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The speed of sound, electrical conductivity, viscosity, surface tension, and Raman spectra of aqueous
zinc nitrate solutions were measured from dilute to very high concentrations as a function of temperature
(273.15 e T/K e 323.15). Isentropic compressibility isotherms converge at 2.18 mol‚kg-1 and provide
crucial structural information regarding ion hydration. At the converging concentration, 26.3 water
molecules are rigidly bound in the primary hydration shell of Zn2+ and NO3

- ions. The hydrated Zn2+

and NO3
- ions up to 2.2 mol‚kg-1 and beyond 2.2 mol‚kg-1, solvent-separated and/or solvent-shared ion

pairs govern the transport properties.

Introduction

In continuation of a series of studies,1-4 transport and
acoustic properties and spectroscopic investigations have
been performed over a wide range of concentrations and
temperatures to provide physical insight concerning the
ionic species present in electrolyte solutions. For instance,
the saturation of the primary hydration shell of ions and
elucidation of the structure of hydrated ions could be
characterized by the variation of isentropic compressibility
isotherms with concentration in conjunction with the
electrical conductivity, shear relaxation time, and vibration
spectra.3

Zinc nitrate, being highly soluble in water and a promis-
ing salt for high energy density batteries, deserves a
comprehensive investigation. Vibration spectral studies of
aqueous zinc nitrate solution in a wide range of concentra-
tions have been reported.5 However, a systematic investi-
gation of acoustic and transport properties as functions of
concentration and temperature for the system is lacking
in the literature. Most of the data available in the litera-
ture6,7 concern only at 298.15 K. Carpio et al.8 reported the
speed of sound at 323.15 K for aqueous zinc nitrate, calcium
nitrate, and zinc chloride solutions. They interpreted the
extent of metal aqua complexation behavior from isentropic
and excess isentropic compressibility.

Vibrational spectra are sensitive to the stretching fre-
quencies of free or bound ions. Raman bands at (≈390, 719,
740, 1048, and 1400) cm-1 are sensitive to the water
molecules around the Zn2+ and NO3

- ions, and the exist-
ence of different ionic species or complexation is character-
ized by the appearance of new bands or by splitting of
bands. The ionic interactions (ion-solvent and ion-ion)
and the constituent hydrogen-bonding aspect in hydrogen-
bonded solvents in different concentration regions pri-
marily govern the physicochemical properties of the elec-
trolyte solutions. In this paper, the speed of sound, electri-
cal conductivity, viscosity, surface tension, and Raman
spectra of aqueous zinc nitrate solutions are reported in
order to sort out different kinds of interaction and ionic
species present in different concentration ranges.

Experimental Section

Analytical grade Zn(NO3)2‚6H2O (>98%, CDH, India)
was recrystallized twice from double-distilled water and
then kept in a vacuum desiccator over P2O5. A stock
solution was prepared by volume with double-distilled
water. Solutions of interest were prepared by successive
dilution of stock solution with an uncertainty of (0.2%, and
the concentration was finally checked by EDTA titration.

Measurements of speed of sound, u, at 2 MHz, density,
F, and viscosity, η, and recording of Raman spectra were
carried out as described elsewhere.2,3 Uncertainties in the
speed of sound, density, and viscosity measurements were
within (0.01%, (0.01%, and (0.5%, respectively. The
wavenumber accuracy in the Raman spectral measurement
was (1 cm-1. All spectral measurements were made at
least three times to ensure reproducibility. The Raman
spectra were recorded at room temperature.

Electrical conductivity, κ, was measured using a plati-
nized platinum cell having a cell constant ) 1.09 cm-1 and
an autoranging conductivity meter (TCM15, Toshniwal,
India) at 3 kHz. The cell constant was determined by using
a 0.1 mol‚kg-1 aqueous KCl solution at different temper-
atures, and the conductivity of some standard electrolyte
solutions was also checked to ascertain the cell constant.
The overall uncertainty in the conductivity measurements
was within (0.5%.

Surface tension, σ, of all the solutions was measured with
an automatic tensiometer (dynamic contact angle meter
and tensiometer, DCAT-11, Dataphysics, Germany) using
the Wilhelmy plate method with an accuracy of (0.01
mN‚m-1. Triplicate measurements were made at each
temperature and concentration.

All measurements were performed as functions of con-
centration (0.0875 e m/(mol‚kg-1) e 7.764) and tempera-
ture (273.15 e T/K e 323.15) except Raman spectra. A
thermostat type Schott-Geräte CT 1450 or Julabo F32 HP
was used to control the temperature of the solutions within
(0.02 K.

Results and Discussion

Measured densities are listed in Table S1 (Supporting
Information). Experimental density data agree well within
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(0.2% with the reported data.6,7 The speeds of sound in
aqueous zinc nitrate solutions are presented in Table S2
(Supporting Information) as functions of concentration and
temperature. Experimental speed of sound values are
comparable within (0.4% with the data of Carpio et al.8
The electrical conductivities of aqueous zinc nitrate solu-
tions are recorded in Table S3 (Supporting Information)
as functions of concentration and temperature. The devia-
tion between the measured and the reported conductivity
values9 is estimated to be within (2% at 291.15 K. The
measured viscosities of aqueous zinc nitrate solutions at
various concentrations and temperatures are presented in
Table S4 (Supporting Information). The viscosity values
are in agreement within (3.5% with the literature data
at 298.15 K.7 The surface tensions of aqueous zinc nitrate
solutions measured at different temperatures are listed in
Table S5 (Supporting Information) as a function of con-
centration. The measured σ values agree within (0.8%
with the literature data at 313.15 K.10

Isentropic Compressibility. Isentropic compressibility,
κs, was calculated using the Newton-Laplace equation:

The isentropic compressibilities are plotted against con-
centration at three temperatures and depicted in Figure
1. An isothermal equation11 of the following form was used

to fit the isentropic compressibilities, and the least-squares
fitted values of the parameters of eq 2 are summarized in
Table 1. In eq 2, A, B, C, D, and E are temperature-
dependent parameters and m is the concentration in
mol‚kg-1.

It is apparent from Figure 1 that the isentropic com-
pressibility isotherms converge at a particular concentra-
tion range, which is characteristic of aqueous electrolyte
solutions. The variation of κs versus m plots (Figure 1)
reveals the fact that as the electrolyte is added, the
isentropic compressibility of the solution at a particular
temperature is decreased due to the combined effect of
hydration of ions and breaking of the three-dimensional
network structure of water. From the variation of the
compressibility isotherms (Figure 1) it is assumed that in
aqueous electrolyte solutions the isentropic compressibility
is the sum of two contributions: κs(solvent intrinsic) and κs(solute

intrinsic). Therefore, following the explanation for a water-
ammonia mixture by Bowen et al.,12 we may write

where κs(solvent intrinsic) is the isentropic compressibility due
to the compression of the three-dimensional network
structure of water and κs(solute intrinsic) is the isentropic
compressibility due to the compression of the hydration
shell of ions and interionic distance. κs(solvent intrinsic) is the
dominant contributor to the total value of κs from pure
solvent up to the converging concentration, and beyond that
κs(solute intrinsic) is the substantial contributor.

Figure 1. Variation of isentropic compressibility, κs, with molality, m, at (O) 273.15 K, (4) 298.15 K, and (0) 323.15 K for aqueous zinc
nitrate solutions (symbols and solid curves represent experimental and fitted (from eq 2) values, respectively).

Table 1. Least-Squares Fitted Values of the Parameters of Eq 2 for Aqueous Zinc Nitrate Solutions

parameter 273.15 K 278.15 K 283.15 K 288.15 K 293.15 K 298.15 K 308.15 K 313.15 K 318.15 K 323.15 K

1010A/Pa-1 4.871 4.716 4.598 4.495 4.396 4.349 4.201 4.195 4.193 4.159
(0.024 (0.016 (0.020 (0.018 (0.016 (0.025 (0.058 (0.015 (0.059 (0.023

1010B/(mol-1/2‚kg1/2‚Pa-1) 0.9438 0.9208 0.8345 0.8013 0.8182 0.6803 0.7799 0.6114 0.4539 0.5020
(0.0994 (0.0656 (0.0779 (0.0700 (0.0575 (0.0920 (0.2105 (0.0534 (0.2139 (0.0832

1010C/(mol-1‚kg‚Pa-1) -3.028 -2.839 -2.573 -2.427 -2.353 -2.105 -2.104 -1.822 -1.552 -1.615
(0.131 (0.087 (0.098 (0.085 (0.067 (0.108 (0.241 (0.061 (0.245 (0.096

1010D/(mol-3/2‚kg3/2‚Pa-1) 1.270 1.177 1.038 0.9696 0.9347 0.8167 0.8243 0.6782 0.5376 0.5891
(0.070 (0.046 (0.049 (0.0409 (0.0312 (0.0501 (0.1091 (0.0278 (0.1115 (0.0435

1010E/(mol-2‚kg2‚Pa-1) -0.1628 -0.1500 -0.1278 -0.1185 -0.1144 -0.0961 -0.1003 -0.0757 -0.0519 -0.0636
(0.0129 (0.0086 (0.0087 (0.0069 (0.0050 (0.0081 (0.0171 (0.0044 (0.0175 (0.0068

std dev in κs 0.004 0.003 0.004 0.004 0.004 0.005 0.011 0.004 0.011 0.006

κs ) κs(solvent intrinsic) + κs(solute intrinsic) (3)

κs ) (u2F)-1 (1)

κs ) A + Bm1/2 + Cm + Dm3/2 + Em2 (2)
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To quantify the concentration at which κs isotherms
converge, the temperature derivative of κs appears to be
important. At the converging concentration (2.18 mol‚kg-1,
Figure 1), dκs/dT ) 0, which implies that dκs(solvent intrinsic)/
dT ) 0 and dκs(solute intrinsic)/dT ) 0. It seems that, at 2.18
mol‚kg-1, the intrinsic water structure is completely broken
and all the water molecules are incorporated in the primary
hydration shell of the ions. Below 2.18 mol‚kg-1, dκs/dT <
0, so that dκs(solvent intrinsic)/dT < 0, and above 2.18 mol‚kg-1,
dκs(solute intrinsic)/dT > 0 where the contribution from κs(solvent

intrinsic) is virtually nil.
The hydration number, nh, was calculated using the

reported empirical equation2

where κs,φ is the conventional apparent molal isentropic
compressibility of the solute, Vφ is the apparent molal
volume of the solute, κs,h is the isentropic compressibility
of the primary hydration shell, and κs,1 and V1 are the
isentropic compressibility and the molar volume of the
solvent, respectively. The total primary hydration number
for zinc and nitrate ions at 2.18 mol‚kg-1 was estimated
from eq 4 and was found to be 26.3 and is in good
agreement with the available number of water molecules
per mole of the solute (25.5) at that concentration.

A number of studies have been reported to elucidate the
structure of aqueous zinc nitrate solutions using different
experimental13-21 and theoretical13,22-31 techniques. For
easy comparison, the primary hydration numbers obtained
from different techniques are summarized in Table 2. Most
of the techniques reported hexacoordination to Zn2+(aq).
Bulmer et al.20 showed that Zn(H2O)6

2+ is a stable complex
from low-frequency Raman spectra. Recently, Muñoz-Páez
et al.19 studied aqueous zinc nitrate solutions in a wide
concentration range from (0.005 to 2.7 mol‚kg-1) using
extended X-ray absorption fine structure (EXAFS) and
observed no change in the hexacoordinated primary hydra-
tion shell of Zn2+ ion with concentration. Further, they
reported a decreasing trend of hydration number in the
secondary hydration shell with increasing concentration.
Very recent studies22 have concluded that six water mol-
ecules are tightly bound to Zn2+ ion in the first hydration

shell and beyond the first hydration shell the structural
information gained from the EXAFS technique is not
reliable.

Therefore, the total primary hydration number (26.3) of
zinc nitrate was bifurcated into ionic contributions by
assuming a stable and hexahydrated primary hydration
shell of Zn2+ ion. The remaining waters (20.3) are hydrogen-
bonded to two NO3

- ions by at least each nitrate O-atom
bonded to three water molecules, resembling the conclusion
drawn by Dagnall et al.16 The positively charged nitrogen
atom of the NO3

- may also interact with another one or
two water molecules.13

Electrical Conductivity. The conductivity data were
analyzed by applying the Casteel-Amis equation32

where µ is the concentration corresponding to the maxi-
mum conductivity, κmax, at a given temperature and a2 and
b2 are the empirical parameters. Least-squares fitted
values of the parameters of eq 5 are summarized in Table
3.

The κ versus m isotherms at four temperatures along
with the literature data are depicted in Figure 2. The
variation of conductivity with concentration reflects a
structural transition at (2.22 ( 0.09) mol‚kg-1. As the salt
content increases, the size of the migrating entity decreases
due to the departure of water molecules from the secondary
hydration sphere giving more freedom to move. The
departure of water molecules from the secondary hydration
sphere is completed by the time κmax is reached (Table 3
and Figure 2) at (2.22 ( 0.09) mol‚kg-1. Whereupon, at
>(2.22 ( 0.09) mol‚kg-1, available water molecules are
shared by both Zn2+ and NO3

- ions, resulting in solvent-
separated and/or solvent-shared ion pairs of reduced charge
and mobility. Thus, the conductivity pattern below (2.22
( 0.09) mol‚kg-1 revealed the well-structured feature of
ion hydration controlled by ion-water interactions, and
beyond (2.22 ( 0.09) mol‚kg-1 the perturbed features of
ion hydration controlled by ion-ion interactions are re-
vealed. Consequently, coupling of these two controlling
effects produces a maximum in the conductivity isotherm.
It is interesting to note that the concentration at which
κmax occurs reasonably coincides with the concentration at
which isentropic compressibility isotherms converge (Fig-
ure 1).

Shear Relaxation Time. To demarcate the concentra-
tion regions dominated by ionic species or specific com-
plexes, shear relaxation time, τ, was calculated using the
equation

The dependence of κ on τ is illustrated in Figure 3 at 303.15
K and 323.15 K. From Figure 3, it is apparent that the
conductivity increases sharply but the structural relaxation
time remains fairly constant. The results imply that, up
to 2.2 mol‚kg-1, the hydrated Zn2+ and NO3

- ions exist and,
beyond 2.2 mol‚kg-1, solvent-separated and/or solvent-
shared [Zn(H2O)6(NO3)]+ ion pairs are largely formed.

Surface Tension. The surface tensions were found to
be a linear function of temperature at a fixed concentration
having the following mathematical form:

The least-squares fitted values of the parameters of eq 7
are summarized in Table 4. Surface entropy, Sσ, and

Table 2. Reported Primary Hydration Number of Zinc
and Nitrate Ions Determined Using X-ray (X) and
Neutron (N) Diffraction, Extended X-ray Absorption Fine
Structure (EXAFS), Raman Spectra (R), Molecular
Dynamics (MD), Monte Carlo (MC), ab Initio, and
Density Functional Theory (DFT) Simulation Techniques

ion concentration
hydration
number technique refs

Zn2+ 5.9-6.6 X 13 (Table 2)
2.37 mol‚kg-1 5.9 X 14
1.0 mol‚dm-3 6.2 X 15
4.72 mol‚dm-3 6.6 X 16
2.0 mol‚kg-1 5.3 N 17
(2.7-0.005) mol‚kg-1 6 EXAFS 18

6 EXAFS 19
(1.3-3.5) mol‚dm-3 6 R 5, 20, 21
3.36 mol‚kg-1

6 EXAFS & MD 22
0.28 mol‚kg-1 4-7 MC 23

6 MC 24
6 ab initio 25, 26
5, 6 ab initio 27
4, 6 DFT 28
4, 5, 6 DFT 29
6 DFT 30, 31

NO3
- 4.72 mol‚dm-3 9 X 16

1.3-17.7 X & N 13 (Table 7)

nh ) (κs,φ - κs,hVφ)/[V1(κs,h - κs,1)] (4)

κ ) κmax(m/µ)a2 exp[b2(m - µ)2 - a2(m - µ)/µ] (5)

τ ) 4κsη/3 (6)

σ ) a3 - b3T (7)
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surface enthalpy, Hσ, per unit area are expressed by the
following equations:

and

where T is the absolute temperature. The parameters b3

and a3 in eq 7 represent Sσ and Hσ, respectively. Figure 4
depicts the plots of both Sσ and Hσ against concentration.

Variation of Hσ and Sσ with concentration also envisaged
some kind of structural changes in aqueous zinc nitrate
solutions. Up to ≈2.2 mol‚kg-1 (Figure 4), Sσ decreases but
Hσ remains almost constant where hydrated ions exist in
the solution and the inflection points in both the Sσ and
Hσ versus m plots at ≈2.2 mol‚kg-1 imply the existence of
the most stable species. Beyond ≈2.2 mol‚kg-1, both Hσ and
Sσ rise sharply with concentration, indicating configura-
tional changes and accounting for the predominant exist-
ence of solvent-separated and/or solvent-shared ion pairs.
Bloom et al.33 proposed a correlation of bonding character

Table 3. Least-Squares Fitted Values of the Parameters of Eq 5 for Aqueous Zinc Nitrate Solutions

T/K κmax/S‚m-1 µ/mol‚kg-1 a2 10-3b2/kg2‚mol-2 std dev in κ

273.15 8.16 ( 0.02 2.241 ( 0.013 0.9044 ( 0.0169 -0.0299 ( 0.0024 0.05
291.15 12.42 ( 0.05 2.314 ( 0.019 0.9110 ( 0.0304 -0.0280 ( 0.0069 0.06
298.15 14.13 ( 0.05 2.222 ( 0.018 1.004 ( 0.019 -0.0011 ( 0.0018 0.12
323.15 20.79 ( 0.07 2.312 ( 0.018 1.010 ( 0.017 -0.0086 ( 0.0013 0.17

Figure 2. Plots of electrical conductivity, κ, versus molality, m, at (O) 273.15 K, (]) 291.15 K, (∆) 298.15 K, and (0) 323.15 K for aqueous
zinc nitrate solutions (symbols and solid curves represent experimental and fitted (from eq 5) values, respectively). (2) Reference 9.

Figure 3. Dependence of electrical conductivity, κ, on shear relaxation time, τ, at (O) 303.15 K and (4) 323.15 K for aqueous zinc nitrate
solutions.

Sσ ) -dσ/dT (8)

Hσ ) σ - T(dσ/dT) (9)
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(ionic or covalent) from the magnitude of Hσ. However, the
magnitude of Hσ for pure water34 and that of the concen-
trated zinc nitrate solutions (Table 4) are comparable. Such
a correlation could not be established from the data, as was
pointed out by other authors.34,35

Raman Spectra. The Raman spectra of aqueous zinc
nitrate solutions in the concentration range from (0.3340
to 5.973) mol‚kg-1 are depicted in Figure 5. The band
parameters for the nitrate modes and the libration band
of water are listed in Table 5. The band at ≈390 cm-1 is
very weak for 0.3340 mol‚kg-1 but becomes sharp with
increased intensity as the concentration is increased. This
band was reported for aqueous solutions as well as hy-
drated zinc nitrate melt and Zn(NO3)2‚6H2O crystal where
zinc is octahedrally coordinated by water.5,36 The band is
assigned to a Zn2+-ÃΗ2 stretching mode (νlib) (libration

band), the presence of which represents the strong cation-
water interactions.

The nitrate deformation band (ν4) at ≈713 cm-1 for free
NO3

- ion is shifted to a higher frequency region by ≈3 cm-1

with increased intensity as the concentration is increased.
The intensity of the band is increased sharply for 2.188
mol‚kg-1 and above. The frequency shift is accounted for
the H2O-NO3

- interaction. The splitting of the ν4 band
for aqueous Zn(NO3)2 solution begins to occur at ≈9.3
mol‚kg-1 (Zn(NO3)2‚6H2O) and beyond and appears at (720
and 750) cm-1.5 We have recorded Raman spectra up to
≈6 mol‚kg-1 in the present study, and a single symmetrical
band at (716 ( 3) cm-1 has been observed (Figure 5).

The intensity and full-width at half-height (fwhh) of the
symmetric stretching mode (ν1) of nitrate at 1048 cm-1

increase with concentration, but the position of the peak

Figure 4. Variation of surface enthalpy, (O) Hσ, and surface entropy, (4) Sσ, per unit area with molality, m, for aqueous zinc nitrate
solutions. The solid lines are guides to the eyes.

Figure 5. Raman spectra of (a) 0.3340, (b) 0.8228, (c) 2.188, (d) 3.426, and (e) 5.973 mol‚kg-1 aqueous zinc nitrate solutions in the
frequency range from 200 to 1600 cm-1 at room temperature.
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frequency for all solutions does not change. A similar
observation has been reported by Sze and Irish.5

The intensity of the envelope at ≈1400 cm-1 correspond-
ing to the asymmetric stretching mode (ν3) of nitrate
increases as the concentration is increased. Though the
envelope begins to appear at 0.8228 mol‚kg-1 solution, the
band splitting occurs at 2.188 mol‚kg-1 and becomes
distinguished for 3.426 mol‚kg-1 zinc nitrate solution. At
3.426 mol‚kg-1, the two bands appear at (1341 and 1401)
cm-1 with separation, ∆ν ) 60 cm-1. For 5.973 mol‚kg-1

zinc nitrate solution the band separation further enhanced
(separation ∆ν ) 86 cm-1) and was centered at (1329 and
1415) cm-1. The splitting pattern of the ν3 band was also
observed for other nitrate salts.37-39 Irish and Walrafen39

in their studies concluded that water causes the splitting
(ν3 band) and proposed an interaction of the type, for
example, Ca2+-(Η2O)x-NO3

- (solvent-separated ion pairs).
The bands at (384, 718, 1049, 1329, and 1415) cm-1

suggest that NO3
- ion is not entering in the first coordina-

tion sphere of Zn2+ ion.5 From the variation of ∆ν versus
C1/3 (∆ν of 1400 cm-1 region), Sze and Irish5 suggested that
the outer-sphere ion pair formation increases rapidly at
around 6.2 mol‚kg-1. From the variation of κ versus τ plots
(Figure 3), it is apparent that the changing of the slope
occurs in the higher concentration region at ≈5.8 mol‚kg-1

(τ ) 1.874 ps at 303.15 K and τ ) 1.194 ps at 323.15 K).
Therefore, it is suggested that the hydrated Zn2+ and NO3

-

ions in the concentration range from dilute to 2.2 mol‚kg-1

and beyond 2.2 mol‚kg-1 solvent-shared and/or solvent-
separated ion pairs govern the transport process.
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