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The ultrasonic velocities, densities, viscosities, and electrical conductivities of aqueous solutions of magnesium
nitrate and magnesium acetate have been measured from dilute to saturation concentrations at 0e t/°C e 50.
The temperature derivative of the isentropic compressibility,κs, became zero at 2.28 and 2.90 mol kg-1 for
Mg(OAc)2 and Mg(NO3)2 solutions, respectively, at 25°C. The total hydration numbers of the dissolved ions
were estimated to be, respectively, 24.3 and 19.2 at these concentrations. Differences inκs for various M2+

salts, using the present and literature data, correlated with reported M2+-OH2 bond lengths and to a lesser
extent with cationic charge densities (ionic radii). The influence of anions onκs appears to follow the Hofmeister
series and also correlates approximately with the anionic charge density. Substantial differences between
Mg(OAc)2(aq) and Mg(NO3)2(aq) occur with respect to their structural relaxation times (derived from
compressibility and viscosity data) and their electrical conductivities. These differences were attributed to a
much greater ion association in Mg(OAc)2 solutions. Raman spectra recorded at 28°C confirmed the presence
of various types of contact ion pairs including mono- and bidentate complexes in Mg(OAc)2(aq). In Mg-
(NO3)2(aq), only noncontact ion pairs appear to be formed even at high concentrations. The experimental
results are supported by molecular dynamics simulations, which also reveal the much stronger tendency of
OAc- compared to NO3- to associate with Mg2+ in aqueous solutions. The simulations also allow an evaluation
of the ion-ion and ion-water radial distribution functions and cumulative sums and provide a molecular
picture of ion hydration in Mg(OAc)2(aq) and Mg(NO3)2(aq) at varying concentrations.

1. Introduction

The presence, nature, and concentration of salts can dramati-
cally alter the solubility and behavior of other molecules in
solution.1 Consequently, the solvation of ions in aqueous media
is of prime importance in many areas including surface
chemistry, environmental chemistry, and geochemistry. In
particular, to understand the processes occurring in living cells2,3

(such as ion transport across cell membranes, the functioning
of proteins, and ion channels), the nature of ion hydration is
prerequisite information. The hydration of multivalent metal ions
is especially interesting because of the presence of well-defined
solvation shells and the formation of specific complexes.4

Magnesium ion is present at moderate concentrations in living
cells5 and seawater6, and its salts are important industrially. The
acetate ion occurs widely in nature, being produced by
microorganisms and by the decomposition of humic acids,7,8

while nitrate is of special environmental importance in the
atmosphere and in soils.9

It is well established10-16 that six water molecules are strongly
bound in the primary hydration shell of Mg2+ in aqueous
solutions. In fact, Mg2+ retains the hexahydrate structure, with
an almost constant Mg2+-(OH2)6 bond length irrespective of
the nature of the counteranion.12,13 On the basis of X-ray
diffraction studies of Mg(NO3)2(aq), Caminiti et al.12 suggested
that nitrate ions do not produce any pronounced structuring
effect in their neighborhood. As well as confirming that Mg2+

has an inner hydration shell of 6, they also proposed a second
coordination shell of 12 water molecules, which was also
suggested by Bol et al.10 Conductivity17 and vapor pressure18

measurements imply that complex formation between Mg2+ and
NO3

- in aqueous solutions (at concentrationsme 2.2 mol kg-1)
is unlikely.

Consistent with these measurements, several Raman spectral
studies19-24 have concluded that contact ion pairs do not form
in Mg(NO3)2(aq) up to saturation (3.85 mol dm-3) at 25 °C.
Nevertheless, principal component analysis25 of Raman spectra
has revealed the presence of some associated species at Mg
2.5 mol dm-3, which were earlier assigned to be solvent-shared
ion pairs by Chang and Irish.22 James and Frost26 reported the
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existence of solvent-shared ion pairs in this system even atg0.5
mol dm-3 using a similar approach.

At higher temperatures (up to 120°C), Peleg21 showed, again
via Raman spectroscopy, that Mg(OH2)6

2+ remained intact, as
suggested by Angell,27 at concentrationse9.25 mol kg-1 but,
beyond that, NO3- entered the primary hydration shell of Mg2+.
Peleg also reported the existence of a perturbed quasi-lattice
structure for Mg2+-NO3

- contact ion pairs in Mg(NO3)2‚
2.4H2O and Mg(NO3)2‚2H2O melts. Irish et al.28 proposed the
presence of two bidentate contact ion pairs: [Mg2+(H2O)4(NO3

-)]
and [Mg2+(H2O)2(NO3

-)2] in Mg(NO3)2‚2.2H2O melts. Chang
and Irish22 later identified contact ion pairs in 9.25 mol kg-1

Mg(NO3)2‚6H2O and inferred that a monodentate to bidentate
conversion occurs as water is further removed. Very recently,
Zhang et al.23 studied aqueous Mg(NO3)2 droplets using an
electrodynamic balance in conjunction with Raman spectroscopy
and observed a large variety of contact ion pairs including
monodentate and bidentate species.

Aqueous solutions of Mg(OAc)2 appear particularly interest-
ing with respect to the formation of different types of species
at different concentrations. Caminiti et al.29 reported the presence
of a monoacetato complex in 0.25-1.5 mol dm-3 aqueous Mg-
(OAc)2 solutions, employing X-ray scattering and13C NMR
spectroscopy. Conductivity studies in very dilute solutions
(e0.002 mol dm-3) indicate ion association in Mg(OAc)2(aq)
with a modest association constant,KA°, for 1:1 stoichiometry,
of ≈50 dm3 mol-1.30 An ultrasonic absorption study31 suggested
that OAc- did not penetrate into the primary hydration shell of
Mg2+.

Investigating the symmetric and antisymmetric stretching
modes of the carboxylate group by attenuated total reflection
(ATR)-IR spectroscopy, Tackett32 observed only free ions in
dilute (0.6 mol dm-3) Mg(OAc)2(aq). Semmler et al.8 studied
the C-C stretching modes in the Raman spectra of OAc- at a
pressure of 9 MPa and temperatures up to 150°C in solutions
containing MgCl2, Mg(OAc)2, NaOAc, and NaNO3 having total
mole ratios of OAc- to Mg2+ of 0.5 to 6 and suggested the
existence of two monodentate complexes. Nickolov et al.33

reported the existence of mono- and bisacetato complexes in
0.65-3.24 mol dm-3 Mg(OAc)2 solutions from Raman mea-
surements. Using ATR-IR and Raman spectra of dilute (0.05-
0.6 mol dm-3) Mg(OAc)2, Quilès and Burneau34 found no
contact ion pairs, consistent with Tackett.32 Very recently, Wang
et al.35 studied supersaturated Mg(OAc)2(aq) droplets (mg 3.58
mol kg-1) using a droplet levitation technique with in-situ
Raman spectroscopy. They detected bidentate complexes and
also proposed the formation of bridged bidentate complexes.
For a better overview, the various species reported in aqueous
solutions of Mg(NO3)2 and Mg(OAc)2 are summarized in Table
1.

Solutions of acetate and nitrate salts at moderate concentra-
tions are also of interest in connection with the ubiquitous, but
largely unexplained, Hofmeister series. This series of ions,
established originally on the basis of their effects on protein
solubilities,36 has been observed in an impressive range of
biological and biochemical phenomena.37 However, despite
some recent progress,38 understanding of this series remains
obscure and few papers deal with other than monovalent ions.
Since OAc- and NO3

- lie toward the two extremes of the
Hofmeister series (salting-out and salting-in, respectively), it is
of interest to compare their physicochemical properties, which
may shed light on this important topic.

It has long been postulated that, when an electrolyte is added
in water, the constituent ions markedly modify the water

structure (hydrogen bonding), which affects the physicochemical
properties of the solution.39 Recent studies40 contradict this
century old understanding and showed that ions do not influence
the water structure of the bulk water (second hydration sphere
onward) but only the hydrogen bonding of the water in the
immediate vicinity of ions, that is, water in the first hydration
sphere, is broken or formed.

This paper presents a detailed study of the ultrasonic
velocities, densities, viscosities, and electrical conductivities of
aqueous solutions of Mg(NO3)2 and Mg(OAc)2 from dilute to
saturation concentrations and as a function of temperature.
Fourier transform (FT)-Raman spectra of these solutions have
also been recorded to clarify the role of ion association. The
experimental data are complemented by molecular dynamics
simulations of aqueous solutions of Mg(NO3)2 and Mg(OAc)2
at 0.25 and 1 M concentrations. These calculations, which
employ periodic boundary conditions to simulate the aqueous
bulk, provide a picture with atomic resolution of solvation of
individual ions and allow quantification of the degree of ion
pairing in the magnesium nitrate vs acetate solutions in terms
of ion-ion pair distribution functions.

2. Experimental Section

Mg(OAc)2‚4H2O (>99%, SRL, India) and Mg(NO3)2‚6H2O
(>99%, SD Fine Chemicals, India) were recrystallized twice
from double-distilled water and then kept in a vacuum desiccator
over P2O5. All solutions were prepared using double-distilled
water and by the successive dilution of a stock solution. The
concentrations were finally checked by complexometric titration
against EDTA.41 The overall accuracy in the solution preparation
was within(0.3%.

The detailed measurement procedures for ultrasonic velocities
at 3 MHz, densities, and viscosities are described elsewhere.42-44

The uncertainties in the measurements of ultrasonic velocity,
density, and viscosity were within(0.01%, (0.01%, and
(0.5%, respectively. Electrical conductivities were measured
using platinized platinum electrodes and a Precision Component

TABLE 1: Different Ionic Species Present in Salt Solutions
Obtained from Raman Spectra (R), IR Spectra (IR), NMR
Spectra (NMR), X-ray Diffraction (X), Conductivity (C),
Vapor Pressure (V), Hygroscopicity (H), and Ultrasonic
Absorption (UA) Methods at Ambient Temperatures

solute concentration ionic species method ref

Mg(NO3)2 1.0, 2.0, 4.0 M,a no complexes detected X 10,12
very dilute little association C 17
e2.197ma little association V 18
2.77-9.25m solvent-shared ion pairs R 21
g9.25m contact ion pairsb R 21
2.8-4.9m solvent-shared ion pairs R 22
g9.25m mono- and bidentate

complexesc
R 22

6-2.0 WSRa mono- and bidentate
complexes

R and H 23

2.2 WSR bidentate complexesd R 28
g2.5 M associated species R 25
0.5-3.0 M solvent-shared ion pairs R 26

Mg(OAc)2 0.05-0.6 M no complexes detected IR and R 34
0.6 M no complexes detected IR 32
e0.002 M 1:1 complex C 30
0.65-3.24 M mono- and bisacetato

complexes
R 33

0.501-5.98 MRa monodentate complexes R 8
0.25-1.5 M monodentate complex X and NMR 29
e0.4 M no contact ion pairs UA 31
15.5-2.58 WSR mono- and bidentate

complexes
R and H 35

a m ) mol kg-1, M ) mol dm-3, WSR) water-to-solute ratio, MR
) OAc- to Mg2+ molar ratio.b e120 °C. c 150-200 °C. d >100 °C.
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Analyzer 6440A (Wayne Kerr, U.K.) at a field frequency of 1
kHz. The cell constant of 1.237 cm-1 was determined by using
a 0.1 mol kg-1 aqueous KCl solution at different temperatures.
The experimental uncertainty in the conductivity values was
less than(0.4%.

Electrical conductivities, ultrasonic velocities, and viscosities
of both systems were measured from 0 to 50°C at 5°C intervals
as functions of salt concentration (0.0145e m/mol kg-1 e
6.545). Schott-Gera¨te CT 1450 or Julabo F32 HP thermostats
were used to control solution temperatures to within(0.02°C.

FT-Raman spectra of aqueous solutions of Mg(NO3)2 and
Mg(OAc)2 were recorded at room temperature (28°C) using a
Bruker IFS 66 V optical bench with a FRA 106 Raman module
attachment and a Nd:YAG laser operating at 1064 nm. The laser
power was set at 200 mW, and 250 scans were accumulated
and averaged with a resolution of 2 cm-1. The spectra were
recorded at the Sophisticated Analytical Instrumentation Facility,
Indian Institute of Technology, Madras, India.

3. Computational Details

Classical molecular dynamics simulations of concentrated
solutions of magnesium nitrate and magnesium acetate were
performed. The unit cell contained 863 water molecules, 4 or
16 magnesium cations, and 8 or 32 nitrate or acetate anions,
which corresponds to a 0.25 or 1 M salt concentration. The
size of the cubic unit cell was approximately 30× 30 × 30 Å,
and standard periodic boundary conditions were applied.45 A
12 Å cutoff was used for intermolecular interactions. Long-
range Coulombic interactions were accounted for using the
particle mesh Ewald procedure.46 Simulations were run in the
NPT canonical ensemble at 300 K and 1 atm. A time step of 1
fs was employed, and all bonds involving hydrogen atoms were
constrained using the SHAKE algorithm.47 All systems were
first equilibrated for 500 ps, after which a 1 nsproduction run
followed.

A nonpolarizable force field was employed in all simulations.
Technically, this is the simplest way to avoid the problem of a
“polarization catastrophe”,48 which is particularly severe in the
presence of multiply charged ions. Physically, this choice can
be at least partially justified by the fact that in this study the
interest is in the bulk properties of aqueous ions, which are less
influenced by specific polarization effects than the interfacial
ionic behavior.49 For water, the SPCE model, which accounts
for mean polarization effects by increasing the partial charges
on oxygen and hydrogens,50 was employed. For ions, the general
amber force field parameter set was used.51 For Mg2+, which
is missing from this set, OPLS parameters were employed.52

Partial charges for acetate and nitrate were evaluated using the
standard RESP procedure employing the Gaussian 03 program,53

and all molecular dynamics (MD) simulations were performed
using the Amber 8 program.54 To directly check the effect of
polarization interaction, several test calculations using a polariz-
able force field55,56were also performed, with an imposed cutoff
on induced dipoles in order to avoid the polarization catastro-
phe,57 and compared with nonpolarizable simulations. The use
of an empirical force field excludes studying the acid/base
properties of the acetate ion, since this involves the breaking/
making of a chemical bond and, consequently, this is not
considered in our simulations.

4. Results and Discussion

4.1. Densities and Isentropic Compressibilities.Within the
limited temperature range investigated, the measured densities,
F, of aqueous solutions of Mg(NO3)2 and Mg(OAc)2 were found

to vary linearly with temperature at a fixed concentration. The
least-squares fitted values of the parameters of the density
equation (F ) a - bt) are listed in Table 2. The present densities
at 25°C agree within(0.2% with literature58-60 data for both
Mg(OAc)2 and Mg(NO3)2 solutions. The corresponding ultra-
sonic velocities,u, were comparable within(0.2% for Mg-
(OAc)2(aq) and(0.4% for Mg(NO3)2(aq) with literature58,61data
at 25°C.

Isentropic compressibilities,κs, of Mg(OAc)2(aq) and Mg-
(NO3)2(aq) were calculated using

and are plotted against concentration for the three temperatures
in Figure 1. Because of the wide concentration range of interest
here, an empirical equation42,43 was used to describe theκs

values. The parameters so obtained are summarized in Table 3.

TABLE 2: Least-Squares Fitted Values of the Density
Equation, G ) a - bt, for Aqueous Solutions of Mg(OAc)2
and Mg(NO3)2 up to Near-Saturation Concentrations

m/(mol kg-1) a/(kg m-3) b/(kg m-3 °C-1)
std dev in
F/(kg m-3)

Magnesium Acetate
0.0414 1010.1( 0.4 0.3772( 0.0107 0.2
0.0831 1012.9( 0.5 0.3686( 0.0120 0.2
0.1671 1018.6( 0.5 0.3541( 0.0132 0.3
0.4247 1038.0( 0.4 0.3667( 0.0115 0.3
0.6460 1054.4( 0.4 0.3898( 0.0093 0.2
0.8751 1068.4( 0.4 0.3800( 0.0113 0.3
1.106 1085.3( 0.4 0.4046( 0.0102 0.2
1.354 1099.3( 0.4 0.4075( 0.0101 0.2
1.608 1116.0( 0.3 0.4408( 0.0086 0.2
1.866 1128.9( 0.3 0.4331( 0.0085 0.2
2.134 1144.2( 0.3 0.4603( 0.0078 0.2
2.411 1159.4( 0.4 0.4647( 0.0100 0.2
2.622 1168.9( 0.3 0.4932( 0.0083 0.2
3.043 1188.1( 0.3 0.5109( 0.0068 0.1
3.437 1209.8( 0.2 0.5456( 0.0066 0.1
3.819 1222.8( 0.3 0.5775( 0.0078 0.2
4.547 1248.5( 0.2 0.6190( 0.0056 0.1
5.165 1269.1( 0.3 0.6599( 0.0066 0.1
5.732 1285.6( 0.2 0.6810( 0.0064 0.1
6.187 1300.4( 0.2 0.7305( 0.0034 0.1
6.545 1309.1( 0.2 0.7519( 0.0048 0.1

Magnesium Nitrate
0.0145 1008.0( 0.5 0.3686( 0.0130 0.2
0.0528 1012.2( 0.4 0.3682( 0.0109 0.2
0.2491 1034.3( 0.4 0.4106( 0.0114 0.2
0.3405 1042.0( 0.4 0.3869( 0.0101 0.2
0.5931 1068.2( 0.3 0.4287( 0.0087 0.2
0.6173 1072.0( 0.3 0.4542( 0.0062 0.1
0.8960 1099.2( 0.3 0.4696( 0.0074 0.1
0.9898 1109.0( 0.3 0.4884( 0.0067 0.1
1.262 1133.7( 0.3 0.5079( 0.0077 0.1
1.525 1157.2( 0.1 0.5270( 0.0031 0.1
1.694 1172.8( 0.2 0.5444( 0.0045 0.1
1.827 1186.2( 0.2 0.5611( 0.0052 0.1
2.131 1211.3( 0.2 0.5659( 0.0047 0.1
2.493 1240.1( 0.2 0.5918( 0.0060 0.1
2.584 1248.5( 0.1 0.5943( 0.0040 0.1
2.793 1264.2( 0.1 0.6039( 0.0034 0.1
3.096 1287.0( 0.1 0.6177( 0.0040 0.1
3.118 1288.1( 0.2 0.6219( 0.0048 0.1
3.170 1296.7( 0.2 0.6169( 0.0043 0.1
3.501 1315.2( 0.1 0.6242( 0.0043 0.1
3.704 1329.0( 0.1 0.6338( 0.0032 0.1
3.757 1332.3( 0.1 0.6388( 0.0028 0.1
4.039 1350.0( 0.1 0.6441( 0.0032 0.1
4.051 1349.5( 0.1 0.6269( 0.0033 0.1
4.285 1366.4( 0.1 0.6422( 0.0029 0.1
4.403 1373.6( 0.1 0.6475( 0.0020 0.1
4.728 1395.4( 0.1 0.6532( 0.0027 0.1
4.883 1402.2( 0.1 0.6569( 0.0025 0.1
4.970 1408.4( 0.1 0.6579( 0.0027 0.1
5.134 1419.6( 0.2 0.6668( 0.0049 0.1
5.282 1427.2( 0.5 0.6401( 0.0127 0.2

κs ) (u2F)-1 (1)
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Figure 1 and Table 3 show that the equation can reproduce the
data within the 95% confidence level.

It is apparent from Figure 1 that theκs isotherms for each
electrolyte within the studied temperature range (0-50 °C)
exhibit a crossover at an approximately constant concentration
that appears to be characteristic. As the electrolyte concentration
increases,κs decreases due to the simultaneous effects of ion
hydration and the modification of water molecules located in
the direct vicinity of the ions. The main contributor to these
effects would be expected to be Mg2+ because of its higher
charge density and hydration energy.62

A long-standing assumption of solution chemistry is that the
addition of electrolytes (ions) to water significantly alters the
water structure, which is reflected in the changes in the
physicochemical properties (viscosity, surface tension, etc.) of
the solutions so formed. But recent reports suggest that ions
only influence the hydrogen bonding of water molecules in their
immediate vicinity, that is, the water molecules in the primary
hydration shell.40

The influence of cations onκs is illustrated in Figure 2, which
plots κs for aqueous solutions of various metal nitrate salts at
25 °C. As would be expected from the greater electrostriction63

associated with decreasing cationic radii (r),39 the κs values at
higher solute concentrations increase in the order of their M2+-
OH2 distances (d) (d ) 2.04, 2.12, 2.31, and 2.44 Å for M)
Mg, Zn, Cd, and Ca, respectively)64 with Mg2+ as a partial
exception.

On the other hand, comparison of the effects of anions onκs

values is less straightforward. Figure 3 shows that Mg(OAc)2

solutions are less compressible than Mg(NO3)2 solutions up to
≈4.6 mol kg-1 at 25 °C but this is reversed at higher
concentrations. For comparison,κs data for MgCl2 and MgSO4

solutions65 are also included in Figure 3. In contrast with the
cations, theκs values do not correlate with the anion-water
distances (d(SO4

2--(H2)O) ) 3.70 Å,d(OAc--(H2)O) ) 3.70
Å, d(Cl--(H2)O) ) 3.15 Å, d(NO3

--(H2)O) ) 3.40 Å)
obtained from diffraction studies.12,13

It is noteworthy that theκs data as presented appear to
conform to the Hofmeister series.36 OAc- and SO4

2- belong to
the salting-out side, Cl- is in the middle, and NO3- belongs to
the salting-in side of the series. On this basis, Mg(OAc)2 and
Mg(NO3)2 would be expected to have qualitatively different

Figure 1. Isentropic compressibilities of aqueous solutions of Mg-
(OAc)2 (open symbols) and Mg(NO3)2 (solid symbols) as a function
of concentration and temperature. Solid curves are calculated from the
isentropic compressibility equation,κs ) a1 + b1m + c1m1.5 + d1m2 +
e1m 2.5 + f1m3 (see ref 43),3 ref 58.

TABLE 3: Values of the Parameters of the Isentropic Compressibility Equation,Ks ) a1 + b1m + c1m1.5 + d1m2 + e1m2.5 +
f1m3 (see ref 43), for Aqueous Solutions of Mg(OAc)2 and Mg(NO3)2

parameters 0°C 25°C 50°C
Magnesium Acetate

1010a1/Pa-1 5.0403( 0.0076 4.4759( 0.0059 4.2758( 0.0057
1010b1/Pa-1 kg mol-1 -1.8405( 0.0459 -1.2317( 0.0268 -1.0471( 0.0259
1010c1/Pa-1 kg1.5 mol-1.5 0.6508( 0.0713 0.3344( 0.0326 0.2954( 0.0314
1010d1/Pa-1 kg2 mol-2 -0.1728( 0.0424 -0.0690( 0.0153 -0.0636( 0.0147
1010e1/Pa-1 kg2.5 mol-2.5 0.0271( 0.0106 0.0093( 0.0030 0.0086( 0.0029
1012f1/Pa-1 kg3 mol-3 -0.0017( 0.0009 -0.0005( 0.0002 -0.0005( 0.0002
1010σ/std. dev. 0.0075 0.0066 0.0064

Magnesium Nitrate
1010a1/Pa-1 5.0008( 0.0067 4.4750( 0.0611 4.2374( 0.0050
1010b1/Pa-1 kg mol-1 -1.1907( 0.0391 -0.8908( 0.0302 -0.7278( 0.0248
1010c1/Pa-1 kg1.5 mol-1.5 0.1115( 0.0011 0.1273( 0.0407 0.1106( 0.0334
1010d1/Pa-1 kg2 mol-2 -0.0011( 0.0367 -0.0199( 0.0210 -0.0262( 0.0173
1010e1/Pa-1 kg2.5 mol-2.5 0.0009( 0.0094 0.0044( 0.0046 0.0062( 0.0038
1012f1/Pa-1 kg3 mol-3 -0.0002( 0.0008 -0.0004( 0.0004 -0.0006( 0.0006
1010σ/std. dev. 0.0075 0.0071 0.0058

Figure 2. Isentropic compressibilities of various aqueous solutions of
NO3

- salts as a function of concentration at 25°C: O ref 42,0 and]
ref 43.
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effects on the water molecules located in the first hydration shell
in the immediate vicinity of ions. As discussed above (Figure
1), the crossover concentration for Mg(OAc)2(aq) is lower than
that for Mg(NO3)2(aq), which implies that OAc- is more
efficient in influencing the water molecules in its first hydration
sphere than NO3-. Further, the values of the estimated viscosity
A- and B-coefficients, using the extended Jones-Dole equa-
tion66,67 for Mg(NO3)2(aq) and Mg(OAc)2(aq), were estimated
to be 0.0017 and 0.0074 dm3/2 mol-1/2 and 0.0022 and 0.217
dm3 mol-1, respectively. The higher values of the viscosity A-
and B-coefficients of Mg(OAc)2(aq) suggest that OAc- forms
a more rigid structure with water molecules in the first hydration
shell due to strong solvation of ions,67 which is reflected in
Figure 1.

To further investigate possible Hofmeister effects, Figure 4
plotsκs values at 25°C for various Na salts.44,65,68,69The trend
is again consistent with the Hofmeister series, taking the data
at face value.36

The crossover concentration forκs isotherms (Figure 1) can
be considered42,43 as coinciding with the disappearance of the
bulk water structure, with all the water molecules being incor-
porated into the first hydration shells of the ions, resulting in a
more rigid structure for the solution. Beyond this concentration,
the co-spheres of the cations and anions overlap leading to the
formation of ion pairs.70 Figure 1 shows that theκs isotherms
for Mg(OAc)2 and Mg(NO3)2 solutions do not cross at a fixed
concentration but rather over narrow concentration ranges
(1.50-2.30 mol kg-1 and 2.00-3.00 mol kg-1, respectively)
within the temperature range of study. To estimate the total
hydration number of the ions at 25°C, a plot of the temperature
derivative ofκs for both systems was made; see Figure 5. A
two-degree polynomial equation was used to fit the data.
Evidently, the dκs/dt plots become zero at 2.28 mol kg-1 and
2.90 mol kg-1, respectively, for Mg(OAc)2 and Mg(NO3)2

solutions.
The total hydration numbers,nh, of Mg(OAc)2(aq) and Mg-

(NO3)2(aq) can be calculated using the empirical equation42-44

where κs,φ () (1/mF0)(κs - κs,0) + κsVφ, where m is the
concentration in mol kg-1 andF0 andκs,0 are the density and
the isentropic compressibility of the solvent, respectively) is
the apparent molal isentropic compressibility of the solute,κs,h

is the isentropic compressibility of the hydration shell of the
solute,Vφ () M/F - (F - F0)/FF0m, whereM is the molar mass
of the solute) is the apparent molal volume of the solute, and
V0 () M0/Fo, whereM0 is the molar mass of the solvent) is the
molar volume of the solvent. Through the use of this expression,
the total hydration numbers for Mg(OAc)2 and Mg(NO3)2

solutions were estimated to be 24.3 and 19.2 at 2.28 and 2.90
mol kg-1, respectively.

4.2. Structural Relaxation Times.The measured viscosities
for Mg(NO3)2(aq) are within(5% of the literature values.59,60

No previous viscosity data appear to have been published for
Mg(OAc)2(aq).

To help understand the nature of ionic interactions at different
concentrations, the structural relaxation time,τ, was calculated
using

Figure 3. Isentropic compressibilities of aqueous solutions of various
Mg2+ salts as a function of concentration at 25°C: 2 and[ ref 65.

Figure 4. Isentropic compressibilities of aqueous solutions of various
Na+ salts as a function of concentration at 25°C: 0 ref 44,O, ] ref
65, 4 ref 68, and3 ref 69.

Figure 5. Temperature derivative of isentropic compressibility as a
function of concentration for aqueous solutions of Mg(OAc)2 and Mg-
(NO3)2 at 25°C.

nh ) (κs,φ - κs,hVφ)/[V0(κs,h - κs,0)] (2)

τ ) 4κsη/3 (3)
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The quantityτ can be considered as the time required to relieve
the shear stress at constant strain through viscous flow. It is
particularly sensitive to the formation of ion pairs because of
coupling between ion-solvent and ion-ion interactions. Figure
6 shows the variation ofτ with concentration at three temper-
atures for aqueous solutions of Mg(NO3)2 and Mg(OAc)2.

The dramatic differences between the solutions of the two
salts almost certainly reflect the differences in the extent and
nature of their ion association. Although the existing information
(Table 1) is somewhat contradictory, there is little doubt that
Mg(OAc)2(aq) not only is more strongly associated than Mg-
(NO3)2(aq) but also forms more contact (inner sphere) species.
These issues will be discussed further below when considering
the Raman spectra.

4.3. Electrical Conductivities. If ion pair formation in Mg-
(OAc)2(aq) is significantly greater than in Mg(NO3)2(aq), then
measurable effects on ionic mobilities, that is, on their electrical
conductivities, would be expected. Experimental specific electri-
cal conductivities,κ, for aqueous solutions of Mg(OAc)2 and
Mg(NO3)2 are around 3-6%71a and 1-10%,71b respectively,
lower than the literature values at 25°C.

Figure 7 plotsκ vs m for solutions of the two salts at three
temperatures. All theκ isotherms pass through a maximum
(κmax), which is located at 1.07( 0.13 and 2.45( 0.09 mol
kg-1 for the acetate and nitrate salts, respectively. At higher
concentrations (>1 mol kg-1), κ(Mg(OAc)2(aq)) is substantially
smaller thanκ(Mg(NO3)2(aq)). Although a small part of these
differences can be attributed to the greater mobility of NO3

-,
λ°(NO3

-) ) 71.5 cm2 S mol-1, than that of OAc-, λ°(OAc-)
) 40.9 cm2 S mol-1,72 the greatest part is almost certainly due
to the higher level of ion pair formation in Mg(OAc)2(aq).
Greater association of Mg2+ with OAc- cf. NO3

- is also
consistent with the reported activity coefficients of Mg(OAc)2-
(aq)73 and Mg(NO3)2(aq).74

The reasons why OAc- associates with Mg2+ more strongly
than does NO3- are undoubtedly complicated. In addition to
long-range electrostatic interactions, short-range covalent and
polarization effects are probably important. The effects of
solvation must also be considered. Because of their very
different structures and chemical characteristics, the interactions

of OAc- and NO3
- with water molecules differ considerably.

In the Hofmeister series, OAc- lies toward the salting-out end
whereas NO3- is toward the salting-in end, which indicates a
very different interaction of the two ions with solvent water.
Acetate is hydrated by six water molecules29 and is thought to
modify the structure of water in a manner similar to that caused
by alcohols,75 probably due to the presence of its hydrophobic
part. On the other hand, NO3- forms a H-bonded complex with
two water molecules having two dominant structures.76 It may
be that the hydrophobic end of the CH3COO- ion promotes its
entry into the primary hydration shell of Mg2+; however, it
should be noted that the “absolute” Gibbs energy of hydration
for OAc- is about 60 kJ mol-1 more negative (i.e., more
favorable) than that of NO3-.77

The differences between Mg(OAc)2(aq) and Mg(NO3)2(aq)
for bothτ (Figure 6) andκ (Figure 7) become more pronounced
at lower temperatures, which suggests that ion pairing in the
former increases with decreasing temperature. This is consistent
with the measured negative enthalpy of complexation.78 It is
interesting to note that the concentration corresponding toκmax

for Mg(NO3)2 solutions coincides with theκs crossover. This is
consistent with the presence of at least some types of ion pairs
(probably noncontact) at higher concentrations.

4.4. FT-Raman Spectra. 4.4.1. Magnesium Acetate Solu-
tions. The Raman spectra for Mg(OAc)2(aq) are presented at
various concentrations in Figure 8. The band positions associated
with OAc- are summarized in Table 4. Band assignments are
based on those of previous investigations.8,32-35 The antisym-
metric stretching mode (ν8) is only very weakly observed in
Raman spectra and so will not be considered further.

The broad COO- symmetric stretching mode (ν3) of OAc-,
which appears in the 1400-1500 cm-1 region (Figure 8), lies
very close to, and contains contributions from, the CH3

deformation modesν9 and ν13.33,35,79This band shows a blue
shift, with increasing intensity on the high-frequency side at
higher salt concentrations, which is reflected in an increase in
the full-width at half (maximum) height (fwhh) of the band
(Table 4). At 5.410 mol kg-1, two wings on the high-frequency
side of this band are apparent at∼1445 and∼1463 cm-1. The
ν3, ν9, andν13 modes for solid Mg(OAc)2‚4H2O also overlap.
The resolved component bands were found to appear at 1436-
1438, 1420-1421, and 1446-1455 cm-1, respectively.33,79 In
the solid phase, a bisacetato complex is the building unit for
Mg(OAc)2.79,80

Figure 6. Variation of the structural relaxation time,τ, with concentra-
tion for aqueous solutions of Mg(OAc)2 (open symbols) and Mg(NO3)2

(solid symbols).

Figure 7. Variation of electrical conductivity with concentration for
aqueous solutions of Mg(OAc)2 (open symbols) and Mg(NO3)2 (solid
symbols) at three temperatures:3 ref 71a,× ref 71b.
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As the CH3 deformation modes (ν9 andν13) are not sensitive
to the metal-carboxyl group interactions, the observed fre-
quency shift (∆ν3 ≈ 10 cm-1) and the increasing asymmetry
of the band on the high-frequency side can be attributed to
changes in the COO- stretching vibration due to complexation
with Mg2+. Further, the appearance of the two high-frequency
wings at 5.410 mol kg-1 suggests the occurrence of both mono-
and bidentate complexes. Wang et al.35 also observed two
shoulders in theν3 Raman mode at∼1456 and 1443 cm-1 at m

g 3.58 mol kg-1 for Mg(OAc)2(aq) and attributed them to
bidentate and bridged bidentate complexes, respectively. Nick-
olov et al.33 employed band fitting techniques to the Raman
spectra of Mg(OAc)2(aq) and reported that bisacetato complexes
were the dominant species in saturated solutions.

The C-C stretching band (ν4) of OAc- is probably the most
useful with respect to establishing the existence of metal-acetato
complexes.33-35,79 It has a high Raman scattering coefficient
and does not overlap with other vibrations. In the present spectra

TABLE 4: Peak Positions and Assignment of Modes Associated with the Acetate Ion in Aqueous Solutions of Mg(OAc)2

peak position/cm-1

m/mol kg-1 COO- in-plane rock (ν11) COO- deformation (ν5) C-C stretcha (ν4) COO- symmetric stretcha (ν3)

0.2745 654 935 (17) 1418 (32)
1.106 658 936 (19) 1425 (34)
2.634 480 660 621 938 (21) 1426 (39)
3.819 479 661 621 939 (24) 1428 (42)
5.410 479 666 624 940 (28) 1428 (45)

a The values in parentheses represent the full width at half-maximum height (fwhh) for the given band.

Figure 8. Raman spectra of aqueous solutions of Mg(OAc)2 and pure water at room temperature.

Figure 9. Raman spectra of aqueous solutions of Mg(NO3)2 and pure water at room temperature.
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(Figure 8), it occurs as a reasonably sharp band, centered at
∼938 cm-1. As the solute concentration increases, this band
shows a small blue shift (Table 4) and a simultaneous develop-
ment of asymmetry on the high-frequency side with a weak
shoulder at∼948 cm-1. Theν4 band is observed at 892 cm-1

for HOAc and at 928 cm-1 for free OAc-(aq).34 For Mg(OAc)2‚
4H2O(s), the band occurs at 947 cm-1.33 The variation in the
position of the ν4 mode with concentration suggests the

formation of mono- and bidentate contact ion pairs (inner-sphere
complexes) at higher concentrations. Similar observations for
Mg(OAc)2(aq) have been made by Nickolov et al.33 They
resolved theν4 band into three components at 930, 939, and
947 cm-1 by curve fitting methods and ascribed them to free
OAc-, monoacetato complexes, and bisacetato complexes,
respectively. A blue shift of theν4 band from 936 to 947 cm-1

with increasing concentration of Mg(OAc)2(aq) was ascribed
to the transformation of free OAc- to contact ion pairs between
Mg2+ and OAc-.35 Semmler et al.8 suggested the formation of
monoacetato complexes in Mg(OAc)2(aq) and were able to
resolve a band at 939 cm-1 above 100°C.

Additional evidence in support of complex formation in Mg-
(OAc)2 solutions can be derived from the COO- deformation
or bending (ν5) and in-plane rocking (ν11) modes.79 In the present
spectra (Figure 8),ν5 was observed at 654 cm-1 for a 0.2745
mol kg-1 solution, shifting to 666 cm-1 at 5.410 mol kg-1. Such
a large blue shift can be attributed to the complexation of COO-

with Mg2+. However, atmg 2.634 mol kg-1, a shoulder appears
at ∼621 cm-1, ultimately producing a peak at 624 cm-1 at m
) 5.410 mol kg-1. The appearance of twoν5 bands is consistent
with their observation (at 678 and 612 cm-1) for solid Mg-
(OAc)2 at liquid nitrogen temperature.79 This suggests that the
624 cm-1 band may originate from bidentate complexes.35

A broad envelope at 400-500 cm-1, corresponding to the
ν11 mode, is observed (Figure 8) in the present spectra of Mg-
(OAc)2(aq). This band probably overlaps with the water libration
band, which occurs at∼450 cm-1.81 At higher concentrations
(g2.634 mol kg-1), theν11 band becomes prominent at∼479
cm-1. Its broadness suggests the presence of various environ-
ments for the COO- moiety. At 5.410 mol kg-1, an additional
shoulder at∼496 cm-1 is apparent. This is identical to that
reported for solid Mg(OAc)2‚4H2O,33 which implies the presence
of bisacetato complexes. A shift of theν11 mode from 480 to
510 cm-1 for aqueous Ni(OAc)2 solutions has been ascribed to
complex formation.82

4.4.2. Magnesium Nitrate Solutions.Raman spectra of Mg-
(NO3)2(aq) are depicted in Figure 9. Unperturbed NO3

- hasD3h

symmetry and gives rise to symmetric stretching (ν1), out-of-
plane deformation (ν2), asymmetric stretching (ν3), and in-plane
deformation or bending (ν4) modes.21,22 The ν3 andν4 modes
are both Raman and IR active, whereas theν1 is Raman active
only andν2 is IR active only. The band positions for NO3

- in
the present Mg(NO3)2 solutions are summarized in Table 5.

The inset in Figure 9 shows the variation of theν1 mode
with increasing salt concentration. The intensity and the fwhh
of this band increase as the concentration increases. The band
position is constant at 1059 cm-1 up to 2.493 mol kg-1 but
blue shifts by 4 cm-1 at higher concentrations. There is also a
slight increase in the fwhh (Table 5), which has been attributed27

to the influence of hydrated cations on NO3
-. This implies the

presence of noncontact ion pairs at high Mg(NO3)2 concentra-
tions. A previous study25 of the Raman spectra of Mg(NO3)2-
(aq) using principal component analysis indicated the presence
of some associated species, probably a solvent-shared ion pair
at g2.5 mol dm-3.

Zhang et al.,23 in their study of highly concentrated droplets
of Mg(NO3)2(aq) using Raman microscopy, observed thatν1

shifted from 1049 to 1055 cm-1 when the concentration changed
from 7.60 to 10.09 mol kg-1 and suggested it was due to the
formation of contact ion pairs. Peleg21 similarly reportedν1

shifted from 1049 to 1053 cm-1 when the Mg(NO3)2 concentra-
tion increased from 9.25 to 13.22 mol kg-1 and also invoked
contact ion pairs as the explanation. Above 9.25 mol kg-1 (in

TABLE 5: Assignment of Modes and Peak Positions
Associated with the Nitrate Ion in Aqueous Solutions of
Mg(NO3)2

peak position/cm-1

m/mol
kg-1

in-plane
deformation (ν4)

symmetrica

stretch (ν1)
asymmetric
stretch (ν3)

water
O-H stretch

0.3404 726 1059 (16) 1390 3234 3385
1.262 728 1059 (17) 1408 3259 3390
2.493 729 1059 (19) 1421 3254 3368
3.757 728 1061 (18) 1427 3260 3398
4.883 734 1063 (20) 1428 3264 3390

a The values in the parentheses represent the fwhh.

Figure 10. Variation of the mean cation-anion distance for Mg(OAc)2-
(aq) and Mg(NO3)2(aq) with concentration, assuming a random distribu-
tion of the ions.

Figure 11. Geometrical representation of the separation between a
cation, Mn+ and an anion, An- in aqueous solutions.
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hydrated melts), splitting of theν1 band has been reported and
was thought to be evidence for the formation of different types
of contact ion pairs.21-23

Unperturbed NO3- gives a singleν3 band at 1370 cm-1.76

Previously,42,43,76,83 it was concluded that water causes the

splitting of theν3 band due to hydration or solvent-shared ion
pair formation. For example, bifurcatedν3 bands appear at
∼1341 and∼1402 cm-1 in 3.43 mol kg-1 Zn(NO3)2(aq).42 In
the present study, no splitting ofν3 was observed at lower
concentrations and the band profiles matched well with those

Figure 12. Snapshot from a simulation of 1 M Mg(NO3)2(aq). Color coding: Mg) green, N) blue, O) red, and H) white. For clarity, water
molecules are displayed in stick representation.

Figure 13. Snapshot from a simulation of 1 M Mg(OAc)2(aq). Color coding: Mg) green, C) cyan, O) red, and H) white. For clarity, water
molecules are displayed in stick representation.
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of Chang and Irish22 and Zhang et al.23 At concentrations greater
than 2.493 mol kg-1, the band intensity increased asymmetri-
cally on the high-frequency side and the band maximum
occurred at∼1428 cm-1 with a shoulder at∼1370 cm-1. Peleg21

also reported a splitting of theν3 band in 2.78 mol kg-1 Mg-
(NO3)2 solutions. It seems reasonable to ascribe the∼1370 cm-1

shoulder to unperturbed NO3- 76 and the mode at∼1428 cm-1

to NO3
- perturbed by (or associated with) hydrated cations.21

The intensity of the broad band in the 1600-1700 cm-1

region increases with concentration. However, as the 2ν2

overtone for NO3
- at ∼1658 cm-1 and the water deformation

mode (at 1636 cm-1) also occur in this region, no detailed
analysis is possible.21,22

The appearance of double in-plane deformation bands (ν4),
at ∼750 and∼720 cm-1, is considered diagnostic for contact
ion pair formation.20-22 Our Mg(NO3)2 solutions produced a
single Raman band at∼726 cm-1 for 0.3404 mol kg-1, which
blue shifted by only∼2 cm-1 up to 3.757 mol kg-1. The
intensity of the band was proportional to the concentration.22

At 4.883 mol kg-1, the band shows a blue shift of∼8 cm-1,
suggesting perturbation of NO3- by hydrated Mg2+, as proposed
by Angell.27 The possible mode at∼760 cm-1 (Figure 9) may
be due to noise, because the 750 cm-1 band for Mg(NO3)2(aq)
appears only above 9.25 mol kg-1.21,22

The νO-H envelope of pure water is thought to consist of
four components, an ice-like component (C1) at ∼3230 cm-1,
an ice-like liquid component (C2) at ∼3420 cm-1, a liquidlike
amorphous phase (C3) at ∼3540 cm-1, and monomeric H2O
(C4) at ∼3620 cm-1.84 In the present systems, theνO-H mode
exhibits one broad peak at∼3234 cm-1 with a shoulder at
∼3385 cm-1. Upon addition of Mg(NO3)2, the shoulder grows
relative to the∼3234 cm-1 band. At 4.883 mol kg-1, the
shoulder becomes the main peak. The positive shift of theνO-H

band maximum has been ascribed to the disruption of the water
structure and formation of bonds between water and ions.85

In summary, the Raman bands observed at∼726, ∼1059,
and∼1390 cm-1 along withνO-H suggest that NO3- does not
bond directly to Mg2+ within the experimental concentration
range. Nevertheless, there are changes in the spectra that suggest
that noncontact ion pairs may be formed, particularly at high
concentrations. Clearly, as noted above, there are major differ-
ences between the extent and the nature (type) of the complex-
(es) formed in Mg(OAc)2(aq) and Mg(NO3)2(aq). Although
some interesting ideas have been proposed to account for such
differences in general, see for example Collins86 and Kiriukhin
and Collins,87 they are too speculative to warrant detailed
discussion here.

4.5. Mean Distance Between Cation and Anion.To better
ascertain the existence of different ionic species in different
concentration regions, an attempt was made to determine the
maximum possible mean cation-anion distance.88 Assuming a
random distribution of the ions in the solution without any
attractive or repulsive interactions, the estimated mean cation-
anion distance is depicted in Figure 10 as a function of
concentration for both salt systems.

The mean cation-anion distance decreases sharply up to a
solute concentration of∼1.0 mol kg-1 according to this model
but decreases gradually thereafter. A simple geometrical ar-
rangement (Figure 11) illustrates the cation-anion separation,
including water molecules: one nominally associated with the
cation and another with the anion. For Mg(OAc)2(aq), the
Mg2+-OH2 and OAc--(H2)O equilibrium distances obtained
from X-ray diffraction12,64 should be taken into account along
with the diameter of the water molecules. In Figure 11, the

separation is 8.62 Å, which corresponds to the mean distance
between the ions at a concentration of 2.37 mol kg-1, if a
random distribution without ion-ion interactions is assumed.
Similarly for Mg(NO3)2(aq), the separation required by two
water molecules between Mg2+ and NO3

- is 8.32 Å, which
corresponds to the mean distance at 2.86 mol kg-1 (Figure 10).
These concentrations, 2.37 and 2.86 mol kg-1 for Mg(OAc)2
and Mg(NO3)2, respectively, are comparable with those at which
dκs/dt ) 0 (Figure 5), which lends support to the idea that they
correspond to the situation in which the available water
molecules are just sufficient to complete the first hydration shells
of the dissolved ions. Above these concentrations solvent-shared
or contact ion pair formation is inevitable, as the mean separation
between the ions can no longer accommodate more than one
water molecule. It is again emphasized that this conclusion is
derived from purely (and “primitive”) geometric considerations.
No account has been taken of short-range attractive forces or
even of geometric constraints, such as the presence of the CH3

group in the acetate ion, which might allow its closer approach
to Mg2+.35

4.6. Computational Results.Molecular dynamics simulations
were used to study hydration and ion pairing in aqueous
solutions of magnesium nitrate and acetate, yielding a statisti-
cally relevant picture with atomic resolution. Figures 12 and
13 present typical snapshots from simulations of 1 M Mg(NO3)2-
(aq) and Mg(OAc)2(aq), which show the qualitative differences
between these two salt systems. In Mg(NO3)2(aq), most of the
ions are separated from other ions and are fully hydrated. The
opposite is true for Mg(OAc)2(aq), where many of the Mg2+

ions are associated with OAc- ions. Moreover, a significant

Figure 14. Magnesium-nitrate oxygen radial distribution function and
cumulative sum for aqueous solutions at concentrations of (a) 0.25 M
and (b) 1 M.

Aqueous Solutions of Mg(OAc)2 and Mg(NO3)2 J. Phys. Chem. B, Vol. 109, No. 50, 200524117



degree of ion clustering is observed, particularly around Mg2+,
which is associated with more than one OAc-.

The qualitative picture from the snapshots was quantified
using statistically averaged (over nanosecond trajectories) data.
In particular, the Mg2+-anion and ion-water radial distribution
functions (RDFs) were monitored, and cumulative sums were
evaluated as integrals over these RDFs. The cumulative sums
were normalized so as to provide the number of anions or water
molecules within a particular distance from a given Mg2+.

Figure 14 shows the magnesium-nitrate oxygen RDFs and
cumulative sums for 0.25 and 1 M solutions. There are no
contact ion pairs (which would correspond to a peak in the RDF
at around 2.1 Å) present in either case. The RDF peak at 4.2 Å
corresponds to ion pairs separated by one water molecule (i.e.,
a solvent-shared ion pair, SIP). There is also a broad feature at
around 6 Å corresponding to ions separated by two water
molecules (2 SIPs). It can be estimated from the cumulative
sum that, on average, at 0.25 M,∼20% of NO3

- is transiently
associated with Mg2+ as SIPs. This rises to about 60% at 1 M.

Analogous information for the magnesium acetate solutions
is presented in Figure 15. The situation is very different from
the nitrate solutions: even at 0.25 M there is significant contact
ion pairing, reflected in the RDF peak at around 2.1 Å. From
the cumulative sum, it can be deduced that∼25% of Mg2+

forms contact ion pairs with OAc-. Moreover, SIPs are also
present (at around 4.2 Å). On average, there is one OAc- per
Mg2+ present either as contact ion pairs (CIPs) or as SIPs. At
1 M, this average rises to two, with∼0.7 OAc- per Mg2+

present as CIPs.
The ion-water distribution functions provide information

about the concentration-dependent hydration patterns of the

individual ions. Figure 16 shows the magnesium-water oxygen
RDFs and the cumulative sum for 0.25 and 1 M solutions of
Mg(NO3)2. For both concentrations, there is a rigid first
hydration shell around Mg2+ containing six strongly bound water
molecules, which is typical for alkaline-earth cations. The
position of the first hydration shell peak at around 2.1 Å agrees
very well with X-ray diffraction experiments.89 A broader peak
at around 4.2 Å marks a much “softer” second solvation shell
containing roughly 12 water molecules. The existence of a
second hydration sheath around Mg2+ containing 12 water
molecules is consistent with both dielectric relaxation measure-
ments90 and vibrational spectra.91

The magnesium-water oxygen RDFs and the cumulative
sums for Mg(OAc)2(aq), depicted in Figure 17, are affected by
strong ion pairing. Thus, the number of water molecules in the
first hydration shell drops from 6 to approximately 5.6 at 0.25
M and to 4.8 at 1 M, consistent with them being partially
replaced by acetate anions. On average, about one water
molecule is displaced from the first hydration shell of Mg2+ in
1 M Mg(OAc)2.

Test calculations employing polarizable potentials gave very
similar results to the nonpolarizable simulations concerning the
structure of the solutions and ion pairing. If anything, the
tendency for ion pairing increased upon the inclusion of
polarization. This is demonstrated, for example, in Figure 18,
which shows the magnesium-acetate oxygen RDF and cumula-
tive sum for the 0.25 M solution containing polarizable ions
and water molecules. It can be seen that the results compare
semiquantitatively to the results employing a nonpolarizable
force field (see Figure 15a), except that the direct ion pairing is
slightly enhanced.

Figure 15. Magnesium-acetate oxygen radial distribution function
and cumulative sum for aqueous solutions at a concentration of (a)
0.25 M and (b) 1 M.

Figure 16. Magnesium-water oxygen radial distribution function and
cumulative sum for aqueous solutions of magnesium nitrate at a
concentration of(a) 0.25 M and (b) 1 M.
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5. Conclusions

Ionic charge density, especially of cations, appears to be a
major factor influencing the isentropic compressibilities of
aqueous electrolyte solutions. However, the present data for Mg-
(OAc)2 and Mg(NO3)2 solutions along with literature values for
other salts indicate that anion effects follow the Hofmeister
series. The significant differences, which exist between Mg-
(OAc)2 and Mg(NO3)2 solutions, with respect to their structural
relaxation times, viscosities, and electrical conductivities, are
consistent with a much greater degree of ion association in the
former. This is confirmed by the Raman spectra of Mg(OAc)2-

(aq), which show substantial changes with concentration,
consistent with the formation of mono- and bidentate complexes
(contact ion pairs), whereas for Mg(NO3)2(aq) only noncontact
ion pairs are implied. The mean cation-anion separation
estimated from a simple geometrical approach suggests that the
electrolyte concentration at which dκs/dt ) 0 (Figure 5)
corresponds to the disappearance of bulk water from the
solution. The experimental results are supported by MD
simulations of 0.25 and 1 M solutions of magnesium nitrate
and acetate. These simulations indicate, in accord with experi-
ment, that contact ion pairs are absent in Mg(NO3)2 solutions,
where only solvent-separated ion pairs (SIPs and 2 SIPs, the
total number of which rises steeply with concentration) can be
observed. In contrast, CIPs are prevalent in Mg(OAc)2 solutions
at both concentrations. The number of CIPs and SIPs increases
strongly with concentration, and at 1 M, a significant ion
clustering occurs. This is also reflected in the structure of the
first hydration shell around Mg2+, from which on average about
one water molecule is replaced by acetate.
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