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ABSTRACT

Measurements have been made of the homogeneous thermoelectric power
of ice containing differing amounts of HF or NH; impurity. The thermo-
electric power is of the order of a few millivolts per degree and depends
markedly in both sign and magnitude upon the type and concentration of
impurity present. The experimental results are qualitatively in accord
with the theory developed by Jaccard but there is considerable numerical
disagreement. This is probably due in part to segregation effects in the
polycrystalline specimens used. The experiment allows determination of
several quantities relating to the effective charge and mobility ratio of
current carriers in ice.

§ 1. InTRODUCTION

THE electrical properties of ice have been studied intensively during
recent years and, as a result of the work of Workman et al. (1954), Eigen
and De Maeyer (1956), Granicher (1958), Jaccard (1959) and others, there
now exists a reasonably complete and consistent picture of conduction
processes in ice.

The thermoelectric effect in pure ice has been studied by Latham and
Mason (1961) who put forward a simple theory based on the fact that the
mobility of protons in ice is 10 to 100 times greater than that of negative
OH~ions. They proposed that in the presence of a temperature gradient
the more mobile protons migrate preferentially to the cooler end of the
crystal, leaving the warmer end negatively charged. Experimental
work on pure ice confirmed the existence of the effect and both theory
and experiment agreed that, for a temperature difference AT across the
crystal, a potential difference of 0-002A7 volts was developed. The effect
of impurities in the ice was not investigated in detail by Latham and
Mason, though they observed that addition of small amounts of HEF or
CO, tended to increase the charge separation.

More recently Jaccard (1963) has put forward a fairly complete theory
of the thermoelectric effect in pure ice and in ice containing HF impurity
based on the four-earrier model previously developed (Jaccard 1959).
This theory has not hitherto been tested experimentally except at the
single point given by Latham and Mason, where the available parameters
allow satisfactory agreement to be produced.
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It is the purpose of the present paper to present the results of a study
of the thermoelectric power of ice over a range of acidic and alkaline
solid solutions with HF and NH,OH respectively and to discuss these
results in the light of our present understanding of transport processes
in ice.

§ 2. EXPERIMENTAL

The experiments were carried out in a small cylindrical cold box whose
temperature was held at —35°c. The perspex lid of the cold box was
lined with copper which was connected to the copper walls and base and
earthed. Ice samples were grown in the cold box in a lead—glass tube,
I-4cm in diameter and 10cm long, closed at each end with a brass cap
and held vertical at its base on a thin copper plate as in fig. 1. The base
of the tube was fixed in thermal contact with a small copper block
on which was wound a heater, but was electrically insulated from it by
a thin sheet of mica. The temperature of the tube base could thus be
changed by variation of the heater current and was measured by a
thermocouple inserted in the brass cap.

Fig. 1
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Arrangement of the ice sample for the experiment. The assembly is placed
in a cold-box which is maintained at —35°. The copper shield lines
the whole interior of the cold-box and is earthed to provide electrostatic

screening.

‘The ice specimen was formed by putting water a little at a time into the
tube through a small hole in the upper brass cap so that freezing took
place from the tube base. In this way segregation of the acid or alkaline
component was minimized and the ice specimen produced should have
had a fairly uniform, though perhaps slightly striated, impurity distri-
bution. When the tube was filled with polycrystalline ice, the hole in
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the upper cap was closed by the insertion of a short brass rod which was
frozen into place. The two brass caps were then used as electrodes, the
upper cap being connected to an electrometer with an input resistance of
10 ohms while the lower cap was earthed through an accurately calibrated
1000 ohm potentiometer. The resistance of the ice sample was about
" 10°ohms.

To check on possible electrode effects, as noted later, some measurements
were made with palladium instead of brass as the electrode material.’

The experimental procedure was to vary the base temperature from
about —25°c to —1°¢ and to measure the potential difference across the
ends of the ice by applying a balancing potential with the potentiometer
and using the electrometer as a null detector. Potentials of 1 to 1000 mv
could be applied and potentials were measured to the nearest 0-5mv.
Base temperatures could be held constant to within 0-1° while measure-
ments were being made. Increase in the base temperature gave rise to a
small increase in the temperature at the top electrode. This was measured
in a separate experiment and a correction made.

The experiment was performed with samples grown from water whose
PH was varied from 2 to 10 by the addition of very dilute HF or NH,OH.
In each case the p of the water to which the ice melted at the end of the
experiment was also measured, taking care to avoid pH changes due to
dissolved atmospheric CO,. It is this final PH value which is used later
in interpreting the experimental results. For very high impurity con-
centrations, instead of measuring a pa value it was found more convenient
to make up aqueous solutions of known strengths using standardized
materials.

The potential difference measured in the experiment has several
components of which the most important are the true thermoelectric
potential across the ice sample, thermoelectric effects in the metallic
parts of the electrical circuit and the potentials generated at the two
ice-metal electrodes. The thermal e.m.f.’s in the metallic circuit can be
neglected since they are only of the order to tens of microvolts per degree.
The electrode potentials, however, cannot be eliminated or neglected in
the experimental configuration used.

The isothermal standing potential difference measured across the ice
specimen was of the order of tens of millivolts and varied apparently
randomly from sample to sample or in a single sample if it was allowed to
melt near one electrode. In the experiment the temperature of the top
electrode was held constant and the potential across the sample plotted
as a function of the temperature of the base electrode. Despite variations
in the standing potential with different samples of the same impurity
content and from brass to palladium electrodes, the slopes of these curves
were consistent to within a few per cent. It seems valid to conclude that
the temperature derivatives of the electrode potentials and other extraneous
effects are small in comparison with the thermoelectric power of ice and
that the measurements give a true indication of this quantity.
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For specimens grown from water with pH less than 4 or greater than 9
the brass electrodes gave erratic results, presumably because of chemical
reaction with the HF or NH,OH. In these regions, therefore, only
palladium electrodes were used. .

The curves shown in fig. 2 have the same general form as those reported
by Latham and Mason. Below about —10°c the potential varies nearly
linearly with temperature, but deviates increasingly from linearity at
_higher temperatures. Restricting attention to temperatures below
—10°¢, the slope of the curve gives the thermoelectric power.

Fig. 2
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Typical plots of thermoelectric potential across the ice specimen as a function
of the temperature of the base. Curve 1 is for ice which melts to water
of pH value of 87, curve 2 for a pH value of 7-1. The different sets of
symbols on each curve represent data taken on successive runs with
the same sample. The temperature of the top of the sample is —35°

in each case.

In fig. 3 the thermoelectric power, determined in this way, is plotted
against the pHE value of the water to which the ice melted. This pa value,
of course, has no direct significance for the ice sample itself but from it
the concentration of HF or NH,OH in the ice can be deduced. This
quantity is also indicated in fig. 3. For very high concentrations of
either doping agent the pH ceases to be a useful quantity because of
incomplete ionization in aqueous solution. In these ranges, only the
directly determined impurity content is indicated. '
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Fig. 3
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The thermoelectric power of ice as a function of the content of HF or N H; (given
as impurity molecules per m?) or the pr value of the water to which the
ice melts.

O: data taken with brass electrodes.
A: data taken with palladium electrodes.

§ 3. THEORETICAL

The theory of the electrical properties of ice is complicated by the struc-
tural complexity of the solid itself and it is only recently that a reasonably
complete and consistent theory has been put forward (Jaccard 1959).
It is found that four different charge carriers are required to account for
the observed electrical properties—the ion states HyO+ and OH-, and the
Bjerrum or valence defects which consists respectively of doubly occupied
bonds (D) and empty bonds (L). These defects and their mode of motion
are illustrated schematically in fig. 4. Because the energy barrier to proton
transfer along a bond is small, the proton jumps in the motion of ion
states are thought to occur by a quantum tunnelling mechanism with
effectively zero activation energy. The Bjerrum defects on the other
hand, move in a classical, thermally activated manner.

Though there is now fairly general agreement on the existence of these
four defects, the energies of formation and diffusion and the exact structure ~
of Bjerrum defects are still the subject of theoretical speculation (Dunitz -
1963, Eisenberg and Coulson 1963). Jaccard’s theory of the electrical
properties of ice of necessity therefore uses an idealized model for these
defects and for the ion states. ,

The electrical conductivity of ice-at zero frequency is a consequence
of the interactions between the two types of charge carrier. If only ion
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states were present, they would migrate in opposite directions under the
influence of a static electric field and the resulting change in proton con-
figuration on the bonds would polarize the crystal and prevent further
charge transport. The motion of D and L defects, which behave as positive
and negative carriers respectively, also polarizés the crystal but in the
opposite sense. The combined motion of both types of defects can thus
~ lead to a non-zero static conductivity. The ion states and Bjerrum
defects provide conduction mechanisms which are effectively in series,
however, rather than in parallel asis usually the case. The static conduc-
tivity is therefore determined by the less efficient process, which happens
to be that of the ionic states which are much fewer in number.

Fig. 4
+ D
! —_ ‘ L
Ton states and Bjerrum defects and their motion in a simplified ice structure.

The high frequency conductivity and dielectric properties of ice, on
the other hand; depend additively upon the contributions of all the defects.
“This is basically because the defects move over only very small distances
and their interactions are not important.

By the analysis of static and high frequency conductivity data and
their dependence upon temperature, combined with results obtained by
other studies, it has been found possible to derive several important
quantities relating to the charge carriers inice. These are listed in table 1.

When hydrofluoric acid is added to ice it is thought to be incorporated
substitutionally in the lattice. Each HF molecule, because of its proton
deficiency relative to H,0, therefore contributes a single empty bond or L
defect to the crystal. This defect is apparently very weakly bound to
the impurity and is essentially free at —10°c. This is verified by a study

of the high frequency conductivity which increases linearly with HF
concentration. The substitutional HF molecule can also be ionized and
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Table 1. Properties of carriers in ice at — 10°c

Bjerrum defects

Ion states

Reaction equation

Energy of formation (ev)

Concentration in pure ice
(m—3)

Activation energy for
diffusion (ev)

Mobility (em2/v sec)

Mobility ratio

Effective transported
charge

EPL=0-68+0-04 (4)
nPg=nl;=7x10% (4)

SEE=0-23 (4)
T LEP~0-23 (2)(3)

LN > 1 ()
LdPL~10'(3)

ON=D+L

pE=2x10-% (4)

ePL=0-44¢ (5)

2H,0=H;0++ 0H-

SE£=12401 (4)

\E+=0-96+0-13 4)
nto=n"y=1-8x 1016 to

9x10% (1) .

E+=FE-~0 (2)
p*t=0-1t0 0-5 (1)

¢+ =pu" /ut=0-01 to 0-1 (1)

et =0-55¢ (5)
_

(1) Eigen and De Maeyer ( 1958).
(2) Jaccard (1959).

(3) Levi and Lubart (1961).

in this way contribute a positiveion state to the crystal.

(4) Granicher (1963).
(5) Jaccard (1963).

The concentration

of such free ion states, as found from the static conductivity, varies as

the square root of the HF concentration, indicating
proportion of the HF molecules are ionized at — 10°c.

that a very small
This ionization

is characterized by an activation energy Hy and equilibrium constant kg

which are given in table 2 from the results of Stein

(1959).

mann (1957) and Jaccard

An analogous though opposite situation oceurs with solid solutions

of NH, in ice.

Again, the impurity is thought to be included substitution -

ally and, because of its proton excess, gives an easily freed D defoct.

Tonization gives

an immobile NH,* ion together with a free negative ion

Table 2. Properties of impurities in ice

Dissociation constant for ionization

Activation energy for ionization of HF, § rp=064 ev

Dissociation constant for ionizati
Activation energy for ionization

of NH,OH, B y=0-74 ev

Activation energy for L defect liberation from HF~0

Dissociation constant for D defe
Activation energy for D defect

Segregation coefficient of HF
Segregation coefficient of

in ice/water ~10~2

NH,OH in ice/water ~10~3

of HF, k=6 x 1016 m~3
on of NH,OH, k=3 x 1014 m~3

ct liberation from NH,OH ~ 1022 ;m—3
liberation from NH,OH ~0-3 ev(?)

(1) Steinmann (1957).
(2) Jaccard (1959).
(8) Levi and Lubart (1961).
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state. The electrical conductivity of ice doped with ammonia has been
investigated experimentally by Levi and Lubart (1961). The results for
low concentration of the impurity are similar to those for the case of HF
and from them can be deduced the ionization energy Ey and equilibrium
constant ky, which are also given in table 2. There is some evidence that
there is an activation energy associated with the liberation of a D defect
from NH, but the value of this energy is uncertain.

A theory of the thermoelectric power of pure and doped ice has recently
been put forward by Jaccard (1963). The theory is conceptually simple
but algebraically rather complicated because of the complexity of the
ice structure and of the interactions between defects.

Under the combined influence of an electric potential gradient dV/dz
and a thermal gradient d7 /dz the flux of positive ion states can be written :

. av 4

jtr= —p"”n"’% ~ (Dtnt) — QintS,, S (1
where nt is the density of positive ion states and u+ and D+ are their
electrical mobility and diffusion coefficient respectively. In a chemically
homogeneous crystal the second term on the right can be converted to a
temperature derivative. The diffusion coefficient is also differentiated
because it will, in general, be temperature dependent. The final term
takes into account the interaction of the various carrier fluxes through the
polarization of the crystal. Q+is a geometrical factor having the dimen-
sions of a diffusion coefficient and S, is the crystal polarization, defined by

Sozf(j+—j——jD+jL)dt. L ®

A more detailed derivation of this flux equation, through not of the form
of the interaction term, is given in a recent review by Howard and Lidiard
(1964).

The four carrier currents in the ice sample are thus described by four
equations of the form (1). The conditions of the experiment supply
two additional constraints. In the first place the potential gradient in
‘the specimen is measured under open circuit conditions so that

eE(jt—j) eGP =M =0, . . . . . . (3)
where e* and ePT are the effective charges transported by ion states and

valence defects respectively. Secondly, the sample is in a steady state so
that the polarization 8, does not change with time, implying

Jt—j——3P+51=0. N )
EQuations (3) and (4) together require
Jt—j==0=4P—jL, N (53)

This set of equations can be simply solved to yield an expression for the
thermoelectric power. We introduce the ratios’: A
¢*=D~-|D*+ and ¢"L=DY/D°, . . . . . (6)




Thermoelectric Power of Ice Containing HF or NH 3 173

and let H and E, with appropriate superscripts, represent the activation
energies for formation and diffusion of defects so that

p v
—=log (Dn) = (E + H)[kT2. I (2
arT

The homogeneous thermoelectric power ¢ is then found by Jaccard
to be:

Q= v _ _ §{27[n+(E++H+)—¢in‘(E‘+H‘)]/(n++¢i%")

+32[nP(EP + HP) — $PLyL( BT + HLY]/(nP + #PLalyl.  (8)

(It should be noted that sometimes in the literature @ is defined with a
sign opposite to this.) The quantity & is defined by :

1/G=27(e*[e)+32(ePTfe). . . . . . . (9)

The factors 27 and 32 arise from geometrical considerations in calculating
jump probabilities in the ice structure. The activation energies for carrier
formation, H, are not constants but depend upon the concentration of
impurity in the ice. Explicit expressions for this dependence are given
by Jaccard (1963).

The result (8) shows a very interesting behaviour which is a consequence
of the form of the interaction between carriers. Instead of each carrier

Fig. 5
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Calculated behaviour of thermoelectric power as a function of impurity content
assuming KD =EL and neglecting any activation energy for liberation
of D defects from NH,. Other parameters as in tables 1 and 2.
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type contributing to @ in proportion to its concentration, the effects of
the ions and valence defects are separated and depend only upon the ratios
nt/n~ and nP[nl respectively. Since the equilibrium number of ion
states is perhaps five orders of magnitude smaller than that of the Bjerrum
defects, small concentrations of impurity essentlally affect only the ratio
nt[n~=. Conversely, large additions of impurity affect @ only through
their effect on nP/nl, since nt/n— is effectively either zero or infinite.
This feature of the form of ¢ allows quantities related to ion statés and
valence defects to be separately determined.

The form of the dependence of @ on impurity concentration is shown
in fig. 5. For ease of comparison with the experimental results the same
scales have been adopted as in fig. 3. The central minimum is due to
variation in the ratio »*/n~ and the changes-in @ on the wings of the curve
are caused by changes in nP/n%.

§ 4. DiscussIoN

Comparison of the theoretical curves of fig. 5 with the experimental
results plotted in fig. 3 shows reasonable qualitative agreement, provided
#PL~1. The quantitative agreement, however, is not good. The
principal discrepancies are :

(i) The central minimum predicted by the theory for small impurity
concentrations is very much narrower than that found experi-
mentally.

(ii) The further changein @ at high'impurity concentrations is predicted
by the theory to occur at concentrations about 100 times smaller
than those found experimentally.

(iil) Experimental values of @ at corresponding regions of the curve
are about 1-5 times as large as the theoretical values.

Discrepancies (i) and (ii) can be most easily resolved by assuming that
impurity segregation effects in the polycrystalline sample lead to effective
impurity concentrations which are about 100 times smaller than the
average impurity concentration. Thisis quite possibly the case, though
it is difficult to estimate the effects of increased impurity concen-
trations at the crystallite boundaries. Alternatively these discrepancies
can be resolved by assuming values for the defect concentrations in pure
ice, the mobility ratio ¢+ or the dissociation constants kp and ky which
differ considerably from those given in tables 1 and 2. It is of course
possible that a combination of these two explanations might apply. There
may also be some uncertainty in measurements between pe values of 6 and
7 due to traces of atmospheric CO,. The matter can only be resolved by
an experiment using single crystal specimens.

The third discrepanoy leads to more useful conclusions. The value
of @ in a plateau region of the curve is determined by the various formation
and transport activation .energies, by the factor G which involves the




Thermoelectric Power of Ice Contoining HF or NH, 175

effective charges e+ and ¢P, and by the mobility ratio #PL. The acti-
vation energies are fairly reliably known, except for some ambiguity
in E® which is connected with the existence of an activation energy for
the liberation of D defects from NH, centres. These energies have been
used in drawing fig. 5 from which it can be seen that #PL must be quite
close to unity to give a curve of the shape found experimentally. Allowing
for the uncertainty in EP, we conclude that 1<¢Ph<2. This agrees
with Granicher’s conclusion ¢P=>1 but is smaller than the value of 10
suggested by Levi and Lubart. o '

When the value of ¢PT is thus fixed, the relative heights of the various
parts of the theoretical curve are similar to those found experimentally,
except for an overall scale error of ahout a factor 1-5. This strongly
suggests that the value of @ should be about 0-05 rather than J accard’s
value of 0-085. This correction, implying as it does a decrease in the
effective charges ¢Pt and e+, may not be unreasonable in view .of the
simplified defect model used in the theory.

One further feature of the experimental results merits comment : that
is the deviation of the curves in fig. 2 from a simple linear relationship
above about —10°c. The same effect was observed by Latham and
Mason (1961) in their measurements of the thermoelectric effect in nearly
pure ice and by Bradley (1957) and others in measurements of the electrical
conductivity for steady currents. The two effects are undoubtedly
related but their origin is not yet clear. Latham (1963) found the effect
to depend on the surface to volume ratio of the ice specimen and it is
tempting to interpret it in terms of the existence of a quasi liquid layer at
the electrodes or at the free surface (Fletcher 1962). We shall defer
further discussion of this temperature region to a later publication.

§ 5. CoNcLUsIONS

Measurement of the homogeneous thermoelectric power of ice con-
taining controlled amounts of impurity gives information on several
important physical parameters not easily accessible by other means.
The theory of Jaccard seems well able to interpret the experimental
results, though there are several points which require further elucidation.
Future experiments should be performed with single crystal specimens to
reduce possible sources of uncertainty.
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