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The Nature of Aqueous Solutions: Insights into Multiple Facets of Chemistry
and Biochemistry from Freezing-Point Depressions

Abstract: Contrary to current widely
held beliefs, many concentrated aque-
ous solutions of electrolytes and non-
electrolytes behave ideally. For both,
the same simple equation yields mole
fractions of water that are equal to the
theoretical activities of water. No em-
pirical activity coefficients or ad hoc
parameters are needed. Thermodynam-
ic hydration numbers and the number
of particles produced per mole of
solute are found by searching freezing-
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asking the water, “How much available
water solvent is left and how many
solute particles are there?” The results
answer questions currently under
debate: Do solutes alter the nature of
water outside their immediate sur-
roundings? What is the number of ion
pairs formed by various electrolytes
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and what affects extents of their forma-
tion? What are some factors that cause
precipitation of proteins, latexes, and
so forth from aqueous solutions upon
addition of other solutes (Hofmeister
series)? Which nonelectrolytes form
aggregates in water and what are the
implications? Why do different solutes
affect viscosity differently? How do
ion-selective channels in cell mem-
branes function at the molecular level?

point depression measurements, as if

Introduction

Water may be ideal for life, but it does not behave “ideally.”
Not much fundamental research is being carried out current-
ly on the colligative properties of aqueous solutions, appa-
rently with good reason. Accurate measurements are avail-
able for the important hydrophilic nonelectrolyte solutions
and those of common strong electrolytes. Virtually all meas-
urements indicate deviations from “ideal” behavior, and
such deviations have been accurately expressed by activity
coefficients, y, usually described by high-degree polynomials
obtained by empirical fitting of the observed deviations.
Often activity coefficients of solute are reported, even
though it is the activity of water solvent that is relevant to
colligative properties because it is water that freezes, evapo-
rates, and so forth. Although activity coefficients are accu-
rate measures of deviations from ideality, there is another
equally valid description: y is an accurate measure of our in-
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ability to describe quantitatively the phenomenon being ob-
served in terms of physically meaningful effects. This work
attempts to address that problem, or at least ameliorate the
current state of affairs. The results have a direct bearing on
topics of current research interest: the influence of solutes
on the properties of bulk water not in the immediate vicinity
of solute; factors that affect ion-pair formation; some causes
of the Hofmeister series and salting out; electrolyte effects
on solution viscosity; limiting conductivities; ion-selective
channels in cell membranes; “solventbergs” of amphiphiles;
aggregates of urea; and so on.

Ideal behavior is one that adheres to theoretically expect-
ed relationships between solute concentration and the water
property affected. For freezing-point depressions, the rela-
tionship is van Laar’s Equation (1). 7, and 7; in K are the
freezing temperatures of pure water and of pure water—ice
out of the solutions, respectively. The cryoscopic constant k.
is equal to R/L,, in which R is the gas constant and L, is the
enthalpy of fusion of water at 273.15 K; k.=1.987/1436.2=
1.384x 107 K~'. The natural logarithm of the theoretical ac-
tivity of water in the solution at 7} is denoted by In (a,,).

(1/T=1/T) = —k:In (ay) )

For ideal behavior, a, must be equal to the mole fraction of
water, x,, which is conventionally calculated by Equa-
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tion (2), in which 55.509 denotes moles of water per kilo-
gram, m is the molality (moles of solute per kilogram of
water), and i is the van 't Hoff index, the stoichiometric
number of particles produced per mole of solute: 1 for non-
electrolytes, 2 for NaCl, 3 for CaCl,, 4 for AICl;, and so on.
The quantity (T,—T;)/m=K;=1.86 Kkgmol™' is often also
called the cryoscopic constant, but this approximation is
valid only at high dilutions and the definition of Equa-
tion (1) is used in this work.

X, = 55.509/(55.509 + im) 2)

At realistic concentrations, x,, calculated by Equation (2) is
not equal to a, and plots of (1/T;—1/T,) versus In(a,) are
curved. Hence, aqueous solutions are not considered to be
ideal. When the mole fraction of water is multiplied by the
empirically derived activity coefficient, y,, at each concen-
tration, ideal behavior is forced, so that x,, x v, =a,.

Debye-Hiickel (D-H) theory is used to rationalize noni-
deal behavior for electrolyte solutions, but the theory is ap-
plicable only to extremely dilute solutions. “Extended” D--
H theory for higher concentrations essentially also uses em-
pirical parameters to fit the data. Also, D-H theory only
refers to various interionic interactions and does not address
possible ion—solvent interactions or the behavior of solutions
of nonelectrolytes, which are also nonideal.

An earlier publication reported hydration numbers, 4, of
various solutions of nonelectrolytes and strong electrolytes,
as deduced from measurements of colligative properties.!!
The term “hydration number” was defined as the number of
water molecules per mole of solute that are bound suffi-
ciently strongly to solute as to be removed from the water
available as solvent for additional solute(s). This hydration
number is a dynamic weighted average and was the single
number that removed curvatures from plots of colligative
properties over wide ranges of solute concentration. The
mole fraction of water was calculated by Equation (3), in
which him was the amount of water strongly bound to solute
and not available to act as solvent. The amount of water
available to act as solvent for additional solute(s) will be di-
minished,™ but the number of solute particles remains the
same because strongly hydrated species act as a single
entity.”!

Xy = (55.509—hm)/(55.509—hm + im) (3)

The hydration numbers found! for electrolytes were quite
similar to those reported for chlorides, bromides, iodides,
and perchlorates by Stokes and Robinson,”! who obtained
them by fitting empirically determined activity coefficients
using two constants: the number of water molecules
“bound” per mole of solute and a parameter 4 denoting
“the closest distance to which the center of the unhydrated
anion can approach that of the hydrated cation.” For non-
electrolytes, Stokes and Robinson used two essentially em-
pirical coefficients, K and n, with n described as being relat-
ed to the hydration number; for sucrose, K=0.994 and n=
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11; for glucose, K=0.786 and n=6, and so forth.” Scatch-
ard also used the concept of bound water for rationalizing
colligative property measurements for aqueous solutions of
a few nonelectrolytes.” Lewis also noted® in his discussion
of glycine solutions in 1.0M aqueous sucrose, “On general
grounds one would expect that the water bound by the su-
crose would be unavailable as solvent for the glycine.” The
importance of such hydration in describing the behavior of
aqueous solutions was also emphasized recently.”! Although
it was understood that strongly bound water molecules are
removed from the total water available to act as solvent,>
no specific value for what constitutes “sufficiently strong”
binding was available. Qualitatively, it is water adhering to
solute more strongly than to more water molecules. A value
of binding energy necessary for removing a water molecule
from the solvent was estimated for the first time as a mini-
mum of about 13.3 kcalmol™'.'! Although previous ap-
proaches used different equations for electrolytes and non-
electrolytes, Equation (3) was applied to both and is simpler
than previous efforts to account for bound water. The previ-
ous work assumed that the cryoscopic constant remained
fairly constant at the temperatures of freezing-point meas-
urements.!

Confusion has subsequently arisen because of terminolo-
gy. For example, a recent review!"! questioned the reported!"!
hydration numbers on the grounds that neutron diffraction
studies showed clearly different numbers of water molecules
arranged around the solutes. Diffraction techniques (neu-
tron, X-ray, extended X-ray absorption fine structure
(EXAFS)) and molecular dynamics simulations often use
the term “hydration number” for the number of water mole-
cules that surround the solute at a particular distance and
generally provide firm information about the first hydration
shell, those molecules immediately adjacent to the solute
particle. The term “coordination number” or “solvation
number” is also used in such studies, which generally do not
report quantitative information about specific binding ener-
gies, even though small Debye-Waller factors in EXAFS
can suggest stronger bonds when comparing isostructural co-
ordinated ions in solution. Diffraction and molecular dy-
namics studies find that the number of water molecules im-
mediately surrounding the solute generally increases with
the size of the solute both for cations and anions.” It is not
surprising that solutes dissolved in water will have water
around them and that the larger the solute the more water
molecules can fit immediately around it. The focus of the
present work is not on how many water molecules surround
the immersed particles and their geometric arrangement,
but on how many of those are bound more strongly to the
particle rather than to other water molecules. To avoid con-
fusion, the term used in the present work for the number of
strongly bound water molecules is “thermodynamic hydra-
tion number,” or Hy. Diffraction studies and molecular dy-
namics simulations provide information about the structure
of the solvation shells, whereas 4 of Equation (3) did not
provide such structural information and did not distinguish
between first-, second-, or higher-shell water molecules. On
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the other hand, & was found to correlate with many phe-
nomena: the number of water molecules coextracted with
various cations from water into nitrobenzene, charge density
of the ions, theoretical calculations of sequential binding en-
ergies of water to solute, experimental gas-phase ion-water
cluster sequential binding energies, ionic conductivities,
some viscosities of ionic solutions, and so forth.!!! Diffraction
measurements have not been reported to show any such cor-
relations. Hydration numbers obtained from colligative
properties and those from diffraction measurements bear no
direct relation to each other. This had been also succinctly
stated by Stokes and Robinson:*! “We wish to emphasize
that our hydration number is not the same thing as the con-
ventional number of water molecules in the first layer
around the ion.” Hydration numbers of zero were attribut-
ed to CI7, Br~, and I, as was also done by Stokes and
Robinson.® For Cl-, h=0 was found by dielectric relaxa-
tion measurements of Buchner et al.,’* by many NMR spec-
troscopic studies,”! and by size-exclusion chromatography
measurements of Kiriukin and Collins,”) among others. A
hydration number of zero does not mean that the anion is
not solvated by water. Sequential, sometimes called differ-
ential, binding energies of water to chloride ion, CI(H,0),",
have been determined experimentally and are for n=0—1,
AH,=—-13.1 kcalmol™!; for n=1—2, —12.7 kcalmol™'; for
n=2-3, —11.7kcalmol™!; and for n=3—4, —11.1 kcal
mol .l All are less exothermic than the minimum require-
ment of 13.3 kcalmol™'. ClI~ is definitely solvated but not
sufficiently strongly as to remove water from the bulk sol-
vent. Corresponding exothermicities for Br~ and I~ are even
smaller. Kaatze assigns hydration numbers of zero to Cl,
Br~, and I” in his review of dielectric relaxation measure-
ments,”! as do Wachter et al.[’"

Diffraction measurements, molecular dynamics simula-
tions, quantum mechanical calculations of sequential binding
energies, dielectric relaxation measurements, NMR and IR
spectroscopic measurements, gas-phase ion-water cluster
measurements, colligative property measurements, and so
forth, are all valid but all do not address the same subject.
Which approach is preferable depends on what aspect of
water behavior one is seeking to understand.

The following peculiarities were noted in a previous work
on colligative properties.l!!' All solutions of the hydrophilic
nonelectrolytes then examined gave linear plots of (1/7y—1/
T,) versus In (x,,) with slopes essentially equal to the theoret-
ical value of the cryoscopic constant, 1.384x107* K~'. How-
ever, solutions of strong electrolytes gave slopes somewhat
lower than theoretical by up to 20 % for some linear plots of
various strong electrolytes of chlorides, bromides, and iodides.

The linearities of the plots obtained over wide ranges of
electrolyte concentration led to the conclusion that ion pairs
were not evident, because the extent of ion-pair formation,
if any, would increase with increasing salt concentration ac-
cording to the law of mass action.! This would have made
linear plots impossible over wide ranges of concentration.
However, ion pairs have now been experimentally observed
by various techniques.['”
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The present work establishes a model and procedure for
describing accurately freezing-point depressions, without the
use of empirical activity coefficients or of ad hoc parame-
ters. The method is the same for both electrolytes and non-
electrolytes. It is found that the concentrated solutions treat-
ed here exhibit ideal behavior in all respects over wide
ranges of concentration, contrary to currently common be-
liefs. The peculiarities noted previously!"! are addressed and
explained by searching freezing-point depression data for
their causes, which are found in the measurements.

Ion pairing: Determining the extent of ion-pair formation in
aqueous solutions is not a straightforward task. As noted by
Lewis and Randal:" “It would be necessary to know how
far apart the constituent atoms of a molecule must be, to
warrant our calling the molecule dissociated. But such a de-
cision would be arbitrary, and according to our choice of
this limiting distance, we should find one or another degree
of dissociation.” In the present work, this problem is elimi-
nated by not assigning any specific distances, but by examin-
ing measurements of freezing-point depression to determine
how many particles the observed depression indicates.

Ion-pair formation is generally depicted as in Equa-
tion (4), for example, for MX, in which M* and X~ denote
the “free” ions and *M || X~ denotes ion pairs of all kinds.
M EX = MK K= [MIX/(MOX)) @)
The law of mass action requires that the degree of associa-
tion to ion pairs increases as the concentration of the solute
increases. However, there have been several reports that the
degree of association is relatively independent of concentra-
tion over wide ranges. For example, in 1912 G. N. Lewis!'?
noted that, “As a matter of fact, it is well known that in the
case of the so-called strong electrolytes this ratio [of K,]
varies enormously with concentration.” The law of mass
action appears not to hold for Equation (4)! Bancroft and
Davis!" found that the degree of dissociation of KCI, KBr,
and KI into free ions at 25°C “was practically constant at
about 80 percent over a considerable range of concentra-
tions.” The wide concentration ranges examined were 1.0 to
4.4m KCI, 0.03 to 7.0m KBr, and 0.07 to 7.0m KI. Recent
work by Heyrovskal'¥l proposed detailed lists of the degree
of dissociation of strong electrolytes that gave fairly con-
stant values generally between 0.1 and 5.0m for HCI, HBr,
HI, HCIO,, LiClO,, NaCl, NaClO,, NaCNS, and KCNS. Flu-
orides and hydroxides did not exhibit similar constancies. As
Lewis remarked 88 years ago:"!! “To those who have not ex-
amined this question closely it may be surprising to learn
how far K, is from being constant.” Activity coefficients, y,
were introduced specifically for this reason so that molalities
multiplied by their corresponding empirical y would pro-
duce activities, or “effective concentrations,” so that “K, is
an exact constant.”!"?

The problem of violating the law of mass action is due to
the formulation of Equation (4). To describe realistically
ion-pair formation, account must be taken of the fact that
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ions are hydrated by strongly bound water. For a strong 1:1
electrolyte MX, the reaction-forming ion pairs are as in
Equation (5), assuming four water molecules bound to M*
and none to X . Ion-pair formation would replace at least
one of the water molecules strongly bound to M* by X~ to
form ion pair M(H,0);X:

M(H,0)," + X~ = M(H,0);X + H,0;

5
K. = [M(HZO)3X] [Hzo]/([M(H20)4+][X7]) ( )
The law of mass action holds according to Equation (5) and
requires that the degree of dissociation remains constant
over wide concentration ranges, as found experimentally.
The remaining water is “spectator.” Even if introduced in
Equation (5), it would appear on both sides and cancel. The
equilibrium constant K, of Equation (4) has units of M,
whereas K, of Equation (5) is dimensionless. It does not
appear that the equilibrium expression of Equation (5) has
ever been proposed previously for ion-pair formation. Many
types of ion pairs have been postulated or detected by vari-
ous techniques: intimate ion pairs, contact ion pairs, solvent
separated, solvent shared, double solvent separated, and so
forth, as described in a recent review of the subject,'”) which
also describes the extensive work that has been done to es-
tablish the extent of ion pairing and the elaborate proce-
dures involved. In the present work, ion pairs are defined as
only those species that affect colligative properties, that is,
the total number of individual particles, ions, and ion pairs
that affect the behavior of the solvent (depression of freez-
ing point, and so on). It is emphasized that the definition
used here is not the same thing as the ones used by various
other techniques.'” Specifically, if 1.00m electrolyte MX is
dissociated to the extent of 80% into “free” ions, the total
number of particles present will be the molality of solute
multiplied by (0.80+0.80+0.20=1.80), rather than the stoi-
chiometric 2.00. The calculated x, with Equation (2) and
80% dissociation will be 0.96859; with 100 % dissociation,
x,, will be 0.96522. The difference is only 0.35%. Calculated
by Equation (3) with #=4.0 and 80% dissociation, x,=
0.96624; with 100% dissociation, x,,=0.96262, for a differ-
ence of only 0.38%. At 2.0m MX, the differences would
still be less than 0.8%. Such small differences would not
have affected much the linearities of the previously reported
plots of Equation (1),! but may affect the slopes of such
plots.

The cryoscopic constant: To establish how an ideal solution
is expected to behave according to theory, account must be
taken of any variations of k. in Equation (1). Because freez-
ing-point depressions are measured over a range of temper-
atures, the cryoscopic constant is not truly a constant. Only
for small freezing-point depressions, AT<6°C, can it be ap-
proximated as such. For treating accurately measurements
of greater AT, knowledge of the temperature dependence of
the enthalpy of fusion, L, is required to use the correct L;
at each 7;. An early estimate of L; as a function of AT was
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provided by Lewis as L;=L,—4.5SAT." Several other ap-
proaches are available for obtaining L; at various 7} Hilde-
brand and Scott provide Equation (6) for relating a,, to AT
to account for the variability of L.l"" AT=(T—T) and AC,
is the difference between the heat capacities of water and of
ice at atmospheric pressure at 273.15 K. The value AC,=
9.2495 calmol 'K~

In(ay) = —(LyAT)/(RT,T¢) + (AC,/R)[AT/Ty~In (T/T,)]
(6)

When the ideal value of In(a,) from Equation (6) is inserted
in the ideal Equation (1), the value of L, is obtained at any
T; by L;=—R[In(a,)/(1/T—1/T,)]. Other similar type rela-
tions between ideal a,, and AT are available from, for exam-
ple, Glasstone,'” Scatchard," Robisnson and Stokes,'” and
Blandamer et al.””!

Plots of enthalpies of fusion of water at atmospheric pres-
sure obtained from the above six relationships are shown in
Figure 1 up to AT=70°C. All yield essentially the same re-
sults up to about AT=20°C. The change in L; is significant.
The fractional change is greater from 0 to —70°C than the
change in the enthalpy of vaporization of water from 0 to
100°C. The relation of ref. [14], Equation (6), is adopted for
this work. It is near the average of all six and does not make
the approximation of T,T;~ T>

Somewhat greater declines of L; of Figure 1 have been es-
timated from freezing-point depressions of various solutions
up to AT=20°C,”!! greater by about 3% at AT=10°C and
by 7% at AT=20°C per mole of total water. If account had
been taken of the amount of water that is not “freezable”
because it is tightly bound to solute, the L; values ob-
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Figure 1. Enthalpy of fusion of water versus freezing-point depression ob-
tained from the references indicated. The second-order regression line is
shown for the relation of Equation (6): L;=1436.4—4.6668(AT)+7.0213 x
1073(AT)? calmol ",
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tained®! per mole of water available for freezing would
have been somewhat greater and more in line with the re-
sults of Figure 1. No account was taken of the fraction of
water that is not “freezable” because it is tightly bound to
solute. Greater declines of L; with decreasing temperature
have been reported for supercooled pure water.”? However,
the changes that occur in solution will be different as the
solutes interact with the water and there will be heat
changes as the concentration of solute is altered on ice melt-
ing (heat of dilution). In addition, supercooled pure water is
in a metastable state, whereas it is in a stable state in solu-
tions below 273.15 K.

Despite the significant deviations in L; shown for AT >
20°C in Figure 1 for the six relations, the effect is not great
on the quantities of interest in this work, the calculated ac-
tivities of water for ideal behavior, a,. Figure 2 shows plots

ref. [17]
ref. [18]
ref. [20]
ref. [19]
ref. [15]
ref. [16]

09|

»POOL OO0

activity of water / a,,,
(=4 o
~ [
T —

< ¢
e}
—
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oY AP A I AU B I I S
0 10 20 30 40 50 60 70 80
freezing-point depression / °C

Figure 2. Ideal activity of water versus freezing-point depression obtained
from the references indicated in the inset. The selected Equation (6) is
shown as filled symbols and the third-order regression line for it is
shown: a,,=1.0000—9.6605 x 10*(AT) +4.0673 x 1075(AT)*~1.1512 x
107(AT)’.

of a, versus AT, in which the selected relation of Equa-
tion (6) is shown with filled symbols. The six relations are
essentially equivalent up to about AT=40°C. All measure-
ments treated in this work have AT <40°C, except for two
(of H,0, and of NHj solutions), so that the particular choice
among the six is not critical.

An expedient way often used for obtaining a,, from AT is
through the osmolality per kilogram commonly obtained by
Osm=AT7/1.8598 for extended ranges of AT so that
—In (a,,) =O0sm/55.509. The variation of L; with temperature
renders this approach invalid by a significant amount for
AT>10°C. Expressing osmolality per kilogram as Osm=
AT/Y allows the calculation of Y by Y=-AT/
[55.509xIn(a,)], with the values of ideal a, established
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above. This is the Y value needed for obtaining the correct
a,. The results are shown graphically in Figure 3. At AT=
10°C, Y=1.849; at 20°C, 1.830; at 30°C, 1.826; at 50°C,
1.787; and at 70°C, 1.736.1*! The plot shows a “wiggle” near
AT=0, but the Y intercept of the curve of a second-order
regression is 1.858. The above results are different from
those proposed by Scatchard, whose Y is essentially constant
at 1.86+£0.02.1""

1.88

1.86

Y (divisor of AT)
® @
S N

_\
9
o<}

1.76 |

1.74

1.72 &

freezing-point depression / °C

Figure 3. Plot of Y versus freezing-point depression. Y is the value by
which AT must be divided to obtain the activity of water by a,=
exp[—AT/(Y x55.509)].

The model: A model for describing behaviors of aqueous
solutions must include expected physically meaningful ef-
fects. Effects influencing colligative properties include:
a) the thermodynamic hydration number, Hy, and b) the
extent of dissociation, or ion-pair formation, as quantified
by i, the number of particles per mole of solute that are ef-
fective in depressing the freezing point.

Hy should be fairly constant when a very large excess of
water is available. Hy is a weighted average of various distri-
butions of waters of hydration, which exchange with the
bulk water and with the variously hydrated ions. At very
high solute concentrations, less “free” water will be avail-
able and eventually there will a competition for water, as in
Equation (7), in which M* denotes an ion. This will result in
the onset of a decrease of the average thermodynamic hy-
dration number Hr.

M(H,0)," + M" = M(H,0);" + M(H,0)" = 2M(H,0),"
)

The extent of ion-pair formation should also be constant
in the presence of a large excess of water, as required by the
equilibrium expression of Equation (5).
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Equation (8) incorporates effects a and b. The van 't Hoff
stoichiometric index i of Equation (3) does not account for
formation of ion pairs. Equation (8) uses the number of par-
ticles per mole of solute that are effective in lowering the
freezing point, i., thus accounting for all particles including
any ion pairs that act as a single entity in affecting colliga-
tive properties.

Xy = (55.509—mHy)/(55.509—mH + mi,) 8)

The answer as to whether and to what extent H and i, are
constant should be lying hidden in the freezing-point depres-
sion measurements. Also, the measurements should contain
information about the extent to which inclusion of these two
effects in the model of Equation (8) is sufficient for describ-
ing reality accurately and about the concentration range of
the validity of the model.

The procedure: The information about Hy and i, contained
in the experimental measurements is found as follows. For
each point in the data set of a particular solute, the theoreti-
cal a,, is obtained by solving Equation (1) at each T; of the
data set with the corresponding value of L, Then Hy is as-
signed sequentially from Hy=—2.0 up to, if necessary, 26.0,
by increments of 0.1 Hy unit. At each Hp value, Equation
(8) is solved at each T; for the value of i, needed to produce
x,=a,. At first, different values of i, result for each 7} point
with the same Hy, until at a particular H; the procedure
yields essentially identical numbers of effective particles, i,
for all points in the set, or for a large portion of them.
There is some leeway in obtaining good agreement with
theory, a higher H; being compensated by a lower i, but
this is usually a small effect of about +0.15 units of Hr
(£0.4 units for small H;<1.0). In this way the information
contained in the data is found regarding the thermodynamic
hydration number, the extent of ion-pair formation, and the
range of concentration over which H; and i, are constant.
The procedure is a computer-aided heuristic approach for
finding information contained in the data, but not obviously
apparent. “Mining the data” in current parlance. Hy and i,
are not arbitrary fitting parameters, but describe physical
phenomena known to affect colligative properties. The data
thus provide a clear, quantitative answer as to the validity of
the model and to the magnitude of each effect a and b.
Demonstration of the application of the procedure is sim-
plest for hydrophilic nonelectrolytes. Measurements of
freezing-point depressions of maltose solutions®! yield a
constant Hy=5.8 and i,=1.00 up to 42 wt% (724 g of mal-
tose per 1000 g of water) and maximum AT of 4.878°C.
Figure 4 is a plot of Equation (1) with x,, obtained by Equa-
tion (8) (solid circles). The solid line is the theoretical line
of —In(a,), not the best fit to the data. The open circles are
calculated with x, obtained by the conventional Equa-
tion (2). The inset values in the figure are the ratios of theo-
retical a,, to x,, from 2 to 42 wt% in steps of 4 wt%. This
ratio is the activity coefficient, y,, of “free” or bulk water,
not strongly bound to solute. All activity coefficients are

Chem. Eur. J. 2010, 16, 5942 —-5960

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Maltose

[é)]

IN

LN B L B e O R B L B B D

w

(T - Ty x 10° /K~

N

PRI T R T

P T S T S S Y SO B

0 1 1
0 1 2 3 4 5

An(x,,) x 102

Figure 4. Plot of Equation (1) for maltose solutions, up to 42 wt%
(2.116m) and AT=4.878°C. The solid line is a plot of the theoretical
In(a,,). Open circles: x,, obtained by conventional Equation (2); solid cir-
cles: x,, obtained by Equation (8), with Hy=5.8 and i, =1.00. Inset: activ-
ity coefficients of “free” water (solid circles), in steps of 4 wt %, a,/x,,=

Vw

within 0.06 % of 1.0000, as required by ideal behavior. Plots
of (1/T—1/T,) versus —In(a,) remain quite linear for AT <
6°C. Linear regression through the origin yields a slope of
1.388x 107 K™, compared to the cryoscopic constant k.=
1.384x107° K" at 273.15 K.

The procedure for strong electrolytes is demonstrated in
Figure 5, which shows four plots of Equation (1) using dif-
ferent ways of treating measurements of NaCl solutions"
up to 23.00wt% (5.111m) and AT=20.667°C. The solid
line is a plot of the theoretical —In (a,,) and shows a noticea-
ble curvature as a result of varying L. The open circles rep-
resent calculation of x, by the conventional Equation (2),
which disregards bound water and assumes complete disso-
ciation; a substantial curvature is obtained, not matching
the theoretical line. The squares represent x,, calculated by
Equation (3), which assumes complete dissociation; a
straight line is obtained with H;=3.8, but the line does not
match the theoretical line and the slope is only 1.194x 1072,
14% lower than the theoretical value. The triangles repre-
sent the best possible fit to the theoretical line that can be
obtained by using Equation (3) (H;=1.6), which assumes
complete dissociation; the points thus obtained curve
around the theoretical line, first to the right and then to the
left of it. The filled circles represent x, obtained by Equa-
tion (8), with Hy=3.4 and i.=1.69, the values obtained by
the procedure described. Now there is an excellent match
with the ideal solid line.

At saturation in Figure 5, mH;=5.111x3.4=17.3 moles
of water are strongly bound and there are mi,=5.116x
1.69=_8.64m particles in solution. The value of i,=1.69 rep-
resents 69 % separate ions and 31 % ion pairs (0.69+0.69+
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30F o A o 0.31). The fraction of ion pairs represents pairs of all kinds
i NaCl that are affecting the freezing point. The data show that Hy
[ O Hr=000=200 V'O / A and i, remain constant throughout the solubility domain of
500 Hr=38, ::e=2.00 ° H NaCl. The equilibrium constant for ion-pair formation by
. T kT O,-o e Equation (5) is K,=0.31%0.69°=0.20, and the Gibbs free-
©oof thzoreﬁcale”ne ok o energy change is A,G=0.84 kcalmol ™' at 263 K, the average
o [ o o a,/x, of the temperature range of the measurements. The values
< I © O 1-888; of a,/x,=7, inset in Figure 5 pertain to the solid circles and
'.:5 15 g |:|'D 1.0009 Yw=0.9997 +0.0006 (unsigned average deviation of alternate
N =) 1-8882 points). The activity coefficients of “free,” unbound water
E 10k ij'j 1.0001 remain throughout at y,=1.00, the activity coefficient of
i 0.9997 pure water by definition. The solid circles in Figure 5 are ac-
: O curately®  described by  (1/Ty—1/T;)=1393x 10"
51 0.9984 [—In(x,)]+3.344x10~* [~In(x,)]>. The leading coefficient
i 8:8822 on the right-hand side of the equation is essentially the
N T value of the theoretical cryoscopic constant at 273.15 K, as
0 5 10 15 20 25 required for ideal behavior.
-In(x,,) x 10°
Figure 5 Plot of Equation. (1) up to 5.1‘11m NaC.l. The solid. line is the Results
theoretical In (a,,). Open circles: x,, obtained by using conventional Equa-
tion (2). Squares: x,, obtained by using Equation (3), complete dissocia-
tion. Triangle values were obtained by using Equation (3), complete dis- Results for some nonelectrolyte solutions are presented in
sociation, with Hr=1.6 providing the best possible, but poor, match to Table 1. Measurements of ammonia solutions show the

the theoretical line. Filled circles: x,, obtained by using Equation (8), with
H;=3.4 and i,=1.69. Inset values: a,/x,=7y, of solid circles (alternate
points).

greatest range treated successfully, AT=60.77°C. Data from

Table 1. Summary of results by Equation (8) for nonelectrolyte solutions that exhibit stoichiometric dependence of the number of particles produced per
mole of solute, i, =1.00.

Compound H i [0 wt %! ml AT ¢ y Ref.
NH; 1.53 1.00 26.00 20.63 60.77 1.377 0.9981 [24]
NH; 1.53 1.00 25.41 19.68 58.00 1.352 0.9978 [26]
NH; 1.53 1.00 25.41 20.00 58.00 1.413 1.0006 [26]
H,0, 0.91 1.00 40.49 20.00 43.00 1.422 1.0013 [26]
H,0,1 0.93 1.00 45.00 24.05 53.40 1.416 0.9999 [26]
methanol 0.73 1.00 30.00 13.38 2591 1.406 1.0003 [24]
methanol 0.93 1.00 24.26 10.00 20.00 1.362 0.9997 [26]
ethanol 1.48 1.00 32.00 10.21 22.44 1.341 0.9989 [24]
ethanol 1.44 1.00 31.54 10.00 22.00 1.371 0.9993 [26]
(HOCH,CH,), 1.49 1.00 36.00 9.06 19.82 1.359 0.9995 [24]
glycerol 1.94 1.00 28.00 4.22 8.77 1.401 1.0002 [24]
glycerol 217 1.00 18.72 2.50 5.00 1.399 1.0000 [26]
mannitol®! 2.00 1.00 15.00 0.97 1.84 1.383 1.0000 [24]
glucose 2.50 1.00 30.00 2.38 4.79 1.394 0.9999 [24]
glucosel® 2.51 1.00 2447 1.80 3.55 1.396 1.0000 27]
fructose!®! 2.10 1.00 28.00 2.16 4.20 1.386 0.9998 [24]
sucrose!®! 6.00 1.00 42.00 212 4.93 1.393 0.9999 [24]
sucrose 6.00 1.00 40.64 2.00 4.60 1.393 1.0000 [26]
sucrose!®! 6.30 1.00 29.07 1.20 2.54 1.393 1.0000 [27]
maltose 5.80 1.00 42.00 212 4.88 1.388 0.9998 [24]
lactose!®! 6.10 1.00 39.61 1.92 4.34 1.400 1.0002 [28]
raffinosel! 11.90 1.00 16.80 0.40 0.81 1.383 1.0000 [27]
HZNCHZCHZOH[M 1.50 1.00 24.40 5.28 10.81 1.397 1.0011 [29]
HN(CH,CH,0H),! 2.55 1.00 32.87 4.66 1041 1.399 0.9995 [29]
N(CH,CH,OH), 275 1.00 40.46 455 10.29 1.412 1.0003 [29]
DEANOL 3.40 1.00 29.92 4.79 11.50 1.370 1.0003 [29]
DGAN 4.00 1.00 29.07 3.90 9.59 1.391 0.9995 [29]
H,NC(CH,0H)," 0.70 1.00 20.00 2.06 385 1.384 0.9999 [24]
tartaric acid'® 2.93 1.00 40.00 4.44 10.20 1.396 1.0000 [24]
tartaric acid 2.94 1.00 42.87 5.00 11.75 1.407 1.0000 [26]

[a] Thermodynamic hydration number. [b] Number of particles per mole that are effective in reducing the freezing point. [c] From zero up to the value
indicated. [d] Coefficient of the leading term (x 10°) of the polynomial fit through the origin to the points obtained by Equation (8). [e] Average ratio of
ideal a,, to calculated x, over the concentration range indicated. [f] Up to the eutectic. [g] All available data. [h] Ethanolamine. [i] Diethanolamine.
[j] Triethanolamine. [k] Diglycolamine. [1] Tris-hydroxymethylaminomethane.
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three available sets?? %! are shown together in Figure 6. The
extent of ionization to produce two particles is negligible in
concentrated solutions of ammonia (pK,=4.75). The curva-

120
M0E  NH,
1002_ up to 20.63 m
90 F
i 802—
= 70
X F
> 60 [
ey F
Y 50 F
I .
< 40F o
o by Eq. (2)
30 [- O byEq. (8), Hy=1.53,i,=1.00
20k O byEq. (8), Hy = 1.53,i,=1.00
E A byEq. (8), Hy=1.53,i,=1.00
10 - —— ideal line
i Dlon b b bono o e bonn b b b oo b Lo
0 10 20 30 40 50 60 70
-In(x,,) x 10°

Figure 6. Plot of Equation (1) for NH; solutions. The solid line is the the-
oretical In(a,). Dots represent x,, obtained by using conventional Equa-
tion (2) (data of ref. [24]); open circles by Equation (8) (ref. [24]); open
squares by Equation (8) (ref. [26], p.261); and open triangles by Equa-
tion (8) (ref. [26], p. 254).

ture of the theoretical solid line is clear and the applicability
of the method is evident over a very wide range of AT and
molality. At the highest concentration (26 wt%, 20.63m)
treated successfully by Equation (8) with H;=1.53 and i.=
1.00, 57 % of the total water is bound. At the next available
measurement at 28 wt% and 22.83m, the point deviates
from the ideal line and is not plotted. Competition as out-
lined in Equation (7) evidently sets in and the thermody-
namic hydration number begins to decline. The ratio a,/x,=
yw by Equation (8) for all 36 points in Figure 6 is 0.9991 +
0.0012 (unsigned average deviation).

Results of additional measurements of freezing-point de-
pression of nonelectrolyte solutions that exhibit i,=1.00, the
stoichiometric value, are summarized in Table 1 for hydro-
gen peroxide, methanol, ethanol, ethylene glycol (ethane-
1,2-diol),  glycerol  (propane-1,2,3-triol), = D-mannitol
(2R3R4R,5R)-hexane-1,2,3,4,5,6-hexol), p-glucose (6-(hy-
droxymethyl)oxane-2,3,4,5-tetrol), D-fructose
((2R,3S,4R,5R)-2,5-bis(hydroxymethyl)oxolane-2,3,4-triol),
sucrose, maltose, lactose (4-O-f-p-galactopyranosyl-f3-p-glu-
copyranose), raffinose (maltotriose), ethanolamine (2-ami-
noethanol), diethanolamine (2,2’-iminodiethanol), trietha-
nolamine (2,2',2"-nitrilotriethanol), DEANOL (2-(dimethy-
lamino)ethanol), diglycolamine (2-(2-aminoethoxy)ethanol),
tris-hydroxymethylaminomethane  (2-amino-2-hydroxyme-
thylpropane-1,3-diol), and p-tartaric acid (2,3-dihydroxybu-
tanedioic acid).
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In Table 1 and subsequent tables, the columns headed by
¢, and y,, indicate the following. Results of the calculations
of x,, by Equation (8) were fitted to polynomials: a=c,;b+
c;b*+cb®, in which a=(1/T—1/T;) and b=—In(x,). For
maximum AT <6.0°C, plots of Equation (1) are very nearly
linear and only the first term is needed to represent the re-
sults accurately; for AT up to 40°C, two terms are needed;
for AT>40°C, a third-degree polynomial is needed. For
ideal behavior, the coefficient of the leading term, c;, should
be equal to the value of the cryoscopic constant at 273.15 K,
1.384x107° K™'. The average of all c; entries in Table 1 is
1.389x 1072, The ratio of the theoretical activity of water to
mole fraction of water calculated by Equation (8), ay/x,=
¥w should be unity if the solute does not affect the proper-
ties of bulk, unbound water. This ratio remains at 1.00
throughout the concentration ranges of all entries in
Table 1.

Results of nonelectrolyte solutes that exhibit i, <1.00 are
presented in Table 2 for 1-propanol, 2-propanol, 2-butanol,
methylamine, dimethylamine, ethylamine, diethylamine,
urea, urethane (ethyl carbamate), acetamide, 2-pyrrolidone,
acetic acid, lactic acid (2-hydroxypropanoic acid), glycine (2-
aminoacetic acid), and glutamine (2-amino-4-carbamoylbu-
tanoic acid). In these cases, i, is generally between 0.90 and
0.98, thereby indicating some small aggregation of solute
molecules in the range of concentration for which treatment
by Equation (8) matches theoretical expectations. The acids
and bases included have small ionization constants and for-
mation of ions does not contribute significantly to the
number of particles in concentrated solutions. Activity coef-
ficients of water, y,, remain at 1.00, thereby indicating no
effect of the solutes on the structure of bulk water. Figure 7
is a plot of Equation (1) for diethylamine as an example of
solutions treated successfully up to the eutectic point.

Results for solutions of strong electrolytes are presented
in Table 3 for HCI, HBr, HI, LiCl, NaCl, NaBr, Nal,
NaSCN, KCl, KBr, KI, KSCN, RbCl, CsCl, NH,Cl, MgCl,,
CaCl,, SrCl,, SrBr,, BaCl,, BaBr,, AICl;, FeCl;, MnCl,,
CoCl,, NiCl,, and CuCl,. The thermodynamic hydration
numbers found here are ascribed only to the cations. Hy=0
for CI7, Br, and I, consistent with data already cited. Ad-
ditional support comes from a study of the residence time of
a water molecule around Cl™ and around other water mole-
cules.” The two are the same and there is no preference
for water to adhere to chloride rather than to bulk water.
Diffusion studies also find that the best fit to the data is ob-
tained with H;=0 for Cl~ and for ClO,~.P®! Solvation of
CI” and Br™ has also been studied and it was found that the
water molecules in the first shell around the anions maintain
water—-water interactions that “greatly resemble those
formed in the bulk liquid.”®”

Activity coefficients of “free” water remain at v, =1.00
throughout the range of solute concentrations treated in
Table 3, indicating no significant effect of these strong elec-
trolytes on the structure of bulk water.

As an example of absence of ion pairing, Figure 8 shows
the plot of Equation (1) for HI solutions. The ratio of effec-
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Table 2. Summary of results by Equation (8) for nonelectrolyte solutions with i, <1.00 and the hydrophobic effect.

Compound H il wt %! ml AT ¢, P Ref.
1-propanol 0.60 0.97 20.00 4.16 7.55 1.382 1.0004 [24]
1-propanol 0.80 0.96 19.38 4.00 7.28 1.374 1.0000 [26]
2-propanol 2.10 0.97 20.00 4.16 8.52 1.393 1.0000 [24]
2-propanol 2.50 0.87 23.10 5.00 9.90 1.374 0.9998 [26]
2-butanol 4.90 0.98 10.59 1.60 3.30 1.397 1.0000 [30]
MeNH, 2.70 0.94 21.62 8.88 23.68 1.390 1.0000 [31]
Me,NH! 4.16 0.90 21.79 6.18 17.35 1.399 1.0007 [31]
EtNHzm 3.87 0.89 19.25 5.29 12.70 1.409 1.0000 [31]
Et,NH! 6.10 0.89 20.98 3.63 9.51 1.371 0.9999 [31]
urea 0.00 0.96 20.00 4.16 7.00 1.414 0.9998 [24]
urea 0.00 0.94 16.83 3.40 5.59 1.390 1.0000 [32]
urethane 0.00 0.95 5.79 0.69 1.19 1.386 1.0000 [32]
acetamidel® 0.00 0.97 17.42 3.57 6.18 1.394 0.9998 [32]
pyrrolidone® 0.00 0.98 41.60 8.37 13.70 1.400 0.9999 33]
acetic acid 0.00 0.96 10.00 1.85 323 1.399 1.0001 [24]
lactic acid 0.00 0.91 18.00 2.44 3.96 1.381 0.9998 [24]
glycine!® 0.00 0.978 10.12 1.50 2.68 1.396 1.0000 [34a]
glutamine!® 0.00 0.977 2.62 0.184 0.333 1.384 1.0000 [35]

[a] Thermodynamic hydration number. [b] Number of particles per mole that are effective in reducing the freezing point. [c] From zero up to the value
indicated. [d] Coefficient (x 10%) of the leading term of polynomial regression through the origin to the points obtained by Equation (8). [e] Average
ratio of ideal a,, to calculated x,, over the concentration range indicated. [f] Up to the eutectic point. [g] All available data.

tive number of particles to stoichiometric value is i./i=1.00
up to 4.00m hydrogen iodide (8.00m ions), at which point
51% of the total water is bound.

Figure 9 shows the plot of Equation (1) for FeCl; solu-
tions, which show extensive ion-pair formation with i/i=
0.75.

At the highest point successfully treated (1.3533m FeCl,),
there are 4.07 moles of effective particles in solution
(1.3533x3.01). Of the total water, 46% is strongly bound
(1.3533 x19.0/55.509).

16

14 L Diethylamine
up to 20.98 wt% o

ay/Xw
1.0000
1.0003
1.0004
1.0002
0.9998
1.0000
0.9999
0.9997
0.9996
0.9999
0.9997
1.0005
1.0006
0.9994
1.0001

-Inx,,) x 102

Figure 7. Plot of Equation (1) for diethylamine, up to 3.63m and AT=
9.51°C. The solid line plots the theoretical In(a,). Open circles: x,, ob-
tained by conventional Equation (2). Filled circles: x,, obtained by Equa-
tion (8), Hr=6.1, i,.=0.89. Inset values: a,/x, =7, (of solid circles, alter-
nate points). Data from ref. [31].
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Plots of Equation (1) with mole fractions obtained by
Equation (8) are given in the Supporting Information for
the 92 entries of Tables 1-3, with the values of a,/x, for
each point, and of ¢y, ¢,, and ¢; for each entry as required by
the maximum AT.

Discussion

Evaluation: Evaluation of the validity of modeling mole
fraction of water by Equation (8) should include the follow-
ing facts.

The model describes accurately all data up to saturation
or to the eutectic point (when known) in eleven cases. They
are, with the percent of bound water, mH/55.509, at the
maximum concentration in parentheses: H,0,, 39% of the
total water is bound (45 wt% solute); dimethylamine, 46 %
(22 wt % solute); ethylamine, 37 % (22 wt % solute); diethyl-
amine, 40% (19wt% solute); 2-pyrrolidone, 0.0%
(41.60 w% solute); NaCl, 32% (23 wt% solute); KCl, 6%
(20 wt% solute); KBr, 8% (31 wt% solute); KI, 17%
(52 wt% solute); NH,CI, 11% (20 wt%); and BaCl,, 23%
(22 wt % solute).

For glucose, the eutectic occurs at 31 wt % and the model
used here remains valid to 30 wt % with 11 % bound water.
For SrCl, the eutectic occurs at 26.2 wt% and the model
used remains valid to 24.1 wt % with 42 % bound water.

Not all measurements in Tables 1-3 are available to the
saturation point or to the eutectic. For those that are, the
method used does not always cover the entire available
range. Some such examples of limits of validity in terms of
the amount of bound water are the following: HCI, valid up
to 40% bound water; LiCl up to 36 %; MgCl, up to 51 %;
CaCl, up to 46 %; AICI; up to 41 %; FeCl; up to 50 %. It is
not possible to model all solutes up to saturation or to the

Chem. Eur. J. 2010, 16, 5942 —5960


www.chemeurj.org

Water Solutions

Table 3. Summary of results by Equation (8) for strong electrolyte solutions.

FULL PAPER

Compound H i, wt %! ml AT ¢, p kel Ref.
HCI 6.60 1.90 11.00 3.39 17.89 1.409 0.9997 [24]
HCl 6.60 1.91 6.80 2.00 8.86 1.372 0.9998 [26]
HBr 7.00 2.00 24.45 4.00 26.00 1.374 0.9995 [26]
HI 7.10 2.00 33.85 4.00 26.20 1.369 0.9994 [26]
LiCl 6.70 1.89 12.00 3.21 16.59 1.374 0.9993 [24]
LiCl 6.70 1.88 11.28 3.00 15.12 1.368 0.9997 [26]
NaCl 3.40 1.69 23.00 5.11 20.67 1.393 0.9997 [24]
NaCl!" 3.40 1.69 2331 5.20 21.12 1.388 0.9998 [26]
NaBrl¢! 3.50 1.79 17.00 1.99 7.32 1.380 1.0000 [24]
NaBr 3.50 1.80 17.07 2.00 7.36 1.386 1.0001 [26]
Nal 3.90 1.87 13.03 1.00 3.66 1.387 0.9999 [26]
NaSCNle!! 3.40 1.76 10.00 1.37 471 1.393 1.0000 [24]
KCl 1.30 1.74 13.00 2.00 6.45 1.421 1.0003 [24]
K 1.00 1.74 19.74 3.30 10.69 1.381 0.9999 [26]
KBr 1.10 175 32.00 3.95 12.98 1.397 1.0001 [24]
KBr! 1.20 1.74 31.34 3.84 12.60 1.381 1.0001 [26]
KI 1.40 1.82 40.00 4.01 13.97 1.364 0.9997 [24]
Kit 1.40 1.80 5221 6.58 23.03 1.407 1.0000 [26]
KCNhel 1.50 175 31.31 7.00 24.57 1.370 1.0000 [26]
KSCNH! 1.30 1.72 12.00 1.40 4.45 1.394 1.0000 [24]
KSCNbel 1.10 1.69 23.07 3.09 9.78 1.386 1.0000 [26]
RbCIE! 0.60 1.77 8.82 0.80 2.61 1.394 1.0001 [26]
CsCIe! 0.00 1.69 20.00 1.48 4.49 1.390 1.0000 [24]
NH,CI! 1.60 1.76 13.00 2.79 9.47 1.373 0.9999 [24]
NH,Cl1t 1.30 1.76 19.68 458 15.36 1.409 1.0001 [26]
MgCl, 14.00 2.57 5.00 0.55 3.01 1.384 0.9999 [24]
MgCl, 14.00 2.61 16.00 2.00 17.60 1.400 0.9997 [26]
MgCl, 14.00 2.65 16.18 2.03 18.39 1.386 1.0000 [38]
CaCl, 12.00 2.56 19.00 2.11 16.70 1.387 1.0003 [24]
CaCl, 12.10 2.52 18.16 2.00 15.36 1.368 0.9999 [26]
SrCl, 12.10 2.52 22.00 1.78 12.74 1.367 1.0000 [24]
SrCl, 11.70 2.53 24.08 2.00 15.08 1.373 1.0000 [26]
SrBr, 12.00 2.87 19.84 1.00 6.65 1.364 1.0002 [26]
SrI,!! 13.70 3.00 4.61 0.70 4.61 1.393 0.9996 [26]
BaCl,l®! 9.30 2.40 16.00 0.92 4.67 1.397 1.0000 [24]
BaCl,! 9.40 2.40 21.89 1.34 7.50 1.370 1.0000 [26]
BaBr, 9.60 2.55 37.28 2.00 13.44 1.381 0.9999 [26]
AICI, 23.00 2.97 12.17 1.00 9.45 1.391 0.9998 [26]
FeCl, 19.00 3.01 18.00 135 13.08 1.379 0.9998 [24]
FeCl, 18.60 3.04 19.57 1.50 15.45 1.398 0.9996 [26]
MnCl, 12.00 2.63 11.18 1.00 6.05 1.396 0.9996 [26]
CoCl, 14.80 2.56 16.30 1.50 11.22 1372 0.9999 [26]
NiCl, 13.00 2.68 16.27 1.50 11.02 1.366 1.0004 [26]
CuCl, 10.20 2.58 21.19 2.00 13.90 1371 0.9994 [26]

[a] Thermodynamic hydration number. [b] Number of particles per mole that are effective in reducing the freezing point. [c] From zero up to the value
indicated. [d] Coefficient of the leading term (x10%) of polynomial regression through the origin to the points obtained by Equation (8). [e] Average
ratio of ideal a, to calculated x,, over the concentration range indicated. [f] Up to the limit of solubility. [g] All available data. [h] Assigning H(CN")
and H(SCN™)=0.0. [i] Up to the eutectic point. [j] One point at 12.02 wt % was omitted; it is far off the line of all other points, apparently because of a

typographical error.

eutectic by Equation (8). The reason can be understood in
terms of HCI solutions, as an example. At the eutectic,
8.83m,? the amount of bound water with constant H;=6.6
of Table 3, would be 8.83x6.6=58.278 mol, but there are
only 55.509 total available. This is an impossibility. The hy-
dration number has to start dropping at some point accord-
ing to Equation (7).

For measurements not available to saturation or to the
eutectic, the method used treats successfully all available
data for 18 of the entries of Tables 1-3 (see footnotes there-
in).
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The validity of the model used should also be judged by
considering some of the high amounts of solute (grams of
solute per 1000 g water) treated successfully: up to 684.6 g
sucrose, up to 657.2 g lactose, up to 750.5 g tartaric acid, up
to 678.8 g triethanolamine, up to 511.6 g HI, up to 1,092.3 g
KI, and up to 594.3 g BaBr,.

It is also worth noting that Equation (8) is the simplest of
any proposed for accounting for strongly bound water.
Unlike previous efforts in this direction, it accounts for ion
pairs and formation of aggregates of amphiphiles, and it is
applicable to both electrolytes and nonelectrolytes.
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Figure 8. Plot of Equation (1) up to 4.00m HI and AT=26.20°C. The
solid line is the theoretical In(a,). Open circles: x,, obtained by conven-
tional Equation (2). Filled circles: x,, obtained by Equation (8) with Hy=
7.1 and i,=2.00. Inset values: a,/x,=y, (of solid circles). Data of
ref. [26].
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Figure 9. Plot of Equation (1) up to 1.3533m FeCl; and AT=13.08°C.
The solid line is the theoretical In(a,). Open circles: x,, obtained by the
conventional Equation (2). Filled circles: x,, obtained by Equation (8),
H:=19.0, i,.=3.01. Inset values: a,/x,=7y, (of solid circles). Data of
ref. [24].

Peculiarities: Peculiarities in the previous work! included
the finding that the nonelectrolytes then examined (ammo-
nia, hydrogen peroxide, methanol, ethanol, urea, ethylene
glycol, glycerol, glucose, and sucrose) showed slopes nearly
equal to the cryoscopic constant of 1.384x107° K™ at
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273.15 K. On the other hand, virtually all strong electrolytes
showed somewhat lower slopes, except for HBr and HI. The
present work establishes the reason for this. Deviations of
strong electrolytes from the theoretical slope are now dem-
onstrated to have been due to previously neglected ion-pair
formation. The initial slope of plots of Equation (1), c,
should be equal to k,=1.384x107°K™' at 273.15K. The
average of all 44 ¢, values in Table 3 is 1.383x 107 and the
largest deviation is 0.025 x 10~ The previous!" peculiarity of
the wrong slopes of strong electrolytes is thus understood.
HBr and HI, which had given the correct slope, are now
shown to have i,=2.00, the stoichiometric value assumed
previously.

The previous conclusion that there was no evidence of
ion-pair formation was due to the assumption that the law
of mass action would make linear plots impossible according
to Equation (4), which is the conventional way of expressing
ion-pair formation. It is now clear that the law of mass
action expressed more realistically by Equation (5) requires
that the extent of ion-pair formation be constant, as is also
found experimentally, when a large excess amount of un-
bound water is available.

All the nonelectrolytes previously treated produced the
stoichiometric number of particles, i,=1.00. No aggregation
of solute occurs, as was assumed, and the correct slope was
obtained. Urea was the only nonelectrolyte with a value
near zero, but negative 7= —0.2, which is not acceptable in
the context of the work. The present work finds H;=0.0
and i.=0.96 up to 20.00 wt % (4.16m), whereas the previous
work assumed i,=1.00. Urea is now known to form aggre-
gates, dimers, and so forth.® No aggregates were detected
by IR spectroscopy below 1M, but as much as 20% of the
total at 11 m was found as aggregates, dimers, and oligo-
mers. At the maximum concentration of adherence to
theory found in this work, about 4m, the average extent of
dimer formation can be obtained from the value of i.=
0.9540.01, which indicates that about 0.9040.02 molecules
per mole on average in the range up to 4m are “free” and
about 0.10 are probably dimers [0.90+ (0.10/2) =0.95]. The
value of Hy=0.0 is consistent with reports that “the pres-
ence of urea molecules in water has almost no influence on
the structure of the H,O molecules that surround the urea
molecules,”™ and that for water molecules in close proximi-
ty to urea “the hydrogen bonds are similar to those in pure
water.” 4]

Different hydration numbers were reported previously!]
for strong electrolytes of chlorides, bromides, and iodides,
which is inconsistent with the attribution of all strongly
bound water to the cation. This would require identical hy-
dration numbers for all three halides with the same cation.
It is now found that the average H value must be different,
if there is a difference in the tendency of X~ to form ion
pairs. Ion pairs have a smaller number of water molecules
bound to them than “free” hydrates, because the halide re-
places bound water in forming ion pairs [Eq. (5)]. This is
demonstrated by the results for NaX (Table 3), for which i.-
(NaCl)=1.69, i(NaBr)=1.80, and i, (Nal)=1.87; 31% of
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NaCl is in the form of ion pairs, 20% of NaBr, and 13 % of
NaL[™ The smaller the fraction of ion pairs, the greater the
H: value per mole of solute, the dynamic average of water
molecules strongly bound to “free” hydrated cation and to
ion pairs. The same is seen on comparing HCl, HBr, and HI,
for which i,.=1.90, 2.00, and 2.00, respectively. In the HCI
solutions in Table 3, 10% is in the form of ion pairs; in
those of HBr and HI no ion pairs are found. Hence, Hy=
6.6 for HCIl, whereas H; is higher and essentially the same
for HBr and HI: 7.0 and 7.1, respectively. For KCl, KBr,
and KI, the first two have essentially identical i,=1.74 and
essentially identical H;=1.15 (average of the entries in
Table 3), whereas KI shows a higher i,=1.81, fewer ion
pairs, and higher H;=1.40. The values of H; for chlorides,
bromides, and iodides can be different, as has been found.
The charge density of I" is lower than that of Br~ and of
Cl, and thus I" is generally less prone to be attracted by
the cations to form ion pairs. The same trend is observed in
the comparison of i, values of BaCl, (2.40) to BaBr, (2.55).
The former has the lower i, that is, more ion pairs formed
with Cl™ because of its higher charge density. The much
higher charge densities of F~ and HO™ cause them to be
strongly hydrated™*! and the expectation is that they would
form extensive ion pairs with cations.

Hydrophilic nonelectrolytes: The hydrophilic nonelectro-
lytes in Table 1, except for ammonia, have OH groups and
are characterized by a high ratio of hydroxyl groups relative
to aliphatic carbons. Hydrogen peroxide exhibits the highest
molality range treated successfully, up to 24m. In general,
H; values tend to increase with the number of hydroxyl
groups present in the molecule. The monosaccharides glu-
cose and fructose have similar Hy values: 2.5 and 2.1, re-
spectively. The disaccharides, sucrose, maltose, and lactose,
show about the same H=6+0.2, whereas the trisaccharide
raffinose is considerably higher at 11.9. An estimate that
each sucrose “holds” six water molecules was made 78 years
ago for mixed glycine-sucrose aqueous solutions, with the
authors adding “this quantity is unavailable as solvent” for
glycine.”! Variations among the saccharides of the same
class are probably due to different extents of strong, internal
hydrogen bonding. The alkanolamines are of interest as
scrubbers to remove CO, from flue gases, H,S from natural
gas, and so forth. Their values of i,=1.00 indicate that they
do not form micelles or other aggregates up to high concen-
trations in the range of 20-40 wt %. p-Tartaric acid, unlike
acetic acid, does not form dimers up to about 40 wt%
(~=5m), probably because of internal hydrogen bonding of
the two carbonyl groups with the two OH groups at the a
positions forming stable five-membered rings.

Methanol is hydrated on average by less than one water
molecule per mole. In solutions of methanol, water has been
reported to be bridging neighboring methanol hydroxyl
groups.*! Such a case would result in H;~0.5, in fair agree-
ment with 0.73 and 0.93 in Table 1. Alcohols, including the
sugars, generally cannot be modeled successfully with a con-
stant Hr beyond about 10m hydroxyl groups. At higher con-
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centrations, the alcohols and sugars apparently start bonding
to each other, which is consistent with reports of aggregates
of fructose at high concentrations.”*!

One of the consequences of disregarding the amount of
bound water is demonstrated by examining the data for mal-
tose as an example (Figure 4 and Table 1). At the highest
concentration, the experimental AT is 4.878°C and m is
2.116. To attain this value of AT, Equation (1) requires that
the mole fraction of water be 0.95304 and that of solute, x,,
0.04696, or 2.735m solute. This is 29% greater than the
actual amount of maltose in solution and implies 29 % more
particles produced per mole of maltose. Maltose neither ion-
izes nor decomposes to produce that many additional parti-
cles. The absurd result is due to disregard of bound water re-
moved from the total solvent. Using the mole fraction calcu-
lated by Equation (8) (Hy=5.8 and i,=1.00), Equation (1)
leads to calculated x,=0.95335 and x,=0.04665, or 2.716m,
which is only 0.7% lower than the theoretical 2.735m.
When the mole fraction of water is calculated by the con-
ventional Equation (2) the value of x, obtained is 0.9633.
Solving Equation (1) for T7; with this value of x, yields
3.809°C instead of the actual 4.878°C.

Nonelectrolytes with i, <1.00: Nonelectrolytes with i, <1.00
(Table 2) have higher ratios of aliphatic-type carbon atoms
relative to hydroxyl groups than the solutes of Table 1 or
are lacking hydroxyl groups. Amphiphilic molecules have
hydrophobic groups and they tend to immobilize water in
their vicinity as found, for example, by femtosecond mid-in-
frared pump-probe spectroscopy and many other tech-
niques.*!! Results from Table 2 shed light on what has been
called the hydrophobic effect. Langmuir suggested that the
folding of proteins into compact structures in water is due to
hydrophobicity.*”! Frank and Evans suggested that observed
large entropy losses on dissolution of such particles in water
is due to the formation of highly structured water around
them, a quasisolid structure, “iceberg,” and that the effect
increases with the size of the solute molecule.*! The term
“solventberg” is also used. The subject has received wide-
spread attention by many techniques” and there are recent
reviews that describe methods used to investigate hydropho-
bicity and its relevance in understanding biological func-
tions.*®! An account of recent research is also available, and
the hydrophobic effect appears to be due primarily to loss
of translational degrees of freedom of associated water.!*!
Water is immobilized around hydrophobic groups. Results
from Table 2 demonstrate the effect in terms of the amount
of water strongly bound and immobilized. H of 2-butanol is
higher than Hr of 2-propanol. The same is seen with methyl-
amines: Hr of dimethylamine is higher than Hy of methyla-
mine. The same is also found with the two ethylamines
treated successfully up to the eutectic point: diethylamine
shows a higher H; than ethylamine. The model used here
finds that there is “immobilized” bound water around the
amphiphile, that the hydrophobic effect increases with the
size of solute, and that this water is not available to act as
solvent. The hydrophobic effect can also be seen with meth-
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anol and ethanol (Table 1), in which ethanol has a higher Hy
than methanol.

In the solubility domains of Table 2, urea, urethane, acet-
amide, 2-pyrrolidone, and acetic and lactic acids do not
show strongly bound water, Hy=0, with i, values between
0.91 and 0.98, thereby indicating some extent of association.
Aggregation has been demonstrated independently for
urea.’! Acetic acid is known to form hydrogen-bonded
dimers.

The action of urea in denaturing proteins has long been a
mystery extensively discussed. Does urea affect the structure
of water or does its interaction with solute cause the protein
to unfold? Does urea bind more strongly to water or to pro-
tein? A recent work poses these questions, reviews support
for both alternatives, and finds that, at 7.0M, urea is binding
to the solute, thereby causing it to unfold, and that this pref-
erential binding is the key to the protein denaturing mecha-
nism.’ The freezing-point depression measurements
answer the questions directly. Urea does not affect the struc-
ture of water; y,,=1.000 up to 4.2m urea. H;=0 shows that
urea does not bind strongly to water. It binds more strongly
to itself (dimerizes, and so forth), i,.=0.95+0.01, or an aver-
age of 10% in the form of aggregates, as it would bind to
carbonyl or amino groups in the proteins, perhaps disrupting
the hydrogen bonds that hold the coiled structure together
or act as a surfactant. 2-Pyrrolidone is a five-membered ring
lactam with functional groups similar to urea. The value of
H;:=0.0 and only 5% of the molecules are in aggregate
form up to the eutectic at 8.37m.

Urethane is treated successfully only up to 0.69m; the
onset of substantial amounts of aggregates occurs very early
with H,NCO,CH,CHj. Acetamide conforms to ideal behav-
ior up to all available data, 3.572m, and shows a small aver-
age extent of association, i,=0.97.

The dimerization of acetic acid in water is still a subject
of active research.’!! The equilibrium constant for aqueous
2CH,CO,H=(CH,;CO,H), is Kp~0.055% This K, value
leads to a fraction of 0.915 in the monomeric form and 0.085
in dimers: (0.085/2)/(0.915)*=0.05. In the concentration
domain covered in Table 2, up to 1.85m, the value of i,=
0.96 indicates that an average fraction of 0.92 is in the mon-
omeric form, in excellent agreement with the reported Kp,.

Lactic acid shows an average of about 82% in the mono-
meric form up to 2.44m and substantial deviations beyond.

Glycine and glutamine, whether in the zwitterionic form
or not, also show no evidence of strong binding to water
and little association: i,=0.978 and 0.977, respectively. This
is consistent with the report that no glycine dimers are de-
tectable below 0.2M.”Y There is continuing current interest
in the extent of dimer formation in aqueous glycine solu-
tions, with conflicting views regarding high or low extents of
aggregation. Two recent reports indicate that dimers are
“only observed infrequently”***! and that only “25% of the
glycine molecules form dimers” in supersaturated solu-
tions.’*! The results of Table 2 demonstrate a small extent
of association up to 1.5m, i,=0.978.

5954

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Strong electrolytes: The strong electrolytes in Table 3 show
some general trends. With extensively hydrated univalent
cations, the higher the extent of hydration the less likely is
formation of ion pairs, as if the cation were insulated by the
bound water. This is seen in comparing LiCl (H;=6.7) to
NaCl (Hy=3.4). The former forms ion pairs to the extent of
11% and the latter to 31 %. With 1:2 and 1:3 strong electro-
lytes it is not possible to calculate the percent of ion-pair
formation from the i, values, because more than one kind
can exist, for example, Al(H,0),CI**, Al(H,0),_,CL,", and
so forth. The i, values lump together all ion pairs that affect
the freezing point.

The overall extent of formation of ion pairs of all kinds
that affect the freezing point is given by the ratio of particles
found (i, of Table 3) to the stoichiometric number, i./i, with
a lower value indicating a greater extent of ion pairing. The
values are i./i=1.00 for HBr, HI, and Srl,; 0.96 for SrBr,;
0.95 for HCI and LiCl; 0.94 for Nal; 0.91 for KI; 0.90 for
NaBr; 0.89 for RbCl and NiCl,; 0.88 for NaSCN, KBr,
NH,CI, and MnCl,; 0.87 for KCI and MgCl,; 0.86 for NaCl,
KSCN, and CuCl,; 0.85 for CsCl, CaCl,, and BaBr,; 0.84 for
SrCl, and CoCl,; 0.80 for BaCl,; 0.76 for FeCl;; and 0.74
for AlCl,.

In comparing i./i values of the 1:2 extensively hydrated
chlorides of Mg**, Ca**, Sr*", and Ba’*, the values decrease
from 0.87 to 0.85, to 0.84, to 0.80, respectively. The more hy-
drated species form fewer ion pairs with the same anion, as
found with LiCl and NaCl.

The extent of complete ionization for KCl, KBr, and KI is
74, 75, and 82 %, respectively, from freezing points. This is
in line with the 192913 estimate of “about 80% complete
dissociation” at 25°C for concentrated solutions of the three
salts, keeping in mind that extent of hydration can vary with
temperature.”

The equilibrium constants for association of 1:1 electro-
lytes can be calculated by Equation (5) from their i, values
of Table 3 by K,=(2—i,)%(i.—1)* The values of K, are HCI,
0.012; HBr~0.0; HI~0.0; LiCl, 0.015; NaCl, 0.20; NaBr,
0.063; Nal, 0.022; NaSCN, 0.10; KCl, 0.12; KBr, 0.12; KI,
0.06; KCN, 0.11; KSCN, 0.15; RbCl, 0.09; CsCl, 0.20; and
NH,(C], 0.10. It is emphasized that K, values found here by
Equation (5) are not to be compared to any that have been
determined by Equation (4).1!%

The negative value (h=-—0.2) for hydration of CsCl re-
ported previously!!! can now be seen to have been due to
ion-pair formation, Hy=0 and i,=1.69, and 31% of the
solute is in the form of ion pairs. Dielectric relaxation meas-
urements found that the water molecules surrounding Cs™*
interact with the cation too weakly to cause any irrotational
binding of H,0,"" consistent with Hy=0.

The assignment of H=0 to cyanide is supported by the
finding that H(KCN)=1.5 is similar to H(KCl)=1.30 and
H(KI)=1.4, and by the viscosity B value of CN~ (see
below). The assignment of H;=0 to thiocyanate is support-
ed by the finding that the Hy values of NaSCN and KSCN
are essentially the same as those of the corresponding chlor-
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ides and by the location of SCN™ in the Hofmeister series
(see below).

The order of ion association by vapor-pressure measure-
ments of transition-metal chlorides has been reported to in-
crease in the order NiCl, < MnCl, < CuCL.>¥ CoCl, showed
the most extensive degree of association.® The i /i values
of the four transition-metal chlorides decrease in the same
order, which shows that the fraction of solute in the form of
ion pairs (decreasing i./i) increases in the order Ni** < Mn**
<Cu*t <Co**: i /i=0.893, 0.878, 0.860, 0.853, respectively.
Disregarding ion-pair formation, Stokes and Robinson re-
ported hydration numbers of 13 for Ni** and 11 for Mn**
at 25°C, compared with H;=13.0 and 12.0, respectively.”"
Price etal. reported cation hydration numbers obtained
from diffusion coefficients at 25°C as 12 for MgCl,, 12 for
NiCl,, 19 for FeCl; , and 22 for AlCl;, assuming no hydra-
tion contribution from the anions (Cl~ and ClO,”).”*® The
corresponding Hr values are 14.0, 13.0, 19.0, and 23.0 from
freezing points and confirm the very high hydration of Fe**
and AP*. The predominant structure of hydrated calcium
ions is Ca’*(H,0);, by infrared laser-action spectroscopy of
electrospray clusters,”®! in agreement with Hy=12.0 from
freezing points. The weighted average of relative abundan-
ces of gas-phase H(H,0),* clusters from n=1 to 11 is 6.9
(zero abundance at n=1 and very near zero at n=11),"!in
excellent agreement with Hr=6.6 for HCI, 7.0 for HBr, and
7.1 for HI. The most abundant gas-phase Cu**(H,0), clus-
ter by mass spectrometry is at n=10, with detected distribu-
tions from n=7 to 11,5%! consistent with H;=10.2. Dielec-
tric relaxation measurements at 25°C have been reported to
yield a constant value of about 10 irrotationally bound
water molecules to Cu’* above 0.4M. For Na*, the same
technique gave 4.240.31 compared with H;=3.9 for Nal,
which is the least ion-paired sodium salt in Table 3.

H values found in this work are somewhat different from
those reported previously.!! Variations do not exceed 0.5
units of Hy for univalent cations, up to 1.3 units for the diva-
lent SrCl,, and 1.2 units for the trivalent AlCl;. However,
the ordering of the cations by their H; values remains the
same as previously reported and so do the correlations with
various physical properties reported.!!

The issue as to whether various strong electrolytes affect
the structure of bulk, unbound water has been much debat-
ed and the subject has been reviewed recently by Marcus.”)
He states, “Whether and how much influence an ion has
beyond the hydration shell(s) is still an open question.” The
freezing-point measurements show that the mole fraction of
“free” water is equal to the theoretical activity of water, a,/
X, =7yw=1.00, throughout the extensive range of concentra-
tions treated in Tables 1-3, thus clearly showing the absence
of significant effects on the structure of bulk unbound
water. Recent reports indicate the same. In concentrated
NaClO, and Mg(ClO,), solutions studied by femtosecond
spectroscopy, the presence of ions does not lead to an en-
hancement or a breakdown of the hydrogen-bond network
in liquid “bulk” water.”® X-ray and X-ray Raman scattering
finds that only water molecules in close vicinity to the ions
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(NaCl, KCI, and AICl,) are affected.”® Raman spectroscopy
and computer simulations find that hydrogen-bond strengths
are only weakly modified beyond the solvation shell of KF,
KCl, KBr, and KL The freezing-point measurements
show that all solutes treated do not significantly affect the
structure of bulk water, by the most direct method: y,(bulk
water) =1.00.

It is worth noting that the thermodynamic hydration num-
bers of Table 3 are generally in the same order as reported
residence times of water around the cations.” The residence
time of water around Cs* and CI~ has been reported to be
the about the same: 9.5 and 9.0 ps, respectively;®? their
H;=0.0 are also the same. Mean ligand residence time of
water around Cs* has been reported as smaller than that of
pure water.™ A very short residence time of water, 2.0 ps,
has also been calculated for the first solvation shell of Rb™*
Jo1l consistent with the low Hy=0.6. Reorientation times of
water around Cl-, Br™, and I™ are shorter than those of pure
water by dielectric relaxation;**®'%l water does not bind to
these anions more strongly than pure water binds to more
water molecules.

Hydration numbers of cations, 4, at 0°C, have been esti-
mated recently from electrostricive and intrinsic volumes.*
The correlation of such estimates, obtained by a method
quite different from freezing-point measurements, with Hy
of the alkali and alkaline earth metals is shown in Figure 10.
By size-exclusion chromatography,””! the “apparent dynamic
hydration numbers” of biologically important cations follow
the same trend as H of Table 3.

Judging qualitatively, it is expected that the Hr values re-
ported in Tables 1-3 are accurate to about 0.5 units up to
H;=7 and to about 1.0 unit above this, in the concentration
domain covered therein and at the specified temperatures.
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Figure 10. Estimates of hydration numbers of ref. [62] versus Hy values of
the chlorides of cations in common with this work.
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Sequential binding energies: The sequential binding energies
from some experimental gas-phase ion—water cluster studies
from the compilation of ion-clustering data of the NIST da-
tabase!®! are shown below as illustrative examples of the
correlation with Hy of some ions. AH, is the sequential bind-
ing energy for a water molecule that adheres strongly to the
ion or to hydrated ion. The AH, values below are the aver-
age of values listed in the database™ in kcalmol™. In all
cases, the estimate that a minimum of (13.3+1.0) kcalmol™
biding energy is required to remove water from the solvent
and become part of the Hy of the solute is consistent with
the reported exothermicity values of the reactions [Egs. (9)-

(28)]:

Na* + H,0 — Na(H,0)*, AH, = —22.8+3 9)
Na(H,0)" + H,0 — Na(H,0),", AH, = —19+2 (10)
Na(H,0)," + H,0 — Na(H,0),*, AH, = -159+1 (11)

Na(H,0);* + H,0 — Na(H,0),",

(12)
AH, = —13.1+0.9; Hy =34 -39
Na(H,0),* + H,0 — Na(H,0);", AH, = (~11.5+ 1)

(13)
K* + H,0 — K(H,0)*, AH, = (—17.6 + 1.6) (14)

K(H,0)" + H,O — K(H,0),*, AH, = —16£3; H; = 1.3 — 1.4

(15)
K(H,0)," + H,0 — K(H,0),", AH, = (—134+3)  (16)
K(H,0);" + H,0 — K(H,0),", AH, = 124406  (17)

Cs* + H,0 — Cs(H,0)", AH, = —12.8+0.9; Hy = 0.0
(18)

Cs(H,0)" + H,0 — Cs(H,0),", AH, = —11.9+04  (19)
Cs(H,0)," + H,0 — Cs(H,0);*, AH, = —105+0.7 (20)

CN™ +H,0 — CN(H,0)", AH, = —13.7+0.7; Hy = 0.0
(21)

CN(H,0)” + H,0 — CN(H,0),", AH, = —11.7 (22)
CN(H,0),” + H,0 — CN(H,0), ", AH, = -98+10 (23)
Br +H,0 — Br(H,0)", AH, = —13+2; H; =00  (24)
Br(H,0)” + H,0 — Br(H,0),”, AH, = —121+0.7  (25)

I" + H,0 — I(H,0)", AH, = —104+0.7; H; =00  (26)

1(H,O)” + H,0 — I(H,0),”, AH,=-9.7+04 (27)
1(H,0),” + H,0 — I(H,0);", AH, =-92+0.6 (28)
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Although gas-phase ion-water clusters may not be thought
to correlate with liquid-phase behavior, the fact is that the
cutoff for incorporation of a water molecule into Hy is
about 13.3 kcalmol™!, within the uncertainties in measured
AH, values. Mass spectra of ion—water clusters show a distri-
bution of hydrated ions around the most abundant mass
number, consistent with the noninteger values of Hr.

Hofmeister series: The thermodynamic hydration numbers
of the ions correlate with the Hofmeister series,® which
orders the relative effectiveness of ions in precipitating out
of aqueous protein-containing solutions, latexes, colloidal
suspensions, and so on; the “salting out” effect. Even
though specific ion effects with various substrates can
change some ordering in the series, the general order is usu-
ally preserved. The order of the Hofmeister series for ions
in common with this work is generally as follows, listed from
the least destabilizing (more stabilizing) to the most destabi-
lizing: T"<Br <Cl"<CsT <Rb* <K* <NH,* <Na*t<Li*
<H*' <Ba’" <Sr*t < Ca** <Mg?* < APP*. The order of K*
and NH,* and of Ca** and Sr’* in the series is reversed
sometimes, depending on the literature source. CN~, SCN,
and CIO,  also appear in different locations among the
halide anions listed above. For the above anions in the Hof-
meister series, the thermodynamic hydration number found
is zero. Hy for the cations increases in the same order as
their position in the Hofmeister series. The reported occa-
sional reversal of K* and NH,* can be understood in terms
of their almost identical Hy values and similarly for Ca®*
and Sr**. The order of the common metal cations in the
series also follows, and can be quantified by, their known en-
thalpies of hydration: Cs*, —66.0; Rb*, —71.0; K+, —77.0;
Nat, —97.0; Lit*, 124.3; Ba®*, —311.9; Sr**, —344.9; Ca**,
—376.9; Mg?*, —459.1; and AI’*, —1,115.0 kcalmol™'. The
assignment of H(SCN™)=0 in Table 3 is consistent with its
location in the Hofmeister series.

The correlation of previously reported hydration numbers
with the Hofmeister series was not noted at the time.l'l It
was subsequently noted by others and has been of interest
to biochemists and biologists who examine such issues as,
for example, the effect of solutes on growth rates of Staphy-
lococcus aureous and Pseudomonas aeruginosa,® the stabil-
ity of the acidic protein Desulfovibrio desulfuricans apofla-
vodoxin,® the osmoregulation of enderotoxin expression by
Escherichia coli®" actions of biologically important ions,”
kidney function and urology,® effect of solutes on helix—
coil transitions of macromolecules,™ formation of o-synu-
clein fibrils,”” and so forth. Solvation, coordination, or hy-
dration numbers obtained from diffraction experiments
have not been reported to correlate with the Hofmeister
series. The underlying causes for the Hofmeister series are
still being investigated” and a correlation with charge den-
sity of ions has been reported recently," in agreement with
previous similar findings.!"”?

One aspect of the action of electrolytes in precipitating
proteins is clear. If a protein is dissolved to a concentration
just below Hofmeister’s cloud point and then the solution is
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made 2 molal in MgCl,, the following will happen. The elec-
trolyte will bind mH;=2x14.0=28 moles of water, thereby
“stealing” half the solvent. The concentration of protein in
the remaining available solvent is doubled and it precipi-
tates. This effect will always be present, in addition to any
other ion-specific or protein-specific effects.

Jones-Dole viscosity B coefficients: The Jones-Dole equa-
tion™ [Equation (29)] is an empirical relation between con-
centration of a solute and viscosity of the solution. Viscosity
of aqueous solutions, 7, relative to that of water, #7,, is de-
scribed as a function of concentration expressed in molL ™,
M, and A and B are empirical coefficients. A correlation of
hydration numbers with viscosity B coefficients was not
noted previously.[!

n/my =1+ AM* + Bm (29)

Equation (29) has been used widely and a review of such
work and its applications is available."* Data pertaining to
concentrations greater than 0.1 M were not included because
such is the limitation of Equation (29). There is extensive lit-
erature that correlates the B coefficient with many other
phenomena, thereby indicating that B is a physically mean-
ingful quantity. The review discusses various efforts made to
rationalize the values of the B coefficients. They are known
to provide information concerning the ion-solvent interac-
tion and its effect on the structure of water near the envi-
ronment of the solute particles. One of many proposals is
that the magnitude of the B coefficients is proportional to
the molar “hydrated volume” of the ion, but this is not uni-
versally accepted.” There is general agreement that the B
coefficient is related to ion-solvent interactions and that
small or negative B values indicate a weak interaction.™
Table 4 lists B values at 25°CU¥ and H values found in this
work. The negative B values of 1" through NH,* clearly
show weak interactions with solvent, consistent with zero or
small H; values found. Omitting the tentative values in
Table 4, Figure 11 shows that there is a good correlation of
B with Hy from Na* to Mg”* in the table. As usual, H* mis-
behaves and is shown but not included in the second-order
regression line. An exact correlation with H is not expected
because of uncertainties in both values plotted and because
the hydrated volume of the ion should include the volumes
of the ions and only the volume of water is reflected in Hr.
The viscosity results prove two things: 1) viscosity depends
on the size of solute particles, but this was known from the
beginning of the last century;™ 2) the ions and their strong-
ly bound water, as quantified by Hy, move through the sol-
vent as a single entity. Solvation, coordination, or hydration
numbers from diffraction studies have not been reported to
correlate with B. The plot in Figure 11 is not linear because
the B coefficients describe viscosities only up to 0.1 M solute.
For higher concentrations, a term in M* must be added. The
H: values apply to high concentrations.
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Table 4. Jones-Dole B coefficients and Hy values.

Ion Bl H
I —0.073 0.0
Br- —0.033 0.0
cr —0.005 0.0
CN- (—0.024) 0.0
SCN- (—0.022) 0.0
Cs* —0.047 0.0
Rb* —0.030 0.6
K+ —0.009 12
NH,* —0.008 1.4
Na* 0.085 3.4
H* 0.086 6.6
Li* 0.146 6.7
Ba* 0.216 9.2
Srit 0.261 11.9
Ca’* 0.284 12.0
Mg>* 0.385 14.0
Fe** (0.690) 18.9
AP+ (0.744) 23.0

[a] Values in parentheses are designated “tentative” in ref. [74]. [b] Of
the chlorides of the cations.

-
o
T

Hy values of chlorides

0.1 0.2 0.3 0.4
Jones—Dole B coefficients

Figure 11. Plot of the thermodynamic hydration numbers of cation chlor-
ides (Hy) versus Jones-Dole B coefficients of viscosity of the cation.

Ionic conductivities: Ionic conductivities should be related
to the charge and size of the ion. Smaller ions should diffuse
through the solvent faster, that is, with higher mobilities.
They do not. The only way to understand this apparently
strange phenomenon is by considering not only the size of
the ion, but the size of its hydrated species that moves
through the solvent as an entity with the ion. Also to be
considered is the extent of association of the salt involved,
because ion pairs would not respond to the electric field.
This has all been known for a long time in a qualitative fash-
ion,’® but no commonly agreed extents of hydration and
ion-pair formation had been available. Figure 12 shows plots
of Hy values of the metal chlorides from Table 3 and the
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Figure 12. Thermodynamic hydration numbers of the chlorides (Hr)
versus limiting molar conductance of the cation normalized by the extent
of ion pairing (also units of 10 Sm*mol ).

molar conductances of the ions,?¥ the latter normalized by
dividing the conductance by the i, value; the more ion pairs,
the lower the conductance. The correlation with the number
of bound water molecules and the extent of ion-pair forma-
tion is clear, even when only the strongly bound water mole-
cules are being considered, disregarding the size of the ion
itself. Three straight lines are obtained and the slopes
become steeper with increasing ionic charge. Cs*, CI-, Br™,
I", and CN™ all have H;=0 and virtually identical limiting
molar conductances: 77.2, 76.3, 78.8, 768, and
78.0 Sm>mol !, respectively.?¥

Ion-selective channels in cell membranes: These have been
the subject of extensive interest, because K* permeates the
narrow channel of potassium-selective pores at least 10000
times faster than the smaller Na™*. Since the discovery of
aquaporin channels”” and the crystal-structure resolution to
2 A of the potassium-selective channel from Streptomyces
lividans (KcsA),”® interest has intensified and various ra-
tionalizations have been used to explain the known facts. A
narrow pore constitutes the entrance to the channel, fol-
lowed by a wider site (S2) with carbonyl functions in it, fol-
lowed by a mostly hydrophobic narrow pore. Coordinating
ligands (oxygen atoms of carbonyl groups) in the selective
site S2 of KcsA are positioned to precisely fit K*, but not
Na*, presumably because they are too far apart to do so
with the smaller Na*.” This appears inconsistent with the
protein being sufficiently flexible and capable of shrinking
enough to coordinate with the smaller Na*.[®l Results from
freezing-point depression measurements are relevant to un-
derstanding the function of ion-selective channels. A fact
whose significance has not been emphasized often is that
Lit and Na* are excluded by the KcsA filter, but Rb* and
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Cs™ are not.” In the context of the present work, one char-
acteristic difference among these ions is that Li* and Na*
have significantly higher Hy values (NaCl, 3.4; LiCl, 6.6)
than the other three univalent cations (KCl, 1.1; RbCl, 0.6;
and CsCl, 0.0). To enter the narrow opening of the channel
that separates the selectivity cavity from the extracellular
solution, hydrated ions have to shed some associated water
molecules.”*!1 Water molecules, above and beyond the H;
number, solvating the ions can easily be shed to extracellu-
lar water molecules at the entrance to the channel. The
energy cost of shedding strongly bound water is greater for
Na* than K*. Conservatively assuming that K* sheds two
strongly bound water molecules, the required energy is
about 34 kcalmol ™!, as indicated from its sequential binding
energies. For Na* to shed three water molecules, about
58 kcalmol ™' are required.®” The energy loss is much great-
er for Na‘t dehydration or partial dehydration, thus favoring
K*. Energy losses of dehydration are compensated by for-
mation of bonds to the carbonyl ligands of the S2 site. The
larger size of Kt allows it to coordinate with more (up to
eight) carbonyl functions at the site.”’ From the crystal radii
of the ions, the surface area of K* is 2.75 times greater than
that of Na*. It is not surprising that more water molecules
can fit around a larger area, and scattering studies of solva-
tion of the two ions by water show that more water mole-
cules can be arranged immediately around K*, thereby sol-
vating it, than around the smaller Na*. This will also be true
for carbonyl oxygen atoms immediately surrounding the two
ions in the S2 site in emulation of water. This is a second ad-
vantage for K*. A third is present at the mainly hydropho-
bic lining of the pore beyond the S2 site.”” The smaller
charge density of the larger ions K*, Rb*, and Cs* makes
them less likely to interact with dipoles in this part of the
channel and they pass through, whereas Lit and Na* will
bind more strongly, thereby decreasing their permeability at
this site as well. The high selectivity for K* over Na* then
is understood in terms of the thermodynamic hydration
number of the ions, sequential binding energies to water,
size, and charge density, which are the same characteristics
as those found to affect colligative properties in the present
work.

In contrast to the KcsA ion-selective channel, the NaK
channel is nonselective for Na* and K*. The two channels
are generally similar according to crystallographic determi-
nations to a resolution of 2.4-2.8 A, but the NaK selectivity
filter contains fewer cation-binding sites, estimated to be
only two.[®l The S2 site of the NaK channel is also estimated
to be able to accommodate approximately up to three water
molecules.® Thus, neither K* nor Na® have to be exten-
sively dehydrated and the energetic advantage of K™ in de-
hydration for the KcsA channel is substantially diminished.
Also, both K* and Na* can bind to all of the fewer avail-
able ligands at the S2 of the NaK channel. The size-depen-
dent, higher-coordination or solvation advantage of K* in
KcsA is eliminated. In addition, Nat binds to carbonyl
groups more strongly than K*,®! thereby leading to an ad-
vantage for Na*t. The net result is loss of selectivity.
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Proof that the values obtained for Hr and i, are not just
arbitrary parameters to fit freezing-point data but instead
describe known physical phenomena is the fact that these
values correlate with the Hofmeister series, the B coeffi-
cients of viscosities, ionic conductivities, hydration numbers
obtained from electrostrictive and intrinsic volumes, dielec-
tric relaxation measurements, diffusion measurements, and
sequential binding energies of gas-phase ion—-water clusters.
H:and i, were not obtained from fitting to all of these appa-
rently unrelated physical properties and experimental meas-
urements.

Conclusion

Thermodynamic hydration numbers of aqueous solutions of
nonelectrolytes and of strong electrolytes of chloride, bro-
mide, iodide, cyanide, and thiosulfate describe accurately
freezing-point depression behavior to high concentrations,
often to the limit of solubility or to the eutectic. Account is
taken of the extent of ion pairing, which is understood on
the basis of a new, more realistic equilibrium expression for
their formation. Ideal behavior is demonstrated to high con-
centrations. No recourse is made to empirical activity coeffi-
cients or other ad hoc parameters. The solutes treated do
not affect the structure of “free” bulk water. The minimum
ion—-water binding energy required to remove water from
the solvent is estimated. There is a good correlation of the
thermodynamic hydration numbers with the Hofmeister
series and the results have a bearing on the causes of dena-
turing of proteins and the “salting out” effect. Correlation is
also good with the Jones-Dole B coefficients of viscosity.
Tonic conductivities are related to the hydration numbers re-
ported and to the extent of ion-pair formation of the various
metal chlorides. The function of ion-selective channels of
cell membranes at the molecular level is rationalized in
terms of effects shown to be common with those that affect
colligative properties.
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