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On the Thermodynamics of Hydrated Protons
Activities, Activity Coefficients and the
Average Degree of Hydration
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Activities and activity coefficients for hydrated ions in mixtures
of acids with water are derived and their properties investigated. It
is shown that the activity product an+ + ay— of the ions H+(H,0), +
and A”(H;0),~ (A” = anion of the strong acid HA) must have a maxi-

mum at X = where X is the stoichiometric mole fraction of

1 +n
HA and n = n4+ + n—. The maximum is obtained independent of
whether the ions in question predominate or even exist.

Various activity coefficients are studied and it is found that the
molarity activity coefficient for H+(H,0),, CIO,” passes through a
maximum near 8 M (moles . liter~!) HCIO, while the corresponding
function for H+(H,0),NO;" is practically constant in the range
9—16 M HNO,. This difference in behavior can be primarily attri-
buted to differences in dissociation of the two acids. Above 9.5 M
HCIO,, there is not enough water present to keep all H+ in the form
H+(H,0), while, on the other hand, there is sufficient water in the
HNO; mixtures all the way up to 16 M.

By considering hydrated ions as mononuclear complexes, ordinary
complex chemistry methods can be employed to derive a function
7’ closely related to the ’true’’ average degree of hydration. It is
found that %’ is practically the same for H+, C10,” and H+, HSO,~
in & large part of the range of overlap while it is smaller for H+,NO,~
thus implying & smaller degree of hydration for NO;~ than for ClO,”
and HSO,”. For the ion pair H+, HSO,” 7’ tends towards unity upon
approaching pure acid. It is also shown that a maximum ionic con-

1
centration will appear at X = ¥ a~ For H,80, and HCIOQ,, the

maximum is located in the range X = 0.4—0.5 while HNO, has its
maximum at about X = 0.2—0.3 consistent with the view that HNO,
forms a compound HNO,;-H,0 before it starts to dissociate.

In dealing with electrolyte solutions, Bjerrum 1 and Scatchard 2,2 made use
of a simple model in which ions and molecules are considered to bind part
of the solvent giving solvated species that are dissolved in the remaining free
solvent. This distinction between two different kinds of water, free water
and water bound as water of hydration, has been used in several instances
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and recently by Stokes and Robinson 4 as well as Glueckauf ® and Miller ¢
in their attempts to evaluate hydration numbers. All these treatments were
restricted to dilute solutions where the average degree of hydration can be
imagined to stay practically constant. However, upon decreasing the water
content in the system by increasing the ionic concentration, the amount of
water considered as bound as water of hydration must decrease. In case of
the proton, it has been suggested that H+(H,0), should be an especially stable
complex in dilute solutions 57—, In concentrated solutions, most of this
water is stripped off until HyO+ is finally obtained which seems to be the
predominating proton species in these solutions 1** and so stable that it may
be recovered in the crystalline state 12,

In the following, the properties of the activities and activity coefficients
of hydrated ions are investigated. Since H+(H,0), and H;O* seem to be so
stable as to be experimentally observable, the thermodynamic functions
for these two compositions of the hydrated proton will be evaluated and used
as examples. We shall then construct a function approximating the average
degree of hydration and investigate its bearing on the maxima in ionic con-
centration found in mixtures of strong acids with water.

Some of the results below have been given in a preliminary note 11,

LIST OF SYMBOLS

au+, Ay, Gua Activities of H*, A~, HA etc.

Apyy Qp » » H+(H20)n+1 A_(Hzo)u_

ay, a, » » HsO* and H*(H,0),

Y+, Y- "True” molarity activity coefficients of various hydrated
ions

Ynis> Yn_ Stoichiometric molarity activity coefficients of H+(H,0),.
and A-(H,0),_

Y1, Ys Stoichiometric molarity activity coefficients of HyO* and
H*(H,0),

y = [ya+ - y,=]¥  Stoichiometric molarity mean activity coefficient of H*, A~

Vots Vo » molarity activity coefficients of H*(H0),,

and A-(H,0),_
y = [yn+ - y,-]}  Stoichiometric molality mean activity coefficient of H*, A~
| » mole- fraction activity coefficients of
H+(H20)»+ and A_(Hzo)n_
f=T[fu+ - f3% Stoichiometric mole fraction mean activity coefficient of

H+, A-
Cu+, C\- Molarities of H+, A~
c Stoichiometric molarity of acid
mu+, My~ Molalities of H+, A~
m Stoichiometric molality of acid
Xa+, X\~ Mole fraction of H+, A~
X Stoichiometric mole fraction of acid
K, K, Equilibrium constants
Nuo, Naa Number of moles of H,0O and HA mixed together
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n Number of water molecules attached to an ion

n Average degree of hydration

n' Function approximating 7

S+, 8, & 8 = X K, an,o Function appearing in the treatment of
complex equilibria

a Degree of dissociation

SELECTION OF EXPERIMENTAL DATA

In the choice of experimental data for the computation of thermodynamic
functions involving hydrated ions, the measurements that appear to be the
most careful have been used wherever possible.

The data selected will now be discussed for each acid in turn.

a) Hydrochloric acid. Densities of HCI solutions at 25°C, necessary for the
transformation from the molality to the molarity scale, were computed from
the formulas given by Akerlsf and Teare !3, Stoichiometric mean activity
coefficients were taken from Harned and Owen 4 for dilute solutions and from
Robinson and Stokes for concentrated solutions 4. The activity coefficients
of Harned and Owen are based on emf measurements by Harned and Ehlers 15,
The activities of Robinson and Stokes are calculated from their own isopiestic
measurements 18,17 and agree well with those of Akerlof and Teare 18 obtained
from emf measurements. Water activities were computed from osmotic
coefficients given by Robinson and Stokes 4°.

b) Perchloric acid. Densities for HCIO, solutions at 25°C have been taken
from Markham 1® and water activities together with stoichiometric mean
activity ceofficients from Robinson and Baker 2 who used the isopiestic
method. These data seem to be accepted as being the best available at pre-
sent 2. For estimating the concentration of various species, the results from
the NMR (nuclear magnetic resonance) measurements by Hood, Redlich and
Reilly 2 have been used, which values show a better consistency than the
Raman measurements by Redlich, Holt and Bigeleisen 22,

¢) Nitric acid. Densities of HNO, solutions at 20°C have been taken from
Landolt-Bornstein 2%, Concerning water and nitric acid activities at this
temperature, the agreement between different investigations is not as good
as could be desired 2%, 2426 For this reason, it is difficult to make a choice
between the various data. However, those by Potier 2 have been chosen
because of the large concentration range studied and the reasonably good
internal consistency.

The concentrations of the species present have been determined with the
Raman technique by Redlich and Bigeleisen ?* and by Young and Kra-
wetz 28,29 Concentrations determined from NMR measurements by Redlich
et al?!, are said to agree well with the Raman measurements by Krawetz 292,
The precision of the NMR measurements is not quite so good as for the Raman
method but the NMR data were the only data accessible to the present writer
and they have been used in this paper.

d) Sulfuric acid. Densities of H,SO, solutions at 25°C have been taken
from the International Critical Tables 3. When the present investigation
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was begun, the best available thermodynamic data for sulfuric acid seemed to
be the recent isopiestic measurements by Glueckauf and Kitt # which agree
well with the vapor pressure measurements of Shankman and Gordon 32 and
Hornung and Giauque 33. The measurements of Glueckauf and Kitt stop
around 16 M (moles - liter?). Now Deno and Taft 3 have given water activi-
ties up to nearly pure H,SO, using a simple empirical relation between the
water activity and the Hammett acidity function, H,. Both sets of values
agree well in the overlapping part of the range. The present writer has used
Deno and Taft’s water activities to compute the corresponding sulfuric acid
activities by graphical integration with the aid of the Gibbs-Duhem equa-
tion. The value for pure sulfuric acid obtained by extrapolation,
log a?p+ - agor = 9.55, differs considerably from the value 8.76 estimated

by Abel 3 from literature data available at that time. However, thanks to
the courtesy of Professor Giauque, a set of thermodynamic data, unpublished
at that time, for sulfuric acid collected during the course of many years in
Berkeley % were made available to the present writer. The value for pure
sulfuric acid at 25°C is log a?g+ - @asoy-= 9.53 which is so close to the value
found from the data of Deno and Taft that their empirical method
for correlating water activities with H, must be regarded as essentially correct.
The water activity and the stoichiometric activity coefficient of H,SO, obtained
by Giauque et al. agree within a few per cent with those of Glueckauf
and Kitt in the overlapping section of the range. This is such a good agree-
ment that no recalculation using the data of Giauque ef al. seemed necessary.

For the concentrations of the species present, Raman 298,37 and NMR 38
measurements are available. The Raman measurements reported by Young
et al.2* are believed to be more accurate than the early measurements reported
by Young and Blatz 37,3, Since the evaluation of the NMR data depends upon
the Raman measurements, no decisive information about the correctness of
the Raman data can be obtained from them. In the following, the more recent
Raman data 2* will be used.

ACTIVITIES

Definitions. In the Bjerrum treatment of solvation, ions are assumed to
bind the solvent to form solvated ions. For the acid HA, we wish to consider
the following reaction:

HA + n H,0 & H*(H,0),, + A~ (H,0),_ 1)

n=mny +n_ (2)
Application of the law of mass action to (1) gives:

where

an+@EOms * 0o = Ko+ 0ma - a"mo (3a)
For the sake of simplicity in notation, we write:

Qpy = GEHY(H,0)n4

Gy = Qp~(H,0)n_ (4a, b)
and thus

Ay y * Ay_ = Kn capa a'”H.O (3b)
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For the dissociation into unhydrated ions, we have
au+  Ap— = K « aya (5)

where K is the thermodynamic dissociation constant of HA. The activities
of H, and A- are defined such that they approach the analytical concentrations
of these ions in dilute solutions. From (3b) and (5) it is found:

n
Oy * Oy, = —I? cagt . Ay~ + a/"H.O

The simplest way of relating the activity scale of hydrated ions to that
of the unhydrated ions is to define

K,=K n=1,2.... (6)
for all possible values of n. We thus obtain:
Opq * Ay_ == Qg+ * Gy~ * A"H0 (7)

Since amo —> 1 when approaching infinite dilution, the reference state
of the hydrated ions is the same as for the unhydrated ions, i.e. the activity
tends towards the analytical concentration upon dilution. Since the activity
product ag+ - @aa— can be obtained from the stoichiometric activity coeffi-
cients and water activities which are either tabulated directly or can be com-
puted from osmotic coefficients reported in the literature, the activity products
given by (7) can be evaluated for several strong acids and often over consider-
able concentration ranges.

The maximum. From eqn. (7), it is seen that the activity product of the
hydrated ions is composed of two terms, one containing the activity product
of the unhydrated ions and the other the activity of water. Since the first
term increases monotonically and tends towards a finite limit and the second,
the water activity, decreases monotonically towards zero with increasing
concentration of acid, there must be a maximum for the activity product
of the hydrated ions. In order to investigate this, (5) is substituted in (7), i.e.

Apy * Ay = K. ana * a”H,O (8)
Logarithmic differentiation of (8) gives:
din (2298 -+ d]na,,_ = dln ana + ndln an,0 (9)
Application of the Gibbs-Duhem equation to this system gives:
Nys din aga = — Ny,o din ano (10)

Nya and Ny, are the number of moles of HA and H,O mixed together. By
inserting (10) into (9) and using the condition that at the maximum
dn a,, + dn a, = 0 we find:

Nu,0
din an,o (’)’L——-NHA) =0
Since dln ag,o # 0, the maximum must be located at the stoichiometrie
mole fraction of acid given by:

X =

1
l14-n

(11)
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versus stoichiometric mole fraction, X, of s, - and a3 1= plotted i

acid for the three acids: HNO,, HCl and % - Gso” and ag- dso,™ pio versus X
HCl0,.

This maximum is a purely thermodynamic consequence and shows that
the activity product a,, .a, has a maximum when the solution has the
corresponding composition HA, n» HyO. The maximum is obtained independ-
ent of whether the ions in question exist or not.

Comparison of the activity products for two different n-values. Since many
differently hydrated ions are possible, a large number of activity products
@4y . @y_ can be constructed. In order to study the properties of these activi-
ties, the following two special cases will be considered:

Aot * Ay~ == Qg * Qy—~ = A+ * Ay~ * A”0 (128’)
aH-i-(H.Q)‘ Q- = a/4 cQp— = Qg+t Qp— a‘n'o (12b)

where a, and a, are convenient notations. In Fig. 1, the activity products (12)
on the mole fraction scale for the two acids HNO; and HCIO, are plotted
versus the stoichiometric mole fraction of acid. As is seen, the maximum of
a, - a,~ appears, for both acids, at X = 0.2. For HNO;, the maximum
for a, -a,- at X = 0.6 is hard to locate since the curve is very flat. For
HCIO,, data are not available up to X = 0.5.
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The only strong acid which has been studied over the whole concentra-
tion range from pure water to pure acid is sulfuric acid. In Fig. 2, the mole
fraction activity products, (am+)® - aso?, @,-@mso,~ @,® - as0? and
al . aso?", are plotted on a logarithmic scale against stoichiometric mole
fraction of H,80,. The activity product a, - amso,” can be computed from
(an+)® + aso?” and amo with knowledge of the second dissociation constant
of sulfuric acid. The value pKuso,~ = 2.00 for 25°C recently suggested by
Hamer * from considerations of available literature data has been accepted.
This value agrees well with pKgso,” = 2.01 calculated by Kerker 4° from
transference and conductance data. The activity product a,-agmso~ can
now be computed from

log a; - anso.” = log (au+)?: asol?” * @m0 + K'uso,” =
= log (axt)?: aso® + log amo + 2.00 (13)

As seen from Fig. 2, all functions have maxima as requested by (11). The
function (ax*)? - aso?” can be considered as a special case with n = 0 for
which (11) gives a maximum for the pure acid.

ACTIVITY COEFFICIENTS

For the acids, HC10,, HNO; and H,SO,, Raman and NMR methods have
been used to distinguish between the undissociated and dissociated parts of
acids in concentrated solutions. It is thus possible to compute activity coeffi-
cients and study their properties.

a) Definitions. For the strong acid HA where the concentrations of the
species present have been estimated using one of the methods mentioned
above, the ionic activity coefficient products on the molarity scale for
H*(H,0),,, A"(H;0),_ can be computed from

Uny - Qn
Ynt * Yn. = -—”(':'!T)z: (14a)
where the superscript ¢ refers to the molarity scale, « is the degree of dissocia-
tion and C the stoichiometric molarity of HA.

The analogous expressions on the molality (m) and mole fraction (x)
scales are:

a, a. a, a,
n4+ ° Un nt * Un
. = —— f . = 14b C
}‘n-}- yn_ m .m ’ n4 fﬁ_ z .z ( » )

The activity coefficients in (14) have the same reference state as ordinary
activity coefficients, .e. they approach unity at infinite dilution. In the evalua-
tion of these activity coefficients, the total ionic concentration is used because
of the difficulty of making a distinction between differently hydrated ions.
They are thus stoichiometric activity coefficients which approach the true
ones at those concentrations where the corresponding ionic species may predo-
minate.

b) Properties. The stoichiometric activity coefficients of the hydrated
ions are related to the ordinary stoichiometric activity coefficients in the follow-
ing way:
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Ynt * Yn_ =(g)2 - @m0
2
Vg * Vn_ =(2) -amo [1 — an-m- (55.51)71]2 (15a, b, c)
A
fre +ho=(L) - ahio 1 = ar—1)x7

The term (n-1) appearing in (15¢) is due to the convention that, in the
evaluation of the mole fractions, the ions of the dissociated acid are counted
ag separate entities. For » = 0, (15b) degenerates into the relation

2
YR+ Y pm = (g) used by Robinson and Stokes ¢, From (15), it is seen that

the activity coefficient product of the hydrated ions will always be smaller
than that of the unhydrated ions because ago < 1.

It can be shown from (15) that the ratio of the activity coefficient product
of any pair of hydrated ions to that of the unhydrated ions will in pure acid

be the same for all three kinds of activity coefficients and equal to am,o»
where ag,o refers to the activity of water in pure acid.

¢) Comparison of activity coefficient products for some different n-values.
For the two cases HO+, A~ and H+(H,0),, A~ considered in the discussion
of the activities, the activity coefficients on the molarity scale take the form:

y 2 )
Y1 Yam = (;) - @m0 (16a)

7\2
Ya Ya- = (a_) - atuo (16b)

As seen from (15), the activity coefficients take the most simple form
on the molarity scale because it is not necessary to distinguish between free
and bound water when evaluating the molarities of the constituents present.

In Fig. 3, log ¥, - y,— and log y, - y,— are plotted against the stoichiometric
molarity of the acid for HNO,; and HC1O,. It is not suitable to plot the activity

6 T T T T T T T T

Y1 x Yeio7

Y x Yclo

Ye x¥yo; Fig. 3. The molarity activity coefficients

7 % .ya- and y,- ya- plotted on a logarithmic
scale versus stoichiometric molarity of acid,
-1 ! ! ! ) Il ! ! C, for HNO, and HCIO,.
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Fig. 4. The logarithms of the stoichiometric molality activity coefficients y4 -y_ for
LiCl0,, LiNO,;, NaClO,, NaNO,;, KNO,, H,0+, ClO,”, and H,;0+, NO,  plotted versus
the stoichiometric molality m.

coefficients versus the ionic strength or the total ionic concentration since
these quantities go through a maximum and do not lead to single-valued
activity coefficient functions.

It should be noted that, while y, - ycio,~ goes through a maximum near
8 M HCIO,, ¥, - yno~ seems to be practically constant in the range 9—16
M HNO,. On the other hand, both curves ¥, - y,- rise steeply. The maximum
of y, - yao,” can be imagined to be due to overcompensation caused by assum-
ing too high a hydration number. From the data of Redlich et al.?! near
9.5 M HCIO,, it appears that the amount of water present has decreased to
four times that of H*. Above this concentration, there is not enough water
present to have all protons in the form of H*(H,0),. This may be the main
reason for the maximum in ¥, - yao

For HNO; on the other hand, the data by Redlich et al.,; show that the
amount of water present is at least six times that of H+ even at 16 M HNO;,.
For this acid, there is sufficient water to have a considerable fraction of the

T T T T Y12’

log

2 NN T N T T N T O N S T N
0 5 0 15 20 s 25 m 30

Fig. 5. log ymot - yNo,- compared with log ( )and log »}.
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protons as H+(H,0), or H*(H;0);. The nearly constant value of y, - ¥xo,~
between 9 and 16 M might thus be due to a practically negligible displacement
of the proton equilibria towards less hydrated protons over almost the whole
range of dissociation of HNO;. On the other hand, for stronger acids like
HCIO,, there is a change from something like H*(H,0), in dilute solutions
towards H;O* in concentrated solutions.

Since free protons do not seem to exist in water solutions in measurable
amounts, it is natural to consider H;O+ as the primary proton species which
like any other ion upon dilution undergoes further hydration. Since HyO+ is
a singly charged ion of a size comparable to K*, it might be of interest to
compare the molality activity coefficient products of H;O*, NO,~ and H,0+,
Cl0,~ with those of some related 1:1 electrolytes. This has been done in Fig. 4
where log yx+ - y,— is plotted versus the stoichiometric molality for LiClOQ,,
LiNO,;, NaNO,, KNO,, N,0*, ClO,~ and H,0*, NO,~. As seen, H,O* falls
between Lit and Na* for both NOs~ and ClO,~. Upon considering only the
size effect, one should have expected H;O* to fall closer to K*. The order of
decreasing activity coefficients suggests that the degree of hydration decreases
in the order Li*t > H,O* > Nat > K* in qualitative agreement with
recent estimates 45,8 although the different authors do not agree about the
maguitude of the hydration numbers.

McKay 41 has recently evaluated an activity coefficient for the ionized
part of HNO; where the tries to account formally for the influence of undis-
sociated acid on the ions. In Fig. 5, this activity coefficient, yy, is compared

with those of H+, NO,~ and H,0*, NO,~. Log yﬁ was computed from
2
log(ys)* = log (2) — 0.048 (1—a) - m

For the derivation of this expression, the reader is referred to the original

2
paper. As seen in Fig. 5, y1 is close to 31—' in dilute solutions while in con-
centrated solutions it falls below ymo+ - ¥no,~. Although the construction
of y, contains an interesting attempt to correct for the influence of undisso-
ciated acid on the ionic activity coefficients, it suffers from the defect of
referring to unhydrated protons and not to the actual species present.

A FUNCTION APPROXIMATING TO THE AVERAGE DEGREE OF HYDRATION

Considerations of only one kind of hydrated ionic species at a time must
necessarily always be very crude. By considering the more realistic case of
the simultaneous existence of several differently hydrated ionic constituents
and by applying ordinary complex chemistry methods to the ion-water equi-
libria, a function closely related to the average degree of hydration can be
derived as follows:

For the two types of reactions (n may have several values):

H+ + » H,0 = H*(H,0), '
A- + n H,0 = A~(H,0), } (172, b)
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the law of mass action gives:

K,
0H+(aq) = — A+ - aﬁ.o
Y+ (18a, b)
Ca-(aq) = 5—" @y - G0

We can now sum over all differently hydrated ionic constituents and get
Cat = a0 = Z Oty = 22T K,y - a0 = 25 . g+
. Y+ .o Y+ (19a, b)

CA— = aC = ZCA‘(aq) = yiz K”_a:['o =yi -8-

In the derivation of (19), it is assumed that the activity coefficients of the
differently hydrated protons are the same (= y,) and can be placed outside
the summation sign and analogously for the anions.

The sums S8+ and S~ are functions appearing in the mathematical treat-
ment of complex equilibria. They have the property:

d logS _XnkK, amo
dlogano X K,aho

where 7 is the average number of water molecules attached to the ion under
consideration.
By multiplying (19a) with (19b) and inserting the stoichiometric

=7 (20)

.. - asit - ag |3 . .
activity coefficient y = o o-| = (ya+ - ya—)t we get after differentia-
at -
tion and use of equation (20): B
2
d log(y, -y_)/d log ano — d log(;zy—) [|dlogago =7, +n_=n (21)

In (21), all quantities except . - y_ are known from experimental measure-
ments. Various attempts to estimate related activity coefficient products have
been made in recent papers on ionic hydration 4,56, However, these treat-
ments employ the Debye-Hiickel expression which is likely to break down in
concentrated solutions. Because of our lack of knowledge of how to correct for
electrostatic interactions in concentrated solutions of electrolytes, (21) cannot
be employed for computing absolute #-values. It can be used, however, for
the computation of relative hydration numbers. When comparing the two
acids HA and HB at the same water activity, we get from (21)

2 2
d log (2) /dlog ago — d log (-’i) | dlog axo — fig- — Fia- (22)
Q /HA a /HB
if the assumption .
d log y,-  d log yux (23)

d log auo d log amo

is correct. Even if not strictly valid, (23) might be a good first approximation
and thus eqn. (22) may give reasonably good relative hydration numbers.
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Fig. 6. The function n’ for various ion pairs plotted versus log am,o.
O H+, HSO,
@ H+, ClIO,~
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We can also use (21) to define an approximation to #. From (21) we get
2
n' = —d log (i—) | d log ago =n — dlog y,y_]/ d log an,o (24)

This approximation may be expected to be bad in dilute solutions because
the activity coefficients vary very much while am,o varies rather little. In
concentrated solutions, on the other hand, activity coefficients seem to
vary relatively little while the variation of amo is large and the function
dlog y, -y.
d log an,o
n in very concentrated solutions.

In order to study the behavior of #’, this function, calculated according
to (24), is plotted in Fig. 6 versus log am, for the three ion pairs:

H+, ClO,~, H*, NO,” and H+, HSO,~. As seen, the curves for H*, Cl0,~ and
H+, HSO, prachically coincide at high water activities. On the other hand,
the curve for H+, NO," lies below the two others indicating a smaller degree
of hydration for NO;~ as compared with ClO,~ and HSO, . Unfortunately,
there is a large scattering in the data for H*, NO,~ — it seems however that,
in dilute solutions, C10,~ and HSO," contain 2—3 more H,0 in the hydration
shell as compared with NO,~. In more concentrated solutions, this difference
decreases to 15—1 around log amo = —0.5. It should also be noted that,
in the range —0.3 > log am,o> —0.9 corresponding to 9—16 M HMO,;~ »’
varies rather little in agreement with previous considerations of y, « ¥xo,-

therefore close to zero. One might thus expect »’ to approach
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in the same concentration range. For the pair H+, HSO,", it is interesting to
note that »’ — 1 upon approaching pure H,SO,. This result seems reasonable
since H*(H,0), can be imagined to tend towards H;O* and HSO,~ to loose
all its water of hydration with decreasing water activity. From the data pre-
sented here, it cannot be definitely concluded whether the remaining water
molecule in the hydration shell belongs to H+ or HSO,~. However, in a following
paper, evidence is given that H* is likely to exist as H;O™ in concentrated
solutions of H,SO,*. The fact that n’ tends towards a plausible limit lends
support to the suggestion that d log vy, - y_/d log ax,o = 0 in concentrated
solutions and thus n’ = n.

THE MAXIMUM IN IONIC CONCENTRATION

From Raman and NMR measurements in mixtures of strong acids with
water, it has been found that each ionic constituent has a maximum concentra-
tion at a certain composition of the mixture. The location of this maximum
can be correlated with the hydration of the ions in the following manner.

By multiplying (19a) and (19b) we get

au*t - ai- ~_ K-am
0H+-0A-=(CA-)2=———-—.S+-S _
Y - Y- Y Y-

Differentiating (25) logarithmically, using the definition of =’ given by
(24) and the condition that at the maximum d log C,- = 0 gives, after com-
bining with the Gibbs-Duhem equation (10):

1
1+

Eqn. (26) is obviously an extention of (11). In order to estimate which
n'-values correspond to the maxima found experimentally, the locations of
the maximum ionic concentration for NO,~, ClO,~ and HSO,™ are compared
with equation (26) in Table 1.

As seen from Table 1, the ions ClO,~ and HSO,~ have their maximum con-
centration in a range where n’ = 1—2 while NO;™ has its maximum in a more

8+ . 8- (25)

X = (26)

Table 1. Comparison of experimental material with eqn (26).

w X Bl

Eqgn. (26 xptl.

. (26) NO,” Clo, HSO,
1 0.50
@1 (298)
2 0.33 0.40—0.50 0.42
3 0.25 (28, 29a) * (21)
0.21-0.26

4 0.20

* Quoted from Ref4l.
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dilute solution where n’ =~ 3—4. This might be due to the weaker dissociation
of HNO,. If we consider the reaction:

HA + H,0 & H,0* + A" (27a)

an infinitely strong acid will give one H;O* and one A~ for every H,0 added.
In such a case, the maximum will be at X = 0.5. Weaker acids on the other
hand will have their maxima displaced towards lower concentrations. The
maxima for HCIO, and H,SO, near X = 0.5 imply that these acids should be
considered very strong and much stronger than HNO,. It is surprising that
such a difference is not more emphasized in the values of the thermodynamic
dissociation constants of HNO; (22)?' and HClO,(38)2!. If, on the other hand,
HNO, first reacts with water to form a compound like HNO,.H,O before it
dissociates, then the reaction might be:

HNO; - Hy0 + H,0 = H* (H;0).; + NOy~ (H,0),_
ny+n =2 (27D)

and the maximum in ionic concentration would be located somewhere below
X = 0.33. The dissociation constant could nevertheless be of the same order
of magnitude as that of HCIO, in spite of the lower dissociation. Actually
there is evidence that HNO,; forms hydrates before it dissociates and also
the Raman measurements show that the dissociation starts near the composi-
tion HNO, - H,O. These results support the dissociation reaction (27b)
rather than (27a) for HNO,.

For H,S0,, X = 0.42 gives n’ = 1.40 which implies that at the maximum
concentration of HSO,~ practically all of the free water has become bound as
water of hydration. Now, the Raman measurements by Young et al show that
measurable amounts of H,S0, start to appear at about the same concentra-
tion. It thus seems that molecules of H,SO, cannot appear until nearly all
of the free water has been tied up as water of hydration.
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