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The density, viscosity, and electrical conductivity of highly concentrated solutions of ammonium
nitrate in dimethyl sulphoxide have been determined over the temperature range 10— 60°C and the
concentration range 7— 50 molY; of the salt. The variations in the quantities as a function of tem-
perature and concentration have been correlated by empirical equations. A comparison is made
between the transport properties for the present system, aqueous solutions of ammonium nitrate,
and calcium nitrate solutions in dimethyl sulphoxide.

In a previous study! concerned with the glass-forming ability of some inorganic salts in dimethyl
sulphoxide (DMSO), it was found that ammonium nitrate solutions in DMSO form glasses
on quenching in liquid nirogen over a wide concentration range (20— 50 mol ; of salt). No glass
is produced by quenching aqueous solutions of ammonium nitrate. It is well known? % that
glass-forming solutions of inorganic salts exhibit the so called non-Arrhenius behaviour around
the liquidus temperatures, and that the apparent activation energies of their transport properties
increase progressively with decrease in temperature. At the temperature T, which is close to the
glass transition temperature T, the apparent activation energies of transport processes reach
values several times those found in the region above the liquidus temperature. Another factor
that has a large effect on transport properties of highly concentrated solutions of inorganic
salts in water>** and in non-aqueous solvents>+© is the salt concentration: the viscosity increases
while the molar conductivity decreases progressively with increasing salt concentration.

The aim of the present work was to determine transport properties cf amrmonivm
nitrate solutions in DMSO and to compare them with those of aqueous soluticns
of ammonium nitrate and solutions of other salts in DMSO.

EXPERIMENTAL

Analytical grade ammonium nitrate and DMSO (Merck) were used for sample preparation.
The DMSO was a dry product, with a maximum water content of 0-03%;. The original NH;NO,
was dried in a vacuum oven at a temperature not exceeding 90°C, and the anhydrous salt obtained
was stored in a desiccator over phosphorus pentoxide. Samples of required concentration were
made up by dissolving weighed amounts of the salt in DMSO. The solution concentrations were
not checked analytically, since electrical conductivity determination before and after measure-
ments confirmed that no concentration changes occurred during the measurements.
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The density was measured by means of a DMA 40 digital vibration densimeter (Paar, Austria)
with an accuracy of +5.10 % gcm™3.

The viscosity was determined by using a BH 2 Hoppler viscometer with an accuracy of 4-17%.

The electrical conductivity was measured on a BM 484 Tesla semi-automatic bridge. The con-
ductivity cells used had cell constants of 183-32, 167-32, and 160:77 cm ™~ 1

Molar conductivities of samples were calculated from measured conductivities, » (S cm ™),
and densities, d (gcm ™ 3), using the relationship

x 1—x
A== (M, + M2>, (n
x

d

where M, and M, are the molar masses of solvent and salt, respectively, and x is the mole frac-
tion of salt in solution.

RESULTS AND DISCUSSION

The density of the system NH,NO,;-DMSO was measured as a function of tem-
perature and concentration over the temperature range 5 < t < 60°C and the salt
concentrationrange 0:07 < x < 0-50. The results were fitted to the empirical equation

3 4
d=Y 1Y apt, e

where d is the density (g cm™3), 1 is the temperature (°C), and x is the mole fraction
of saltin the system. The calculated parameters of Eq. (2) are given in Table I.

The viscosity and electrical conductivity were measured over the same concentra-
tion range as above, and at temperatures within the ranges 5 < ¢t < 60°C and 12 <
=< t £ 60°C, respectively.

For highly concentrated NH,NO;-DMSO solutions, the dependences of In A and
In ¢ (fluidity ¢ = 1/n) on 1/T do not follow the Arrhenius equation, as is after all
commonly observed for a number of highly concentrated salt solutions?~¢. It may

TABLE I

Parameters, q;;, of Eq. (2) for density calculation. The mean relative deviation & = 0-043%;

Jj

J i=1 i=2 =3

1 1-12137 —1-1345.10°3 1:2392.107°
2 40522. 107" 2:5215.107%  —9-7490.107°
3 —1-9983 .10} —6-5024 .10~ 3 28680 .10~
4 3-0596 . 10~ ! 61089 . 10~ 3 —2-5261.107°
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however be noted thatdeparturesfrom Arrhenius behaviour for this system are
far smaller than those found for Ca(NO,),-H,O and Ca(NO,),-DMSO, the systems
which have so far been studied most extensively in this respect®.

Rather surprisingly, the dependence of In A or of In ¢ on x for NH,NO;-DMSO
isrepresented by a curve convex with respect to the x-axis. With all the systems studied
so far the reverse is true®7:8,

The data for viscosity and molar conductivity as functions of the salt concentra-
tion and the temperature were fitted to the previously proposed equations®

Inn = Ay + A;x + (B + Byx)[(T— Ty — Thx) 3
lﬂ A = ‘Al + Azx + A3x2 + (Bl -+ Bzx + B3x2)/(T_‘ Tl -— sz -_ T3x2), (4)

where x is the mole fraction of salt, and T(K) is the temperature. The parameters
of the above equations were calculated from a set of experimental data by using
an optimization technique, and are listed in Table 1I. The equations provide satis-
factory fits as judged from the values of average relative deviations between experi-
mental and calculated viscosity and molar conductivity values. The dependences
of fluidity and molar conductivity on salt concentration and temperature are repre-
sented in Figs 1 and 2, respectively. The measured range extends somewhat deeper
below the liquids curve only at x = 0-50. The viscosity at this concentration and 50°C,
i.e. on the liquids curve, has a value of 0-0247 Pa s. As has been shown previously®,
aqueous systems whose viscosities at the liquidus temperatures =002 Pa s tend
to form glass on sufficiently rapid quenching. For the system Ca(NO,),-DMSO the

TaABLE II
Parameters of Eqs (3) and (4) for the calculation of viscosity and molar conductivity, respectively

i A; B; T; 3, %
viscosity

1 —865 361 144-0 2:6

2 —3-86 2002 —37-6

molar conductivity

1 5-492 —345-4 155-5
2 —5122 —590-4 1-806 05
3 9-095 3152 124-6
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viscosity at the liquidus temperature, corresponding to the low-concentraticn limit
of glass-forming ability, is about 0-04 Pas, so that the glass formation requires
ahigherviscosityin this case. For the system NH,NO;-DMSO we were able to measure
the viscosity at the liquidus temperature (x = 0-50; t = 50°C), where its value
is 00247 Pa s. Application of the same cooling methcd as used with
Ca(NO;),~-DMSO allowed the system to be brought into the glassy state. Even though
no difficulties were encountered in supercooling NH,NO;-DMSO samples with x =
= 050 by c. 30—40°C, rapid crystallization mostly occurred afterwards so that
viscosity or conductivity could not be measured over the entire temperature range
from c. 10 to 60°C. It was apparent that the crystallization was additionally initiated
by the presence of platinum black covered electrodes.

Both the molar conductivity and fluidity decrease as the salt concentration is in-
creased and the temperature is decreased. If the decrease in molar conductivity with
increasing salt concentration were due only to an increase in viscosity, then the magni-
tude of the Walden product w = An should be constant. However, this is not the
case with the present system (Fig. 3). At 10°C, the values of w increase starting from
the lowest salt concentration, x = 0-077. Increasing the temperature mitigates the
effect: at 40°C no marked increase in w is observed until x = 0-:20. At 60°C the x—w
plot shows even a minimum at ¢. x = 0-15. It may be assumed that at low tempera-
tures association of a part of the NH; and NOJ ions occurs as the salt concentration
is increased. This effect is diminished with increase in temperature. As a result, the

FiG. 1 Fi1G. 2
Viscosity, n (Pas), as a function of tempera- Molar conductivity, A (S cm? mol—'), as
ture, 7 (°C), and mole fraction, x, of salt a function of temperature, ¢(°C), and mole
for the system NH,NO;-DMSO fraction, x, of salt for the system NH,NO;~
-DMSO
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molar conductivity changes more rapidly than does the viscosity as the temperature
and the salt concentration are increased. The variation of the Walden product
with temperature is practically linear over the whole temperature and concentration
ranges investigated.

Comparison of the electrical conductivity behaviour of the systems NH,NO,-H,O
and NH,;NO,;-DMSO, based on the values of conductivity, x, will ncw be made,
using published data for the aqueous system!°'!!. Fig. 4 shows the variation in tke
conductivity of the system NH,NO,;-DMSO as a function of the salt concerntra-
tion at several temperatures. At temperatures below 40°C both systems show distir.ct
absolute maxima in the conductivity versus concentration plots. At higher tempera-
tures, the maximum is only local for the non-aqueous system, ard the conductivity
goes on rising as the salt concentration is further increased. Besides, the maximum
in the x—x plot for the aqueous system lies at x = 0-196 over a wide range of tem-
peratures, while for the system NH,NO,;-DMSO the position of the maximum is
a linear function of temperature within a concentraticn range 0-13 < x < 0-22.
The shift in the position of the maximum is considered to be the result of changes
in the extent of hydration, or more generally solvation, of ions present in the sys-
tem!?'!*. The independence of the position of the maximum for the aqueous
system on the temperature is the exception rather than the rule. As shown by Fedo-
tov'?, the maxima in » = f(x) for a series of alkaline metal salts do not change
in position in the cases where there is neglible hydration of the ions present, e.g.
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FiG. 3 FiG. 4
The Walden product, w, as a function of mole Variation in conductivity, » (S cm™'), with
fraction, x, of ammonium nitrate at various mole fraction, x, of ammonium nitrate
temperatures: O 10, © 20, ® 30, @ 40, @ 50, at various temperatures: O 10, © 20, ® 30,

® 60°C @ 40, ® 50, ® 60°C
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with cesium salts. For hydrated ions the maxima are shifted to higher salt concentra-
tions as the temperature is increased. This is just the behaviour shown by the system
NH,NO,;-DMSO. The fixed position of maxima for the system NH,NO;-H,O
may be indicative of a small degree of hydration of the NO; and NH ions, whilst
the shift of the maximum for NH,NO;-DMSO may reflect a certain degree of solva-
tionin thisy system. That the interactions in the system NH,NO;-DMSO are stronger
compared with those in the analogous aqueous system is also confirmed by the change
in the ratios of viscosities and molar conductivities on going from the pure solvents
to NH,;NO,;-DMSO and NH,NO;-H,O solutions (Fig. 5): while the viscosity
of pure DMSO is only about twice that for H,O, the relative increase on addition
of NH,NO; in an amount corresponding to x = 0-30 is about tenfold.

As shown by Letellier and Gaboriaud!#, the ionic radii of the nitrate ion in aqueous
and DMSO solutions of alkali metal nitrates are not much different (198 and 208 nm,
respectively). Hence it may be inferred that the ammonium ion will be solvated
preferentially in DMSO. Fig. 6 shows plots of the ratios of molar conductivities
and fluidities for the systems NH,NO;-DMSO and Ca(NO;),-DMSO. Clearly,
the effect of increasing the salt concentration on the molar conductivity is greater
with Ca(NO,),-DMSO than with NH,NO,;-DMSO. This implies that the NH
ions is less solvated in DMSO than the Ca?* ions. The analogous ratio of fluidities
for the two systems is less affected by changes in the concentration of the salts. This
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Ratios of viscosities, V¥, and of molar con- Ratios, D, of molar conductivities and of flui-
ductivities, R, for the systems NH,NO,- dities for the systems NH,NO;-DMSO and
-DMSO and NH 4NO;-H,O as functions Ca(NO;),-DMSO as functions of mole
of mole fraction, x, of ammonium nitrate fraction, x, of salt: 1 A4 15°C, 2 ¢ 15°C,
at25°C: 1R, 2V 34 60°C, 4 ¢ 60°C
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may most probably be ascribed to the strengthening of ionic interactions in the sys-
tems as the number of solvent molecules is reduced, an effect which has a greater
impact on conductivity than on fluidity.
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