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Abstract

To elaborate stratospheric 0zone depletion processes, measurements of diffusion coef-
ficients of selected gas phase molecules (i.e. HCI, CH;0H, HCOOH and CH3;COOH) in
ice in the temperature range 170-195 K have been analyzed with respect to the mech-
anisms and rates of diffusion. It is argued that the diffusion in ice of these compounds
is governed by a vacancy — mediated mechanism, i.e. H,O vacancies are required to
diffuse to lattice sites adjacent to these compounds prior to the diffusion of the cor-
responding molecule into the vacancy sites. In addition, we show that the diffusion
coefficients of these compounds exhibit a specific interconnection, i.e. a linear relation-
ship holds between the logarithm of the pre-exponential factor, D,, and the activation
energy E. The physical meaning of this interconnection is discussed.

1 Introduction

It is generally accepted that H,O ice particles play a prominent role in the heteroge-
neous chemistry in the polar stratosphere that leads to ozone depletion (Solomon,
1988; Tabazadeh and Turco, 1993). Moreover, such particles also contribute to radia-
tive forcing as well as to chemical conversions in the upper troposphere where they
exist in form of cirrus clouds and contrails. Since the rates of heterogeneous chemical
conversions depend on both surface and bulk concentrations, diffusion measurements
in or on ice have attracted major interest.

When in a solid a single diffusion mechanism is operative, the diffusion coefficient,
D, is often found to obey an Arrhenius type behaviour, i.e.

D =D exp[-E/(kgT)] (1)
where the activation energy E and the pre-exponential factor D, are essentially tem-

perature independent and kg is the Boltzmann constant. In this case, the slope of the
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linear InD vs. 1/T plot leads to the value of E which — as shown by a careful thermo-
dynamical study (Varotsos and Alexopoulos, 1979, 1986) — coincides with the enthalpy
of activation AH,; of the diffusion process. Whilst such findings apply to the rate of
diffusion they do not provide any information on the diffusion mechanism.

Early self-diffusion studies in ice have been performed using microtome sectioning
and scintillation or mass spectrometric probes (H;BO, D,0O, T,0) near the ice melt-
ing point (see Petrenko and Whitworth, 1999 and references therein). These studies
led to a diversity of views concerning the mechanism of H,O isotopic diffusion in ice
(Petrenko and Whitworth, 1999). Opinions have been expressed, for instance, that for
T >223 K self-diffusion occurs by an interstitial-mediated mechanism, while for T <223 K
a vacancy-mediated process is operative (Goto et al., 1986; Hondoh et al., 1989).

During the last decade, new infrared-laser resonant desorption (LRD) techniques
have been employed to derive diffusion coefficients by depth profiling of ice films
(Livingston and George, 1999, 2001; Livingston et al., 1997, 1998, 2000, 2002;
Krasnopoler and George, 1998). These measurements revealed two different rate cat-
egories for bulk diffusion in ice. Whilst compounds such as HCI, CH;OH, HCOOH and
CH3;COOH display diffusion kinetics similar to the kinetics of H,O self-diffusion, species
such as Na and NH; exhibit diffusion kinetics appreciably slower than for H,O self dif-
fusion. Livingston et al. (2002) argued that the diffusion process of the compounds of
the first category occurs via a vacancy-mediated mechanism in which H,O vacancies
may be required to diffuse to lattice sites adjacent to the impurity compounds prior to
the diffusion of this compound into the vacancy sites. The present paper focuses on
the hetero-diffusion data of compounds of the first category. We will draw special atten-
tion to the fact that the diffusion data of these species are interconnected in a specific
manner.
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2 Theoretical considerations of hetero-diffusion in ice

In Fig. 1 we present the temperature dependence of kinetic data for bulk diffusion in
ice for selected gas phase compounds as measured by infrared LRD depth profiling
(Livingston et al., 2002) as well as by chemical titration (for CH;COOH only [Nehme,
2006]) in the form of a InD vs. 1/T representation. It should be noted that we have
omitted from this graph the original data and only present their resulting Arrhenius
forms. We include species for which temperature dependent diffusion coefficients and
hence values of D, and E have been reported. The corresponding Arrhenius param-
eters are summarized in Table 1. This table also includes the temperature range over
which these data have been obtained as well as the absolute values of D for a tem-
perature of 180 K. As can be seen from this compilation the pre-exponential factors D,
are vastly different; small values of D, correspond to smaller activation energies £ and
vice versa. On the other hand, the differences in the absolute values of D are much
less pronounced.

For further analysis of these data we plot in Fig. 2 the (natural) logarithm of D, versus
the activation energy E. An inspection of this figure reveals that, for the diffusion of the
species selected here, a near linear relation holds. A least squares fit to a straight line
leads to a slope 2.502 and an intercept —20.365 (when D, is measured in cm“/s and
E in kcal/mol) with a correlation coefficient 0.98.

According to the theory of diffusion in solids, the temperature dependence of the
diffusion coefficient D for a single diffusion mechanism in a given crystal is given by
(Varotsos and Alexopoulos, 1986):

D = fa®vexp[-AG,/(kgT)] (2)

where (AG,y) is the activation Gibbs energy for the diffusion process, (f) a numerical
constant which depends on the mechanism, (@) the lattice constant and (v) the attempt
frequency. To a first approximation the attempt frequency depends on the mass of the
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diffusing species according to (Varotsos and Alexopoulos, 1986):
v = (m" [ ml) /2 (3)

where m”, m' denote the mass of the matrix (m) and the diffusing species (j), respec-
tively, and v, v/ for the corresponding attempt frequencies.

The Gibbs energy AG,; can be decomposed into an entropy AS,y = ~dAG,/dT|,
and an enthalpy AH,q = AGqt +T d AG,o/dT |, term whereupon Eq. (2) turns into:

D = fa®vexp(ASyci/ kg)expl—AHqe/ (ksT)] (4)

which can be alternatively written as:

D =D, exp[-AH,/(kgT)] (5)
with
D, = fa?vexp(AS,ykg) (6)

As a consequence the temperature dependence of the diffusion coefficient follows
a simple exponential behaviour, for which the pre-exponential factor D, is associated
with a dynamic (frequency) term as well as a thermodynamic (entropy) term. For the
same matrix therefore, low values of D, hence reflect low attempt frequencies or low
entropies of activation. It should be noted that AS, is always positive because the
diffusing species is more loosely bound or less ordered at the transition state than at
the individual lattice sites.

According to the so-called ¢BQ model, the Gibbs free energy of activation can be
further decomposed into the product of a bulk mechanical as well as a molecular prop-
erty (Varotsos and Alexopoulos, 1978, 1980 1981, 1986; Varotsos et al., 1982, 1985,
1986), viz.

AC"‘act,j = Cact,jBQ (7)
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where (B) is the isothermal compression modulus, (Q) the mean volume per atom and
(Cact ;) @ constant independent of temperature and pressure. The additional subscript
J clarifies here that the value of this constant may be different for various diffusing
species /.

The validity of this model has been tested for various defect processes and different
categories of solids and the results were compiled by Varotsos and Alexopoulos (1986).
Moreover, it was later found (Varotsos et al., 1999) that this model also holds even for
more complex defect processes that e.g. are responsible for the emission of electric
pulses observed upon pressurizing a solid, which may explain the detection of electric
signals defected before major earthquakes (Varotsos et al., 2003, 2005a, b). On the
basis of Eq. (7), the corresponding entropy (AS, ;) and enthalpy (AH, ;) terms are
found to be given by

daB

ASaCt,j act J (ﬂB + dTI

) (8)

aB
ar'’?
where () is the thermal volume expansion coefficient. Thus, by inserting Eq. (8) into

Eq. (6), the pre-exponential (D,) value for the diffusion of species j (labeled hereafter
D,;) is given by (when Eq. (3) is also considered):

AHactj —Cact/Q(B T:BB T— | ) (9)

dB
Doy = Fa2v™(m" /m/) /2 expl(~Cact 1/ Kg) ABB+T )] (10)
or
M (M j\1/2 dB
In{Do, /1f V™ (m"™ /m/)!/2]} = [(=Cacr 1/ Kg) ABB+T ) (11)

Together with Eq. (9), this relation reveals that for the diffusion of various species
J into the same matrix material (m), when plotting In{D,,/-/[fcrzvm (mm/m/)1/2]} versus
25728
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AH, ; a straight line should result, the slope of which is solely governed by the elas-
ticity and expansivity properties of the host material. Since in the present case we only
consider water ice as a matrix and data for other hosts are not easily available, the
variation of diffusion data with these properties has yet not been tested.

In the present case the D, ; values vary by several orders of the magnitude, i.e., the
D, value for HCOOH exceeds that of HCI by as much as seven orders of magnitude
(see Table 1). In view of this large variability, the mass effect associated with the fre-

quency term v (m’"/m/')”2 which emerged from Eq. (3) can, to a first approximation,
be discarded. This explains why the plot of the InD,; versus AH, ; or E is almost a
straight line.

The apparent success of this analysis is, except for other potential sources, mainly
due to the invariance of the diffusion mechanism. In all cases considered here this
mechanism is identical, i.e. diffusion is governed by a vacancy controlled mechanism.
This in turn leads to the conclusion that diffusion data that do not fall onto the line de-
lineated here correspond to different diffusion mechanisms. This, for instance, applies
to NH5 and Na.

The following comments, however, are worthwhile to be added. It has been ar-
gued (Domine and Xueref, 2001) that the diffusion coefficients reported by Livingston
et al. (2002) were too large to be interpreted as molecular diffusion in crystalline ice.
This is so because in most solids, diffusion coefficients are of the order of 107"% 1o
1072 cm?/s near the melting point while Livingston et al. (2002) obtained values in that
range 100 K below the melting point. Domine and Xueref (2001) have shown convinc-
ingly using IR spectroscopy that the ice samples used by Livingston et al. (2002) were
not real ice, but were in fact amorphous binary mixture with a degree of disorder such
that diffusion could be expected to be fast. These arguments by Domine and Xueref
(2001) seem to be well supported by the following fact: Livingston et al. (2002) obtained
diffusion coefficient values near 180 K higher that those reported earlier by other au-
thors in the range 240-260K (cf. since diffusion is thermally activated, the diffusion
coefficients should decrease upon decreasing the temperature). It seems therefore
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reasonable to accept that the ice samples used by Livingston et al. (2002) were in fact
amorphous binary mixture rather than real ice. The interesting fact that even in this
case the present analysis seems to be well obeyed (since the plot InD,, versus AH,y,
in Fig. 2 is almost a straight line) stems from the following: Eq. (11) is based on the cBQ
model, i.e., Eq. (7), which is of thermodynamic origin and has been shown (Varotsos
and Alexopoulos, 1986) to be valid for amorphous binary mixtures as well (cf. the B
value of such a mixture can be estimated in terms of B—values of the end constituents,
see Varotsos, 1980). Irrespective of this point, however, it should be stressed that
measurements of diffusion in ice are nowadays difficult and many measurements have
been debated in the past.

3 Conclusions

It is well-recognised that H,O ice particles play a key role in the ozone depletion in the
polar stratosphere and contribute to radiative forcing (e.g. Chandra and Varotsos, 1995;
Gernandt et al., 1995). Temperature dependent measurements of diffusion coefficients
for HCI, CH3;OH, HCOOH and CH3COOH in ice, as studied in recent measurements
(Livingston et al., 2002; Nehme, 2006) show that their D, -values differ by several orders
of magnitude. By contrast, the absolute values of the diffusion coefficients do not differ
significantly (see Fig. 1), indicating that the transport of material occurs with more or
less comparable rates for the same mechanism. Despite this variation, we show that
the (natural) logarithm of D, varies almost linearly with the activation energy E for
diffusion which for linear InD vs. 1/T plots coincides with the activation enthalpy, AH,.
If values for the the pre-exponential factors D, could be estimated (i.e. by considering
the entropy change during the diffusion process) then the correlation derived here could
be of substantial predictive power for diffusion coefficients of other species in ice. The
present analysis holds even if we consider convincing arguments clarifying that the
samples used by Livingston et al. (2002) were in fact amorphous binary mixtures and
not real ice.
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Table 1. Summary of rate parameters for the diffusion coefficients of selected compounds in

ice.
E (kcal/mol) D, (cm?/s) D(180K) T(K) Ref.
(cm?/s)
HCI 15.3+1.0 1.5x107*02 4.83x107"2 169.0-194.9 Livingston et al., 2002
HCOOH 21.8+0.9 8x10'4*01 2.42x107 "2 175.1-194.9 dto.
CH,COOH  17.00.7 1.0x10'0%0" 2.08x10 " 169.9-194.9 dio.
13.14£3.0 0.813x10°+3.2  8.6x107" 198-213 Nehme, 2006
CH,OH 15.240.7 2.4x107*03 7.8x107"2 169.4—185.4 Livingston et al., 2002
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Fig. 1. Arrhenius plots for temperature dependent diffusion coefficients for various species
in ice as obtained by the LRD depth-profiling technique (Livingston et al., 2001, 2002) and
chemical titration (Nehme, 2006). The figures on the individual lines are activation energies (in
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Fig. 2. Relationship between the pre-exponential factor D, of the diffusion coefficient and the

activation energy E.
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