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A systematic study of the dielectric relaxation spectra of aqueous solutions of NaBr, NaI, NaNO3, NaClO4,
and NaSCN has been made over a wide range of frequencies (0.2e ν/GHz e 89) and solute concentrations
(0.05e c/M e 1.5) at 25°C. The spectra could be adequately described by a single Cole-Cole (CC) process,
symmetrically broadened relative to that of pure water. However, similar quality fits were also obtained with
a three-Debye-process (3D) model consisting of a small ion-pair contribution at lower frequencies and two
solvent relaxations at higher frequencies. Assuming the ions to be solvent separated, the 3D model provided
estimates of their association constants and their rate constants for formation and dissociation. The bulk water
relaxation times obtained from both models showed almost no dependence on the nature of the anion.
Nevertheless, there were subtle differences in the concentration dependences of the relaxation times which
correlated with some, but not all, of the anion properties that are believed to be relevant for explaining the
anionic Hofmeister series.

1. Introduction

The Hofmeister series has been a scientific conundrum since
its discovery in 1888. Originally observed from the effects of
added electrolytes on protein solubilities,1,2 Hofmeister se-
quences have been established for a great variety of chemical,
biochemical, and biological phenomena.3-5 A typical example
is the effect of added salts on the salting in and salting out of
argon or benzene by electrolytes in aqueous solutions. Such
sequences, often referred to as specific ion effects or lyotropism,
express themselves at relatively high concentrations (typically
> 0.1 mol/kg) where short-range interactions start to dominate
solution behavior. As Franks6 and others3,7 have pointed out,
understanding of this series has barely moved beyond Hofmeis-
ter’s original conjecture1 that it was “probably related in some
way to the affinities of different ions for water”. Although there
is a weak cation sequence, which appears to correlate well with
hydration numbers,8 Hofmeister effects are expressed most
strongly among anions and these remain largely unexplained.
The sequencies may vary slightly with the substrate but are
remarkably consistent. For protein solubilities they follow the
general order:6 (precipitate) SO4

2-, Cl-, Br-, I-, CNS-, ClO4
-

(solubilize). Thus it seems that the key to understanding such
series may lie in the interactions between anions and solvent
water. Even though Hofmeister effects are essentially energetic,

they would be expected to influence the dynamic behavior of
water, which is especially sensitive to changes in solute-solvent
interactions.

Dielectric relaxation spectroscopy (DRS)9,10 is a powerful
technique for the study of ion-solvent interactions. DRS
measures the response of a sample to an applied electromagnetic
field, as a function of the field frequency,ν. The complex
permittivity ε̂(ν) ) ε′(ν) - iε′′(ν) so obtained can provide unique
insights into the nature and dynamics of electrolyte solu-
tions.7,11,12Surprisingly few DRS investigations of alkali metal
salt solutions have been made13 and most were performed only
over limited ranges of concentration and/or frequencies. Inevi-
tably, the data obtained were generally of much lower accuracy
than is currently attainable.

Accordingly, a systematic investigation has been carried out
on the dielectric spectra of the aqueous solutions of a series of
sodium salts with a view to determining whether there is an
anionic Hofmeister effect on water dynamics. The salts chosen
s NaBr, NaNO3, NaI, NaSCN, and NaClO4 s along with
previous measurements,14-17 cover the full range of the anionic
Hofmeister series.6

2. Experimental Section

Solutions were prepared gravimetrically without buoyancy
corrections; however, for data-processing purposes all concen-
trations are expressed in (mol solute)/(L solution), M. Densities
required for the interconversion were obtained from the ELDAR
database18 for NaBr, NaI, NaNO3, and NaClO4 or, for NaSCN,
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were determined using a vibrating-tube densimeter (Anton Paar
DMA 60). All salts were commercial analytical reagents or
better, dried under vacuum (∼1 kPa) for at least 48 h at the
following temperatures: NaBr (Fluka, BioChemica Ultra,
>99.5% purity) at 80°C, NaI (Merck, Suprapur,>99.5%) at
65 °C, NaNO3 (Merck, Suprapur,>99.99%) at 100°C, NaClO4

(Merck, Pro analysi,>99%, recrystallized) at 160°C, and
NaSCN (Fluka, purum p.a.,>99%) at 180°C using P2O5

(Sicapent, Merck) as a desiccant.
Dielectric spectra were recorded atνmin e ν/GHz e 20 at

Murdoch University using a Hewlett-Packard model 85070M
Dielectric Probe System based on a HP 8720D Vector Network
Analyzer (VNA), as described previously.14 Temperature was
controlled by a Hetofrig (Denmark) circulator-thermostat to
(0.02°C with an accuracy better than 0.1°C. The value of the
minimum frequency of investigation,νmin, was determined by
the conductivity contribution to the loss spectrum (see below).
As such, it varied with concentration and salt type but was
typically in the range of 0.2-0.5 GHz. All VNA spectra were
recorded using at least two independent calibrations, with air,
water, and mercury as the references. Higher frequency data
for selected solutions were recorded at Regensburg using two
interferometers: A-band (27e ν/GHz e 39) and E-band (60
e ν/GHze 89). The operation of these instruments is described
in detail elsewhere.11,19Temperature control and accuracy were
similar to those at Murdoch. Typical spectra and corresponding
fits (see below) are shown in Figures 1 and 2; all fitting
parameters are tabulated in the Supporting Information.

3. Data Analysis

For an electrolyte solution of conductivityκ, DRS determines
the relative dielectric permittivity,ε′(ν), and the total loss,
η′′(ν), which is related to the dielectric lossε′′(ν)

whereε0 is the permittivity of free space. To obtainε′′(ν) each
VNA spectrum was analyzed separately to determine the slightly
calibration-dependent effective conductivity at each concentra-
tion. As we did previously,15 κ was obtained by fitting the
experimental total loss curve to eq 1. The resultingκ values
are generally 1-2% smaller than conventional (low-frequency)
conductivity data18 with slightly larger deviations at high
electrolyte concentrations. Provided theκ values obtained in
this way were sufficiently reproducible ((2% for at least two
measurements) the averaged VNA spectra were combined with
interferometer data. As can be seen from Figures 1 and 2 there
is, in general, a seamless fit between the low- and high-
frequency data although, as is usually observed for electrolyte
solutions, the noise increases with increasing solute concentra-
tion (conductivity).14,15

The combinedε̂(ν) data were analyzed by simultaneously
fitting the in-phase (ε′(ν), see Figure 1a) and out-of-phase
(ε′′(ν), see Figure 1b) components to various relaxation models
consisting of n distinguishable relaxation processes. Each
process can be described by a Havriliak-Negami (HN) equa-
tion:20

whereε∞ () εn+1) is the infinite-frequency permittivity,τj is
the average relaxation time for thejth dispersion step, andRj

andâj are empirical relaxation-time distribution parameters: 0
e Rj < 1 and 0 < âj e 1. In principle ε∞ reflects only
contributions from intramolecular polarizability; it can be
obtained either from dielectric measurements at very high
frequencies, or by the extrapolation of moderately high-
frequency data, or as an additional fitting parameter in the
analysis ofε̂(ν) data (but see below). Note thatSj ) εj - εj+1

is the amplitude (relaxation strength) of thejth dispersion step
andε ) ε∞ + ΣSj is the static (zero-frequency) permittivity of
the sample.

Because of the importance of the major water relaxation and
the rather subtle contributions from the other possible processes
in the present solutions, it was found that satisfactory fits of
the data could be obtained using either a Cole-Cole model
(n ) 1; â1 ) 1), or a three-Debye-process model (n ) 3; Rj )
0, âj ) 1). Before discussing the relative merits of these models,
it is crucial to briefly review existing knowledge of the dielectric
spectrum for water because its relaxation processes dominate
the dielectric spectra for all of the solutions investigated.

Figure 1. Dielectric permittivity (a) and loss (b) curves for NaBr(aq)
at 25°C and concentrationsc/M ) 0.05, 0.15, 0.35, 0.50, 0.65, 0.80,
1.00, 1.20, and 1.40 (top to bottom).

Figure 2. Dielectric loss curve of 0.35 M NaBr(aq) at 25°C.
Experimental data are described by a superposition of three Debye
equations (3D model, eq 4); “IP” indicates the solute contribution arising
from ion pairing, “s1” and “s2” are the contributions from the
cooperative and the fast water relaxations, respectively.

ε̂(ν) ) ∑
j)1

n εj - εj+1

[1 + (i 2πντj)
1-Rj]âj

+ ε∞ (2)

η′′(ν) ) ε′′(ν) + κ/(2πνε0) (1)
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3.1. Dielectric Spectrum of Water.The dielectric spectrum
for water at 25°C over the range of frequencies of interest here
is given in Figure 3; it is based on measurements in our
laboratories and from other sources.13,21-23 The observed
spectrum is dominated by the process centered on 18 GHz (τs1

≈ 8 ps), which is generally ascribed to the cooperative relaxation
of bulk water molecules.21 This process is the major contributor
to all of the present solution spectra. Interpretation of the minor
faster process, which is barely detectable atν < 100 GHz in
pure water and is sometimes shifted to higher frequencies in
salt solutions, has long been controversial.21,23,24Recent stud-
ies,25 combining data in the terahertz region (500e ν/GHz e
5000) at varying temperatures with dielectric and far-IR
spectroscopy, have shown that it is definitely a relaxation process
centered on 600 GHz (τs2 ≈ 0.25 ps) rather than one of the
low-energy intermolecular vibrations that occur at slightly higher
frequencies.26 Thus, the pure water spectrum over the frequency
range investigated here,ν e 89 GHz, is best described as a
combination of two Debye processes, with eachε′′(ν) contribu-
tion having a Lorentzian shape.

3.2. Dielectric Spectra of Aqueous Salt Solutions.Despite
the presence of two solvent relaxation processes, as just
discussed, all of the investigated solutions could be reasonably
fitted by a single Cole-Cole (CC) equation

where 0e R < 1 is a measure of the width of the distribution
of relaxation times.9 Note that the CC model describes a
symmetricallybroadened dielectric spectrum. The CC model
yields an average relaxation time, here designatedτCC to avoid
confusion, and the static permittivity of the solution,ε, here
labeledεCC.

On the other hand, a superposition of three Debye equations
(3D model)

whereε3D is the static permittivity of the solution derived from
the 3D model, generally yielded a better fit than the CC model
even after allowance for the differing number of adjustable
parameters. As discussed below, the lowest frequency process
(of amplitudeSIP ) ε3D - ε2) in the 3D model is solute-related
and is most plausibly ascribed to the presence of ion pairs (IP);

the two higher-frequency processes are the water relaxations
discussed above.

However, it must be noted that, due to the small intensity of
the low-frequency relaxation process for these electrolytes, it
was not possible to generate a set of physically reasonable fitting
parameters for all solutions using the 3D model. This effect,
which is similar to that observed and discussed previously for
CsCl(aq),27 reflects a swamping of the weak ion-pair signal by
the conductivity contribution. In this context it may be
noteworthy that theSIP/κ ratio at which this effect becomes
apparent is approximately constant for all systems of this type.
The fitting parameters for the CC and 3D models are given in
the Supporting Information, Tables 1 and 2.

Due to its symmetry, the CC model givesτCC values
comparable to the relaxation timesτ2 (≡ τs1) derived from the
3D model. In contrast, a comparison between the static solution
permittivities,εCC andε3D, and the solvent permittivityε2 given
by the 3D model is less straightforward. Thus althoughεCC ≈
ε3D, their physical meaning is different, as discussed below.

4. Results and Discussion

4.1. Relaxation Times from the Cole-Cole Model. The
relaxation times obtained by fitting the experimental spectra to
the CC model, eq 3, decrease with increasing electrolyte
concentration (Figure 4) for all of the present salt systems.
Similar results were obtained previously for NaCl(aq),14 KCl
(aq), and CsCl(aq).27 The variation in the relaxation times is
well fitted by the exponential function

where the pure water value,τ(0) ) 8.33 ps, was taken from
Buchner et al.21 Also included in Figure 4 are previously
reported relaxation times for NaNO3(aq) and NaClO4(aq). The
literature data for NaNO3(aq)28-30 scatter around the present

Figure 3. Dielectric loss curve of water at 25°C. Experimental data
are described by a superposition of two Debye equations (2D model)
with “s1” and “s2” denoting the contributions of the cooperative and
the fast water relaxations, respectively.

ε̂(ν) )
εCC - ε∞

1 + (i 2πντCC)1-R + ε∞ (3)

ε̂(ν) ) ε∞ +
ε3D - ε2

1 + (i 2πντ1)
+

ε2 - ε3

1 + (i 2πντ2)
+

ε3 - ε∞

1 + (i 2πντ3)
(4)

Figure 4. Concentration dependence of the relaxation times for aqueous
solutions of sodium salts at 25°C obtained with the Cole-Cole eq 3.
Note that τCC values have been shifted by varying amounts for
representational clarity: NaNO3 (black square), NaBr (black circle,-0.5
ps), NaI (black triangle,-1.0 ps), NaClO4 (black diamond,-1.5 ps),
and NaSCN (downwards black triangle,-2.0 ps). Also included are
literature data for NaNO3 (crosshatch square28; open square29; horizontal
line square30), and NaClO4 (open diamond31).

τ(c) ) a exp(- bc) + (τ(0) - a) (5)
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values. In contrast, those of Barthel et al.28,31 for NaClO4(aq)
differ from the present results. However, it should be noted that
their values were based on measurements at only five frequen-
cies between 8 and 39 GHz, using less accurate equipment than
that employed here.

The decrease of the relaxation times with increasing elec-
trolyte concentration (Figure 4) corresponds to a weakening of
the hydrogen-bond network,21 which is typical for simple
inorganic electrolytes in water. Both the relaxation times and
their variation withc depend little on the nature of the anion
(Figure 4, noting the offsets). This is quantified in the
magnitudes of the empirical parametersa andb in eq 5, whose
values are summarized in Table 1, along with those of related
salts.16,17,27

The values of a, which reflect the high-concentration
asymptote of the relaxation time (relative to pure water), are
virtually identical for the present salt solutions, with the
exception of Na2CO3(aq)17 and to a much lesser extent NaNO3-
(aq). Chen et al.27 found a linear correlation between the
magnitude parametera and the surface charge densityΦ
(∝ r-2) of the cation for a limited number of simple salts in
aqueous solution. However, as is apparent from the data in Table
1, no such correlation exists with respect to anions.

On the other hand, theb values, which represent the
sensitivity of the relaxation time to concentration (the degree
of curvature of theτCC(c) plots), correlate moderately well with
the anion radiusr (Figure 5), with a correlation coefficient of
R2 ) 0.88 for an assumed linear fit. Radii (Table 2) were taken
from Marcus32 but note that, for NO3

-, the equatorial radius of
206( 7 pm, rather than the axial radius of 126 pm, was adopted
to account for the pronounced anisotropic hydration of this ion.40

The older values ofr(SO4
2-) ) 258 pm41 andr(SCN-) ) 199

pm42 are also included in Figure 5 for comparison as they align
more closely with the correlation.

Although the Hofmeister series remains largely unexplained,
recent theoretical work has suggested that dispersion forces may
play an important role, particularly for anions.43 Some correla-
tion might therefore be expected between anion polarizability
and water dynamics. Clearly, no significant correlation can exist
with the essentially constant values ofa, and a plot ofb against
anion polarizability, Figure 6, reveals only a weak, if any,
correlation (R2 ) 0.4 for a presumed linear fit). Note that
polarizabilities (Table 2) were taken from Pyper et al.33 except
for SCN-, which was calculated from the molar refraction data
given by Marcus.32

Another factor that may be important in explaining Hofmeis-
ter phenomena is the structure making/breaking characteristics
of the ions. As noted above, the decrease in the water relaxation
time with increasing electrolyte concentration (Figure 4) points
to a weakening of the water structure arising from the added

ions. The notion of solvent structure making and breaking by
ions is widely accepted in the literature and is supported by
evidence from a variety of measurements including entropies,
heat capacities, and viscosities.44 Although there is no generally
accepted quantitative measure of this effect, according to the
various scales discussed by Marcus, all of thepresentsalts
contain structure breaking anions.32 Figure 7 shows, with the
definite exception of SO4

2- but including the structure making
CO3

2-, that there is a reasonable inverse correlation for the
present salts betweenb and the Jones-Dole viscosity B
parameters (Table 2), which are often used as a measure of
structure making/breaking.32 There are similar correlations
betweenb and other structure making/breaking parameters.
These include (Table 2) the NMR water-proton relaxation time
sensitivity parameterBNMR

32,34 (not shown),45 and the limited
values for the symmetric IR vibration frequency,ν1(H2O)
(Figure 8).36 Inverse correlations (not shown) are also obtained

TABLE 1: Magnitude Parameter a and Sensitivity
Parameter b from Eq 5 for the Present and Related
Electrolytesa

electrolyte a b

NaBr 1.23( 0.17 0.98( 0.21
NaI 1.53( 0.23 1.20( 0.34
NaNO3 1.06( 0.06 1.33( 0.15
NaClO4 1.62( 0.15 1.35( 0.25
NaSCN 1.64( 0.25 0.99( 0.29
NaCl 1.60( 0.12 0.79( 0.12
NaOH 0( 0.15 0
Na2SO4 1.55( 0.09 1.8( 0.2
Na2CO3 3.5( 0.4 0.55( 0.11

a Units: a in ps; b in L mol-1.

Figure 5. Sensitivity parameter,b, from eq 5 as a function of anion
radius,32 r: OH- (right pointing triangle), Cl- (black square), Br- (black
diamond), I- (black circle), ClO4

- (O), NO3
- (upwards black triangle),

SCN- (left pointing black triangle), SO4
2- (downwards black triangle),

CO3
2- (right pointing open triangle). Also included are r(SCN-) (left

pointing open triangle) from Jenkins42 andr(SO4
2-) (downwards open

triangle) from Barthel et al.41

TABLE 2: Anion Radius r,32 Polarizability r,33 Coefficient
of the Proton Relaxation RateBNMR,34 Viscosity Coefficient
B,35 Wave Number of the OH Stretching Vibration
ν1(H2O),36 and the Stretching and Bending Vibrations37 of
Anion-Water Hydrogen Bonds in Aqueous SolutionνOH...X
and δOH...X Respectivelya

anion r a BNMR B ν1(H2O) νOH...X δOH...X

OH- 133 2.3
Cl- 181 3.76 -0.01 -0.005 200( 5 56( 3
Br- 196 5.08 -0.04 -0.033 3372 182( 5 42( 3
I- 220 7.41 -0.08 -0.073 165( 5 33( 3
ClO4

- 240 5.45 -0.085 -0.058 3534
NO3

- 206 4.47 -0.05 -0.043 3420
SCN- 213, 199b 6.7c -0.07 0.022
SO4

2- 230, 258d 6.3( 0.4 0.12 0.206

CO3
2- 178 5.4( 0.4 0.25 0.294 3350

a Units: r in pm,R in Å3, BNMR in kg mol-1, B in L mol-1, V1(H2O),
VOH...X and δOH...x in cm-1. b From refs. 38,39.c From ref. 32.d From
ref. 42.

8678 J. Phys. Chem. A, Vol. 109, No. 39, 2005 Wachter et al.



with the even more limited data available45 (Table 2) for the
stretching and deformation Raman bands for O-H‚‚‚X- that
occur at∼50 and∼175 cm-1.37 However with regard to all of
these correlations, it must be noted that the differences among
theb values are small, the correlations are not especially strong,
and there is usually one ion which does not fit the trend. It is
particularly interesting that there is little correlation between
the DRS results for anions and viscosities because such a
correlation has been found between colligative properties of

cations and viscosities.8 This again highlights the differences
between cations and anions with respect to Hofmeister effects.

4.2. Permittivities and Hydration Numbers from the
Cole-Cole Model.The static permittivity of each solution,εCC,
is derived directly by fitting the experimental data to the CC
model. For all five electrolytes investigated in this work, the
values ofεCC(c) (Figure 9, noting that offsets have been used
for representational clarity) are remarkably similar but not

Figure 6. Sensitivity parameter,b, from eq 5 as a function of anion
polarizability, R: OH- (right pointing black triangle), Cl- (black
square), Br- (open square), I- (black circle), ClO4

- (O), NO3
- (up-

wards black triangle), SCN- (4), SO4
2- (downwards black triangle), C

O3
2- (downwards open triangle).

Figure 7. Sensitivity parameter,b, from eq 5 as a function of the
viscosity coefficient,B, of the anions: Cl- (black square), Br- (open
square), I- (black circle), ClO4

- (open circle), NO3
- (upwards black

triangle), SCN- (upwards open triangle), SO4
2- (downwards black

triangle), CO3
2- (downwards open triangle).

Figure 8. Sensitivity parameter,b, from eq 5 as a function of the
position of the symmetric OH stretching vibration,ν1(H2O), for different
anions: Br- (black square), ClO4

- (black circle), NO3
- (upwards black

triangle), CO3
2- (downwards black triangle).

Figure 9. Static dielectric constant,εCC, obtained from Cole-Cole
fits as a function of electrolyte concentration,c. Note thatε values
have been shifted for representational clarity: NaNO3 (black square),
NaBr (black circle,-2), NaI (upwards black triangle,-4), NaClO4

(black diamond,-6), and NaSCN (downwards black triangle,-8)
solutions. Literature data: NaNO3 (crosshatched square28; open square29;
horizontal line square30), NaClO4 (open diamond31), NaBr (open
circle46), and NaI (upwards open triangle46).
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identical. They are well described as a function of concentration
using the empirical equation

Figure 9 also includes literature data for the present systems,
where available. The values of Giese et al.46 for NaBr and NaI
at c ) 1 M and the NaNO3 data of Filimonova et al.29 and
Kaatze30 are in excellent agreement with the present results. In
contrast, the values of Barthel et al. differ significantly for both
NaNO3

28 and NaClO4
31 solutions. This is probably a reflection

of the limited range of frequencies employed and their use of
a single Debye equation to describe their data.

As described in detail elsewhere,14,16the dispersion amplitude
of the solvent relaxation,Ss () εCC - ε∞ for the CC model),
can be used to determine the apparent solvent concentration
(the number of rotationally “free” solvent molecules),cs

app, via
the solvent-normalized Cavell equation47,48

whereRs is the polarizability andfs the reaction field factor of
water. The effective solvation number of the solute (the number
of irrotationally bound solvent molecules),Zib, is then obtained
by

wherec°s is the analytical concentration of the solvent.
This procedure, corrected for the kinetic depolarization of

the ions assuming slip boundary conditions, has been shown to
yield self-consistentZib values for a variety of ions which are
broadly comparable with effective hydration numbers from other
techniques.14,15 TheZib values so obtained for the present salts
are plotted in Figure 10. Note that for these calculationsε∞ was
fixed at 3.40, as reported for pure water by Ho¨lzl et al.22 from
a thorough analysis of all the reliable high-frequency data

including far-infrared (THz) measurements. This value was
adopted to reduce the scatter in the data that occurs by using
theε∞ values derived from the CC fits, although theZib values
obtained in that way (not shown) are similar to those shown in
Figure 10.

As discussed elsewhere,14,15,49effective ionic solvation num-
bers,Zib(ion), can be obtained from the electrolyte values by
making the reasonable assumption that chloride is unable to
immobilize the surrounding water molecules, i.e.Zib(Cl-) ) 0.
As the hydration of Br-, I-, and ClO4

- is expected to be even
weaker than for Cl-, the Zib values of these anions should be
zero as well. Thus, for the aqueous solutions of NaBr, NaI, and
NaClO4, Zib(NaX) should be due only to Na+(aq), and therefore,
identical within experimental errors withZib(NaCl). This is not
the case. AllZib(NaX) values obtained in this work (Figure 10)
were significantly lower thanZib(NaCl).14 For the most dilute
NaI solutions, physically unreasonable negativeZib values were
obtained.

From these observations, it might be postulated thatZib(Cl-)
* 0 but instead, for instance,Zib(I-) ) 0. However, this would
make Zib(Na+) ≈ 1, which is incompatible with the known
strong interactions of this ion with water.50 Also, the solvation
numbers for K+ and Cs+ would then be negative,27 and further
inconsistencies would appear in other ionic hydration numbers
obtained with DRS. An alternative interpretation of the present
results might be that the stronger structure breakers (such as
I-) disrupt the hydration of Na+ or perhaps just disturb the
solvent structure sufficiently to give theappearanceof negative
Zib(X-) values. Again, this is rather unlikely on the basis of
scattering studies50 and recent results from femtosecond pump-
probe spectroscopy.51 Yet another explanation of the observed
effects might be the presence of generalized ion interactions
(e.g. of the Pitzer type) such as Na+/X-, X-/X-, and X-/Na+/
X- where the lifetime is too short to call them species. Such
interactions would increase with increasing anion polarizability
and therefore might account for the apparent decrease inZib.
The decreases ofZib at high concentrations of NaCl(aq)14 and
Na2SO4(aq),16 for example, were indeed explained by increasing
ion-ion interactions leading to a “melting” of the hydration
shells. However, if this effect was operating with the observed
magnitude at the low concentrations investigated here, then a
strong anion-dependent decrease ofZib should also be seen. This
is definitely not the case. If there is a concentration dependence
at all, then it is in the opposite direction.

The only other plausible explanation for the anomalous values
of Zib produced by the CC model is the possible presence of an
additional low-frequency relaxation not due to water, but which
is subsumed by the relaxation-time distribution parameter (R
> 0) of the CC model. In this caseεCC would exceed the true
static permittivity of the solvent and the water dispersionSs(c)
would be overestimated. This would, in turn, result in a too-
small hydration number.

Thus it appears that despite the overall goodness of the data
fit the CC model is not a fully appropriate description of the
present dielectric spectra. Accordingly, consideration is now
given to an alternative interpretation of the low-frequency part
(<5 GHz) of ε̂(ν).

4.3. Interpretation Using a 3D Model. As already noted,
the superposition of three Debye equations (the 3D model)
provides a better fit of the present dielectric spectra than the
CC model. The lowest-frequency process is consistent with an
ion-pair relaxation while the two higher-frequency processes
correspond closely to those observed for pure water (see section
3.1 and Figures 2 and 3).

Figure 10. Number of irrotationally bound water molecules per mole
of electrolyte,Zib(MX), as a function of electrolyte concentration, c:
NaBr (open square), NaI (black circle), NaClO4 (open circle), NaNO3
(black triangle) and NaSCN (upwards open triangle). The solid line is
Zib(Na+) ) Zib(NaCl) calculated from ref 14.

ε ) 78.33+ a1c + a2c
1.5 (6)

cs
app)

2ε(c) + 1

2ε(0) + 1

ε(0)

ε(c)

(1 - Rs fs(c))2

(1 - Rs fs(0))2
c°s(0)

Ss(0)
‚Ss(c) (7)

Zib ) (c°s - cs
app)/c (8)

8680 J. Phys. Chem. A, Vol. 109, No. 39, 2005 Wachter et al.



However, application of the 3D model to the present spectra
at higher salt concentrations produced unstable values of the
relaxation time of the proposed low-frequency process,τ1

(Supporting Information Table 2). For some salts, it became
impossible to obtain physically reasonable fitting parameters
using the 3D model. This effect almost certainly arises from
the swamping of the small ion-pair contribution by the errors
in the conductivity correction. A similar situation was observed
previously for CsCl(aq)27 at approximately the same value of
S/κ. Also, even where fits are possible,ε2 is rather noisy and
so a direct analysis of the ion-pair amplitude,SIP ) ε3D - ε2,
and the solvent dispersion,Ss ) ε2 - ε∞, is inappropriate. Thus
nodirect inferences regarding ion hydration and association are
possible using the 3D model. However, as will be shown below,
assumption of the existence of an ion-pair relaxation process
combined with plausible estimates ofZib(X-) allows a self-
consistent and physically reasonable interpretation of the current
DRS results.

With regard to the permittivities, if it isassumedthatZib(X-)
) 0 for all of the present anions (and Cl-) then Zib(NaX) )
Zib(NaCl)) Zib(Na+). As discussed above and elsewhere,14,15,49

this assumption produces reasonable values for the effective
solvation numbers of many ions. UsingZib(NaX) it is possible
to estimatecs

app and thusεs(c), the solvent permittivity in the
solution, via eqs 7 and 8. As expectedεs(c) is smaller than the
static permittivity of the solution,ε () εCC ≈ ε3D), obtained
from the experimental spectra. The difference betweenε(c) and
εs(c) can be attributed to a solute dispersion amplitude. Such
values should be comparable to those obtained directly from
the 3D model: SIP ) ε3D - ε2. This is indeed the case
(Supporting Information Tables 1 and 2) for those (more dilute)
solutions where the 3D model is applicable.

Proceeding along this path, ion-pair concentrations,cIP, can
be obtained using the Cavell equation, which for the present
systems can be written

where the subscript IP denotes an ion pair of dipole moment
µIP and polarizabilityRIP, with a reaction field factorfIP and a
shape factorAIP, which can be calculated from the radii of the
ions and of water as described previously.16 Other symbols have
their usual meanings52 or have already been defined above.

To estimate the required ion-pair properties, an assumption
must be made about the type and geometry of the ion pair.16

Consistent with the well-established hydration shell of Na+ and
the absence of significant irrotational binding of water by the
present anions, only calculations based on solvent-shared ion
pairs (SIPs) yielded physically meaningful results.

Values of the association constant,KA, for the ion-pairing
equilibrium

were therefore derived assuming only SIPs were formed. For
convenience, these values were fitted to a Guggenheim-type
equation53,54

where the ionic strengthI ) c - cIP, K°A is the standard (I ) 0)
value of KA, ADH is the Debye-Hückel constant (0.5115
L1/2mol-1/2 for water at 25°C), XK are adjustable parameters
(AK was fixed at 1.00 throughout), and other symbols have their
usual meanings.

TheK°A values obtained in this way for the various salts are
summarized in Table 3 along with the other fitting parameters
for the Guggenheim equation. Also shown in Table 3 are
literature estimates ofK°A, based on high-precision conductiv-
ity measurements, which are generally in good agreement with
the present results. It must be emphasized that better agreement
cannot be expected because reliable determination of such small
K°A values with any technique is problematic, not least because
of the difficulties in separating the (very small) changes due to
ion pairing and those associated with activity coefficient
variation. These problems have been discussed at length
elsewhere.55,56Assuming that the relaxation time of the slowest
process in the 3D model can be attributed to ion pairs,τ1 ) τIP,
knowledge of cIP and K°A enables estimation of the rate
constants for their formation,k1, and decay,k-1, via eq 11, where
τor is the rotational correlation time of the ion pair. These data
yield62,63 k1 from the slope of the linear regression ofτIP

-1 vs I
curve andk-1 from k1/K°A.

As an example, a plot ofτIP
-1 as a function of the free ion

TABLE 3: Empirical Parameters BK, CK, and Association
Constants,K°A, of Possible Ion Pairs for NaBr, NaI, NaClO4,
NaNO3, and NaSCN in Aqueous Solution at 25°C Obtained
with Eq 10, Together with K°A Values from Conductivity
Measurementsa

electrolyte BK CK

K°A
this work

K°A
literature

NaBr 3.14( 0.40 1.67( 0.32 1.4( 1.2 0.4,57 0.8,58 0.959

NaI -0.24( 0.30 -3.60( 0.34 0.7( 1.1 0.656

NaClO4 2.05( 0.20 1.05( 0.15 0.9( 1.1 2.960

NaNO3 1.61( 0.34 0.76( 0.26 1.0( 1.2 3.261

NaSCN 1.83( 0.05 0.84( 0.03 0.7( 1.0

a Units: BK in L mol-1, CK in L3/2 mol-3/2.

Figure 11. Ion pair relaxation rate,τIP
-1, as a function ofc - cIP in

aqueous NaBr solutions at 25°C.

1
τIP

) 1
τor

+ k-1 + 2k1(c - cIP) (11)

cIP )
3(ε + (1 - ε)AIP)

ε

kBTε0

NA

(1 - RIPfIP)2

µIP
2

(ε - εs) (9)

Na+(aq)+ X-(aq)y\z
KA

NaX0(aq)
SIP

(I)

log KA ) log K°A -
2ADH|z+z-|xI

1 + AKxI
+ BKI + CKI3/2 (10)
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concentration (c - cIP ) I) is shown for NaBr in Figure 11. All
the rate constants so obtained (Table 4) are of the order of
magnitude expected with the Eigen theory64 for diffusion-
controlled processes (superscript D).

and

whered is the cation-anion distance in the ion pair and all
other symbols have their usual meanings.52 The diffusivities
(diffusion coefficients) of the ions,D+ andD-, can be calculated
from the single ion limiting conductivities,λi

∞, by the Nernst-
Einstein equation

The ion-pair association constants and the rate constants for
their formation and dissociation (Tables 3 and 4) are physically
plausible. This suggests that, despite the difficulties in processing
the data, it is reasonable to conclude that very small amounts
of ion pairs do exist in most of these nominally strong electrolyte
solutions.

As noted above it is extremely hard to produce definitive
evidence for such weak ion pairs. This is especially true if the
ion pairs are not contact species (CIPs) because the normally
powerful spectroscopic methods (such as UV-vis, NMR, and
Raman) cannot usually detect solvent-separated species.65,66Note
too that conventional thermodynamic methods measure only the
overall association and do not distinguish between the various
ion pair types. Nevertheless, there are hints from such techniques
that ion pairs exist in at least some of the present systems.
Probably the strongest evidence comes from apparent molar
volumes, which are unusually sensitive to ion pair formation.67,68

This is because the charge neutralization “loosens” the hydration
shells of the interacting ions, resulting in detectable positive
deviations from the Debye-Hückel limiting law.67,69 Even so,
it is extremely difficult to perform such measurements with the
requisite precision at sufficiently low concentrations to reliably
quantify this effect. Bottomley et al.69 have made suitably precise
dilatometric measurements on aqueous solutions of various
strong electrolytes down to unusually low concentrations. They
found evidence for ion pairing in a number of them, putting

the strength of association in the order ClO4
- < NO3

- < I- <
Br- < Cl- < OH- < SO4

2-, albeit without presenting detailed
evidence. The current results (Table 3) broadly agree with this
order but are not sufficiently precise to allow more detailed
discussion. All that can be said at the present time is that there
is credible evidence for the formation of very small amounts
of ion pairs in all of the present NaX(aq) systems.

On the other hand, the present results rule out the claim of
Max and Chapados (ref 70 and references therein) based on
measurements using attenuated total reflection infrared (ATR-
IR) spectroscopy. These authors postulate that the observed
water vibrations in concentrated salt solutions can be partitioned
between pure (i.e. solvent) water and what the authors call “salt-
saturated” water that is bound by the solute ions. They
conclude70 that “the clusters made up of 2 (with LiCl), 3 (with
CsCl), 3.5 (with NaI), 4 (with KI or MgCl2), and 5 (with NaCl,
KCl, NaBr, KBr, or CsI) molecules of water and one pair of
salt ions are stable throughout the whole solubility range of these
salts. These clusters behave as strongly bound units where the
cation and anion in each cluster are inseparable.” If this
statement, involving all ions in the solution, is correct, then,
for example, an ion-pair dispersion amplitude ofSIP ) ε - εs

≈ 24 would be expected for a 1 M solution of NaBr, if CIPs
were the only species present (SIP ≈ 87 for SIPs). Similar results
can be calculated for the other salts. Such signals would be well
above the detection limit of DRS and are totally inconsistent
with observedSIP j 3 of this investigation. Also some of the
hydration numbers of Max and Chapados, reported to be
independent of concentration, are quite unbelievable. For
example, they claim that MgCl2 is lessstrongly solvated than
NaCl, whereas virtually all physicochemical measurements67,71

(including X ray and neutron diffraction,50 activity coefficients,
conductivities, and DRS72 and other spectroscopic studies) and
computer simulations73 suggest the opposite. Many other
anomalies are present in their hydration numbers, e.g. NaCl≈
KCl and NaBr ≈ KBr, yet NaI < KI. It appears that the
procedure of Max and Chapados does not produce realistic
results.

4.4. Is There a Hofmeister Effect on Water Dynamics?
The salts for this study were selected to span, in combination
with previous data, the range of Hofmeister anions, from the
protein-precipitating SO4

2- to the solubilizing ClO4
-. Although

the interpretation of the present dielectric spectra has been
complicated by the probable presence of a weak ion-pairing
process at∼0.9 GHz, the general pattern of behavior is clear:
the impact of these anions (as their Na+ salts) on water dynamics
is remarkably similar. Thus, the nature of the anion appears to
have almost no effect on the relaxation time of the bulk water
network (Figure 4), even at the relatively high concentrations
typically associated with Hofmeister effects. On the other hand,
thereare subtle differences in the concentration sensitivity of
the solvent relaxation time, expressed in theb parameter in eq
5, at lower solute concentrations. Theb values for the various
salts correlate with their structure making/breaking character
and (apparently) with their effect on H-bond strength. However,
there is only a very weak correlation with anion polarizability,
which is thought43 to be important in producing Hofmeister
effects.

The only reasonable conclusion at present is that while there
may be an anionic Hofmeister effect on water dynamics, it is
rather subtle. It appears more likely that Hofmeister effects
reflect cooperative interactions between the anion, water, and a
Hofmeister-sensitive solute, like a protein, or a macroscopic
surface, without which such interactions are absent.

TABLE 4: Comparison of Experimental and Calculateda

Rate Constants for the Formation,k1, and Dissociation,k-1,
of Ion Pairs of NaBr, NaI, NaClO4, NaNO3, and NaSCN in
Aqueous Solution at 25°Cb

electrolyte k1 k1
D k-1 k-1

D

NaBr 4.8( 1.0 7.6 3.5( 2.3 9.9
NaI 3.0( 0.8 8.0 4.2( 5.4 9.2
NaClO4 7.8( 1.8 7.8 8.7( 8.8 7.8
NaNO3 1.7( 0.6 6.8 1.8( 1.5 9.4
NaSCN 8.0( 2.6 7.2 10( 11 8.1

a Via the Eigen theory, see eqs 12, 13.b Units k, in 109 L mol-1 s-1,
k-1 in 109 L mol-1.

k1
D )

NAz+z-e0
2

ε0εskBT

D+ + D-

exp( z+z-e0
2

4πε0εskBTd) - 1

(12)

k-1
D )

3z+z-e0
2

4πε0εskBTd3

D+ + D-

1 - exp( -z+z-e0
2

4πε0εskBTd)
(13)

Di ) RT

|zi|F2
λi

∞ (14)
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