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Abstract—Data on the mobility of negative and positive ions are discussed on the basis of models

developed for polymers.
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I. Introduction

The mobility of ions in non-polar dielectric
liquids has been measured and discussed for many
decades. Data obtained for liquefied rare gases
have received continuing interest. Although these
are simple atomic liquids and the ions are of
similar sizes a detailed theoretical description of
transport processes is a challenging task. Another
class of liquids, which have received much
attention are liquid hydrocarbons, especially n-
alkanes. They were studied as models for mineral
oils used in the electrical industry. More recently
silicone oils have been used as insulants and

coolants in railway transformers and many studies

on their electrical properties have been published.
In spite of this, data on the mobility of ions in
silicone oil are scarce. We have recently
summarized the data available so far [1].

From a theoretical point of view mobility data
are usually discussed on the basis of the Stokes’-
Einstein formula, which correlates the mobility
with the viscosity of the liquid and the radius of the
ions. A consequence is Walden’s rule, which states
that the product of mobility and viscosity is

constant:

Hion X 1= const (1)



Implicit is the assumption, that the ion migrates
as a single entity surrounded by a shell of polarized
atoms or molecules. The viscosity of liquid
hydrocarbons is of the order of 1cSt. For negative
ions the data seem to follow Eq. 1, but for positive

ions, Adamczewski [2] found

3/2
Hion X1 = const

(2)

Silicone oils exhibit viscosities ranging from 0.65
to 105 to 106 cSt, with molecular weights starting
from 162 g/mol up to 106 g/mol. While the low
viscosity oils still exhibit a liquid character, the
higher viscosity oil approach the properties of
polymers.

In the present note we discuss the mobility of
ions in silicone oils on the basis of theoretical
concepts developed for the description of ion

mobility in polymers.

II. Experimental data
The few data available in the literature concern
mainly polydimethyl siloxanes. The structure

formula is shown in Fig.1.
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Fig.1 Structure formula of polydimethysiloxane;
n chain length
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In most publications there is no information on
what kind of negative or positive ions the
measurements were carried out. Here, we
concentrate our discussion on data of negative ions
obtained by Holroyd and Schmidt [3], who studied
the radiation induced conductivity of silicone oils
and produced defined negative ions S- by the

addition of sulfur hexafluoride S,

§%3Z : Mobility of ions in silicone oil
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A similar technique was employed by A. Chemin
[4], who produced defined negative ions with the
addition of C7F14. The data are summarized in Fig. 2
(The data of Tsuchida Fig. 2 probably refer to

electrons or O, since they worked with very thin

liquid layers).
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Fig. 2: Dependence of negative ions mobility in silicone
oil on viscosity at room temperature
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Both, the data of Holroyd and Chemin for defined
ions deviate from Walden'’s rule (Eq. 1).

In order to rationalize the data for negative ions
we follow the assumptions of Mendolia and
Farrington [5], who discussed the ionic mobility in
macromolecular electrolytes. In polymers, where

entanglement is absent, it was found that a

proportionality ~ between  viscosity, 7 and

molecular weight, M of the polymer exists,

n o« MJ 3)

¢ is the friction coefficient per monomer unit.

Silicone oil of a given viscosity usually exhibit a
distribution of molecular weights. In Fig. 3 some
data are shown.
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Fig.3 Molecular weight distribution of silicone oils; data taken from ref. [6]
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In Fig. 4 a plot of the viscosity as a function of a
molecular weight is shown. M < M (4)
We took the data given by Wacker, which are

presented in Table 1. 10—y
Table 1 molecular weight and viscosity for 1000 |- e
Wacker silicone oils [7]
F1 Wacker VU armosTEEIE B 100 1
o 100 | =
viscosity ¢St N molecular weight =) £ 3
8 L 4
2 L i
065 0 162 > % 3
50 40 3000 F
100 70 5000 1E 4
1000 200 15000 E 3
10000 500 37000 o " 1 1
100 1000 104 10°
The viscosity is proportional to M2 with a21. In molecular weight g/Mol

applying Eq. 3 to the data for SF¢- we assume that
pplying 4 ¢ Fig4 Correlation of molecular weight and viscosity;

the ions should encounter a frictional resistance data of Wacker Silicones [7]

closely related to the resistance, which the polymer 4 SHFELHEOHEE ; Wacker
S0 V2 = .

segments feel during their thermal motion. With VYA DTS
the assumption that the mobility varies as 1/ £, the

. . . . In the silicone oils entanglement is absent at
following relationship between mobility and

. L . lower viscosities. If we take the data of Fig 4 for M
viscosity is obtained,
and the Holroyd-data for SF¢ ions, the proportional

relation between the product of viscosity and

_6_



mobility and the molecular weight M (Eq. 4) is
obtained (see Fig. 5).
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Fig. 5 Holroyd mobility data for negative ions plotted
according to Eq. 4
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Positive ion mobilities are shown in Fig. 6. Here we
can assume that the positive ions are macromolecules
of silicone oil, which lost one electron due to

ionization,

M, 5 M +e

y—radiation

Generally, ionic transport in such case is described
by a hopping mechanism, where the free volume is the

determining factor. The positive charge transfers from

E&3C : Mobility of ions in silicone oil
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Where V, is the attempt frequency and d is the
jump distance. Vi is the free volume required for
displacement and V¢ is the mean value of the available

free volume. All other symbols have the usual

meaning.
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Fig. 6:Dependence of mobility of positive ions on viscosity
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The problem of applying Eq. 5 to the case of
silicone oils is that almost no data of free volumes in
these oils are available. There exist only one set of

data for one oil, for which the free volume had been

M," to M, by making use of an adjacent free volume. determined from viscosity studies at various
The mobility in such case is given as [8], temperatures and pressures
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Fig.7 Master curve for viscosity as a function of free volume for ASME oil 565H [9]; the x axis is labeled sf in the following discussion.
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The x-axis is proportional to the free volume, while
the y-axis shows the viscosity. The viscosity as
function of free volume is given by the Doolittle

equation [10],

o exp| LY~ Ve
v, (6)

V-V; is the volume occupied by the molecules and V¢
is the free interstitial volume.

In order to rationalize the data of Fig.6 we assume
that two mechanisms are active. While up to
viscosities around 50 cSt, the oils behave like a liquid
and the mobilities follow Walden’s rule. The data of
Holroyd and Chemin basically show the same
dependence on viscosity, roughly p~n-!. For higher
viscosities the free volume model seems to be
applicable. Although no data on the free volume for
the oils investigated by Holroyd are available, the data
of Fig. 7 give some idea on how the free volume of a
specific silicone oil changes with viscosity. We take
the data of Fig. 7 and calculate a hypothetical mobility

factor via Eq. 5 as

1
.ocex _
Hion p of @)

The results are shown in Fig. 8.
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Fig.8 Mobility factor as a function of viscosity, see Eq. 7.
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The ratio of the measured mobilites u(50 cSt)/
p(5000 cSt) = 1.3 compares favorably with the ratio
obtained from Fig. 8 of 0.4/0.31=1.29.
speaking, the trend of the mobility for higher values of

Generally

the viscosity can be rationalized by the free volume
model.

More reliable data are required to support the
discussion of the mobility of ions in silicone oils.
Both models, the model for the negative ions and
the model for the positive ions somehow could be
combined. @ The present treatment seems to
indicate that the models developed for polymers
may be applicable for the description of the ion

mobility in silicone oils.
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