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What Some Anions do to H>O? :

Towards Understanding the Hofmeister Series!

Yoshikata Koga

(Received November 26, 2006; Accepted January 8, 2007)

The effects of selected anions on the molecular organization of H,O are elucidated by the
1-propanol (1P) probing methodology developed by us. We determine the third derivative quantity,
the 1P-1P enthalpic interaction, Hf ;p, in ternary system of 1P - sample salt (S) - H,O. In the
presence of S, the H; ;p pattern changes while keeping the basic peak anomaly. These induced
changes are used to elucidate the effect of S on H,O. We found within the sodium salts of
SO42-, F-, Cl-, Br-,
hydration numbers are 17, 14 and 2.3, respectively. The remaining Br—, I - and ClO4~ are basically

I- and CIO4~ that the first three act basically as hydration centers. The

hydrophiles. They form hydrogen bonds directly to the existing hydrogen bond network of H,O
and thus work as impurity centers in the existing network, retarding the degree of fluctuation
inherent in H>O. Their effects are stronger in the order of Br—<I-<ClO4~. Thus in terms of
the Hofmeister effects, the kosmotropes (salting out agents) are hydration centers and the more
the hydration number, the stronger the salting out effect. The chaotropes (salting in reagents),
Br-, I- and ClO4-, are hydrophiles, and the stronger the hydrophilicity the stronger the salting-

in power.

1. Introduction - Hofmeister series

In 1985, Collins and Washabaugh? reviewed a large
number of papers regarding the Hofmeister effect® and

ranked some anions in the order,
SO42->F->Cl->Br>1-=ClOs >SCN - (1)

Originally, this shows the ranking of the effect of
an ion to induce precipitation of a protein from its aqueous
solution. Namely, the left end of eq.(1) is a more salting
out agent, while the right end a more salting in reagent.
The former salting-out ion requires a smaller amount
to precipitate the protein. This means that the excess
chemical potential of the protein becomes more positive
when a unit amount of a salting-out agent is added to
the aqueous solution of the test protein, while with the
same amount of a salting-in agent the excess chemical
potential of protein will be less positive. Another point

to stress is that this ranking is almost ubiquitous; a large

number of examples of functions and structures of
biopolymers follow the almost same ranking in their
ion effects. In order to cover the generality of the ion
effects, Collins and Washabaugh thus coined the words,
"Kosmotrope/Chaotrope" for the ions in place of the
salting out/in naming of the above ranking.?

We earlier developed a novel differential approach
in solution thermodynamics, and applied it to aqueous
solutions.*” We determine the excess partial molar
quantities of the i-th component, FE, (F=G, H, S, or
V), by perturbing the system with the amount of the i-
th component only in the mixture, and by measuring
the reaction of the entire system in terms of the excess

thermodynamic quantity, FE. Thus,
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This signifies the actual thermodynamic situation of

the i-th component in the mixture. We note that for
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F=G, FF is written as uf instead from the historical
reason, and is the first derivative of G. For F=H, §,
or V, the resulting FF is the second derivative of G.
We then take one more derivative with respect to the

amount of the j-th component as,

IFE
al’li

FE =N 3)

i T

where N is the total amount of the system, i.e. N:I_Zn[.
The quantity defined by eq. (3) gives the effect of the
j-th component on the excess partial molar quantity of
the i-th component, or the effect of j on the actual
thermodynamic situation of i. Hence it signifies the i-j
interaction in terms of the thermodynamic quantity, F.
Thus, the order of derivative for Ff,j increases by one
step.

Using these terminologies, what the ranking, eq.
(1), tells us for the original protein precipitation case
is that the interaction between the protein (i) and the
ion (j) in terms of chemical potential, uf ; , (where F
in eq.(3) is Gibbs function, G), is more positive for a
kosmotropic ion than that for a chaotrope. Furthermore,
if the ranking is indeed ubiquitous, and is also applicable
to l-propanol (abbreviated as 1P) in a ternary system
1P - a sample salt (S) - H>O, then the excess chemical
potential of 1-propanol, u%,, must become more positive
in the unit addition of a kosmotropic S than that for a
chaotrope in 1P-S-H>O system. Namely, the IP-S
interaction in terms of the excess chemical potential,
1% 5, should be more positive for a kosmotrope. Indeed,
we determined approximate values of u¥, ¢ at 25C for
S =Na,S0,4, NaF, NaCl, Nal, and NaClOy4 at the infinite
dilution, x;p—0, and x¢—0.9 x;p and x{ are the mole
fraction of 1P and the initial mole fraction of S in 1P-
S-H,O. The results are shown in Fig.1. Since the counter
cation is fixed with Na+* in the series of salts studied,
the effect of S could be considered as that of anion.
Thus, on the abscissa S is placed in the order of the
Hofmeister ranking, eq.(1), and the values of u%, g at
the infinite dilution are plotted on the ordinate. As is
evident from the figure, u% ¢ decreases exactly in the
order of eq.(l), including the approximate equality I—
~ClO4~. This assures that the Hofmeister ranking is
operative for 1P also. We earlier determined the excess
partial molar enthalpy of 1P, HY, (F=H in eq.(2)), in
ternary 1P-S-H,O at 25 varying xip and x.%19 Thus,
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Fig.1 1-Propanol (1P)-sample salt (S) interactions in
1P-S-H,O at 25C. The filled circles show the
1P-S interaction in chemical potential, it 5p o/RT,
the hollow squares H%, /RT, and the hollow
triangles 7S%, ¢/RT. The ions of sodium salt are
displayed on the abscissa in the Hofmeister order
from the kosmotrope to the chaotrope.

the values of HY, s (F=H in eq.(3)) are available at
the infinite dilution for each S. It follows then that the
values of TS}, g are readily calculated at the infinite
dilution. The results are also plotted in Fig.1. It is
striking that the net u%, ¢ (=H% ¢ —TS%.¢) decreases
smoothly following the order of the Hofmeister ranking,
but each term HY, g and TS%, show a sharp break in
the middle at about Cl-. While this is another example
of the enthalpy-entropy compensation prevalent in aqueous
solutions,!!12) the important point to note is that the
mechanisms operating for the net Hofmeister effect are
different between kosmotropes and chaotropes and the
null point is at about Cl-. How different are they?
To this end, we study the mechanism how each ion
modifies the molecular organization of H,O by using the

1P-probing methodology developed by us.!-©
2. 1-Propanol (1P) probing methodology

Using the higher order derivative quantities, eq.(2)
and eq.(3), we studied the series of mono-ols, varying
the size of alkyl group and keeping - OH fixed in order
to exemplify the nature of the hydrophobic moiety in
aqueous solutions.*” We learned that in the H,O - rich
region, a hydrophobic solute enhances the hydrogen bond
network of H,O in its immediate vicinity (corresponding

to the classical "iceberg formation") with the concomitant
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Fig.2 The 1P-1P interaction function, H%, ;p, in binary
1P-H>O and the partial molar entropy-volume
cross normalized fluctuation of 1P, SVAp, as a
function of x;p. The ordinate scale is for H%p p,
and in arbitrary units for SVAip.

reduction of the hydrogen bond probability of H>O in
the bulk away from the solute molecules. We call this
mode of mixing Mixing Schemel. The solute(i)-solute(i)

E
i—i

enthalpic interaction, H shows a sharp peak anomaly
as shown in Fig.2. Point X in the figure corresponds to
the onset of transition from Mixing Scheme I to II.
The latter mixing scheme is pertinent to the intermediate
composition. Also shown in Fig.2 is "the partial molar
normalized S-V cross fluctuation of 1P", SVAp, devised
by us earlier.!3-'5 Briefly, the normalized S-V cross
fluctuation, SVA, indicates qualitatively the intensity as
well as the extensity of the entropy-volume cross
fluctuation. If fluctuation is regarded as wave, the intensity
is the amplitude and the extensity corresponds to the
wavelength. Unlike normal liquid, H»>O is unique in that
SVA contains a negative contribution due to putative
formation/destruction of ice-like patches in the bulk H,O.
This negative part therefore is the signature of liquid
H,O. Its partial molar quantity of 1P, SVAp, shows the
effect of 1P on the negative contribution, the H,O-likeness,
of the system. What is striking in Fig.2 is that the xip-
dependence of HY, |, and that of SVA;p matches exactly
on scaling the ordinate by a single factor! This indicates
that H%, | and SYAp share the same cause. We suggests
that the enthalpic 1P-1P interaction is operative via the
bulk H,O away from the iceberg-clad solutes, where

the H,O-likeness is gradually changing due to the presence

Netsu Sokutei 34 (1) 2007

of 1P. The process of this modification manifests itself
in the increase in SVA;p and H%, p from the start, x;p=
0, to point X shown in the figure. The initial increase
in SVAip is caused by the decrease in the negative
contribution in the bulk H>O away from "icebergs".
In addition, we suggested that "icebergs" themselves
do not participate in fluctuation, i.e. they are rigid
units in the time scale of fluctuation, by the xip-
dependences of other fluctuation functions; the mean
square entropy or volume fluctuations.!3-10

In ternary 1P-S-H,O systems, then the changes
induced in the H%, p (SVAip) pattern in the presence of
S will be the reflection of the state of the bulk H.O
modified by S. As long as the basic HS, p pattern displays
a peak anomaly, the integrity of H,O remains intact, i.
e. the system is still within Mixing Scheme I. This led
us to an idea of the 1-propanol (1P) probing methodology
of studying the effect of a sample solute (S) on the
molecular organization of H,O in the ternary 1P-S-H,O
system. We determine the excess partial molar enthalpy
of 1P in 1P-S-H,0O, HY,, by perturbing the amount of
IP only. We then graphically differentiate H, data to
obtain HYp p, without resorting to any model system.
We then examine the induced changes in the xip-
dependence of the HY, , pattern. The induced changes

are used in turn to learn about the effect of S on H,O.

3. The effects of hydrophobes,
hydrphiles and amphiphiles on H,O
by the HY,,p pattern changes

We first summarize the results of the 1P-probing
methodology for S =non-electrolytes in 1P-S-H>O.!? For
a hydrophobic solute, its effect on the H%p , pattern
could be sketched in Fig.3. The original pattern for the
binary 1P-H,O [O] in the figure shifts parallel to the
left, in the presence of an equally hydrophobic S (case
[A] in the figure). Thus, the value of HE, p at point X
remains the same, its x;p locus decreases, and the value
of HY ,p at the start, x;p=0, increases steadily as x¢
increases. For a weaker (stronger) hydrophobe, in addition
to the shift to the left, the value of HY, ,, decreases
(increases) in the entire range of x;p within Mixing
Scheme 1. As a result, the value of H%, , at point X
decreases (increases), the rate of increase of HY, p at
x1p =0 decelerates (accelerates). The mechanism for these

effects on the HY, , pattern comes from the way a
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[O] Binary

[A] Equal hydrophobe
[B] Weaker Hydraphobe
[C] Stronger Hydrphobe

Hip.1pP (or SVAp)
—_—

X1p

Fig.3 The induced changes in the H%, , pattern by
the presence of a hydrophobic S, in 1P-S-H,O.
[O] is the HY%, ,p pattern for the binary 1P-H,O;
[A] shows that with an equally hydrophobic S
as the probing 1P; [B] is that with a weaker
(methanol), and [C] that with a stronger
hydrophobe (tert-butanol).

[O] Binary
[D] Hydrophile
[E] Stronger Hydrphile

Hip.1pE (or SVAip)

Fig.4 The induced changes in the H%, , pattern by
the presence of a hydrophilic S, urea for example,
in 1P-S-HO.

hydrophobic S affects the molecular organization of H,O
within Mixing Scheme I. Namely, S enhances the
hydrogen bond network of H,O in its immediate vicinity
("iceberg" formation) and concomitantly reduces the
hydrogen bond probability of bulk H,O away from S.
This in turn reduces the chance of putative formation
of ice-like patches. As a result, the negative contribution
decreases in the S-V cross fluctuation. The effect of 1P
on the rate of this decrease increases as xip increases,

resulting in the increase in SVAp and hence in H%, p.

[O] Binary |
[F] Amphiphile
1

T

Hip.1pF (or SVAp)

Fig.5 The induced changes in the H%, , pattern by
the presence of an amphiphile S, 1,2-propane-
diol for example, in 1P-S-H,0O. The hydrophobic
part shifts point X to the left and raise the
value of H%, , at the start, x;p= 0. The
hydrophilic part, on the other hand, lower the
value of H%, |; in the entire range including at
point X. The net result is a combination of these
two effects.

On the other hand, the probing 1P-1P interaction occurs
via the bulk H,O away from S, which is already modified
by S and is influenced by the mixed ways how S and
1P modify the bulk H,O. Hence, if S is a weaker(stronger)
hydrophobe than 1P, the value of HY, , is suppressed
(enhanced).

Fig.4 shows the sketch of the effect of a hydrophile
on the HY p pattern. The xip locus remains unchanged
but the value of HY, ,» decreases by the presence of a
hydrophile. A hydrophile forms hydrogen bonds to the
existing hydrogen bond network of H,O, and thus the
connectivity is retained, but the H donor/acceptor
symmetry of H,O is broken, not only in the geometry
but also in the hydrogen bond strength. As a result, the
hydrogen bond network becomes more rigid and loses
the degree of fluctuation inherent in liquid H»O. Thus,
the regular positive part of S-V cross fluctuation decreases
in the presence of a hydrophilic S. Urea is a typical
example for this behaviour.!'® A simulation study on
urea-H,O concluded that the presence of urea rigidifies
the dynamics of both H,O and urea.!®

For an amphiphile, its effect on the H%, , pattern
is a combination of the above two cases, depicted in

Fig.3 and Fig.4. Fig.5 sketches the resulting change in
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Fig.6 The enthalpic 1-propanol (1P)-1P interaction,
H%, \p, in 1P-NaF-H,O at 25C.
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Fig.7 The enthalpic 1-propanol (1P)-1P interaction,
HY% 1p, in 1P-NaCl-H,O at 25C.

H%, ,» by an amphiphile. A typical example is 1,2-

propanediol.29

4. The effects of NaF and NaCl on H,O as
probed by the H}p p pattern change

We now apply the same methodology for Na-salts
of selected anions. Fig.6 and Fig.7 show the HY, |, pattern
in 1P-S-H>O at 25 C, for S =NaF and NaCl respectively.”
As is evident in the figures, for x{ (S =NaF)<0.0043
and x{ (S=NaCl)<0.035, the x;p-dependence of H%, p
retains the peak anomaly. Thus, within these concentration
ranges, the aqueous solutions are in the Mixing Scheme

I region. In Fig.7, our earlier data are also included.?)
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Fig.8 The mixing scheme and phase diagram of I-
propanol (1P)-NaF-H,O at 25°C. The solid line
is the phase boundary, and the dotted line is
the mixing scheme boundary, indicating the onset
of the transition from Mixing Scheme I to II.

What is striking in Fig.6 and Fig.7 is that on addition
of S (S=NaF or NaCl), the starting point at x;p=0
remains fixed while the locus of point X shifts to the
left, to smaller values of xip, without changing the height
of the peak, the value of H%, p, and hence that of SVAp
at point X. This immediately suggests that the availability
of H,O for 1P to interact is reduced as x¢ increases.
Hence, it requires a lesser x;p to drive the system to
point X. We suggest that this is due to hydration of
the salt. From the observation that the values of HYp p
remains the same at the start as well as at point X, we
conclude that the molecular organization of bulk H>O
away from the hydration shell remains the same as that
in pure H,O.

Fig.8 and Fig.9 show the loci of point X, which
is the onset of the transition from Mixing Scheme I to
II, together with the phase boundary of 1P-S-H,O (S =
NaF and NaCl).” The figures indicate that the loci of
point X seem to form a straight line. Namely, the shift
of point X to the left is linear to xJ. If this left shift
is due to hydration, as we suggest, its slope provides
an estimate of the hydration number. Alternatively, the
x intercept of the straight-line Mixing Scheme boundary
gives the mole fraction of S such that all HO molecules
would be used up for hydration. Thus, the xJ intercept
is equal to 1/(1 +ny), where ny is the hydration number

within the context of the present 1P-probing methodology.
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Fig.9 The mixing scheme and phase diagram of 1-
propanol(1P)-NaCl-H,O at 25 C. The solid lines
are the phase boundaries and the dotted line is
the mixing scheme boundary indicating the onset
of the transition from Mixing Scheme I to IIL
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Fig.10 The enthalpic interaction, H%,_ p, in 1-propanol
(1P)-NaBr-H,O at 25C.

Thus, the effects of NaF and NaCl on H,O are that
they hydrate 19 £1.5 and 7.5 £0.6 of H>O respectively,
and that their presence does not affect the properties of

the bulk H,O away from the hydration shells.
5. The effects of NaBr and Nal to H,O as
probed by the H}p ,p pattern change.

The H%.ip plots are shown in Fig.10 and Fig.11
for 1P-S-H>O at 25 with S=NaBr and Nal.? While
point X shifts to the left as xJ (S =NaBr or Nal) increases,

250 — —
° XNaIU =0
0.008203
200 1 0.01889
0.02912 |
- 150 0.04422
= 0.05138
£ 100 0.06335
= 0.07293
> s0-0Ay
S !
-50 - ’
IError
-100 -

0.00 002 004 006 008 010 012 0.14
X1p

Fig.11 The enthalpic interaction, H%;_ p, in 1-propanol
(1P)-Nal-H,O at 25C.

the values of H%, , at point X and at the start, x;p=0
decrease. These induced changes in the H%,, pattern,
particularly for S =NaBr, Fig.9, resembles the effect of
an amphiphile shown in Fig.5. Thus, the effects of
NaBr and Nal on H>O have the hydrophilic propensity.
For the present cases of S=NaBr and Nal, are the
shifts of point X to the left due to the hydration to
Na+? Fig.12 and Fig.13 show the plots of the x;p-loci
of point X vs. xJ, representing the shift to the left by
whatever a mechanism. They appear to form straight
lines, and their intercepts provide ny=5.2 0.6 for NaBr,
and 5.6 £0.6 for Nal. This suggests that Na+* hydrates
about 5 H;0, and therefore Br— and I- work as
hydrophiles, as in Fig.4. White et al. used the first-
principles molecular dynamics simulations that avoid
empirically determined parameters or a restriction to pair-
wise interaction potentials and studied the Na*-H,O
system.??) The results indicated that a Na+ hydrates 5.2
molecules of H,O and leaves the orientation dynamics
of the bulk H,O away from the hydration unperturbed.??
More recently, Varma & Rempe used also an ab initio
molecular dynamics simulations and suggested that the
hydration number of Na+ is 5.23 Experimentally, another
recent study by the 'difference method' of neutron
diffraction with isotopic substitutions and the anomalous
x-ray diffraction concluded that the hydration number
of Na+ is also 5.2 Thus it appears to be safe to use
the hydration number of Na+* to be 5.2 form our NaBr

result, and evaluate that for counter anion accordingly.
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Fig.12 The mixing scheme and phase diagram for I-
propanol(1P)-NaBr-H>O at 25C. The solid line
shows the phase boundary, the broken line a
presumed phase boundary, and the dotted line
shows the onset of transition from Mixing Scheme

I to II.
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Fig.13 The mixing and phase diagram for 1-
propanol(1P)-Nal-H,O at 25 C. The broken line
shows a presumed phase boundary and the dotted

line the onset of the transition from Mixing
Scheme I to II.

Thus, the hydration number, ny, for F~ is 14 £2 and
2.3 +£0.6 for Cl-. These are listed in Table.

It is known?5-2) that halide ions are capable of
forming hydrogen bonds with H>O as proton acceptors,

and their strength decease in the order of

F->Cl->Br->I1- (4)
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Fig.14 The 1-propanol(1P)-1P enthalpic interaction,
HY 1p, in 1P-Na,S04-H,0 at 25 C.

We suggest that F~ and CIl-, being stronger proton
acceptors, strip a number of H,O molecules from the
existing hydrogen bond network of H>O and form the
hydration shells, which do not extend their influences
over to the bulk H,O. The latter effect (non-effect)
contrasts with what hydrophobes do to H>O. As discussed
above, hydrophobes form "icebergs" and influence
concomitantly the bulk H,O away from "icebergs" in that
the hydrogen bond probability of the bulk H,O is reduced
progressively to the transition point to Mixing Scheme
II. Clearly, F~ is a stronger hydration center than Cl -,
and ny is 14 £2 for F- and 2.3 +£0.6 for Cl-. Thus, in
terms of the original Hofmeister's "H,O withdrawing
power",? the Hofmeister ranking F~>Cl - is consistent.

Br- and I-, on the other hand, are weaker proton
acceptors than F- and Cl-. As a result, they form
hydrogen bonds to the existing network of H»O, rather
than stripping any H>O molecules out of the network.
As a result, the H>O network now contains impurity
centers that break the H donor/acceptor symmetry inherent
in H,O. Hence the hydrogen bond network of H,O
becomes more rigid and H% ,p, and SVA;p decreases.
This effect is stronger for I- than Br-, in comparing
their effects on the values of HY, ,, at point X. This

comparison is shown below.

6. The effects of NaSO4, and NaClO4 to H,O
as probed by the HJ, ,, pattern change

We examine the effects of the sodium salts of SO42~

and Cl104 -~ by the same 1P-probing methodology. Fig.14
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Fig.15 The mixing scheme and phase diagram for 1-
propanol(1P -Na,SO4-H>O at 25 C. The solid line
is the phase boundary. The broken line is a
presumed phase boundary. The dotted line is the
mixing scheme boundary, the onset of the
transition from Mixing Scheme I to II.
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Fig.16 The 1-propanol (1P) - 1P enthalpic interaction,
HY% p, in 1P - NaClOy4 - H,O at 25C.

shows the HY, ,, pattern in 1P-S-H,O at 25°C with S =
Na>SO4. As is evident in the figure, Na,SO4 shows a
hallmark of a hydration center in two respects. The
HY% p value at the start, x;p=0, remains constant and
the xjp-locus of point X shifts to the left, to smaller
values of xip, as x¢ (S =Na,S0,) increases. Unlike NaF
or NaCl, however, the value of H%, ,; at point X increases.
If the effects of cations and anions are additive, as we

are taking as a premise, then that of Na+* would not

10
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Fig.17 The values of the 1P - 1P interaction, H%p p, at

point X on addition of S in 1P-S-H,O at 25C.
S =Na,S0,, NaF, NaCl, NaBr, Nal and NaClO,.
Na+* is purely a hydration centre, with the
hydration number, ng=5.2. The anions with
hollow symbols are hydration centres. Others
with filled symbols are hydrophiles. A stronger
hydrophile lowers the H%p p value more.

increase the value of HY, p at point X. Thus, the observed
increase in HY, |, at point X is due to SO42-. We recall
that a stronger hydrophobe than the probing 1P, makes
the value of H%, ,p increase both at the start and at
point X, Fig.3. For the present case, the value of
HYp p at the start remains the same. Thus, the detail of
the effect of SO42- is not clear at present. It could be
that SO42— works as a hydration center in the absence
of 1P in the system, resulting in the unchanged value
of HS p at x;p=0. As xip increases, however, a direct
interaction between SO42~ and 1P might start to operate,
in addition to the H>O-mediated 1P-SO42- interaction.
Nonetheless, from the fact that the H%, ,p, values at
xip=0 remains constant, we may classify SO42~ as a
hydration center. Thus, from the mixing scheme boundary,
Fig.15, the hydration number, ny, is estimated as 27 =
3 for Na>SO,. It follows using the reference ny=5.2
for Na+, ny for SO42- is 17 +3.

Fig.16 shows that the effect of NaClO4 on the
HE%, |, pattern in 1P-S-H,0 (S =NaClOy) at 25 C. Clearly,
its effect is similar to that of an amphiphile, as in
Fig.5. Namely, there is a strong showing of hydrophilicity,
i.e. the value of HY, , decreases as x increases. There

is, however, some weak effect of the left shift. At least
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a part of the left shift could be due to Na+. As discussed
at some length, there seems to be a weak contribution
of hydrophobicity apparent in ClO4—, although this
requires a further clarification.!-!0)

Fig.17 is the summary of the effects of salts on
the value of H%, » at point X including halide salts.
Those showing the signature for a hydration center
(including Na»SOy4) are indicated by hollow symbols in
the figure. The hydrophiles are shown by filled symbols.
Within these hydrophiles, the relative effect of the anion
is represented by the slope in the figure, since the counter
cation is fixed at Na+. Accordingly the slope for ClO4—
is more negative than that of I-, which in turn more
negative than that of Br—. This ranking is consistent with

the chaotropic half of the Hofmeister series, eq.(1).
7. Conclusion - Hofmeister Series

Table summarizes our findings from the 1P-probing
methodology what each anion does to H>O. From Table,
the following conclusions could be drawn:-

(1) A kosmotropic ion within those listed here is a
hydration center. The more kosmotropic the ion,
the larger the hydration number. This is in the
complete accord with the classical idea by Hofmeister,
the ranking of "the H»O withdrawing power."

(2) The ions regarded as chaotropes are hydrophiles,
since they reduce the value of H%, , within the 1P-
probing methodology. This tendency of reduction
is stronger for a more chaotropic ion. Thus, while
the Hofmeister ranking seems continuous, the
mechanism is clearly different between kosmotropes
and chaotropes. We note that in terms of u%, ¢ the

effects of I - and ClO4— are almost the same. In terms

of H%, s, however, they are clearly different. Thus,
the third derivative quantity, H%,s, contains more
detailed information than the second derivative,
1%, This is consistent of what we advocate.3-10
In this context, the present 1P-probing methodology
uses the effect of x? on the HY, » pattern. Hence,
this methodology is in effect using the fourth
derivative of G. This is partly a reason for success
in gaining deeper insights.

(3) The boundary between kosmotropes and chaotropes
may be between Cl- and Br-.

We stress that results summarized above in Table
are the effects of each ion on the molecular organization
of H,O probed by the x;p dependence pattern of H% p
within Mixing Scheme I. While there is no doubt that
the properties of the mixed solvent, the aqueous salt
solution, play a major role in dictating the structure
and the function of biopolymers, there must be a great
many more issues to be sorted out before linking the
above results to the actual Hofmeister effect for each
testing system. Namely, there is another equally important
question remaining as to how a given biopolymer behaves
in a given aqueous salt solution.

There is yet another issue to be considered regarding
the specificity of a biopolymer. Biopolymers are giant
molecules whose surfaces are covered with hydrophobic
and hydrophilic moieties in varying ratios. We used as
a probe 1-propanol (1P) in which the balance of the polar
to non-polar surfaces tips towards the more hydrophobic
side. It seems therefore mandatory to study the complete
replica of the present 1P probing study by using another
probe that is more hydrophilic than 1P.

In closing, we comment on the recent findings on

Table 1 The effects of ions on the molecular organization of H>O, as probed by the induced changes in the HYp p

pattern in 1P-S-H,O. Ions are listed in the order of the Hofmeister ranking, eq.(1), from top to bottom.

Ion (S) ut s IRT HE ¢ /RT What the ion does to H,O
SO42- 52+3 75+1 Hydration Center, ny=17 =3, plus an extra hydrophobe-like effect. See text.
F- 32 +4 45 +2 Hydration Center, ngy=14 £2.
Cl- 22+3 34 +1 Hydration Center, ng=2.3 £0.6.
Br- Hydrophile.
I- 9+1 43 +£2 Hydrophile, stronger than Br .
ClO4~ 11£3 65+4 Overall hydrophile, stronger than I-, but with some hydrophobic effect.!.!®
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aqueous solutions of salts by modern spectroscopy/
diffraction/relaxation methods. The femto second two-
color mid-infrared pump-probe spectroscopy can
distinguish the dynamics of H,O in the hydration shell
from that in the bulk H,O outside of the hydration shells.
By this fine technique, the rotational dynamics of H,O
in the hydration shell was found much slower than in
the bulk H,O for Cl-, Br— and I- 2829 and for SO42
and C104 .39 Furthermore, the dynamics of the bulk H,O
away from the hydration shell were found to remain
the same as that in pure H>O. More recently, Soper &
Weckstrom drew similar conclusion by neutron diffraction
studies.?) While these two sets of conclusions for F-
and Cl- are consistent with our findings summarized
in Table, those for SO42-, Br—, I, and ClO4~ are not.
The information gained by this spectroscopic technique
is also insensitive to the change of the counter cation
from Na+ to Mg2+.30 The dielectric relaxation studies
has drawn a similar conclusion.?? Namely, the impacts
of anions spanning from a kosmotropic SO42~ to a
chaotropic ClO4~ on the H,O dynamics have almost no
effect on the relaxation time of the bulk H,O network,
although there are very subtle differences in the
concentration dependence of the relaxation time. Why
these very fine, microscopic techniques are insensitive
in distinguishing the effects of different salts on the
molecular organization of bulk H,O, different from our
findings and the century long biochemical experiences
since Hofmeister (1987)? When we could provide answer
to this question, we would be, no doubt, a step closer
to the reality of aqueous solutions of electrolytes.
Spectroscopies/diffractions are generally regarded
as a superior technique to thermodynamic investigations
in order to advance the molecular level understandings.
Or are they? At the risk of being simplistic, we gain
structural information by these techniques. After all,
the structure is governed, in terms of thermodynamics,
by the Gibbs energy, G, which is the net results of all
the possible higher derivative quantities. To begin with,
G is the difference of the H and TS terms, and the
more detailed information given in H and 7S separately
could be obscured by the H-S compensation prevalent
in aqueous solutions.!’-'2 H and S are consisting of the
partial molar enthalpies and entropies, which in turn
compensate with each other obscuring the details in the

resulting chemical potentials. And so on. Thus, in order
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to advance the molecular level understanding, it is
mandatory to obtain higher order derivative quantities
experimentally for thermodynamic studies. And a further
development of a finer non-linear spectroscopy is awaited.
There is no doubt that the afore-mentioned techniques

have provided the first step towards this end.
Acknowledgement

I thank a great many students, postdocs and
collaborators; too many to list here. Without them, I
would have never reached this point. The financial support
by the
acknowledged; NSERC of Canada, BC Government,

BC Cancer Foundation, BC Science Council, Danish

following organizations are gratefully

Research Council, Danish Graduate School of Biophysics,

and Ministry of Education, Science and Culture of Japan.

References

1) A digest of Chapter VII and Chapter VIII of the
forthcoming book: Y. Koga, A differential approach
to solution thermodynamics and its application to
aqueous solutions. Elsevier, Amsterdam (2007).

2) K. D. Collins and M. W. Washabaugh, Quart. Rev.
Biophys. 18, 323 (1985).

3) H. Hofmeister, Arch. Exp. Pathol. Phamakol. XXIV,
247 (1887); Translation in: W. Kunz, J. Henle and
B. W. Ninham, Curr. Opin. Coll. Interf. Sci. 9, 19
(2004).

4) Y. Koga, J. Phys. Chem. 100, 5172 (1996).

5) Y. Koga, Netsusokutei (J. Jpn. Soc. Cal. Therm.
Anal.) 30, 54 (2003). Available in a pdf form on
request to the author.

6) Y. Koga, J. Therm. Anal. Calor. 69, 705 (2002).

7) Y. Koga, K. Nishikawa, and P. Westh, J. Phys.
Chem. A 108, 3873 (2004).

8) K. Miki, P. Westh, and Y. Koga, Proc. 42nd Conf.,
Jpn. Soc. Cal. Therm. Anal. 2C1240, p.158 (2006).

9) P. Westh, H. Kato, K. Nishikawa, and Y. Koga, J.

Phys. Chem. A 110, 1347 (2006).

Y. Koga, P. Westh, J. V. Davies, K. Miki, K.

Nishikawa, and H. Katayanagi, J. Phys. Chem. A

108, 8533 (2004).

R. Lumry and S. Rajender, Biopolymers, 9, 1125

(1970).

R. Lumry, Biophys. Chem. 105, 545 (2003).

Y. Koga, Can. J. Chem. 77, 2039 (1999).

D. Siu and Y. Koga, J. Phys. Chem. B 109, 16886

(2005).

10)

11)
12)

13)
14)

Netsu Sokutei 34 (1) 2007



15)
16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

What Some Anions do to H>O? : Towards Understanding the Hofmeister Series

Y. Koga and K. Tamura, ZLlll%E 27, 195 (2000).
Y. Koga, P. Westh, S. Sawamura, and Y. Taniguchi,
J. Chem. Phys. 105, 2028 (1996).

Y. Koga, Proc. 42nd Conf., Jpn. Soc. Cal. Therm.
Anal. AW1(350900), p.46 (2006).

E. C. H. To, J. Hu, C. A. Haynes, and Y. Koga,
J. Phys. Chem. B 102, 10958 (1998).

A. Idrissi, F. Sokolic, and A. Perera, J. Chem. Phys.
112, 9479 (2000).

M. T. Parsons and Y. Koga, J. Phys. Chem. B 106,
7090 (2002).

H. Matsuo, E. C. H. To, D. C. Y. Wong, S.
Sawamura, Y. Taniguchi, and Y. Koga, J. Phys.
Chem. B 103, 2981 (1999).

J. A. White, E. Schwegler, G. Galli, and F. Gygi,
J. Chem. Phys. 113, 4668 (2000).

S. Varma and S. B. Rempe, Biophys. Chem. 124,
192 (2006).

S. Ansell, A. C. Barnes, P. E. Mason, G. W. Neilson,
and S. Rames, Biophys. Chem. 124, 171 (2006).
J. W. Schulte and D. F. Horning, J. Phys. Chem.
65, 2131 (1961).

J. E. Huheey, Inorganic Chemistry: Principles of
structure and reactivity, Harper & Row, New York,
p.242 (1978).

G. A. Jeffrey, An introduction to Hydorgen Bonding,
Oxford Univ. Press, Oxford, p.78 (1997).

M. F. Kropman and H. J. Bakker, Science 291, 2118
(2001).

H. J. Bakker, M. F. Kropman, A. W. Omta, and S.
Woutersen, Phys. Script. 69, C14 (2004).

A. W. Omta, M. F. Kropman, S. Woutersen, and
H. J. Bakker, Science 301, 347 (2003).

A. K. Soper and K. Weckstrom, Biophys. Chem.
124, 180 (20006).

W. Wachter, W. Kunz, R. Buchner, and G. Hefter,
J. Phys. Chem. A 109, 8675 (2005).

Netsu Sokutei 34 (1) 2007

13

B B

WL ODDREA F UKD F-EEMEIZ S 2 b
ROMPBRE L1 -7 =)L (1P) - 7u—¥ 7o
FETHRZ, 1P—H 7L (S) —H,012BWT, =
KW ETHHIP— 1P T ¥ VE—MHIENHE » % 5
HINZRD 2o > TN EMR 722 L1128, HE p D8
Y= HEALT B EDOBALDMIT S, Y TNEEATK
2D L) BB -2 720 X7z, S02-, F-, Cl-,
Br-, I-BXUCIO,~DNaliZz ¥ > 7 E LTHW .
S042-, F-B X UCl-13AAR|ZHydration Center & LT
BE, ZNENT, 14 BLU23WMOKGTHAKAT 5o —
H, Br-, I-B LU ClOs 1 3EARMIHRN 2 & % L, K
DKREREEHAHES 272 bl bo ZDI20, KAK
DKRERECHEATRM L > 7 — L0, 325 EDOEAW
EEUFB. TORFIEBr-<I1-<ClOs-DIHTH o725
DY % Hofmeister A% (BHT - IRERIH) DRy & T
AL, Br-2Cl-%3EIZLC, Ml TldHydration Center
THY, POKHDEEVDITRNS DIT L, HENTRIELHR
Vo HEEDIE) T, X PR A 4 T EIRERARD
GRVE &S S I o 7,

Yoshikata Koga

Suiteki Juku (Water Drop Institute),
4143 West 12th Ave., Vancouver, BC,
Canada VO6R 2P5; of
Chemistry, The University of British

and Dept.

Columbia, 6174 University Boulevard,
Vancouver, BC, Canada V6T 1Z3.
TEL. 604-822-3491, FAX. 604-822-
2847, e-mail: koga@chem.ubc.ca
e T —~ @ K

A - 7= A3 Jake (76), FIEEAENZ
[ 217 <, Sy 34





