamination of heats of dilution for 2:1
electrolytes using the field-dielectric-gradient model should
shed further light on this observation.
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Abstract; Determinations of the proton affinities of C,H3F, CH,CFo, cis- and trans-CHFCHF, and C,HF; using ion cyclo-
tron resonance techniques are reported. The proton affinities are found tobe 168 £ 1,177 £ 3,164 £ 2,165+ 2,and 167 +
I kcal/mol, respectively. The heats of formation of the protonated species derived from the proton affinities are compared
with heats of formation of fluoroethyl cations derived in other ways. It is concluded that the most probable structures for the
protonated species are CH;CHF*, CH3CF,*, CH,FCHF*, and CH,FCF,*. Limits on the previously unknown heats of for-
mation of the 1,2-difluoroethylenes are determined from the proton affinities.

The enthalpy change for reaction 1 is a direct measure of
the relative stabilities of alkyl cations R;* and R,*. Recent

Rt + R X — R;T + R;X (1)

measurements of the gas phase equilibrium constants for
reactions of this type have provided relative heats of forma-
tion of alkyl cations.!"3 Another direct measure of relative
alkyl cation stability is the enthalpy change for reaction 2

AH*+ B—BH*+ A 2)

where A and B are olefins. The protonated olefins are, of
course, alkyl cations. The complexity of the gas phase ion
chemistry of mixtures of olefins in most cases prevents the
direct measurement of equilibrium constants for reaction
2.410 The proton affinities'! of olefins can be determined
using ion cyclotron double resonance,!2!3 however, and
provide equivalent information since the enthalpy change
for reaction 2 is the difference between the proton affinities
of A and B.

The object of the present study is to determine the proton
affinities of several fluoroethylenes. Some information
about the stabilities of the corresponding fluoroethyl cations
is available from study of fluoride transfer reactions analo-
gous to reaction 1.23 Heats of formation derived from mass
spectrometric appearance potentials have been reported for

several of the fluoroethyl cations.'4-'¢ Discrepancies be-
tween the various mass spectral measurements are to some
extent resolved by the fluoride transfer reaction study, but
the fluoroethylene proton affinities provide an indispensable
addition to the available data on fluoroethyl cations.

There is some ambiguity in the structure of some of the
fluoroethyl cations. The structure of C;H4F* has been the
subject of a recent study.'” The difluoro- and trifluoroethyl
cations each have several possible isomers. The proton af-
finities of the fluoroethylenes indicate which fluoroethyl
cations have stable isomers.

An interesting application of the proton affinity data
arises in the case of the 1,2-difluorcethylenes. The heats of
formation of the neutrals are not well known, but limits on
the heat of formation of the 1,2-difluoroethyl cation have
been established.? Limits on the neutral heats of formation
of the 1,2-difluoroethylenes can therefore be deduced from
the proton affinities.

The theory of ion cyclotron double resonance and its ap-
plication to the determination of proton affinities has been
discussed.!'3 It has been generally established that if the
single resonance signal intensity of ion A decreases when
ion B is irradiated at its cyclotron frequency, then B reacts
to form A at a rate that decreases with increasing ion kinet-
ic energy. At the neutral pressures (~10~° Torr) and drift
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