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PREFACE

The Fourth International Symposium on Molten Salts was held in San
Francisco, May 8-13, 1983 as part of the 163rd Meeting of the Electrochemical
Society under the sponsorship of the Physical Electrochemistry Division. This
volume contains about 85% of the papers presented at that symposium. Four
of the papers presented were consolidated and two appear under somewhat
different titles. Although a broad spectrum of topics is covered, emphasis was
placed on research on chloroaluminate melts and batteries. The number of papers
presented exceeded that of the three earlier symposia; meeting attendance and
the discussions were excellent for a large fraction of the sessions. These symposia
thus appear to serve an important function in providing a forum for the exchange
of ideas on molten salts. The papers in this volume appear in their order of
presentation.

The considerable assistance of Mary C. Burke and Kathleen L. Shields
was essential in assembling and editing this volume. I would like to thank the
editors who helped not only on this volume but also in the organization of the
symposium. Most of all, thanks are due to the participants for their contributions
to a successful symposium.

Milton Blander
December 1983
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MOLECULAR DYNAMICS CALCULATIONS OF MAX,; MELTS

Marie-Louise Saboungi, Milton Blander and Aneesur Rahman
Argonne National Laboratory
Argonne, IL 60439

ABSTRACT

Molecular dynamics calculations for MAXy melts are reported for
two different sets of cation/anion radius ratios which were chosen
so as to emulate melts such as chloroaluminates and fluoroyttriates.
The results are expressed as radial distribution functions, the angular
distributions of selected triplets and the number of ions which have
particular integer values of the coordination numbers. For the small
radius ratio, the A*3 ion is tetrahedrally coordinated and the struc-
ture of this completely ionic melt is consistent with the presence of
X7, AXY, A2X7 and A3Xjy species which equilibrate by the reac-
tions 24X =2 A9X 7 + X~ and 3AX 243Xy +2X . For the large
radius ratio, the A3 cations are mostly octahedrally coordinated and
there is considerable bridging between AXE,’L‘" moieties which leads to
a tendency for long range order.

INTRODUCTION

The concept of complexing in binary molten salt mixtures has been used for
structural interpretations of thermodynamic, spectroscopic and kinetic data in a
class of strongly interacting melts such as the chloroaluminates.!=7 The system
NaCl-AlICl; is perhaps the most thoroughly studied complexing melt. Consequently,
in this paper, we will focus largely on melts in which the interionic separations
are similar to those expected in NaAICly melts. The main purpose is to explore the
characteristic structures in this melt for comparison with those deduced from ex-
periment. In addition, we will also examine the structures in a melt with a larger ca-
tion/anion radius ratio and a larger average coordination number of the A3 jons.

MOLECULAR DYNAMICS COMPUTATIONS

Calculations were performed on an assemblage of 83 Mt, 83 A*3 and 332 X~
ions which interacted according to the potential®



uy; = Z,-ZjeQ/r + Bezp[A(o; 4+ 0; — )] (1)

where e is the electronic charge, Z; is the integral number of charges on the
k’th ion and has the same sign as the charge, r is the distance between ions, the
constants A=3.155A~1, B=0.190(10"2)erg and o} is the 'radius’ of the k’th ion.
Two sets of radii were chosen with different values of o4/0x while keeping both
o4 + ox and opp + oy constant and at values which lead to interionic distances
which correspond to those of AIt3-CI~ and Nat-CI~ respectively.? The two sets
of values of (0'pf,04,0x) chosen (in A) are potential 1 (1.352, 1.372, 1.578) and
potential 2 (1.052, 1.072, 1.878).

The molecular dynamics calculations generated an ensemble of consecutive
configurations of the 498 particles at about T=>500K. Details of the calculation
which are for constant but very low pressure are discussed elsewhere.1%!1 The time
steps were 1071 seconds and typically about 12,000 time steps were run after the
temperature was stabilized. The radial distribution functions were averaged over
all of these time steps whereas all the other calculated quantities were averaged
over 1200 steps.

RESULTS AND DISCUSSION

In what follows we will define M*=1, A*3=2 and X~=3 and the charges on
these three ions will be understood when not explicitly stated.

A. Radial Distribution Functions (rdfs) and Coordination Numbers

The six calculated rdfs, g;;(r), for MAXy are plotted in Fig. 1 for the two
potentials. In addition, we have also plotted Ny;(r), the number of ions of kind j
about an ion of kind i within a radius r. The value of Ny;(r) taken at the first
minimum in g;;(r) at r, is defined as the average coordination number, Z;;. In
addition, we define a number ns-;) which is the number of i ions which have exactly
z ) ions in their first coordination shell.

It is difficult to draw detailed conclusions based solely on rdfs, which is of
course a pair distribution function. It is sometimes possible to infer such detail
from a multiplicity of pair correlations (such as e.g. gos(r) and ggs(r) to infer the
tetrahedrality of AXy moieties). However, as we will show, in order to extract much
of the structural information requires a knowledge of higher order (i.e. triplet)
correlations. With this limitation in mind we can examine the rdfs.

The values of go3 have steep narrow first peaks with maxima near 2A of about
10 and 18 and drop to very small values between 2.0 and 3.8A. This characteristic
can be expressed in terms of a potential of mean force, V;;(r) which is defined as
-kTln g;;(r). A plot of V;;(r) exhibits a potential well of about 6kT. From this, one



would expect that an X anion in the first coordination sphere of an A cation will
seldom 'escape’ from that sphere without first entering the coordination sphere of
another nearby A cation. The coordination number, Z93 for potential 1 is 5.8 and
for potential 2 it is 4.0 suggesting tetrahedral coordination for the latter case and
octahedral coordination for the former case.

With potential 1, the coordination number of 5.8 means that a significant
fraction of the X ions must form A-X-A bridges. If the bridges are single and
there are no free X anions, then the number of X ions in the first shell around an
A which are part of a bridge is 2(Zy3-4) which is also the coordination number of
A about A, Zgy. This is consistent with our results. For potential 2 there is very
little bridging which is reflected in small first peaks in goo(r) and small values of
Z9g. 7o is non-zero because of a dissociation reaction we discuss later. The A-A
correlations gog(r) are therefore quite different for the two potentials. For potential
1 the first peak is sharp and located at about 4.5A with 3.6 coordination. For
potential 2 the first peak at 4.7A is very small and there is a larger broad peak at
about 6.2A.

Since the first maximum in goo(r) for potential 1 is at about twice the distance
to the first maximum in go3(r) it follows that of the average of 5.8 X neighbors
of A, 3.6 form a relatively straight A-X-A bridge from one A to another A under
the first peak in gog(r). The near linearity of the bridge suggests that the strongly
repelling A cations remain far enough apart so that the A-A repulsions are at least
partly shielded by intervening X anions.

One expects that the strong A-X attractions will dominate the tendency for
close packing of X ions about A. The decrease in coordination number from 5.8
to 4.0 with an increase in the X-X repulsive core potential demonstrates the fact
that the triple charges on A cations lead to the maximum possible packing of X
anions in the first coordination shell within the limits set by the combination of
anionic coulombic and core repulsions.

The first peaks in g33(r) when compared with the peaks in gos(r) indicate
very different local structures for the two potentials. The ratios of the distances
are consistent with an approximately octahedral coordination for potential 1 and
tetrahedral for potential 2. This point will be amplified below.

B. Structural Implications

Coulombic forces together with steric effects determine the structure of ionic
systems in general. In the present study one can show that i) repulsions betweeen
A cations should be more significant than between other like charge coulomb
repulsions; ii) the A-X attraction will dominate over M-X attractions; and iii) the
generated structures of X ions around A anions are sensitive to the core repulsions
between X ions.



As discussed above, the analyses of go3 and goo suggest an almost linear
configuration for A-X-A bridges. To test this possibility, we calculated the dis-
tributions of angles of A-X-A triplets which are exhibited in Fig. 2 for the case in
which the A-X distance is less than 3.0A. The results do show a predominance of
angles close to 180° but indicate a significant fraction of triplets at much smaller
angles (e.g. 30% at less than 150°). In any case, the small angular spread leads
to the possibility that the structural correlations among the A cations could be of
quite long range.

The tendency toward tight packing of the X anions about A cations appears to
be energetically limited by two factors, i) the core repulsions between X ions which
makes a positive energetic contribution and ii) the formation of A-X-A bridges
and the consequent A-A positive repulsive energy when Z,3 is greater than 4.
When the anion-cation radius ratio increases, the core repulsions between X ions is
enhanced and Zo3 should tend to decrease. The number of bridges decreases as Zo3
decreases and the repulsions between A cations becomes energetically smaller. As
expected, Zog is smaller for potential 2 than for potential 1. In order to determine
the structure and symmetry of the X anions about the A cations we computed the
angular distribution of X-A-X triplets which are plotted in Fig. 3. For potential
1 the distribution has maxima at angles close to 90° and 180° (cosf = 0 and -1
respectively) which is consistent with octahedral symmetry. For potential 2 the
maximum in the distribution lies close to the tetrahedral angle of 109°28’ (cosd
= ~1/3) as is expected for four coordination. In both cases, the spread in the
distribution of angles is consistent with that expected for thermal motions.!12.

The distribution n(Q? of A cations as a function of the coordination number z
has also been calculated and is given in Table I. The results show that there is a
broader distribution of coordination numbers for potential 1 than for potential 2
for which essentially all of the A ions are four coordinated. In many real molten
salt systems, there is likely to be a distribution of coordination numbers, which
in some cases might even be broader than that of potential 1. In such cases, it
would be very difficult to interpret structure related measurements in a precise
manner. A precise description requires one to specify not only the moieties which
are present but also the relative amounts of all moieties.

The observation that most of the A-X-A angles are close to 180° and that
the X-A-X angles are concentrated near 90° and 180° leads to the possibility that
the long range A-A-A triplets should exhibit some regularity. A suggestion of this
regularity can be found in the plots of goo for potential 1 where the second and
third maxima are located at 1.4 and 2 times the first peak distance. This suggests
that there is a preference for 90° and 180° angles in these triplets. To examine this
point, the angular distribution of A-A-A triplets located within a sphere centered
on A and having a 5.2A radius was calculated. The results are plotted in Fig.
4. The peaks at about 90° and 180° {cosf = 0 or -1) indicate a tendency for



octahedral ordering up to at least the fourth nearest neighbors which are 9-10A
apart. However, there are other significant peaks in this angular distribution at
60°, 80°, and 102-110° which reflects complexities in the long range ordering and
structures of these melts.

C. Complexing and Structure

A predominance of coordination numbers zo3 = 4 or 6 is present for the two
pair potentials. This result coupled with other studies underway suggest that there
is a probable energetic preference for these values relative to 3 or 5. However, this
preference is not absolute and other coordination numbers (such as e.g. 3 and 5)
can be present for other pair potentials (e.g. for potentials intermediate betweeen
potentials 1 and 2). The tendency for a preferential coordination number, often
ascribed to covalent or non-ionic bonding, can thus be shown to be a characteristic
of purely ionic systems as well.

From earlier considerations, the first peaks in goo (Fig. 1) are shown to be
related to the formation of A-X-A bridges between the AX,, moieties. The bridging
anions by definition, are those X ions which have a nearest neighbor coordination
number of 2. We have calculated the distribution of coordination numbers of the
X ions, nf{z’, which is given in Table II. For both potentials the expected number of
bridging anions is close to the number of A-A nearest neighbor pairs (i.e. 83Z39/2).

(2)

The distribution of coordination numbers of X ions, n3s, given in Table IT and of

A ions, n‘;g) given in Table III for potential 2 indicate that many of the bridging

anions are part of configurations which are complex and can be defined as AoX7
or A3Xjg- For example, there are 13 bridging X ions and 13 X ions which are 'free’
and have no A cations as nearest neighbors. Of the thirteen bridging anions, some
belong to the 3 (+1) triplets with one A cation having two others as neighbors as
given in Table III. If all A-A-A triplets have one of their three A-A pairs with
a distance greater than 5.2A then there are about 3 A3Xjp species which have
a total of 6 A ions with coordination 1 and 3 with coordination 2. This leaves
17 A cations with coordination 1 which can be part of 8.5 AgX7 moieties. The
number of bridges, 14.5 thus calculated is somewhat larger than the value of 13
given in Table II. This discrepancy can be related to the cutoff distance of 5.2A
for the results in Table IIl. Since there is obvious overlap between the two peaks
on either side of this distance (see goo for potential 2 in Fig. 1), this number,
14.5, includes unbridged A-A pairs associated with the broad peak at 6.2A. These
configurations are surprisingly similar to what has been postulated1—5 for NaAlCl4
melts, reactions which involve complex species such as

CI™ + AlyCly =2AICI; (@)



3CI™ + Al3Clyy=3AICIT 3)

The structures of the ionic species AoX7 or AzXj, are those of two or three
AX4 tetrahedra, respectively, which share one or two corners. (One possibility is
that three tetrahedra share 3 corners to form an A3Xg species. The uncertainties
in some of the data do not permit us to check this possibility at present.)

For potential 1, there is considerably more bridging as evidenced by the
distribution of A coordination numbers in table III. The bridging and the tendency
for A-X-A angles close to 180° explains the distribution of the angles of the A-A-
A triplets exhibited in Fig. 4. However the presence of other peaks indicates that
additional factors are also significant. The angular distribution of A-X-A triplets
indicates that significant numbers have angles which are substantially different
from 180° (i.e. 90% less than 170°, 64% less than 160° and 30% less than 150°).
In addition, the spread in the angular distribution of X-A-X triplets indicates
that there is significant thermal motion and the concomitant tendency for the
octahedra to distort. The presence of peaks other than at 90° and 180° in Fig.
4 is probably related to preferred structures based on small distortions of the
angles of the octahedra and the A-X-A bridges. Of particular interest in Fig.
4 is the sharp peak at 60° which represents an equilateral triangle of three A
cations connected by bridging anions. When the AX, octahedra were stiffened
to 'resist’ distortion in another potential (which is not reported here) the peaks
other than those at cosf = 0,-1 in Fig. 4 become smaller, which is consistent
with our suggestion that these other peaks, at least in part, represent distortions
of the basic octahedral structure of AX, configurations for potential 1. The type
of structural ordering indicated by Fig. 4 extends to quite long range (at least
to 9—10:&) and appears to be related to bridging. Thus, we expect analogous long
range ordering for potential 2 for compositions higher in the AX3 component. For
this case, an expected tendency for local tetrahedral configurations of the AXy
species would propagate into the longer range distributions of the A-A-A triplets.
A more detailed analysis of bridging and structure in such systems is underway.
In addition, the constancy of the average nearest neighbor coordination numbers
of A (such as 4 for potential 2) with a change of composition is not assured.

CONCLUSIONS

It has been shown that characteristics of binary MAX4 melts such as chloroaluminates
often ascribed to covalency and other non-ionic interactions between ions are
present in an ionic solution. For potential 2 the A cations are tetrahedrally coor-
dinated and form AgX7 and A3Xjy moieties analogous to species postulated
to be present in chloroaluminates. For potential 1 there is considerable bridg-



ing and a tendency for long range octahedral-like order up to at least 10A. The
nearest neighbor coordination numbers and the symmetry of anions about the
polyvalent cations do not completely account for the complexing observed in
the present ionic molten salt solutions. From our results, many melts would be
expected to have a distribution of coordination numbers for individual ions rather
than a single value. This possibility means that it is generally difficult if not
impossible to precisely define the structure of melts. Studies are underway of
the influence of composition, different charges on the polyvalent ion as well as
of radius ratios on the structures and energetics of melts which will include
MX-AX, mixtures analogous to NaF-BeF4, KCI-MgCly and Ca0-SiO5 mixtures.
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Table I.  The Distribution of A*3 jons
According to Their Coordination
by X~ lons (n(2'3)) forr < 3.0A for
Different Pair Potentials

Potential /z 4 5 6 Z3s
1 0 12 71 5.8
2 83 0 0 4.0

* Zys is the weighted average of various n(g?.

Table 1. The Distribution of X~ lons
According to Their Coordination
by A*3 lons (n‘{z)) forr < 3.0A for
Different Pair Potentials

Potential/z 0 1 2 Z3s
1 5 168 159 1.5
2 13 306 13 1.0

* Zsz is the weighted average of various n(zé).

Table III.  The Distribution of A*3 Ions According to Their
Coordination by A*3 Ions (n(;z)) forr < 52A
for Different Pair Potentials

Potential/z 0 1 2 3 4 5 6 Zas
1 0 2 7 22 28 22 2 3.8
2 58 23 <3 0 0 0 0 0.4

(2)

* . . .
722 is the weighted average of various nys .
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Abstract

A type of electrochemical cell was investigated where
chemical reactions take place in compartments between
membranes. A theoretical treatment of the cells is
presented whereby the Gibbs energy of reaction is avoided
in the basic flux equation and the equation for entropy
production. Experimental data and theoretical calculations
are presented for a cell of the above type.

Introduction

Many processes in physical chemistry involve coupling of
transport and a chemical reaction. A very simple example
is the isothermal cell

(Pt) H,(g) |HC1 (aq) lClz(g) (Pt)
where the chemical reaction
%Hz(g) + iCl,(g) = HCl(aq) (1)

causes transport of charge across the cell. When a small
charge is transferred under near equilibrium conditions,

1 (the electric work per

the emf, A¢, in dimensions JF_
faraday) is related to the Gibbs energy of reaction by the

Nernst equation
AG + Ap =0 (2)
For this cell the electric work and the vectorial ion

fluxes are coupled to the scalar function AG in a simple
way. For more complex cells, where chemical reactions take

13



place in compartments between membranes, the above kind of
correlation between Gibbs energy of reaction and electric
work may not be valid. 1In the cells dealt with in this
paper, only part of the Gibbs energy of reaction is
converted to electric work.

To calculate local loss of energy, we will use the formalism
of irreversible thermodynamics, and derive local flux
equations. In these flux equations we avoid the scalar
function AG of reaction, and thus avoid the problem of

scalar - vector coupling.

The following theoretical treatment is based on the
assumption of local equilibrium. The number of components
is limited to that required by the phase rule. As a
consequence the scalar function AG of reaction does not
enter our flux equations. The components are neutral
compounds or elements (see refs. (1) and (2)).

We will first demonstrate the method of calculation for the
above simple cell.

Reformulation of the Nernst equation

The system in the above cell has three components in
accordance with the phase rule. They are e.g. H2, HC1 and
HZO‘ The chemical potential, u, of each one of these
species can be varied independently. The fourth species,
Clz, is not a component as its chemical potential is given
by the species HC1l and H2. When there is local equilibrium
in the system, we have

W = ue - 3w ’ (3)
C12 HC1 H2

14



When a positive charge of one faraday is passed through the
cell from left to right, % mole of Cl2 and 4 mole of H
removed from the cell at the left and right hand side

, are
electrode respectively. Since Cl2 is not chosen to be a
component, the removal of 3 mole Cl2 is described as a

removal of 1 mole HCl and a simultaneous supply of } mole
H2'
a chemical potential u H, (g) at the right hand side

That is, 3 mole H, is transported across the cell from

electrode where there 152 Hz(g) at 1 atm pressure, to a

chemical potential of
= 2 - uo
"H,(g) ~ “"HCI(aq) c1,(g)

at the left hand side electrode where there is Clz(g) at

1 atm pressure.

The chemical potential of HCl is the same at both
electrodes, and thus HCl is transported over a zero gradient
in chemical potential. The emf of the cell can be related
to the transfer of neutral components by the equation (see
ref. (2))

Ap = - JZ tidui (4)

where £y is the number of moles of the neutral component i
transferred per faraday. The left and right hand side
electrode are indicated by 1 and 2 respectively. For the
present system with the two components H, and HC1l, Egn. (4)

gives
2 2
Ad = - r(t du + t du ) = - It du (5)
{ H, "H, HC1 HC1 . H, "H,

15



where tH 1s the number of moles of H2 transferred per
faraday. Since % mole H, is transferred per faraday,

t = 3.
H, 2
Thus
f
A = - [¥au, = -} -° ) (6)
{ Hy H,y(9) H, (9)

which is equivalent to Egn. (2). For the more complex
cells, following below, the advantage of the method is
revealed.

Cells with cation and anion conducting membranes.

A cell of this type is shown in Fig. 1. It was investigated
by Makange (3). The theoretical treatment of this cell is
based on the postulates of irreversible thermodynamics.
Again, the number of components used to describe the system,
is the minimum required by the phase rule.

The cell has a number of compartments separated by cation
selective membranes, C, and anion selective membranes, A.
The region of the cell denoted "repeating unit", extending
from the middle of compartment I to the middle of
compartment V, can be repeated several times. The
electrodes are Ag/AgCl electrodes. Electric potential
gradients, V¢, can be measured introducing small Ag/AgCl
test electrodes anywhere in the system (in order to obtain
defined electric potentials in compartment III and IV,
very small quantities of KCl must be added). In order

to increase the conductivity in compartment III, an
electrolyte HA (or KCl) is added.

16



By the transfer of one faraday, the cell reaction in a
"repeating unit" is
HC1 + KOH = KCl + H,0 (7)

We choose the following set of components
KCl, HC1, H20 and HA.

They are given the numbers 1 - 4. KOH is not considered a

component. It can be expressed by the others:

KOH = KC1l + HZO - HCI.

Local entropy production and flux equations.

Transference numbers for neutral components are used

(compare ref. (2)). They are defined as
J,
t, = (= j =1 4 (8)
i I Vuj=0 e

where Ji is the flux of the component i in dimensions
mol m_zs_l, and I is the current density in dimensions

Fm_zsnl.

The local entropy production per unit volume per unit time,

6, is given by the equation (see ref. (1))

TO =

n o

Ji(—VUi) + I(-V9) (9)

i=1

and the flux of charge, or current density

4
I=- ElLSi Vui - L55 Vo (10)

1
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Rearrangement gives

4 L_,
Ve =~ 1 i?i Tuy - fl— (11)
i1 Iss 55

where L with subscript is a phenomenological coefficient

used in the linear theory of irreversible thermodynamics.

Further

L

. (3.
51 i

= \—= _A= t. (12)
55 \ I/Vuj—o i

[

The Egns. (9-12) do not contain the scalar function A G of

reaction.

The emf is obtained by integrating Egn. (11) for I =~ 0.

4 = - (¢t * tgc1ke1 * oty od“HZO * tyadiga)

uc19Muc1 )

He—<

(13)

For zero current there will be no gradient in concentration

of HA in compartment III. Further, we have du ~ 0 over

H,O
the whole system since all electrolytes are dil%te. This

means that the two last terms may be neglected.

The component transference numbers are related to the ionic
transference numbers (see ref. (3)). For the cell given in
Fig. 1 with perfectly selective cation and anion membranes
we will have the following changes when one faraday passes
through the cell from left to right. One mole of Ccl” ions
is produced at the right hand electrode. This is
compensated for by a transfer of K" through the cation

18



membrane from compartment IV to V, tK+ = 1. Further, OH™
is transferred from compartment IV to III through the anion

membrane, = 1. Again H+ is transferred from -

t -
compartmentO¥I to III through the cation membrane, tH+ = 1.
Finally Cl1 is transferred from compartment II to I,

tCl_ = 1, and in compartment I, one mole of Ccl” ions is
removed.

From stoichiometric relations we have n = Dy+ and

KCl
Npey = Bop~ ~— Dgte The transferince number of KCl is equal
to the transference number for K

t =t + (14)

The transfer of Cl  from left to right is equal to the
quantity reacted at the electrodes minus the quantity
migrated from right to left through the electrolyte,

l—tcl—. This gives for tH

Cl

t = (1-t

HCl - okt (15)

c1”) K

Since the sum of all ionic transference numbers are equal

to unity we have

t =1-t.,,—--t,+ =t + t -+ t - (16)

HC1l Cl K H+ OH A

In the cell we thus have t equal to unity from

KC1l
compartment IV to V and equal to zero elsewhere, while
tHcl is equal to unity from compartment II to IV and equal
to zero elsewhere. When these relations are introduced in

Egn. (13), one obtains

i} y
86 = = jdiger ~ |91 (17)
I1 v
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or

ad Gger v = MEc1 11 * Vkel v T Ykel 1v) (18)

The chemical potential u can be expressed as
HC1 IV

Muc1 Vel MH,00 THROE (19)
With the choice of components that we made, any transfer of
an ion containing oxygen represents a transfer of H20 since
this is the only component containing oxygen, (KOH is not a
component). Thus the transfer of OH from compartment IV
to III corresponds to a transfer of H20. This transfer of
H,0 may be introduced together with Egn. (19) in Egn. (18)
(even though transfer of HZO does not contribute to A¢).
Electroosmotic water transfer is neglected. Then eqn. (18)

obtains the form

A = = Qugey v * "H,0 1117 YECL 1T T Ykon 1v) (20)

or

i}

- AG = - (AG° - RT 1n c_+ x

be H II

Son~ 1V (21)
where AG® is the standard Gibbs energy of reaction, see
Egn. (7), (activity coefficients have been omitted). Thus,
under the conditions of perfectly selective membranes and
no impurities in compartment III, we arrive at the Nernst
equation through equations that express A¢ by means of
gradients in chemical potentials of neutral components only
(compare Egn. (11)). As will be shown below, the method
allows us to calculate local energy losses under other

conditions.
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Calculations of loss of energy in the cell.

By the energy loss in an electrochemical cell we understand
the difference between the maximum emf obtainable and the
actual measured value. The maximum value A¢, calculated
from AG (omitting activity coefficients) is 0.71 V. The
measured value having pure water in compartment III (no HA
is added) was 0.52(3). The membranes are not 100% selec-
tive (99% for cation selective membranes and 96% for anion
selective membranes). The above difference, however, is
too large to be explained by membrane imperfection. One
may understand the cause of the difference by inspecting
Egqns. (13-16). The main cause of loss in A¢ must be small
quantities of impurities in compartment III, making

tH+ + tOH- < 1. In order to investigate this loss in elec-
tric potential further, two sets of experiments were per-

formed.

In the first set of experiments known quantities of KCl1

were added to the water in compartment III (no HA is added).
v

The main contribution to the emf is the integral _JtHCIduHCl

over compartment III and the two neighboring me%%ranes. The

maximum contribution is for tHCl = 1. Lower values of t

HC1
means lower coupling between transfer of HCl and transfer
of charge. Contribution to the emf by the integral Pﬁmldw«ﬂ
over compartment III is very small and is neglected. The

loss in emf can be expressed as (compare Egn. (16)).

v v
Loss = - J (l—tHcl)duﬂcl = - J (tg+ + tc1')d“Hcl (22)
ITI IT

Since the transference number of an ion, ti, is proportional

to the ion mobility, u,, and to the ion concentration, Cyr
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we have

i’i
= 2

ti Zujcj (23)

3

and
U Sg * U0
gttt T C.. + u.cC + u,c, *u_.c (24)
YyCy oH®0H K K c1c1

With known concentration profiles one can use Egns. (22, 29
to calculate the loss in emf as a function of the KCl con-

centration.

When compartment III is filled with a KC1l solution of con-
centration c, there will be an interdiffusion of positive
ions across the cation membrane on the left hand side and
an interdiffusion of negative ions across the anion mem-
brane on the right hand side. In a short time the B will
have replaced most of the K" adjacent to the cation mem-
brane while similarly OH will have replaced Cl~ adjacent
to the anion membrane. Further, a non-stationary diffusion
will take place across the compartment whereby H+ and OH

will meet and combine.

We will consider two extreme models for the concentration
profiles.
A. Early in the diffusion process, we assume constant
concentration of Cl~ in the left hand part of the
compartment and constant concentration of K' in the

right hand part.

B. We assume that the concentration of Cl~ and of K'©
adjacent to the cation membrane and the anion membrane
respectively will keep equal to c until the concen-
tration of each had attained % ¢ at the neutral point
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(cH+ = Cop~ = 10-7). By assuming linear gradients,

the loss in emf can be calculated.

The calculated loss for the two cases A and B are shown in
Fig. 2 together with observed losses. (Corrections for
non-ideal solutions would give slightly better agreement
with experiments). Measurements of emf were carried out
for concentrations of KC1l sufficiently high to predominate

over impurities.

From the above calculations and measurements one can see
that KCl should not be used to improve conductivity in
compartment III, since KCl gives large losses in emf. One
can also see how small quantities of impurities in the ex-
periment with water in compartment III give significant

reduction of the emf.

In the second set of experiments, different types of organic
acid/bases were tested as the component HA. In this case
the transference number of HCl is given by Eqn. (16), and
A~ as well as H' and OH  contribute to tHCl'
With electric current passing through the cell (in positive
direction) HA will accumulate on the left hand side of
compartment III, and the last term of the integral in Egn.
(13) will be different from zero.

The additional contribution to the emf is
JtHAduHA = - J(—tA—)duHA (25)
since tHA = - tA—

The contribution is negative, i.e. there is a loss in emf.
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For a current density of 100 mA cm_2, a concentration
CHa = 0.1 mol dm3 and a length of compartment III of 1 mm,
the calculated loss in emf due to this term is only about

0.3 mv.

The effect of different types of HA on the cell emf is
shown in Table 1 (see ref. (3) for further details). One
of the components in Table 1, aminonapthalene disulfonic
acid, is capable of restoring the emf to 94% of the theo-

retical value. This molecule contributes to t both as

HC1
a positive and as a negative ion.

This analysis demonstrates the importance of a continuous
description of emf in cells with chemical reaction. The
method permits us to locate energy losses, and to predict
means of minimizing the losses. The addition of HA improves
electric conductivity in compartment III without reducing
the coupling between electric energy and Gibbs energy of
reaction. The coupling is destroyed by additions of KCIl.

Cells containing reciprocal salt pairs.

With the present efforts in many laboratories to develop
high temperature ion selective membranes for batteries, one
may consider a high temperature cell of the type shown in
Fig. 3. Here one set of membranes is selective for Li+
ions, the other set for k" ions. By transfer of one fara-

day, the cell reaction in a "repeating unit" is
LiBr + KCl = LiCl + KBr (26)
In fused salt chemistry it is common practice to describe

this kind of system by three components. We may choose the
following components, LiCl, LiBr and KCl. In mixtures of
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fused salts it is unsuitable to use single ion chemical
potentials (4), so we continue using chemical potential of

neutral salts and transference numbers of neutral salts.

For I = 0 the emf per "repeating unit" is (compare Egn. (13))

2
A¢ = - J(tLiClduLiCl * trigrpipr * tre1d¥ker! (27)
1
From stoichiometric relations (nKcl = Ny, Npip,. = Nppe~ and

Nyic1 = Opit- nBr—) the transference numbers of neutral
salts cen be identified:

trc1 = Fx*7 tniBr T 7 tg,m = 0
and trie) T tpgt totgem T otpyt (28)
The transference number tBr- = 0 since all membranes are
cation selective
2
Thus A¢ = - J(tLi+duLiCl + tK+duKCl) (29)
1

and for perfectly ion selective membranes

11T 1
Ay = - Jd“Licl - JduKCl (30)
I I
or
8¢ = - pje1 111 ~ Mpict 1) T (Mkel 11 T MRe1 1) G

In compartment II the chemical potential of KCl may be ex-

pressed as
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Ugcl = YgBr * Ynicl T VYLiBr (32)

This gives the anticipated result

8¢ = = Qpic1 111 * YRBr 1T T YRCl T T MpiBr 11’ (33)

The derivation (27-31) shows the validity conditions for
eqn. (33).

Thus if the cell unit starts in the state
.-.. LiBr || RC1 || LiBr || KC1 ....

then, through the transfer of charge we will end up with
.... KBr || Licl || XBr || LiCl ....

or a complete reaction of the reciprocal salt pair.

Conclusion

The method developed permits calculations of emf for com-
plex galvanic cells, where chemical reactions take place

in compartments between membranes. Apart from the condit-
ion of local equilibrium, no restrictions are needed in the
method of calculation. The method permits analysis of
local energy losses.

The present way of treating the coupling between chemical

reaction and electric work may be profitable in the search
for new types of batteries.
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Table 1

Variation of cell emf E by addition of components HA

(10 %mo1 am~3) to compartment III of the cell in Fig. 1.
The theoretical maximum value of emf is ET = 0.71 V and n
is the efficiency of the cell. The temperature is 25°c.

HA E voLT n = E/ET
BENZYLAMINE 0.42 0.59
N-PHENYLMETHYL 0.46 0.65
NAPHTALENESULFONAMID
NAPHTALENESULFONIC ACIO 0.52 0.73
AMINONAPHTALENE 0.67 0.94
DISULFONIC ACID

-2 -3
KCl, 10~ mol dm 0.17 0.24
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Theoretical potential difference

Loss (V)

- log Ckg

Fig. 2 Loss in emf as a function of concentration of
KCl in compartment III.
A: Calculated loss at an early stage of
diffusion process.
B: Calculated loss at an later stage of
diffusion process -

O: Experimental points
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ABSTRACT

Self-diffusion coefficients of fluorine and cations in
molten LiF-BeF, and NaF-BeF, systems were measured by the
capillary reservoir technlque. The characteristic diffusion
phenomena of fluorine in these molten alkali fluorobery-
llates are very similar to those of oxygen in molten CaO-
5i0p and Ca0-Si02-Al503 slag. The dynamical behavior of Li
and F in molten LijBeF,; was also analyzed by NMR techniques.

INTRODUCTION

It has been reported that the alkali fluoroberyllate
melt systems,RF-BeFj(R=Li,Na,K) are qulte 51m11ar to the
alkaline-earth silicate melt systems,R 0-SlOz(R =Mg,Ca,Ba).
Especially, the phase diagram of MgO-SiOj scaled down by
the relation [(t°C+273°C)/2.88]1+273 fit most of the diagram
of LiF-BeFy, as indicated by Thillo and Lehmann[l]. It was
also recently found that the physical properties, such as
viscosity, electrical conductivity, and molar volume, depend
on simple quantitative relationships between molten alkali
fluoroberyllate system and molten alkaline earth silicate
system[2]. The results indicate that the statistical and
dynamical properties of constituent ions in these molten
states also have similar behavior.

Cantor et al.[3] showed in their viscosity study of
molten LiF-BeF2 that the viscosity decreases rapidly with
an increase of LiF concentration, due to breaking of the
fluorine bridges in a three-dimensional network of Be-F
bonds, and estimated that the melt might lose its network
charactexr for a BeF,; content smaller than €5mol%.

We have already reported the self-diffusion coefficients
and their temperature dependence for F and Li in molten
LigBeF, and LiBeF3 and for F and Na in molten NaBeF3 by the
capillary reservoir technique[4-8],X-ray diffraction analy-
sis of molten NajBeF, and NaBeF3[9] and nuclear spin relaxa-
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tion of 7Li and 19F in solid and molten LizBeF4[10]. In
this report, all these data are summarized and compared with
those in molten alkaline-earth silicates.

EXPERIMENTALS

The method of measurements of self-diffusion coeffi-
cients was described in detail elsewhere[4-8]. The procedure
of the experiment was carried out by the capillary reservoir
technique.

PREPARATION OF RADIOACTIVE OR STABLE TRACER

The fluorine radioactive F-18 was prepared using JRR-3
(Japan Research Reactor-3). Highly purified LijCO3 was used
as a target material and the following reactions Cccurred to
produce 18F.

6. . 3 16
3Ll(n,u)lT and 8O(T,n)lgF (1)

After irradiation, LijCO5 powder was treated with aqueous
hydrogen fluoride in a pfatinum crucible to produce the
labelled Lil8F deposit. On the other hand, the lithium
stable °Li was prepared using L12C03 powder which a °Li/7Li
abundance ratio of 19 and then Li,CO3 was treated with
agueous hydrogen fluorine in the same way as above mentioned.
24Na was made from NaF powder irradiated by thermal neutron
for 1 min. in JRR-2.

PREPARATION OF LijBeF4,LiBeF3 and NaBeF3

For the preparation of LijzBeF,,LiBeF3 and NaBeF3 in the
diffusion cell, a mixture of BeFy and LiF or NaF was melted
in a platinum container, treated with a HF+H, mixture at
600°C and then purged with He. The chemicals used were as
follows:LiF and NaF prepared by Merck Co.(Germany), granu-
lation of single crystal(l-4mm); BeF) prepared by Rare
Metallic Co. (Japan) [known impurities(in ppm) :K+Na,600;Ca,10;
Al,20;Cr,30;Fe,10;Ni,10].

APPARATUS AND PROCEDURE

A schematic diagram of the apparatus is shown in Fig.l.
In this work some devices were adopted to avoid solidifica-
tion of the melted tracer mixture in the capillaries before
each diffusion run. After the tracer salt(C) in the Pt
crucible (D) and non-tracer salt(E) in the Ni crucible(F)
were melted under He atmosphere, the movable Ni rod with
the capillaries was lowered into the Pt crucible. The capi-
llaries were filled with the molten tracer salt by dipping
their mouths into the salt under a vacuum and then feeding
He gas slowly back in the apparatus. The capillaries were
raised out of the molten tracer salt by means of the
Ni rod and then submerged in the molten non-tracer salt after
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turning the stainless steel
flange(I).

The capillaries which
were lmm inner diameter and
30-40mm length were made of
Ni. The duration of diffu-
sion run was in the range of
20-120 minutes. The maximum
difference in temperature
between the top and the
bottom of the capillary was
about 0.5°C

After the diffusion run,
the capillaries were lifted
from the molten non-tracer
salt and then removed. After
cleaning the capillaries,
they were cut by a saw at
intervals of about 2mm. The
concentration profiles of
tracer 18F and 24Na or 6Li in
the capillaries were measured
with y-ray spectrometer or

Fig.l Apparatus for Diffusion

ion micro mass analyser (HITA- . - ur t
CHI IMA-SS), respectively. A:Ni capillary, B:Ni rod, C:
Tracer salt, D:Pt crucible,E:
NUCLEAR MAGNETIC RESONANCE Non-tracer salt, F:Ni crucible,
H:Heater, I:Stainless steel
Spin-lattice relaxation flange, T:C.A. thermocouple.

time T; was measured by pulse

spectrometer controlled by a micro-processer. For T; values
less than 0O.lsec "180°-1-90°" pulse technique was applied
and the longer T; was measured by "(n-90°)-1-90°" pulse
technique. The 90° pulse length was about 15us. For magne-
tization Mz (1) the intensity of free induction decay (FID)
signal following second 90° pulse were measured as a func-
tion of t. The absolute Mz(T) decay obeyed exponential law
in all samples. In order to improve signal to noise ratio

a digitalized signal averager was utilized. In all experi-
ments a frequency of 10MHz or 20MHz was employed. Each
sample was sealed in quartz sample tube with a 1length of
4cm and a diameter of lcm. Temperature of the specimens
was controlled up to 630°C with accuracy of 12°C in an
electrical furnace which was mounted between pole pieces of
magnet. Temperature was measured by an Pt-Pt(13%Rh) thermo-
couple attached to the sample tube.

T; for ’Li and 19F has been determined using the rela-
tions I=Ig[l-exp(-7/Tj)] for relatively long T;(T3>0.lsec)
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or I=Ig[l-2exp(-1/T;)] for relatively short Tj; (T;<0.lsec).

RESULTS AND DISCUSSION

Typical concentration profiles of 18F and GLi in capi-
llaries are shown in Figs.2 and 3. The salt was not
contained within a few mm from the capillary mouth due to
the volume contraction of the salt.

The diffusion coefficient D was calculated by applying
the following equation to the observed concentration

profiles, 1/2
Cx=Cgerf[x/(Dt) " "1, (2)

where Cop is the initial concentration of the tracer and C,
the concentration of the tracer at distance x from the
boundary after diffusion time t.

The diffusion coefficients are written in the form
D=D( exp[-E/RT], (3)

where E is the activation energy, R the gas constant and T
the absolute temperature. The results as shown in Table 1
and Fig.4 were obtained by a least squares analysis from
all experimental data.

Table 1 Summary of self-diffusion coefficients
D=Dpexp[-E/RT] in molten LijBeF,,LiBeFj

and NaBeF3
Do E Observed tempera-
(m2s~1) (KJ-mol1<l) ture range(°C)
TigBer,
Li 9.27x107]  32.5%8.4 470-640
F 6.61x10 128.1%14.2 510-650
LiBeF;
Li 1.12x100%  38.7%12.5  440-560
F 3.16x10 144.0%16.3  450-670
NaBeF
Na 7.80x100,  40.2%5.6 420-560
F 4.93x10 79.6%6.5 440-600

34



8F activity (arb. unit)

F In MoLTen Li)BeF,
o C o
? o 0y, °

610 C 553°C

ditf, timeclOmin dift. time=30min.

1=39cm 1=3.9cm
1 | 1 1 i . \
1 2 3 14 2 3 A

° oo
, .

496°C i 0°° " oo

diff. time=40min. |} 1507

t=39cem . diff. time=40min

1=2.9cm

i : : l I | 1 !
1 2 3 L 0 1 2 3

Length from mouth of capillary{cm)

Fig. 2 The distribution of 18 in a capillary
after a diffusion run.
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Fig. 3 Distribution of 6Li in a capillary
after a diffusion run.
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Fig.4 Summary of the diffusion coefficients
of fluorine and lithium or sodium in
molten Lij;BeF,,LiBeF3 and NaBeFj.

Fig.5 Comparison of self-diffu-
sion coefficient of various
cations in molten salts and
molten silicates under the
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Fig.6 Self-diffusion coeffici-
ent of anions.

10 E
C L (a)KC1(C1); (b)NaCl(Cl);
z T (c)RbC1(Cl); (d)NaI(I);
T L ) (e)CsCl(Cl); (£)TiC1(Cl);
P (g) FLINAK (F) ;
s f (h) Ca0-8i05 (56-44mol%) (0) ;
€ T . (1) Ca0-8i05-A1,03 (42-45-12
8 T, LiBeFy(F) mol%) (O) ;
£k J (j) Ca0-Si0, (40-60mol1%) (O) .
e F ! NaBeF 5(F)
3 r m—~,//'
I Il,a——
Ié'o I | L 1 “)x 1
08 1O 12 14

Reduced temperature (T/Ty)

Figs.5 and 6 show the results of self-diffusion coeffi-
cients in these molten alkali fluoroberyllates compared
with those of cations and anions in molten alkali halides
and molten silicates under the reduced temperature scale,
T/Tm, where T, is the melting point. The diffusion coeffi-
cients and the activation energies of cations in molten
LipBeF4,LiBeF3 and NaBeF3 follow a similar pattern to those
of cations in molten alkali halides. On the other hand,
self-diffusion of fluorine in these molten alkali fluoro-
beryllates have unusually high diffusion coefficients and
activation energies. The activation energies for self-
diffusion coefficients of fluorine were larger than those
for electrical conductivities[11l] and viscosity coefficients
[31.

It was reported from the analysis of X-ray diffraction
[9,12] and the Raman spectrum 3easurements[13] that com-
plex anions exist, such as BeFj~ and BepF%~ in molten
LijBeF,,LiBeF3 and NaBeF3. The fact that the magnitude of
the diffusion coefficient measured in this work is un-
usually large can not be explained solely by mass transfer
due to migration of the large fluoroberyllate anions.

Possible explanations for the large value of the
fluorine diffusion coefficient could be the exchange of
fluorine atoms between neighbouring beryllate units inclu-
ding the rotation of beryllate anions, or the fluorine
diffusion by means of neutral ion pair, such as LiF,
diffusion mechanism. The exchange mechanism involves the
breaking of Be-F bonds and some steric difficulties with
anion rotation, which can account for a high energy of
activation for fluorine diffusion. In ion-pair diffusion,
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on the other hand, the movement of fluorine with lithium
involves breaking of Be-F bonds, because the content of
free fluorine atoms in the melt seems small. This mecha-
nism can also have a high activation energy.

Fig.7 shows the t%mperatu e dependence of spin-lattice
relaxation time Tj of 9F and Li in molten Lij;BeF,[10].
Ty of 19¢ had minimum and T3 at frequency of 20MHz was
longer than that at frequency of 10MHz at temperatures
below T minimum. However, both values of T; approached
to the same at temperatures above T; minimum. T} of 7Li
had also minimum and the minimum temperature of /Li was a
little higher than that of g,

The magnetic impurities such as Ni2+ and Fe?* in the
sample will have important effect upon the relaxation
time and resonance absorption spectra. The concentration
of magnetic impurity was estimated by the analysis of
magnetic susceptibility measured at temperatures below 4.2°K.
The concentration of magnetic impurity used in the measure-
ments of NMR was about 2.9ppm calculated in terms of Fe
ion.

Fig.8 shows the resonance absorption spectra of 19F
and 7Li in solid and molten LizBeF4[lO]. The frequency
was 10MHz. The remarkable result was the line width of
resonance absorption spectrum of 19F at 435°C(solid) is
nearly equal to that at 550°C(liquid).

- S
50 - o amall nﬂ -
_ o e " )
n W ]
+ | . oo . F(20Mi:)
E ® LY o '
.~ AR ' 19
"10 - » LR @ F(I0MH2)
- 94 o -
) o g6
- o o 6 © [s] o
5]- ]
2 | 1 ] 1 1 ! 1
1" 12 3 |L3 14
1077 (K")

Fig.7 Temperature dependence of T; of 7Li and
F in molten LijBeFy.
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As there is mainly BeF%' and Li* ions in molten Li,BeF,,
the following relaxation mechanisms will be considered as
the relaxation of 19F, _

(1) Rotation of BeFE ion.

(2) Migration of BeFi' ion.
(3) Interaction between F~ and Lit ions.
(4) Dissociation of F atom from BeFZ' ion and
diffusion of fluorine.
The contribution of these four mechanisms to T] are shown
precisely in Ref.[10] and the essential equations and results
will be presented in this paper.

(1) Relaxation due to the rotation of BeF%’ ion.

There are two models, diffusion model and kinetic model.
In diffusion model, the relaxation time of rotation T3 is
much shorter than periodic time of rotation Tgp(T3< Tg) and
T; is expressed by the following equation,

(1/1y) =(2/5) (y=1)vg D2r,_p I (I +1)

x[1,/ (1+w213) +41y/ (1+402t3) 1. (4)
On the other hand, T; in kinetic model(t1,>Ty) is expressed
by the following equation,
(1/T1)rot.kin =(1/5)(1/T1%ot.diff. (5)
In these equations, Iy is the quantum number of F nuclear
spin(=1/2),y the number of F atoms in BeF%' ion(=4), Yp the

gyromagnetic ratio of F nuclei and rF;Fthe atomic distance
of F-F pair.

rot.diff

The diffusion coefficient D' of rotation of complex ion
is expressed by Stokes relation with ga viscosity n,
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D'=kT/8ma3n. (6)
The relaxation time Ty will be calculated using the relation
T,=(6D')~1l and the observed viscosity n=5.94x10-4exp(38.4/
R%) poise[3]. T3 at 530°C was roughly estimated to be
1.7x10=10s,

On the other hand, eq.(4) is expressed using parameter
rp_p=2.56A as follows.

(1/T))por =1-7x107 [T,/ (1+0273) +41,/(1+40213)1s™1. (7)

This equation has maximum at wT2=0.64. T e estimated relaxa-
tion time by Stokes relation 1,=1.7x107'"s show wT,=1.02x10-2
which is much smaller than unity and can not explain the
observed Tj; minimum at 530°C.

The contribution of rotation of BeF%' ion to TIl will
be estimated to be 1.4s-1 by eq.(7) and wT2=l.07x10'2,
which_ is much smaller than the observed value (1/T1) =
200s~l. Then the contribution of rotation to T; will  be
small.

(2) Relaxation due to the migration of Ber‘ ion.

Ty due to the migration of complex ion will be expre-

ssed by 4 .2

(1/T1)g566=3/2 Y BEI(I+1) [87/15 J(w)+321/15 J(2w)]
(8)

and [ P

J(w)=(/ap) ] [3,,, 12 uau/(w?c?) , (9

where D is the diffusion coefficient of migration of complex
ion, N the spin density, d the diameter of complex ion and
J3/9 Bessel function. The integration in eq.(9) has maxi-
mum value 0.133 at wt=0 and decreases monotoically. Then
(1/T1) gig¢ has no maximum.

The diffusion coefficient D of migration of complex ion
is roughly estimated by Stokes relation D=kT56ﬂan and D is
1x10-10m2/s at 530°C. “Then using N=7x1030/m3 and_p=1x10-10
m2/s(530°C), the contribution of migration of BeFj~ ion to
T; is estimated to be (1/Tq)g;¢#0.3, which is also much
smaller than the observed value.

(3) Relaxation due to interaction between Lit and F-

Ty will be expressed essentially by eq.(8) with diff-
erent parameters such as I=3/2,D=a2/61, d=rLi{.,N=spin
density of Li and y4=yZ-yf;. Using rLi_;ﬂﬂ85A,Bh3.&dﬁ3Qmﬁ
and DLi=9.27x10‘7exp(—§2.5/RT), we get (1/Tp)p.pi=1.5x10"3,
which is also much smaller than the observed value.

40



(4) Dissociation of F atom from BeF4~ ion and diffusion of

fTuorine

The behavior of T; is attributed to the dissociation
of F from complex ions and the long distance diffusion of F
ions in the liquid by the following mechanisms.

In exchange model of fluorine atoms between neighbour-
ing beryllate units including rotation of beryllate anjons,
the diffusion distance with one step will be at most 6A.
Using the relation D=<a2>/6T and the observed diffusion co-
efficient D=2x10" m2/s at 530°C, the estimated correlation
time T is 2x10~1ls which is much smaller than the observed
1=3x10""s and is comparable with that of the rotation of the
molecule. This is not reasonable.

On the other hand, in dissociation and long distance
diffusion model of fluorine, the relaxation time will be
expressed by the following equation.

1/T1=871/15 v4nI (1+1)N/a3 [t/ [2(1+(wt/2) 21 +1/ (1+w12) ]
-~-(10)

Equation (10) has maximum at wr=1.41(T=2.25x10"8s at w=
6.28x107s"1) and we get (1/T])ax=50, which is much larger
than the former three relaxation mechanisms. Then root
mean square(RMS) distance v<24> of one step of fluorine
diffusion, which is the distance between dissociation of F
from a complex ion, diffusion in the liquid and trap at F
vacancy of another complex ion, is roughly estimated by
relation <22> =6tD. At 530°C, the observed value of t_and
D wgre 2.25x10"8s and 2x10'9mé/s, respectively and IR
100A was obtained.

The results of NMR indicate that the dissociation of
F from complex ions and the long distance diffusion of F
ions has largest contribution to the diffusion in molten
Li,BeF, and T; of this mechanism is in good agreement with
the experimental value. The solid curves in Fig.9 are the
theoretical ones with

1/71=2x101> exp(-103.7/RT), (11)
and
1/T1=S[1/ (1+w212) +41/(1+40212)]. (12)

S was determined to fit the theoretical curve to the obser-
ved one at 640°C and w=2mx10/s™+. The theoretical equation
indicates good agreement with temperature and fregquency
dependency of the observed Ty. The activation energy
103.7KJ/mol is also in good agreement with that of self-
diffusion of fluorine with tracer method, 128KJ/mol, as shown
in Table 1.
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Fig.9 Temperature dependence of (1/T;) of 19p
in molten LijBeF,. The solid curves 15
are the theoretical one with 1/7=2x10
exp(-103.7/RT) .

CONCLUSION

(1) Characteristic diffusion of fluorine in molten alkali
fluoroberyllates could be explained by the diffusion
mechanism with dissociation of F from complex anion and
long distance diffusion.

(2) The results of self-diffusion of fluorine in molten
LijBeF,,LiBeF3 and NaBeF3 are qualitatively similar to
those of oxygen in molten CaO—SiO2 and Ca0-Si05-Al,0
slag[l14,15]. X-ray diffraction ahalysis of molten NaBeFj3
[9] and CaSiO3[16] also indicates the similarity of the
structures, Thus, the research on molten alkali fluoro-
beryllates will contribute to the analysis of statisti-
cal and dynamical behaviors of constituent ions in molten
alkaline-earth silicates which is relatively difficult
because of high temperature.
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NEUTRON DIFFRACTION STUDIES OF MOLTEN SALTS

S. Biggin
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Abstract

Neutron diffraction, exploiting the isotope effect, a
now well established technique, is unique in that it enables
partial structure factors and radial distribution functions
(rdf's) to be extracted. This review of the structures of
molten chlorides will include a comparison with X-ray work
on similar salts; complementing of the two techniques;
description of all aspects of structural data which can be
determined from partial structure factors and rdf's; results
on chloride melts so far examined, in particular alkali
halides, alkaline-earth halides, and solid-state layer
lattice melts; and finally details of binary experiments pro-
posed to investigate thermodynamic properties of mixing. Prelim-
inary results on magnesium and manganese chlorides will be
given.

1. Introduction

For many years, molten salt chemists and electrochemists have been
interested in molten salt structures, in particular in the existence of
species in a melt. Industrially such information can be the key to the
design of a process; for example, metal extraction success depends
on lack of corrosion, among other things, this being linked to the
existence of species, and ion mobility, for example, in the chloride
ternary or higher melts used.

Apart from applied interest, there is obviously the desire to know
and understand melt structures, since then, from systematic studies,
behaviour predictions can be made and theoretical models can be tested.
This is the case since ultimately models such as the hypernetted chain
(HNC) method, with use of various interionic potentials, must be tested
against structures derived experimentally.

Until the 1970's very little information on full, unambiguous
molten salt structures existed. The simple reason was that only X-ray
experiments were feasible before neutron diffraction became a routine
technique, following the availability of neutron beam research facilities
and isotopes.

Unfortunately, from an X-ray spectrum, only certain aspects of a
melt structure can be deduced, with set limits on values, rather-than
absolute values themselves which can be extracted from neutron
diffraction through partial structure factors and radial distribution
functions (rdf's),see §3. It will be seen how vital a knowledge of
these partial rdf's is in understanding the shortcomings of theoretical
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models.

First then, in §§2-4 neutron and X-ray work will be compared and
areas where they can complement each other will be defined. In partic-
ular, the isotopic substitution neutron diffraction method will be out-
lined. Then concentrating on mainly neutron work, the remaining sec-
tions will consist of: §5 an outline of materials which can be examined;
86 features of melts and melt structure values extractable from partial
structure factors and radial distribution functions; §7 specific
chloride melts; §8 binary melts.

2. X-ray diffraction

X-ray diffraction has been widely used to study simple molten
salts, an especially extensive range having been examined by Ohno and
Furakawa (e.g.,]) where the technique is explained in full. In X-ray
diffraction a sample is irradiated with a beam of wavelength about 1A
and the scattered beam over a momentum transfer (k) range of about
0-12871 s analysed, corrected for background, sample container, etc.

: . : . coh .
The coherent X-ray intensity (in electron units), I (k) is then
. N N eu
given in terms of partial structure factors SaB(k):

(k)Sa (k)

B8 B

coh
10700 =) Je £ (K
a B
where £ , £, are the k-dependent atomic form factors, c_ is the concen-
tration of particle a. The total rdf, G(r) - the Fourier transform of
F(k) in the neutron case - is given for X-rays by

- .2
LK)
G(r) =1+ Jm ki (k)sin kr dk

= .2
(J& ) %anor o

where the normalised reduced intensity is

:3h(k)
i(k) = —4— -1,

2
LE (k)
m

where Em is the effective number of electrons in atom m.

Thus we obtain G(r) which gives the probabilities of locating an
ion in an elemental volume, given an ion at the origin. The first
peak in G(r) is reasonably assumed to be at the distance of cation-
anion in the melt.

This peak position is actually an upper limit value, since if a
second peak (gaussian) would overlap with the first, then it obviously
pulls out the position of the first peak. This overlapping of
gaussians is due to penetration of like ions in the first coordination
shell, and arises in particular for larger cation melts, see §6(ii).
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Integration under the first peak in G(r) gives a value for
average coordination number of anions around a cation. Attributing
other peaks in G(r) to other ion pairs is somewhat perilous since
spurious peaks can be difficult to identify, and usually reference has
to be made to a solid-state structure. As an example, in Fig. 1 is
shown ki (k) for MnCly due to Ohno and Furukawa ( 1 ).

3. Neutron diffraction

As with X-ray diffraction, a sample is irradiated with approxi-
mately LA.wavelength neutrons and the scattered beam analysed. After
corrections have been made, a k-space intensity is obtained. In con-
trast with X-ray work, neutron diffraction can be carried out exploit-
ing the isotope effect (i.e. non-systematic variation of scattering
length of a nucleus with atomic weight). Using th{ee ieparate isotopic
substitutions eg. Zn35C12, Zn37C12, and, say, Znna ura Cl,, we can
derive more than the total structure factor, F(k). That is, the
partial structure factors, S(k), can be determined, leading to unam-
biguous information about ion-ion correlation functions. The technique
is well documented ( 2 ).

Let me briefly clarify use of the technique mathematically. For a
simple melt, say ZnCl,,

_ 2.2 2.2
F =2 - -
(k) cchClean1[SZnCl(k) l]+canZn[SZnZn(k) 1]+CCI~DC1[SC1C1(R)-1]

where c is ion concentration, b is ion scattering length. Clearly,
three different F(K)'streliting to three different scattering lengths,
b(35c1), b(37c1), b("**™ % 1), will yield the three partial structure
factors S(k). Transform of S(k) gives the partial radial distribution,

gaB(r) through

4mp R
S,plk) =1+ == ) [9yg(x)-1]r sin kr ar,

where p is number density (Afah k represents angular momentum transfer
(&1). As an example, the F(k), S(k) and g(x) for MgCl, due to Biggin,
Gay and Enderby (3) are shown in Figs. 2-4 (preliminary results).

4. Neutron and X-ray diffraction

To check that neutron and X-ray experiments are producing consis-
tent results, three molten salts on which both neutron and X-ray data
existed were chosen. In order to make a comparison, the S(k)'s from
the neutron experiments were combined using X-ray form factors to re-
produce an X-ray spectrum. This is compared in Fig. 5 for NaCl with
the normalised reduced intensity due to Ohno and Furukawa ( 4 ).
Another test, on MnCl;, was performed by taking partial structure
factors S(k) from MgCly melt. The S(k) from MgCly; combined impressively
to reproduce the neutron total structure factor F(k) and so it is valid
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to make this combination and assume MgCl, and MnCl; to be isomorphous

in the melt. The reproduced X-ray reduced scattering intensity i (k)

plotted as ki(k) against k in Fig. 1 along with the ki(k) due to Ohno

and Furukawa ( 1 ) is only scaled along k (ion size requirement) .

Again the agreement is satisfactory. A similar combination of neutron

structure factors for zinc chloride provided excellent agreement above
! with the ki(k) due to Takagi and Nakamura ( 6 ).

From this it follows that the neutron and X-ray data can be com-
bined in determining partial structure factors, any differences point-
ing to areas which need further investigation (artifacts) in one or
other of the experiments.

5. Melts amenable to study

There are limitations to use of the isotope substitution method.
We know that scattering length b varies with atomic weight. It
is obvious that (at least) two isotopes with sufficiently different
values for b are required to obtain the three dlfferent samples
described in §3. Chlorine is a good example : b(35c1) = 1.17, b(37c1)
= 0.308 (10 !2 cm, values due to Koester et al.( 7 )). Bromine offers
no possibilities since b(’?Br) ~ b(81Br). only 12°I occurs naturally,
but 1271 is only weakly radioactive and may be exploitable (Welland
and Enderby, private communication). Anions which can be studied are
nitrate and nitrite complexes (Neilson in particular has examined a
range of aqueous solutions where N and 1°N have provided the required
scattering variation between samples (eg9.8)), and sulphates, sulphites,
and more easily selenates, selenites.

As regards cations, both lithium and nickel provide an interesting
opportunity for simplifying study. Since both have negative scattering-
length isotopes, zero-scattering (null) samples can be made by mixing.
Thus study of a single sample of, say, 0Niclz, can yield Scl (k)
directly. cher catlogs whlgh havg sulti\ble scattering leng varia-
tions are K , Cu , Mg (see Enderby and Biggin
(9 ) for more deta.].l)

A final point to note is that (i) absorption cross sections must
be taken into account: lithium 6 (°Li) has an extremely high o_ (945
barns for 2200 ms neutrons) ; and (ii) incoherent scattering cross
sections which are high, e.g.,for H (0, = 79.7 barns), will have the
result that the coherent scattering signal will be swamped; deuter-
ation is essential, for example, in ammonium salts.

The salts are usually held in quartz or vanadium containers, the
choice depending on attack by the molten salt. Non-standard techniques
for salt drying often have to be invoked, since drying with HC1l or Cl
gas can lead to undesirable chlorine exchange.

6. General features of S(k) and g(r)

From S(k) and g(r), information on the following can be extracted:
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(i) coordination number, n; (ii) ion-ion separation, r; (iii) pene-
tration of like ions into first coordination shell; (iv) charge can-
cellation; (v) existence of species, pseudo-species; (vi) peak heights
in g(r); (vii) coulomb peak positions; (viii) site type. Let us con-
sider these features individually.

(i) As described elsewhere, Biggin and Enderby (9,10), values for
coordination number depend on definition. There is no significance
to the coordination number n from the statistical mechanical view-
point, since themodynamic properties relate to integrals of g ,(r) over
all r. Clearly, comparisons require that definitions be made. Waseda
defined and discussed ( 11 ) four standard methods (i) integration to
the first minimum in g(r); (ii) integration to the first minimum in
r2g(r); (iii) integration under the first peak in symmetrical rg(r);
(iv) integration under the first peak in symmetrical r“g(r).

As pointed out by Biggin and Enderby (9,10), for salts with large
cations, eg. BaCl,, SrCly, there is considerable penetration of like
ions into the first coordination shell, the first peak in G(r) is not
symmetrical, and integration using any method to find n__ is not
reliable. Only integration in g, yields reliable values. However, for
small cation melts, eg. NaCl, use of either G(r) or g _(r) is satis-
factory. We have shown ( 9 ) that for a small cation, n,_ varies only
a little between the four methods used applied to g _ (r) and G(r) (3.9-
5.3 for NaCl) whereas for a large cation the variation is large (6.4-

26 for BaCly).

Now, method (iii), rg(r) ;, is valid if solid-like local order
is assumed. This follows from”work by Coulson and Rushbrooke ( 12 ),
who demonstrated simply that for a liquid approximated by an Einstein
model (ions moving in a restricted region independent of their neigh-
bours), then rg(r) is symmetrical (this follows from taking spherically
symmetric distributions and counting number of ions in a shell between
r and r+dr). On this basis, use of method (iii) should yield ccordin-
ation numbers in good agreement with the semi-empirical formula of Ohno
and Furukawa ( 4 ):

R, _ . _s

n+_(11qu1d) = n+_(solld) S PR TSI
1 +-

where V_ and V. are liquid and solid-state molar volumes. Enderby and

Biggin 7 9) %ave shown that n _ values calculated using this equation
agree well with those from method (iii).

(ii) The first peak position in g, (r) and G(r) indicates the
cation-anion average separation and is an upper limit when taken from
G(r), the deviation from the true value (ie. that found from the partial
rdf) being largest for large cations because of gaussian overlap. For
a most physical interpretation, cation-anion separation should be read
from rg _(r) curves, because rzg (r) relates to number of ions at_r,
whereas g, (r) relates to density of ions at r. X-ray results for r
are usuali§ quoted in D(r) (equivalent of r2G(r)) -
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(iii) As mentioned in (i) the amount of penetration of like ions
into the first coordination shell increases with ion size. Compare the
g(r) for ZnCly; and BaClp in Fig. 9. For ZnCly, there are no chloride
ions in the zinc ion positions, but for BaCly, chloride and barium ions
exist at the same r.

Also noted by McGreevy and Mitchell ( 13 ), with large cations
shielding by the anions is increased, so that although penetration does
occur, on average the cation-cation distance is larger such that for
SrCly and BaClp, it is proposed that second not first interstitial sites
are filled.

(iv) The phenomenon of charge cancellation is a signal of a 1:1
salt where beyond about QA, the g(r) are phased so that the g++(r)
and g (r) together are m out of phase with g, (r). This can be seen
clearly in the gaB(r) curves for CuCl, see Fig. 6.

(v) How would the existence of a species be manifest in g ,(x)?
The radial distribution functions, g(r), determined using neutron
diffraction are "snap-shots", t=0 and so structural parameters
evaluated are time-average values. Now for example, if ZnCl existed
predominaﬂtly in ZnCly melt, then this would be a pseudo 1l:1 melt,
with ZnCl and Cl , and charge cancellation would be expected in g(r).

Second, if the r in the species differed from the average cation-
anion distance of the host melt, then a separate peak in g, (r) must be
observed. If r,_ is the same for melt and species, then the existence
of a species depends on its lifetime. We need somehow to show thaE]E?e
complex ions are not exchanging at normal ion exchange times (Vv 10 s)
in order to prove they are "bound". The molecular dynamics (MD) studies
of de Lee (15 ) are relevant here. He finds that groups of ions
like SrCl do indeed exist for times long compared with the collision
time. Even so, these results cannot be regarded as evidence for stable
entities, since the prospective species SrCl must retain its identity
for a time several orders of magnitude longer than the lifetime of any
other group eg. SrClj.

It seems justifiable then to stipulate that for a species, MX, the
diffusion coefficient of M in the species must be equatable to that of
X in the species. It has been shown that for this to be the case, the
binding time of M and X in the species must be v 10 115, such a long-
lived arrangement would be seen in g(r), in that the first peak in
g, (r) would be extremely well coordinated, provided the species was a
major constituent (but see (vi)).

(vi) Peak heights in g(r) give an indication of how well coordin-
ated a melt is. For example, the first peak in g, (r) for ZnCl,, see
Fig. 7,is much higher and narrower than, say, that for BaCl,. From
this we deduce that the ions are very specifically sited in a well de-
fined network (not necessarily evidence of species existence). The
fact that g(r) falls to zero beyond the first peak, as is also the case
for MgClp, supports this deduction.
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(vii) The coulomb peaks (in k-space) in 1l:1 salts, see for
example Fig. 8 for NaCl, are the main peaks which occur at one posit-
ion in k-space, the peak being negative in S, (k). This is related to
the regular real-space charge distribution in 1:1 salts.

(viii) The ratio r /r, gives an immediate indication of coordi-
nation. For example, r /r *="v8/3 for a tetrahedrally coordinated
cation. For an octahedral site, r /r = ¥2. BAn example of each type
is given by r /r, = 1.65 for CuCl (BIsenberg, et al, (14)), and 1.41
for NaCl (Biggin atd Enderby (5)). Of the melts studied, only ZnCl,
and CuCl are tetrahedrally coordinated, as they are in the solid.

The fact that other small-cation melts are not tetrahedrally
coordinated, eg. MgCly, indicates that ion size alone does not control
the melt structure. According to its size, O.74A, it would be expected
that the zinc ion would occupy an octahedral site (radius 0.20 x
chloride ion diameter = 0.72A), instead of the smaller tetrahedral site
(radius 0.11 x chloride ion diameter = 0.408). The strong polarizing
power of the zinc ion (and the cuprous ion in CuCl) enables it to
occupy the site.

I have discussed the melt features in general. Now let us con-
sider specific melts.

7. Specific melt structures

Above, we have considered the main points of information extract-
able from partial S 8(k) and g B(r). Now let us consider the
structures of speci%lc melts which have been examined. If we then
compare these structures with those predicted by theoretical methods
or models, eg. Monte Carlo, Molecular Dynamics, Hypernetted Chain
(HNC) , then we can pinpoint shortcomings of the models in their
occasional failure to make accurate predictions.

It will be instructive to categorize the salts into three groups:
(i) 1:1 salts; (ii) 2:1 salts; (iii) solid-state layer lattice salts.

(i) Of 1:1 chlorides, a large number have the NaCl structure in
the pre-melting solid phase: Li, Na, K, Rb, Cs and Ag. Only cuprous
chloride has a four-coordinated (zinc blende) structure. 1In all cases,
except CuCl, the melts show 1l:1 characteristic charge cancellation,
increasing penetration with ion size, a slight reduction of r on
melting and ;+_ “vr +r where r and r are the cation and anion
radii. Now, cuprous chloride is tetrahedrally coordinated in both melt
and solid with r__/r+_ ~ ¥8/3. The g++(r) for CuCl shows unusually
little structure, see (14,17) and Fig. 6, compared with that from other
salts and although such high penetration of like ions into the first
coordination shell together with r being considerably less than r, +
r (2.38 cf. 2.77A) indicates a degree of covalency (an octupole
moment is set up, see Mahan (18)), there is contrary experimental
evidence, see Boyce and Mikkelson (19), from NMR work.

Another problem area lies in some of the results for AgCl, CsCl
and KCl. Some of the fine structure in the S(k)'s (20)is thought to
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result from the method used to obtain g_,(r), as was reported to be the
case for CsCl, now re-examined by Mitchell et al. (private communication).

For all the NaCl-type melts, coordination number according to the
rg(r) method falls from 6, to about 4 on melting. For the larger
cation’melts, higher values are quoted for n, , but ugually through
methods such as integrating to the first minimum in r g(r). Ohno and
Furukawa (4) have shown that there is excellent agreement between their
semi-empirical formula used to calculate n,__ for 1:1 salts, and results
obtained.

In recent work by Ohno et al.(2l), KBr is examined using X-ray
diffraction, and a comprehensive table of 1l:1 salt parameters is given.
Again r,_ v r, + r, the coordination number by any method is close to
4, andxr /r 7— indicative of octahedral siting. It would be
1nterest1ng to extract partial q (r) 's for KBr using a neutron
experiment, because since the va?ues for n, Qy any method are close to
4, little penetration can be present, and "K' must be considered
"small" relative to Br (the results for NaCl from X-ray diffraction
using methods ii-iv listed in the section on coordination number vary
by about the same amount 4.0 - 4.1 for NaCl, 3.5 - 3.7 for KBr).

The difference between g,  (r) and g (r) is thought to be due to
polarisation ( 5), this difference being very slight. Within the
error of an experiment carried out on the Dido reactor, Harwell, these
g(r) are barely distinguishable, but results in general indicate
that g__(r) falls slightly lower than g++(r).

Theorists can obtain all features of these 1:1 salts using models
such as the HNC (where direct and indirect correlation functions are
summed iteratively to give the total correlation function),i.e. peak
positions, amount of penetration, peak heights, coulomb peaks.

(ii) McGreevy and Mitchell have reviewed the 2:1 salts ZnCl, (16),
CaCly (10), BaClp (22), SrCly (23). Increased coordination number
follows ion size, as does penetration. 2Zinc behaves like Cu in CuCl,
in that it occupies a tetrahedral site which changes very little on
melting. Both BaCl, and SrCl; have the fluorite structure in the pre-
melting phase, with close-packed cations. Their coordination number
n++ falls from 12 to about 8 on melting. In all cases, the 9_ (x)
lies at about 3.7 - 3. 8A its width increasing and height decrea51ng
with increased ion size, but with n around 8. Figure 9 shows
increase of penetration with ion size for these salts.

The only non-characteristic feature of these melits is the high
ordering of ZnCly;, see Fig. 7, but this follows from its "covalent"
nature shown in the solid resulting from its electronic structure.

There is another feature, the first peak position in 9, (xr) for
both ZnCljand CaCl,, which is not predicted correctly by HNC calcula-

tions wusing a purely ionic model All other features of this 2:1
series, including the g, (r) for SrCl, and BaClp are correctly predict-
ed (A. Copestake, private communication). For ZnCly, r = 3.8A, n

the solid-state value. For CaCl, however, the Ca-Ca distance
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+
3.6A is less than the solid values : two ca?” ions at 4.2A and 8
at 4.95A from an origin ca?” ion. X-ray work by Iwamoto et al,(24) has
given a Ca-Ca distance of 6.4A.

Whether the difference is due to a specific plus-plus interaction or
results from polarisation of the anion is an area for further inves-
tigation.

(iii) Solid-state layer lattices of the CdCl, type include MgCly,
NiCly, FeCly, MnCly which therefore consist of octahedrally coordinated
cations in a ccp anion array. 2Zinc chloride was reported as being CACly
type, but is clearly tetrahedrally coordinated (16). The results for
s (k) and 9, (k) for MgCly are shown in Figs. 3-4. The Mg-Cl
séparation is 2.45A just under the solid state value. Similar to other
salts the Cl1-Cl separation is 3.64+0.05A with a coordination number n__
= 6.85t1. For magnesium ions, r is 3.62i0.08A, with n,, = 5.2+1.5.
The coordination number n__ ranges from 3.7 for method rg r)S om to
3.5 for integration to the first minimum in g(r). The ion is’very
small, so the method has little influence on n_ . Also note there is
little penetration of like ions into the first coordination shell.

It was shown in 84 that MnCl, is isomorphous with MgCl; with n,_
v 4 again. Also for NiCljp, n, v 4 (A. Howe, private communication).

8. Binary melts

For a binary melt AX .BY , ten isotopic substitution experiments
are required to extract a1 ten partial structure factors, although for
any one structure factor only four experiments are required, three if
the ion-ion pair is of like ions. If, however, one of the ions is a
null scattering ion, eg. ULi ’ Oni , then the binarv melt becomes
effectively a single melt again and only three experiments will com-
pletely define the structure.

One such experiment currently in progress (Biggin and Blander ,
private communication) is the study of A1C13.0LiCl, which will be of
interest for several technologies.

Another binary melt about to be investigated (Biggin) is MgCl,.
BaCl,, in order to provide structural evidence for the inference by
Lumsden ( 25 ) that the melt changes structure at equimolar composition,
giving rise to discontinuities in the enthalpy of mixing curves.

excégswe are interested in thermodynamic properties of mixing, eg.
AG , AH, then neutron diffraction provides a route: only three
partial structure factors, evaluated at k=0 are needed. This follows
from an extension of the formulation given by Enderby and Neilson (26)
based on work by Kirkwood and Buff ( 27 ): from a knowledge of (S__(O)+
SBB(O)—2S (0)), these thermodynamic functions can be derived (they are
linked through activity coefficient). Given knowledge of isothermal
compressibility and number density, only one partial structure factor
from the above three is needed to access excess functions.

- . .. excess
A preliminary study carried out by Biggin has shown that AG

can be evaluated to the correct order of magnitude for salt mixtures
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such as (Na,K)Cl using S(O) values taken from MSA (mean spherical
approximation) calculations. Thus we expect good agreement with calori-
metry when this work is extended to neutron scattering examination of
binary melts at zero wave-vector.

9. Discussion

It is clear from the melt structures considered, that ion size
plays an important role in determining melt parameters. However, the
ZnCly structure, for example, emphasizes that electronic configuration
also has an influence and can bring sbout a degree of covalency.
Neutron diffraction alone is not sufficient to give specific results on
existence of species (being a "t=0" experiment), but can indicate from
average ion positions whether their existence is likely.

There are still aspects of structure which cannot be modelled
correctly, such as the Zn-Zn separation predicted on an ionic basis.
The value of separating out partial structure factors and radial dis-
tribution functions is seen when comparisons are made with theoretical
predictions, since only in this way can specific shortcomings in the
theory be identified.
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ABSTRACT

A model of the vapor pressure of the ternary
liquid LiC1-NaCl-AlCl; system has been developed
based on available thermodynamic data. This model
covers the entire ternary miscibility range and
has been programmed on a digital computer.

INTRODUCTION

Melts of NaCl-LiCl-AlClj; occur in many processes. Previous thermo-
dynamic models of the vaporization behavior of these melts have dealt
with only binary systems (1) or the ternary system with very low AlClj;
concentrations (2). In some instances, higher concentrations of AlClj
are expected to be encountered and systems where Xpjc1, = 0.50 are
especially interesting. The model described in this paper makes use of
available published data to treat the ternary system between O and 807%
AlCl3 (807% AlCl; is the approximate point at which a miscibility gap
is encountered). This model has been translated into a digital computer
program.

The data on which this model is based are not considered final and
model revisions are expected as more data emerge. However, the present
model is believed to give a reasonably realistic description of the
NaCl-LiCl-AlCl; system.

PHYSICAL BASIS OF THE MODEL

A 19-parameter model is developed for the ternary system LiCl-NaCl-
AlCl3 based on equilibrium constants and activity coefficients. The
description of the basic range (X0A1C13 < 0.5) hardly needs to be im-—
proved, while further refinements are recommended for the acid range
as more accurate data become available. The model can be used for cal-
culation of (a) activities, (b) vapor pressure and composition above
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liquid, (c) composition of liquid and vapor when temperature and pres-
sure are given, (d) condensation temperatures of gas and composition
of condensing liquid.

The model will, as far as possible, be based on established structu-
ral data and thermodynamic principles. An important feature of the pre-
sent model is that it will contain previously developed models as limit-
ing cases ({.e., the systems LiCl-AlCls: X°jjc1, < 0.50, NaCl-AlCls:
XoAlCl; < 0.59, L1C1—NaC1—A1C13i onlCla < 0.04). @mphasis will be put
on making a simple model, even if at first glance it may not seem so to
the reader. It is, however, to be remembered that it is a very complex
system which is to be described over a wide temperature range. It is
believed that the developed 19-parameter model indeed represents a
minimum number of parameters needed for a meaningful description.

The systems MeCl-AlCl; are characterized by a liquidus temperature
of about 600-800°C in the basic range which then drops sharply to 150-
200°C around X%p1¢1, = 0.50. An isothermal study of the system over the
entire concentration range of interest (0 < X°A1C13 < 0.80) has not
been carried out due to the high vapor pressure of the acid mixtures at
elevated temperatures. Based on Raman and infrared spectroscopy (3-6),
the structural entities in these melts can nevertheless be summarized
as follows:

o

X
AlCls 0 0.50 0.667 0.80
Stoichiometric
Composition MeCl MeAlCl, MeAl,Cl-
. +
Melt species Li+, Na+ ! L1+, Na
- - i -
c1”, alcl, ! AlCly _

: Al,Cl7 , Al,Clg

| -

: (AlgCllo)

The present model will be based on the presence of the major species
given above . TFor simplification the species Al3Cl7, is neglected
although it probably exists (4-6).

With reference to earlier work on the vapor above basic melts (1,2)
the gas is considered to consist of the following molecules:
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LiAlCl,, NaAlCl,, AlCls, Al,Clg

The gas is assumed to behave ideally and no corrections are per-—
formed due to nonideality even at high pressures. Such a correction
would, however, be easy to perform but it is not considered necessary
at the present stage.

The melt is considered to be a modified Temkin mixture (7) by con-
sidering Li* and Na* as a cationic mixture and C1~, AlCly» Al,Cl7,
and Al1,Cl¢ as a modified anion mixture. Temkin activity coefficients
will be introduced when justified by experimental data.

The following eight independent equilibria will be considered:

LiAlCl,(2) = LiAlCl,(g) (1)
NaAlCl,(2) = NaAlCla(g) (2)
AICl3(2) = AlCls(g) 3)
LiAlC14(2) = LiCl(R) + AIC13(R) (4)
NaAlCl,(2) = NaCl(2) + AlCl3(R) (5)
2LiAl1Cl4 (%) = LiCl(L) + LiAl,Cl(%) (6)
2NaAlCl, (%) = NaCl(f) + NaAl,Cly(%) (7
2A1C13(g) = Al,Cle(g) (8)

Equilibria in a mixed Li+, Nat system will be described by the
Flood-Muan or by a first-approximation of the Flood, Férland, and
Grjotheim model (8).

In KLi,Na = xLi In KLi + XNa In KNa ©

where

ori* “Na®
. = —==—— and = — (10)
XLl nLi+ + nNa+ xNa nLi+ + nNa+

This simplified equation may be elaborated further if move data be-
come available.

The avoidance of thermodynamic inconsistencies is emphasized in the

model. The primary quantities calculated are the vapor pressure and
activity of Al1Clz. The AlClj3 activity has a straightforward meaning as:

_ o
3101, = Paic1,/? alc1, > where

PoAlCl denotes pressure over pure AlCl;. This activity is also common
3
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to all chloroaluminate melts and no standard state confusion is likely
to occur.

The quantity pCl(-log cgp-) is often used as a primary quantity of
chloroaluminate melts but 1t has an inherent weakness. Used properly,
in the meaning aMCl,, it is well defined, but very often pCl is used
loosely as an undefined single ion activity. This may lead to con-
fusion, especially in connection with interpretation of concentration
cells (9). In addition, the standard state will vary according to which
MCl, chlorides are present. However, if one wishes to calculate pCl it

may be obtained through a Gibbs-Duhem integration from 31c1s"

DEVELOPMENT OF MODEL
Notation

In order to treat the present system in an efficient way, it is
necessary to use a simple and easily understandable notation. The fol-
lowing definitions are introduced:

X : Modified Temkin ion fraction (see below)
P : Pressure in atm

n :  Number of moles

a @ Activity

Y : Temkin activity coefficient

K : Thermodynamic equilibrium constant

K' : Ion fraction stoichiometric coefficient

XX : Bulk composition of AlCl; in mole fraction.

: owit, m:wat, 1: 7, 4: alci,
3 A].C].g, 6 : Alzcls, 7 : A12C1_7
t ¢ total .
Subscripts to K and K':

According to Equations (1-8).

Examples
_ yat
Xy = oLy
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“AlCly

Xg = - - -
c1” * Marc1y t Mal.c1; T Pal.cle

n

ay, = Naalcl, - ANYwg o

Model for the Binary Systems LiCl-AlCl3 and NaCl-AlClj

The strategy of the present model construction is first to obtain
models for the two binary systems LiCl-AlClj and NaC1l-AlClz and then
obtain a model for the ternary system LiCl-NaCl-AlCl; as an extension
of the binary model.

The work by Linga et al. (1) is the most complete vapor pressure
study of basic chloroaluminate melts and the models developed from that
study will be included in the present model. Their models do, however,
only treat compositions where Xj < 0.50 and the presence of Al»Cl7
and Al,Clg (or AlCl3) in the liquid phase was ignored. Therefore Equa-
tions (6) and (7) were not considered.

With reference to the physical model given, the following stoichio-
metric relations are valid using LiCl-AlClj; as an example:

. o o ) o _
Base 1 mole of mixture: n Alcla+ noicl T XA + XL 1
XZ = ny + 2n5 + 2[17 (11)
1- XZ = n; + ny + ny (12)
fn = n; +n, +ng +ny = 1- XZ + ng (13)
no= —2—, x = — (14)
I—XA+n6 l-XA+n6
Xe = ____nz—__ s X7 = ___ng___ (15)
1 - XA + ng 1l - XA + ng
2LiAlCL, () = LiCL(S) + LiAloClo(8) : K¢ = 2% (16)
X;
X XO'5
LiAlC14(2) = LiCl(L) + 0.5A1,Cle(9) : Ky = =126 (17)
Xy

Equations (11-17) give expressions for Xj;, Xy, Xg, X7 in terms of
K¢ and K. The same expressions will be valid for the NaCl-AlCl; system
when K} and K{ are substituted for K{ and K. The solutions of the
equations will not be given here, but will be part of the complete
model for the ternary system given in the next section.
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Following the model of Linga et al. (1), the activity coefficients
of LiCl and LiAlCl, are given as:

a B 2
L"L Xy
exP {—ﬁ‘[mg(:] } a8
Q. .2
L X3
P {RI(XI + BLXu} } (19)

In the present model where high precision is not attempted in the
acid region, we set

Y1

Yr4

R
Yo 2%)

and
Ypp =1
As X; = 0 in the acid region, we obtain the following simplified
expression for the thermodynamic equilibrium constants K, and K¢ in
this region using Equations (18) and (19).

oL
Ky = KivV2 exp {————} (20)
“ N B RT
%L
K = K¢ exp {————} (21)
6 é BLRT

Similar expressions are valid for the NaCl-AlCl; system.

Model for Ternary LiCl-NaCl-AlClj; Melts

The previous model for ternary LiC1-NaCl-AlClz melts with low con-~
tent of AlCl; was semiempirical with basis in measured total pressure.

The formation of Al1Cl;(g) can be written in a general way as follows:

MAIC14(?) = MCL(L) + ALCLs(g) (22)
*) = 2 =
31,1, ~ 2Alcls 2Xp1,c1,

This means that Yg¢ = 2 is introduced. The basis for this is the know-
ledge that a liquid-liquid immiscibility gap appears for NaCl-AlClj;

O o~ = . .
at XA = 0.80 where XA12Cl6 0.50
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The pressure of AlCl3z(g) can be represented by a Flood-Muan (8)
model as follows:

X

Y Y,
by = K@ Bk Y [%‘i] L [—M (23)
Uiy {('m

The other vapor pressures are then given in terms of P3 as:

P, = Ki(KsKa) ' K Xyy P (24)
Po = Kz (K3Ks) ~t XX1Yy,Ps (25)
Ps = KgP3? (26)
1>t = P3 + PL4 + PN4 + Pg (27)

As the model now stands, only binary data are needed for the calcu-
lation of the pressures above the ternary melts.

A minor ternary term used successfully for ternary melts dilute in
AlCl;3(2) will, however, be introduced. This implies introducing regular
solution activity coefficients due to the mixing of Li* and Na‘ ioms.
We hence get:

by LBy X 2
= X T P L S,
Y T exp { T } exp 1 ®T [XI " BLXu] } (28)
bX§ o X 2
- 1
Y4 = XP {_T—} exp {iT [iT—I—E;§:} } (29)
RESULTS

The final model was arrived at through an extensive trial-and-error
process proceeding partly from a simpler model than the final and
partly from a more complex model. The trial-and-error procedure will
not be discussed, but we will here present the final model in a closed
form with parameters.

(a) Fractions X;, X4, (X¢), and (X7) are given as functions of KA
and Ké by solution of two quadratic equations:*)

(o]

KA nf + n; n, + nf - n; + XA n = 0 (30)
N = X X g = X7
A X2 B - X1 - X
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Xe

K'

B

X

N

2
+ n1(=2K) + 3K} Xy + 3K, - 2) + Xy - X = 0
ny + 0.5n, - 1 + 1.5xz
n) Xy, = Ny
1- XX + ng 1-x°+ ng
~5 X7 = 1-3X =Xy - Xe
1- XA + ng
ey Ry
= |Kg/exp Ez_iﬁ} tK7/exp {B RT}
LG o (3 (oo )
K:.ZXL KszXN BL RT BN RT]J)
(b) Equations for cation fractions:
X
o
1- XA
Xy
)
1 XA

(c) Pressure equations:

P

P

P

P

Py

3

L4

N4

6

K3 Ky

Ks

X

Xy
X3

[

(Mg
Dy

Ki (K K)7h X X, v Ps

K, (K3 Ks)™L Xy X v Ps

Ksg P32

P3+P

L4

+ P

N4

+ Pg
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2 4 nu(zxz -1 +Kpm o+ 3m) + nf(ZKé + 2)
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(32)

(33)

(34)

(35)
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37

(38)

(39)

(40)
(41)
(42)
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ACS is set equal to zero for all reactions involving only liquid phases.
This is, however, not justified when gaseous phases appear in the equi-
librium. For Equations (3) and (8), K is known as a function of tempe-
rature from the JANAF Thermochemical Tables (10). For Equations (1) and
(2), the approximation formula given by Kubaschewski and Alcock (11) is
used.

= o = -
AX By(%) = Ax By(g) ACP 2.7 (x + y) cal/mol degree

This gives ACC = -68 J/mol degree for Equations (1) and (2). The
equations for K then have the form:

o
f1| 2973 o

= exp L 93 L as0 ac® |93 T, g, [T (44)
Kp R T 973

(973

7

o
=]

(e) Activities of liquid mixtures:

2
b XN a. B 2
~ 1 PL X4
Yo T P { T } exp { RT {xl n BLX“] } (45)
b z Q. 2
. {_XN} oo L1 [ X1 } a6
YL4 exp T P RT (X1 + ‘BLXu 146)
b Xil oy By X 2
— L
Yyi T €XP { T J %P { RT [x, n BNX“] } (47)
b x? Q. 2
. [ N X }
Yoo = €XP T eXP \RT (X + EXe (48)

The following activity coefficient parameters are introduced:

o
Lo N
= - 2150 =X ~ 1843
BL = 3.115 BN = 3.051
b = -564
Yo = 2
Y7 = 1 (Z.e., deviation from ideality is ignored)
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(f) Variables

o Lo o _ _ 40 _ L0
XA’ XL and T XN = 1 XA XL
The present model is a 19-parameter model with 12 equilibrium para-
meters (AHC and AS®) and six activity coefficient parameters and one
assumption concerning ACS for Equations (1) and (2). The data for Equa-
tions (3) and (8) are taken from JANAF Thermochemical Tables (10).

The 12 parameters AHY, ASS, AHS, ASD, AH,, ASS, AHS, ASS, o /R, 8.,
oy/R, and B, are all taken from a refitting of the data for the two
binary systems LiCl-AlCl; and NaCl-A1Cl; (1). This fit is based on de-—
terminations of total pressure as well as vapor composition (1,2). The
relevance of the parameters has been discussed earlier.

The parameter b was estimated from data by Hersh and Kleppa (12) on
LiC1-NaCl mixtures but could, of course, have been made an adjustable
parameter.

The parameter Yg = 2 was introduced in order to obtain liquid-liquid
immiscibility at XQ = 0.80. The last five parameters were used for
bridging the high-temperature data for basic melts and low-temperature
data for acidic melts. AHS and AS9 were given values so that P. =
0.382 atm for X3 = 0.50 and t = 700°C Linga et al. (1) and Py =
0.0946 atm at 'XA= 0.60 and t = 200°C Viola et ql. (13) . This is a
somewhat bold procedure and would have had to be abandoned if unreason-
able values of AHS and AS9 had resulted. Rather probable values are,
however, obtained.

Then AS? was set equal to ASS and AHS was determined by the require-
ment that

Pt (LiCl-AlCl3) = 2Pt (NaC1-Al1Cl3)

for X° = 0.60 and t = 200°C. This last condition is a rough guessti-
mate, but better values may be inserted.

Chloride Activity

The chloride activity in binary LiCl-Al1Cl; and NaCl-AlCl; or ternary
LiCl-NaC1l-AlCl; melts may be obtained straightforwardly by modification
of Equations (45) and (47).

2 2 \XN
= feon (2 e Y o i x )
aMc1 P 17RT (X + B X | PURT (X + ByXe
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or by integration of the Gibbs-Duhem equation:

X1 X1 x°

A
J dln aMC]. = J ﬁ dln PA1C13 (50)
X;=1 X;=1 A

where the ratio XL/XN is kept constant. *)

Equation (49) is the easiest to use, but calculations according to
(50) were also carried out for the binary as well as a ternary system
to perform the consistency check that they indeed give identical results.

As an illustration, Table I gives the drop in chloride activity
around 50 mol% AlCl; for 1073 K and 473 K.

A typical feature of the chloride activity is that the drop around
x° AlCly = 0.50 is much less pronounced at 1073 K than at 473 K for the
b1nary’NaCl—A1C13 system. The ratio

avc1 Farc1,™ 048 /gy Ky~ 0-52) s
3.8 106 at 473 K but only 13 at 1073 K. The activity drop for the LiCl-
AlCl; is less than for the NaCl-AlCl; system while the L10 sNag 5C1—A1C13
shows an intermediate behavior.

DISCUSSION

Comparison with Experimental Data

In certain concentration areas, the developed model must still be

*)A direct use of Equations (45) and (47) with the Temkin activity defi-
nition gives:

. N A Y

c1 T 2pici®yact - ¢ X0 Ty OKD) vy

o fo ) o )

where is the activity given by Equation (49). It is seen that the
first four terms are constant when XL/X and T are constant. They dis-
appear due to the requirement that the chloride activity is set equal

to unity for a pure chloride mixture as well as for pure LiCl or NaCl.
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considered as crude, and it has some deficiencies which will be dis-
cussed later. Let us, however, first examine the model for tempera-
tures and concentrations where fairly reliable data are available and
see how it performs. Table IL gives some comparisons with experimental
data for the binary systems and Table III for available ternary data.

Table II shows that the good agreement between model and data for
the binary systems LiC1-AlCl; and NaCl-AlCl; for 0 < XQ < 0.50 and T =
973 K is retained by the expansion of the model. It is encouraging to
note that the expansion to also cover the data for 50 molZ NaCl - 50
melZ% ALCl,; .at 973K did not haye any adyerse effect on the lower range.

The representation of the data for NaCl-AlCl;, 0.50 < x% < 0.80 at
473 K are quite good when it is realized that the data is éxtrapolated
500K. It is not considered complicated to expand the model to
give better agreement by introduction of ACS(ALCLl3(%)) (14) and: variable
activity coefficients for Al,Cl7 and Al,Clg. The species Al3Clyo may
also be introduced. This procedure is, however, not considered justi-
fied at the present stage as the experimental data are under revision.

Table III shows that the model gives a very good description of
available ternary data for mixtures with low A1Cl; content. The con-
tent of AlCl; in the vapor is slightly underestimated, P;ialcl, coming
out exact and Pyyayc1, slightly overestimated so that the total pres-
sure is equal to the experimental pressure.

A Qualitative Description of the System

(a) Binary Systems

On the basic side the gaseous molecule MA1Cl, is the main gaseous
species until near 50 molZ AlCl; when AlCl3 becomes the major gas
species.

Table IV gives the composition XX when AlClj; or Al,Clg becomes the
major gas species.

In the temperature range 473 £ T £ 773K AlCl; or Al,Clg becomes the
major gas species between 0.48 < X9 < 0.5. At low temperatures Al,Clg
becomes the major gas species at lower AlCl; content for the NaCl-AlClj;
than for the LiCl-AlCl3 system, while the opposite is the case at
higher temperatures due to dissociation of the LiAlCly.

The total pressure increases rapidly with addition of small amounts
of AlCl;, then there is a moderate increase (at one part nearly no
increase) till near 50 mol7% AlCl3. Around this concentration a strong
increase is seen and then the pressure increases until 80 molZ AlCl;
where the pressure becomes equal to the pressure of pure AICl;(L) as
it should.
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The model is, of course, only valid above the liquidus line of the
system. This means that the pressure in the range 0 < X°A1C13 < 0.40
and 473 K does not have any meaning. It is, however, interesting to
note that if the liquid could be super-cooled to this temperature, a
liquid-liquid immiscibility on the basic side should be observed.

The total pressure of the LiCl-AlCl; system is higher than the
corresponding NaCl-AlCl; system, except near 80 mol% Al1Cl; when they
have to become approximately equal. The difference is up to a factor
of 10 on the basic side and a factor of 2 on the acid side.

(b) The LiC1-NaCl-AlClj3 Ternary System

The model bears out the same feature that were observed for binary
mixtures dilute in AlICl; (2), NaAlCl, is more abundant in the gas
phase than LiAlCl, for X;; = Xya3 in spite of that, the total pres-
sure above the LiCl-containing system is up to ten times higher than
for the corresponding NaCl-containing system. The pressure of AlClj
and the total pressure are satisfactory predicted by the Flood-Muan
model (8) as far as it can be checked.
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Table I. Some Calculated Chloride Activities at 473 and 1073 K.

System ' 5 2MC1 p

K x3-0.48 X9=0.50 X0=0.52
NaCl-A1C1, 473 0.258 1.55 x 107 6.76 x 1078
LiCl-AlClq 473 0.307 2.38 x 1073 1.35 x 107°
Liy oNa, (CI-AICl; 473 0.281 6.07 x 10:2 9.55 x 10:;
NaCl-A1Cl4 1073 0.141  4.10 x 10 1.06 x 10
LiCl-AICl, 1073 0.214  0.139 9.15 x 1072
Liy gNa, (CI-AICL; 1073 0.164 7.46 x 1072 3.33 x 1072

Table II. Total Pressure Calculated from Model Compared with

Experimental Data.

Reference Temp. x° x° X; Pt (mod) Pt (exp)
A L
K atm atm

Linga et al. (1) 973 0.10 - 0.90 0 0.198 0.191
0.20 - 0.80 0 0.245 0.242
0.30 - 0.70 0 0.315 0.315
0.40 - 0.60 0 0.496 0.575

Linga et al. (1) 1073 0.10 - © 0.90 0.076 0.075
0.20- O 0.80 0.108 0.117
0.30- O 0.70 0.146 0.150
0.40 - 0 0.60 0.222 0.240

973 0.50 - 0 0.50 0.3831%* 0.382

Viola et al. (13) 473 0.52 - 0 0.48 0.001 0.007
0.56 = 0 0.44 0.017 0.027
0.60 - O 0.40 0.096* 0.095
0.64 - 0 0.36 0.354 0.279
0.68 = 0 0.32 0.828 0.703
0.72 - 0 0.28 1.398 1.51

Fannin et al. (14)

JANAF Tables (10) 473 0.80 - 0 0.20 2.54 2.53

*Constraints
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Table III. Partial Vapor Pressure Calculated from Model
Compared with Experimental Pressures (2).

Composition: x: = 0.02, xz = 0.49 x; = 0.49, T =973 K

Vapor P(model), atm P(exp), atm
LiAlCl, 0.00380 0.00378
NaAlCl, 0.01630 ' 0.01538
AlCl3 0.00526 0.00623
Total 0.02537 0.02539

Table IV. Composition in Mole Fraction AlClj; when AlClj;
or Al;Clg Becomes the Major Gas Species.

Temp., K LiCl-AlCls  Lij (Na, (Cl-AlCls NaCl-A1Cl;
473 0.500 0.492 0.493
575 0.496 0.491 0.492
673 0.492 0.487 0.489
773 0.484 0.483 0.488
873 0.464 0.472 0.486
973 0.400 0.447 0.479

1073 <0.02 0.403 0.466
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ABSTRACTS

Low temperature-investigations (200 ° to 560 °C) on
vapour pressures (vapour transference, Knudsen-effusion-
deposition and Knudsen-effusion mass-spectrometry, double
oven mass-spectrometry) and vapour composition reveal re-
latively complicated vapour-phase equilibria of the com-
plex-salts LiAlCl,, NaAlCl, and KA1C14. Over alkalichloride
saturated melts starting from KAlCl4 passing to
NaAlCl4 and to LiAlCl4 the vapour pressures (Oor dissocia-
tion pressure) of AlCl, strongly increases. Therefore
Al2cl6—partial pressure is ~ ¢omparable to the AlCljpressure.
abOve LiAlCl, -melts at 300 °C whereas Al Clé— and AlC13-
pressures aré negligable above KA1lCl —meits. Partial pres-

sures of Alkalitetrachloroalanate (A}§A1C14) increase
strongly from KAlCl, to LiAlCl4. (7.5°10 torr and
90 torr at 560 °C). The mass-Spectrometric investigations

show that evaporated alkalitetrachloro-alanates form
dinmers (Alk2A12C18) in the vapour-phase but only to an ap-
preacable extent in the vapour of LiAlCl4. Be-
cause the apparent vaporization enthalpy of the dimers
equals nearly that of the monomer, the dimer content of
saturated vapours does not depend on temperature. In va-
pours of LiAlCl4 additionally LizAlClsmay be presumed.

INTRODUCTION

As fundamental basic data for process-development and
engineering of aluminium electrowinning from melts of
alkali-tetrachloro-alanates especially for the process of
aluminiumchloride-preparation and purification and for the
electrolysis proper the volatility of solid and molten
alkali-chloro-alanates must be available. Different au-
thors (e.g. L.A. King and collaborators /1/ and @ye and
the Trondheim school /2/3/) have worked on this field.
From the data of these authors it was already known that
the volatility of the alkali-chloro-alanate increases from
KAlCl4 via NaAlCl, to LiAlCl, and that dissociation pres-
sure of AlCl3 increases liﬁewise above alkali-chloro-
alanates from potassium via sodium towards lithium. None
of these investigations, however, tried to identify dif-
ferent species in the vapour-phase and to solve the ques-
tion whether - for instance - increased AlCl3—volatility
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was due to formation of complex species with Al to alkali
ratio of higher than one (e.g. AlkA12C17).

EXPERIMENTAL

Investigation into vaporization equilibria and mass-
spectra of salt vapours confined to temperature range 200°
to 560 °C as the maximal temperature in order to be still
close to the Knudsen-effusion condition for Knudsen-effu-
sion mass-spectrometry and effusion-deposition-experiments.
(For pressures being less than one and half an order of
magnitude above the upper limit for Knudsen-effusion, ex-
perimental corrections and calibrations of MS-signal/par-
tial pressure correlation were applied to take into ac-
count of non-Knudsen-behaviour). Within this temperature-
range Knudsen-effusion and vapour-transference were used
to determined formal vapour-pressures and chemical composi-
tion of the vapours and parallel to these measurements
Knudsen-effusion mass-spectrometry was applied in order
to get some insight into the stoichiometry of different
molecular species in the vapour-phase. However, only a
limited number of species could be observed and identified
as (relatively unstable) radical cations of the mother-
molecules whereas especially the more massive mother-mole-
cules were missing as cationic peaks mostly and could only
be supgosed to exist+because of some unexpected ions (so
Alkzcl and Alk_AlCl, were indicative of the existence of
Alk Al2C1 or Afk a1é1 resp.). Only by application of the
dougle—furnace-technique which used constant temperature
in the upper furnace and variable temperature in the lower
furnace and vice versa) clear identification of decomposi-
tion-paths and of the original molecule could be made and
estimates of the relative amounts of different species
could be given. (Below this method will be examplified for
vapours above NaAlCl4 and LiAlClJ.

RESULTS

a) Vapour transference and Knudsen-effusion-depositior
Apparent vapour pressures and their temperature dependence
and vapour composition (e.g. Alk/Al/Cl-ratio) were inves-
tigated in temperature range 300 ° to 560 °C for KCl-satu-
rated KAlCl4, 400 ° to 560 °C for NaCl-saturated NaAlCl4
and 150 ° t0 250 °C for LiCl-saturated LiAlCl4. The
K/Al/Cl-ratio for KAlCl,6 -vapours equals very closely
/1/1/4/ over the total temperature range investigated;
therefore KAlCl, (or its polymers) seems to be the only
species of significance in the vapour-phase above KAlCl,.
In fig. 1a the apparent KAlCl4-vapour-pressures (calculated
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with the assumption that only monomeric species are pres-
ent in the vapour-phase) is plotted vs 1/T together with
data which were extrapolated to lower temperatures from
Linga’s and Motzfeldt’s /3/ paper. The vaporization en-
thalpy is determined to be 114 14 kJ/mole from our data.
Extra%polated pressures and vaporization enthalpy

(113 = 11 kJ/mole) of Linga”s and Motzfeldt” s agree with
our data to a satisfactory extent. Total vapour pressure
at 500 °C above KAlCl4 comes close to 1 torr. The stoichio-
metry of NaCl-saturated NaAlCl,6 -vapours and of IiCLdﬁA1C14-
vapours deviates remarkably from the Alk/Al/Cl-ratio of
1/1/4 as always more AlCl_, is found in the respective va-
pours: The AlkCl/AlcCl ratio in NaAlCl  -vapours comes
close to 0.5 (but is “slightly decreasing from 400 ° to
500 °C) whereas the AlkCl/AlCl,-ratio above LiAlCl4 is
around 1/3 for the temperature range 150 ° to 250°°C and
is nearly independent of the temperature.

In fig. 1b the "apparent vepour pressures of sodium"
and of aluminium calculated on the assumption that all
sodium is present in form of one species only, namely
NaAlCl , and aluminium-containing-species are NaAlCl, and
AlCl only) are plotted vs 1/T. An apparent vaporization
enthglpy for sodium of 103 kJ/mole and of aluminium of
109 - 10 kd/mole is determined. Again the value for Na
agrees quite well with the value estimated by Linga and
Motzfeldt (117 ¥ 10 kJ/mole). It must be stressed that the
observed AlkCl/AlCl, of close to 0.5 is by no means signi-
ficant for the stoichiometry of some majority species in
the vapour (e.g. NaAl C17). The same holds for LiAlCl,-va-
pours. + ﬁpparent vaporization-enthalpies for
Li of 118 - 5 kJ/mole and for Al of 108 kJ/mole are deter-
mined from similiar plots for vapours of LiCl saturated
LiAlCl, .

b) Knudsen-effusion mass-spectrometry.

Qualitative comparison. Knudsen-effusion mass-spectro-
metgy of KAlCl —vapours generages siggals of thg ions K,
KCl', K2C1, KAlCl3, K2A1Cl4, AlCl2 and AlClB.
Appearance potentials of K c1* (and the effective very low
vapour pressure of KCl aboVve KAlCl,) show very clearly,
that K,Cl cannot Qe generated from K2C12. Likewise the
genera%ion of AlCl2 and AlCl_ from AlCl., can be ex-
cluded. K.Cl1* and K AlClZ can be traced back to be gen-
erated from the dimer K A12Cl , which is present in
KAlCl -vapours in much lower quantigies than is guessed
from the signal intensities and alcl} and AlC1] can be
shown to be generated mainly from KAlCl-ﬂmﬁeaﬂes and
their dimers. From NaAlCl4-vapours the respec%ive cations
as given for KAlCl4 are geénerated by mass-spectrometry but
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additionally NaAlCl+, Al7, Alcl® and Al Cl+ are detected,
whereas in mass-spectra of LiAlgl4-vapours additionally
the cations LiAlZCl and L12A12Cl are observed. Table 1
summarizes the relative peaﬁ intensities of different
ions in+order to show that presumed mother-cations (e.g.
AlkAlCl,, Al,Cl. and even alcl}) are by far the relative
least intefisive (AlCl., is always weaker than AlCl_) and
that the cation of the assumed dimer is only observed in

mass-spectra of LiAlCl4-vapours.

c) Temperature dependence and double-furnace-technique.
Determinatiog of apparent vaporization enthalpies (fig.2:
plot of 1g I vs 1/T for cations of+the mass-spectrum of
NaAlCl4) demonstrates that AlszlCl4 and Alk,Cl certainly
are genegated from+the same mother-molecule where-
as AXl,, AlkAlCl_, and Alk seem to originate from anoth-
er commoii mother-mdlecule. Appearance-potentials for the
different cations reveal that Alk _C1l Qnd Alk_AlCl as well
as AlszlCl4, AlkAl,Cl, and Alszi2C18 certainly &tem from
the difier a1k af cf, .

Fig. 3a shows for the m.s. of NaAlCl, -vapours the re-
sults of a double-furnace experiment (lower furnace, con-
taining NaAlCl, is kept at constant temperature,T,=250 °C,
upper temperature T _ is variable:250 °C to gOO °Cy. Thg
steep decrease of the signals of Na_AlCl, and Na,Cl
with increasing upper temperature occufs wi%hout a gorre-
sponding increase in the signal-intensity of NaAlCl_,. This
different and independent temperature dependence of” frag-
ment-cation intensities for monomer- and dimer-fragments
reveals the relative low degree of dimerization of NaAlCl
in equilibria-vapours (T =Tl)‘ Very similar are the re-
sults of the double-furnace measurements for KAlCl4ﬁapmus.

Quite different, however, are the observation made
with double furnace-spectrometry for LiAlCl, as shown in
fig. 3b. A pronounced decrease of the signai intensities
of the cations Li,AlCl} and Li.Cl1” which stem from dimeric
Li_Al.Cl, is accoﬁpanied by an initial increase (wigh in-
créasing temperature) of the fragment cations LiAlCl, and
LiAlCl, which originate from the monomer-species. By semi-
quanti%ative evaluation a degree of dimerization of more
than 60 % is obtained for LiAlCl,-equilibrium-vapours
whereas for NaAlCl,6 -vapours the degree of dimerization
is less than 10 % and dimerization in KA1C14—eqﬂlibrhmr
vapours is much lower than 10 %.

Since effective vaporization enthalpies for alkali-
tetrachloroalanate-monomers and dimers are nearly equal
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(because the dimerization enthalpy in the gas phase per

mole of dimer nearly equals the molar vaporization ernthalpy

for the monomers) the degree of dimerization in AlkAIC], -

equilibrium-vapours changes but little with temperature.

Table 2 collects partial pressure data for LiAlCl,-vapours.
FINAL REMARK 4

This investigation clearly shows that the relative
intensities of different fragment-ions of comparable com-
position (e.g. NaAlCl; and Na,Alcl' or Nacl' and Na.c1¥)
is by no means an immédiate indica%rml for the rela%ive
concentrations of the respective mother-molecules (e.g.
NaAlCl, and Na A12C1 ). It is certainly the possibility to
redistribute tﬁe eneggy of the ionizing electron (40 eV)
over a larger number of vibration modes which gives rise
for a higher yield in more massive fragment-ions origi-
nating from the dimer, whereas the surplus in ionization-
energy is consumed to produce numerous smaller fragments

some of which escape detection in case of the
monomeric complex moleculé pecause they either carry

negative charge or are not charged.
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Abstract Although 1lithium aluminum chloride, either as a
molten salt or as a solid, is unstable to reduction by
lithium at high activities, it is stable to elemental
aluminum. It is therefore possible to construct cells with
an aluminum negative electrode and a positive electrode
reversible to lithium. The thermodynamics of such a system
have been examined, and the kinetic behavior of the aluminum
electrode investigated in melts of two different
compositions. In addition, two lithium vanadium oxides have
been tested as possible positive electrode materials.

INTRODUCTION

Molten salts of compositions near LiAlCly are potentially attractive
intermediate temperature electrolytes for lithium cells. The eutectic
composition (close to 60 ms/o AlICl3) melts at 103°C and the compound
LiAlCl, itself melts at 143.5%C [1]. The free energy of formation of
solid LiAlCly has been determined by Weppner and Huggins [2], allouwing
the phase diagram for the Li-A1-Cl system to be calculated. This is
shoun in Figure 1. The voltages are related to the equilibrium activity
of 1lithium present in each of the three-phase regions through the
Nernst equation. Although the salt is resistant to oxidation up to
high potentials (4.2 VvV with respect to lithium at 100°C), it is
unstable to reduction by lithium at high activities. The reaction:

3 Li + LiAlCly = Al + 4 LicCl (@D

occurs at potentials more negative than 1.7 V with respect to lithium
at 100°C.

Neither the molten salt nor the solid can therefore be used as
lithium electrolytes in contact with the negative electrode materials
used in other 1lithium cells, such as elemental Tlithium itself,
A1/B-LiAl or various Li-Si phases. One solution to this problem would
therefore be to combine a very 1low lithium activity negative electrode
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with a very high potential positive electrode material. The additional
weight of the negative electrode material, however, leads to a
considerable loss in specific energy. Another possibility is to use a
second electrolyte, probably a solid, betuween the negative electrode
and the LiAlICl,. This ancillary electrolyte should be stable to high
1ithium activities, and chemically compatible with the chloroaluminate.
This uwould be analogous to the use of sodium beta-alumina 1in sodium
aluminum chloride based cells [3]. Few lithium electrolytes, houever,
have been found which are stable in contact with elemental lithium, and
little is known of their compatibilty with chloroalumunate melts.

A second alternative, proposed here, 1is the use of aluminum as the
negative electrode material. As may be seen from the phase diagram,
aluminum metal is stable in contact with the electrolyte. The overall
cell reaction would therefore involve displacement of lithium from the
electrolyte:

(y/3) Al + y LiARlICly + P = LiyP + (4ys/3) AlCl; (2)
Here P 1is a positive electrode material which may react with lithium
such that the overall cell reaction is spontaneous.

THERMODYNAMIC CONSIDERATIONS

Detailed thermodynamic data are available only for solid LiAlCly. In
this section the thermodynamic properties concerned wuith the use of an
aluminum electrode are therefore presented, based on data for the
solid. Expected modifications for the case of the molten salt will then
be compared with some experimental results.

The EMF of the cell:

Al | LiAlCly | LiyP (1)
is given by the free energy change of the reaction shown in equation
(2) above. If we subtract from this quantity the free energy of the
reaction of lithium with the positive electrode material:
y Li + P = LiyP 3)
we obtain the free energy of the reaction:

(ys3) Al + yLiAlCly = yLi + (4y/3)AlCl, (4)

Thus the EMF of the cell with aluminum as the negative electrode can be
calculated if the EMF of the cell:

Litm) | Li* | Liyp (an

83



is knoun. In fact, the free energy of reaction (4) above is no more
than the EMF of the three phase region in wuhich Al, AICl3 and LiAlCl,
are in equilibrium, measured with respect to lithium. This quantity uas
determined by Weppner & Huggins [2), and found to be:

2.367 - 5.233%10°%T(K) (5)

Therefore at 100°C, the EMF of the aluminum cell, E(I), is given by the
expression:

E(I) = EC(II} - 2.1 (V) (6)

Further, the oxidation 1limit of LiAlCly with respect to aluminum may
also be calculated. This quantity is equal to the free energy of
formation of Al1Cl3, which is:

2.436 - 8.667 x 10°%T(K) (V) 7)

The equilibrium aluminum activity may be calculated in each of the
three-phase regions, and these values, expressed as voltages wuith
respect to aluminum, are also shoun, in brackets, in Fig. 1.

Above the melting point of the eutectic a liquid is present in the
phase diagram (Fig. 2), and the thermodynamic properties of the system
uill vary across this single phase region. In order to calculate
either the variation of the EMF of cell (I) or the variation of
oxidation limit of the melt with composition, activity coefficient data
must be knoun across the composition range of the melt. For an ideal
solution the variation would be quite small. For an acidic melt,
saturated with solid Al1Cl3, the oxidation limit will remain the same as
that shoun in Fig. 1, and this also represents the minimum oxidation
limit in the system.

The operational 1imit of the melt to oxidation was measured using a
platinum working electrode, and an aluminum reference electrode (Figure
3). The experimentally determined 1imit appeared at somewhat louer
voltages than predicted by equation 7. This may be due to oxidation of
platinum at the high chlorine activities present at these positive
potentials. Some evidence of platinum passivation was seen, and the tuo
small reduction peaks close to 1.6 and 1.9 V may be associated with the
reduction of platinum chloride layers. In addition, a red layer uas
seen on the metal after it had been held at high potentials, suggesting
the presence of either PtCl, or PtCly, both of which are stable under
these conditions.

There is, however, an appreciable range of potentials over which the
melt can be used.
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KINETICS OF THE ALUMINUM ELECTRODE

The kinetics of aluminum deposition and stripping wuwere first examined
in the basic (i.e. LiCl-rich) melt, close to LiAlCly in composition.
Roughly symmetrical steady-state current-voltage plots were obtained,
but the morphclogy of the plated aluminum was very poor: dark in color
and poorly adherent. Sweep rate-dependent currents were obtained in
cyclic voltammogram experiments (sueep rates of 20 - 0.2 mV/sec were
employed). Complex impedance spectroscopy (Figure 4), using a 10mV
applied signal and a frequency range of 500 - 5 x 10°3Hz, showed that
at 0. 0V with respect to aluminum, the reaction was diffusion
controlled, although charge transfer kinetics were also important at
short times. The exchange current density was estimated to be 18 mAs/cm?
at 160°C. At potentials auay from 0.0 V, the interface kinetics become

unimportant, and the reaction is completely diffusion limited. This
result is not unexpected, since the principal charge carrier in the
melt is Lit, and the aluminum-containing species must arrive at, or
leave the electrode, by diffusion.

In acidic melts (close to the eutectic composition) the kinetics of
the aluminum electroda appear to be completely different. Complex
impedance spectroscopy was unable to resolve any features beyond a pure
resistance, and cyclic voltammograms were independent of sueep rate
(Figure 5). It may therefore be supposed that the aluminum electrode
is quite reversible in acidic melts, and diffusion is unimportant at
low current densities. At much higher current densities (approximately
100 mA/cm?) currents do become limited by some mass-transport process,
and a passivation phenomenon is seen. This has been ascribed to the
formation of a poorly conducting AlIClz-rich layer near the electrode
surface, due to migration of lithium ions away from the interface [4].
Steady-state current-voltage plots for plating and stripping are shoun
in Figure 6.

POSITIVE ELECTRODE MATERIALS

In recent vyears a number of new positive electrode materials for
ambient temperature lithium cells have been developed, which are of the
insertion type. Lithium (and in some cases other alkali metals) enter
the lattice of a host material to form wide range solid-solution
phases. 0ften the capacity of these electrodes is high, and if the
voltage of the electrode with respect to lithium is sufficiently great,
systems with attractive energy storage capability can be designed. Part
of the motivation for this study was to assess the possibility of using
some newly developed materials of this type 1in the 1lithium aluminum
chloride salt.

Most insertion reaction phases do not have sufficiently high
voltages with respect to lithium, to allow them to be used with an
aluminum negative electrode. As has been seen above, approximately 2.1V
is sacrificed in choosing to use the aluminum electrode, rather than
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elemental lithium. It has been found recently, houever, that some
lithium vanadium bronzes can accomodate significant amounts of lithium
near 3.5V, with respect to lithium: they are therefore candidate
materials for use with the aluminum negative electrode.

Two materials are considered here. First, the beta-lithium vanadium
bronze, LiyV,05, which has a tunnel structure [5], has been shoun at
room temperature to be capable of accepting a total of almost 2
equivalents of lithium reversibly. Details of this work will be
published elsewhere. The solid state diffusion of 1lithium in this
material is very rapid, even at ambient temperature, and a system
operating at molten salt temperatures might be capable of operating at
very high rates. The second material tested in this meit is Lij+yV30p
which has a layer structure [6] and which has an extensive ion-exchange
chemistry [7], as uwell as the capability of accepting lithium up to y =
2 from organic solvent-based electrolytes at room temperature.

Initial experiments Were performed in basic melts, and it appears
that the vanadium oxides are soluble in this medium. After discharging
the electrodes, cyclic voltammetry revealed the presence of redox
reactions in the discolored melts, which were not present before the
experiments.

In acidic melts however, these materials appear to be stable, and
discharge curves obtained at 0.8 mA/cm? are shouwn in Figs. 7 and 8.
Some open circuit voltage measurements, made after allowing partially
discharged electrodes to equilibrate, are also shoun. In the case of the
beta lithium bronze phase, the open circuit measurements uwere made in a
melt of slightly different composition from that in which the discharge
curve was obtained.

Equilibration times, on interrupting current flouw, were short for
both materials, indicating rapid diffusion of lithium in these oxides.
The principal source of overvoltage was the internal resistance of the
electrodes themselves. These materials are semiconductors, and their
electronic resistance varies with the alkali metal content. Attempts to
add carbon to them in order to improve their electronic conductivities
were not successful; the carbon apparently facilitates reaction
between the oxide and the melt.

In the beta 1lithium bronze case, some ambient temperature open
circuit voltage data are included in the Figure 7. These data have
been approximately corrected for the difference between the lithium and
aluminum electrodes (equation 6), since the ambient temperature data
uere obtained using a lithium reference eelctrode.

CONCLUSIONS
1t has been shoun that cells wusing lithium aluminum chloride molten

salt as an electrolyte can be constructed using aluminum as the
negative electrode, and lithium insertion compounds as the positive
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electrode. The passage of current through the cell results in changes
in composition, and therefore in chemical and physical properties of
the salt. The expected open circuit voltage of a cell using lithium as
the negative electrode must be reduced by approximately 2.1V, if
aluminum is to be used. Oxidation of a melt, saturated with aluminum
chloride should occur at about 2.1 V Wwith respect to aluminum.

The kinetics of the aluminum electrode are quite rapid; however, the
morphology of the plated aluminum is unsatisfactory in both basic and
acidic melts. In basic melts, diffusion appears to limit the electrode
kinetics.

It has been shown that some lithium vanadium bronzes can function as
positive electrodes in this cell; however their cycling capability has
not been investigated. The materials investigated so far do not have
sufficient capacity or high enough voltages versus aluminum to appear
attractive for further investigation. A further materials problem is
the questionable stability of positive electrode current collector
materials at the high chlorine activities encountered in this system.

In view of these problems, it may well be advantageous to consider
using an all-lithium system, and with a second electrolyte in series
with the molten salt, if such an electrolyte can be found. In addition
to completely avoiding the aluminum electrode problems, this would
allou somewhat louwer voltage positive electrode materials to be used,
perhaps eliminating some difficulties associated with working at too
high a chlorine activity.
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ABSTRACT

Metallic dispersions in molten acidic A1Cl3-NaCl, prepared by
an AC arc between wire electrodes, have been examined as Fischer-
Tropsch catalysts at low pressures of carbon monoxide and hydrogen.
Low molecular weight alkanes (C; to Cy) were produced using cobalt,
iron, nickel, platinum, palladium and rhodium dispersions. Addition
of aluminum powder increases significantly the conversion of carbon
monoxide and the percentage of methane in the mixture.

INTRODUCTION

Metallic dispersions in molten salts have been prepared by
Piontelli and coworkers (1) using electric discharge. We decided to
explore possible catalytic activity of metallic dispersions in molten
chloroaluminates (Al1Cl3-NaCl mixtures), with emphasis on the Fischer-
Tropsch (F-T) synthesis. The F-T reaction involves the reduction of
carbon monoxide with hydrogen (2). Heterogeneous catalysts, princi-
pally cobalt, iron, nickel, and ruthenium, yield saturated and unsatu-
rated hydrocarbons, as well as oxygen-containing molecules, with a
broad range of carbon numbers (typically C; to Cypp). This lack of

selectivity is the major disadvantage in applying the F-T process to
chemical feedstock production.

Promoters have played an important role in the development of F-T
catalysts (3-7). The activity of cobalt and nickel catalysts has been
increased by presence of small amounts of an oxide which is difficult
to reduce, such as thoria or magnesia. These oxides act as structural
promoters by increasing the surface area of the catalyst. Supports,
present in much larger amounts, also act as structural promoters and
increase the surface area, and, therefore, activity. Supports have
also been shown to be chemical promoters, that is, they can alter the
chemical characteristics of the surface. Supports can possess acidic
or basic sites on their surfaces (8), and have been shown to be useful
in manipulating selectivity for rhodium catalysts (9). Methane
formation is favored on acidic supports such as alumina or titania,
whereas alcohol formation is favored on more basic supports, such as
magnesia. The most important promoter for iron catalysts is an alkali
oxide or salt (10). Such a promoter, for example potassium oxide,
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produces three key effects: a) the activity of the catalyst is
enhanced; b) the average molecular weight of the products is
increased; c¢) the fraction of alkenes in the hydrocarbon products is
also increased.

Reaction conditions cause major changes in product selectivity
(3). Increasing the temperature decreases the average molecular
weight of the products, as well as the yleld of oxygen—containing
molecules. As the pressure is increased, the average molecular weight
and total yield increase, while the olefin content can decrease or
remain the same depending on the catalyst. High hydrogen to carbon
monoxide ratios favor alkane formation, while decreasing this ratio
increases both the average molecular weight of the products and the
ratio of alkenes to alkanes.

In the past few years there has been considérable interest in
developing homogeneous F-T catalysts (11-19). High pressure reactions
(100 bar) have produced alcohols and other oxygenated molecules using
transition metal complexes, primarily the carbonyls, as catalysts.
Hydrocarbons were absent in the products. This absence is signifi-
cant, since it has been suggested that formation of significant
amounts of hydrocarbons is evidence of a heterogeneous process, even
when the precatalyst is soluble (20,21). Apparent exceptions have
been found by Muetterties and coworkers (22,23). They have shown that
osmium and iridium carbonyls are active methanation catalysts in
organic solvents at low pressures (22,23). Iridium, rhodium and
ruthenium carbonyls in acidic (A1Clz-rich) chloroaluminate melts also
are active catalysts and produce low molecular weight alkanes at <2
bar (24,25). An advantage of homogeneous catalysts over heterogeneous
ones is that catalyst selectivity may be adjusted by changing ligands
as well as solvents (11,26).

Molten salts have several advantages as media for catalysis
(27). Because of their high thermal conductivity, the heat of reac-
tion is easily dissipated, thereby avoiding local overheating and
possible decomposition that can occur on local supports. It may be
possible to work at temperatures at which the products have high vapor
pressures and can be removed by volatilization. Catalytic material
can remain active over an extended period and is not easily removed
with the reaction products. Acidic chloroaluminates have an addi-
tional advantage over other solvents for F-T synthesis, since both the
Lewis acid (AlCl3) and the alkali cation (Na¥) present in these melts
may act as promoters.

In this paper we report on the use of metallic dispersions in

molten chloroaluminates for the studies of the F-T synthesis at rela-
tively low pressures (1-4 bar).
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EXPERIMENTAL

Al1Cl3-NaCl (63-37 mole %) melts were prepared from anhydrous,
iron-free A1Cl3(Fluka), which was further purified by sublimation, and
reagent grade NaCl, which had been dried under vacuum at 400°C.
Ir,(C0);, (Strem) and Al powder (99.999% from Alfa) were used without
further purification. Reagent grade CoCl; and NiCl, were dried under
vacuum at 400°C. The melts and their precursors were handled in a dry
box (moisture level <5 ppm) under a nitrogen atmosphere.

Metallic dispersions were prepared by creating an AC arc between
two electrodes (of the metal to be dispersed) submerged in the melt
(1). These arcs usually involved currents in the range of 10-30 A;
however, arcs in excess of 50 A were also sometimes produced. The
voltage at which arcing occurred varied with the gap size between the
electrodes, as well as with the electrode material. Typically, a
voltage of 30-60 V(AC) was required for arcing to occur between elec—
trodes with a 1 mm gap. Particle sizes were in the range < 0.1-100pm
(28).

Catalytic activity for the various systems was determined by
studies of stirred, 24 hour batch reactions in sealed Pyrex vessels.
The initial pressure of synthesis gas (H2:C0, 3:1 mixture by volume
from Linde or 1:1 mixed from H, and CO, obtained from MG Scientific
Gases) was 2.3 bar (3.2 to 4.1 bar during reaction); molar ratios of
A1C13:CO of 32:1 (H,:C0=3:1) or 16:1 (H,:C0=1:1) were used. Products
were determined using a Hewlett-Packard Model 5710A gas chromatograph,
with cryogenic capabilities and a thermal conductivity detector,
equipped with a 15 ft x 1/8 in. Porapak Q column.

RESULTS

The percentage of CO reacted and the C; to Cy product distri-
bution for several of the dispersed metal catalysts are listed in
Table I. At 175°C and Hp/CO molar ratio of 3, Fe, Pd, Pt and Rh
dispersions produced mainly methane. Fe dispersions at 250°C yielded
a significant amount of CgHg, but also produced a large amount of CHy,
and no higher alkanes. Since methane production is relatively easy
(2), it is, therefore, desirable to select catalysts which produce
less CHy and more higher hydrocarbons. Cobalt and nickel catalysts
gave lower amounts of CH, and produced higher gaseous alkanes,
however, very little CO reacted (4% for Co, 2% for Ni). No products
were formed using either the chloroaluminate melt without the metallic
dispersion, or dispersions of Ta and W. Aluminum powder has been
shown to be an effective enhancer for F-T catalysis by metal carbonyls
in molten haloaluminates (29). The effect of Al powder on the
metallic dispersion systems is shown in Table II. Consumption of CO
was greatly increased for Co, Fe and Ni in the presence of Al powder.
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TABLE I

Product Distribution Using Dispersed Metal Catalysts

H:C0=3:1 by volume

Dispersed Temp. A CO Distribution of the C; to Cy alkanes (%)
Catalyst c°c) (%) C1 Cz C3 n-Cy i-Cy
Co 175 4 59 19 14 2 6

Fe 175 4 100
Fe 250 13 75 25
Ni 175 2 41 27 20 12
Pd 175 11 97
Pt 175 19 93 6 1
Rh 175 2 100
TABLE II

Product Distribution Using Dispersed Metal Catalysts
in the Presence of Aluminum

Hp:C0=3:1 by volume

Dispersed AlCl3:Al Temp. A CO Distribution of the C}-Cy alkanes (%)

Catalyst mole ratio (C°) (%) C; Cy C3 n-Cy i-Cy
Co 65:1 175 12 73 12 5 1 8
Co 3:1 175 61 75 19 4 1 1
Fe 65:1 250 19 81 9 1 4
Fe 3:1 250 100 91 2 <1 1
Ni 65:1 175 20 79 13 5 1 2
Ni 3:1 175 100 67 19 6 1 7
Pd 3:1 175 14 88 7 2 1 2
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The product distribution was modified as follows: a) all C; to Cy
alkanes were produced; b) the percentage of CHy increased signifi-
cantly. The Pd dispersion system behaved somewhat differently, in
that only a slight increase in the amount of CO consumed was observed,
and the amount of CH, decreased slightly with the added aluminum.

Since the chloride salt of the metal being dispersed may be
produced, along with metal particles, during the discharge, CoCl; and
NiCl, (A1Cl3:M=275:1 molar ratio, M=Co,Ni) were checked for catalytic
activity, and found to be inactive. Addition of aluminum, however,
resulted in quite active systems, presumably due to reduction of Co
and Ni to the metals by aluminum. The product distributions, listed
in Table III, are similar to those found for the discharge-produced
dispersions in Table II. Evidently the product distributions for
these catalysts are independent of the method of preparation of
metallic dispersions.

Attempts to increase the average carbon number by decreasing the
reaction temperature proved fruitless. The relative amount of CHy
produced increased, as shown in Table IV for Co and Ni dispersions,
and in Table I for an Fe dispersion.

Preliminary experiments using a Hp:CO ratio of one instead of
three, with an Fe dispersion at 250°C in the presence of A1(AlClj3:Al =
3:1 mole ratio), produced the following results: a) the consumption
of CO decreased to 19%; b) the product distribution shifted towards a
higher average molecular weight (C; to Cy distribution: CH, = 67%,
CoHg = 4%, C3Hg = 9%, n—-CyH)gp =3%, i-CyHjp = 17%); c) no alkenes were
observed. The complete absence of olefinic products is somewhat
unexpected, since iron catalysts are known to produce significant
amounts of olefins (3). Apparently the hydrogenation ability of the
chloroaluminate—aluminum-iron system is greater than that of conven—
tional iron catalytic systems.

The Ir,(CO)), system was also studied for comparison with the
heterogeneous dispersions; the results are given in Table V.
Demitras and Muetterties (24) obtained similar results with respect to
the amounts of CHy and CyHg after 24 hours (at shorter reaction times
they obtained CyHg as the major product). Our results showed more
C3Hg than observed previously (24), however, i-CyH)p was absent.
Addition of aluminum produced the same trends as observed with Co, Fe
and Ni dispersions, namely, increased CO consumption and a higher
percentage of CHy in the products, as well as the formation of all Cj
to Cy alkanes.

Flow reaction systems have been shown to produce significantly
different product distributions than those obtained by batch processes
(25,30); higher alkanes, such as i-CyHjg, can become major products.

A recycle-flow reactor is currently under construction. Conversion of
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TABLE IIIL

Product Distribution Using Metal Chlorides in the Presence
of Aluminum As Catalyst Precursors

H2:CO =3:1 by volume. AlClj:Al mole ratio 3:1. Temp. 175°C.

Catalyst A CO Distribution of the C; to Cy alkanes (%)
precursor %) Cy Cy C3 n-Cy i-Cy
CoCl, 39 74 17 5 1 3
NiCljp 100 71 23 4 <1 2
TABLE IV

Methane Production at Different Temperatures
Using Dispersed Metal Catalysts

Hp:CO0 = 3:1 by volume.

Dispersed AlClj3:Al Temp. CHy
Catalyst mole ratio (°c) (% of the Cj to Cy alkanes)
Co 3:1 140 85
Co 3:1 175 75
Ni 3:1 140 72
Ni 3:1 175 67
TABLE V

Product Distribution Using Ir,(CO);, As the Precatalyst

Hp :C0=3:1 by volume. Temp. 175°C

AlCl3:Al ACO Distribution of the Cj to Cy alkanes (%)
mole ratio %) C Cy C3 n-Cy i-Cy
- 11 45 40 15
65:1 57 74 12 9 1 3
3:1 91 86 8 2 <1 2
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CO and product distribution as a function of time will be studied
using this system.

CONCLUSIONS

We have demonstrated F-T activity of some metallic dispersions in
molten chloroaluminates. Alkanes were produced at relatively low
pressures. Alkenes and alcohols, common products of heterogeneous F-T
reactions, were not detected.

Compared to Ir,(CO);,, the metallic dispersions without the
addition of Al have less favorable conversion of CO and/or product
distribution. For most catalysts, the addition of Al has both
positive effects (more CO reacts and larger amounts of C) to Cy
alkanes are produced), as well as a negative one (a higher percent of
CHy is produced compared to the Cz to Cy alkanes). Aluminum behaves
as a reagent and not as a catalyst, since CO consumption increases
with the amount of Al.

ACKNOWLEDGEMENT
This work was supported by the National Science Foundation.
REFERENCES

1. R. Piontelli, G. L. Coccia and U. Ducati, Electrochim. Metall.
III, 343 (1968).

2. C. D. Frohning, in "New Synthesis with Carbon Monoxide", J.
Falbe, Editor, pp. 309-371, Springer-Verlag, New York (1980),
and references within.

3. R. B. Anderson, in “"Catalysis", Vol. 4, P.H. Emmett, Editor,
pp. 29-371, Reinhold Publishing Corp., New York (1956), and
references within.

4., H. H. Storch, N. Golumbic and R. B. Anderson, "The
Fischer-Tropsch and Related Synthesis"”, John Wiley & Sons, Inc.,
New York (1951), and references within.

5. R. B. Anderson, J. T. McCartney, W. K. Hall and L. J. E. Hoffer,
Ind. Eng. Chem., 39, 1618 (1947).

6. M. E. Dry, J. A. K. du Plessis and G. M. Leuteritz, J. Catalysis,
6, 194 (1966).

7. J. A. Cusumano, R. A. Dalla Betta and R. B. Levy, Catalysis in
Coal Conversion”, pp. 245-266, Academic Press, New York (1978),
and references within.

96



10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.

22.

23.

24,

25,

26.

27.
28.

29.

30.

K. Tanabe, "Solid Acids and Bases", pp. 1-33, Academic Press, New
York (1970).

J. R. Katzer, A. W. Sleight, P. Gajardo, J. B. Michel, E. F.
Gleason and S. McMillan, Disc. Faraday Soc., 72, 121 (1981).

G. Henrici-Olive and S. Olive, J. Mol. Catal., 16, 187 (1982).

W. Keim, M. Berger and J. Schlupp, J. Catal., ﬁl 359 (1980).

R. B. King, A. D. King Jr., and K. Tanaka, J. Mol. Catal., 10,
75 (1981).

R. J. Daroda, J. R. Blackboro, and G. Wilkinson, Chem. Commun.,
1098 (1980).

R. J. Daroda, J. R. Blackboro, and G. Wilkinson, ibid., 1101
(1980).

J. W. Rathke and H. M. Feder, J. Am. Chem. Soc., 100, 3623
(1978). -

Y. Kikuzomo, S. Kagami, S. Naito, T. Onishi, and K. Tamuru,
Chem. Lett., 1249 (1981).

B. D. Dombek, J. Am. Chem. Soc., 102, 6855 (1980).

B. D. Dombek, ibid., 103, 6508 (1981).

J. F. Knifton, ibid., 103 3959 (1981).

J. P. Collman and L. §T_ﬁegedus, "Principles and Applications of
Organotransition Metal Chemistry", p. 450, University Science
Books, Mill Valley, CA (1980).

J. S. Brady, J. Am. Chem. Soc., 101, 7419 (1979).

M. G. Thomas, B. F. Beier and E. L. Muetterties, ibid., 98, 1296
(1976).

R. A. Schunn, G. C. Demitras, H. W. Choi, and E. L. Muetterties,
Inorg. Chem., 20, 4023 (1981).

G. C. Demitras and E. L. Muetterties, J. Am. Chem. Soc., 99, 2796
(1977).

H. Wang, H. W. Choi, and E. L. Muetterties, Inorg. Chem., 20,
2661 (1981).

A. Deluzarche, R. Fonseca, G. Jenner and A. Kiennemann, Erdol,
Rohle, Erdgas, Petrochem., 32, 313 (1979).

C. N. Kenney, Catal. Rev., 11, 197 (1975).

R. Piontelli, G. L. Coccia, U. Ducati, and C. Annovazzi,
Electrochim. Metall. IV, 121 (1969).

A. L. Lapidus, M. M. Savel'ev, L. T. Kondrat'ev, and E. V.
Yastrebova, Izv. Akad. Nauk SSSR, Ser. Khim., 1564 (1981).

J. P. Collman, private communication.

97



DOI: 10.1149/198402.0098PV

THE ROLE OF COUPLED-TRANSPORT REACTIONS IN THE PREPARATION OF METAL
HALIDES AND CHALCIDES USING MOLTEN ALUMINUM HALIDE SOLVENTS

William B. Jensenl and Edwin M. Larsen
Department of Chemistry, University of Wisconsin-Madison
Madison, Wisconsin 53706

ABSTRACT

The usefulness of MX4/A12X6 melts (X = Cl, Br or I) for the
synthesis of certain anhydrous group IV transition metal halides and
chalcides depends not only on the high melt vapor pressure, which
allows separation of the solvent and volatile excess reactants from
nonmolecular products, but on the growth of the products at the
shallow hot end of the solvent lip, where they are free of contamina-
tion by any non-volatile by-products and reagents. These systems have
proven to be particularly useful as a route to the syntheses of
zirconium(III) halides by the reduction of dissolved ZrX,; with
zirconium or aluminum at modest temperatures (200°-300°C). It is
postulated that this growth process is the result of a coupled-trans-
port reaction in which the favorable physical transport of the
volatile solvent, via the gas phase, using the naturally occurring
thermal gradient of the tube furnace, is used to drive the chemical
transport of the product, via the liquid phase, against its preferred
thermal gradient, thus leading to deposition of the products at the
hotter shallow end of the melt. This proposition is supported by
approximate thermodynamic calculations which qualitatively reproduce
the experimentally observed trends for the aluminum halide melts and
suggest that the boiling point of the solvent plays a key role in
establishing the optimal average transport temperature.

INTRODUCTION

The molten aluminum halides have certain properties which make
them of interest as solvents for the synthesis of anhydrous metal
halide and chalcide compounds:

1. Large solubilities for the higher oxidation state halides
of many elements, as well as for those elements with
molecular structures, such as Seg, Sg and I,.

2. The formation of low melting solute-solvent eutectic systems
with convenient liquid temperature ranges that allow the use
of Pyrex reaction containers.

3. Stability with respect to oxidation-reduction reactions.

4. High volatility, allowing easy separation from nonvolatile
reaction products.

5. Low viscosity, colorlessness and optical transparency
throughout the near IR and visible, allowing visual observa-
tion of reaction colors and spectral characterization.
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6. Provision of an oxygen-free, anhydrous synthesis
environment.

It was our desire to find a better method of synthesizing the
zirconium(III) halides which first drew our attention to the
potential solvent properties of the aluminum halides. Direct
preparation of these species via reduction of the zirconium(IV)
halides with Zr metal is difficult, due largely to the fact that the
tetrahalides all melt above 430°C (ZrCl, at 435.5°C, ZrBry at 450°C,
and ZrI; at 500°C) and then only under pressures of 20 atmospheres
or more (2). Consequently, high temperature (480-700°C), high
pressure (40-60 atm) bomb reactions are required with reaction times
as long as eight weeks, and the resulting trihalides are generally
contaminated with unreacted Zr metal (3-6). 1In contrast, synthesis
using the corresponding ZrX4/A12X6 melts, with Zr metal as the
reducing agent, can be conducted in simple Pyrex ampoules at
temperatures ranging from 200-300°C, depending on the halide, with
the melts yielding macrocrystals of the stoichiometric zirconium(III)
halides in about a week (7). More recent work has shown that re-
duction of Yg/AlyClg melts (Y = Seg or Sg) with group IVB metals,
such as Ti, results in convenient low temperature syntheses of the
corresponding dichalcides, and that reduction of the ternary
ZrCl4/Yg/Al13Cle melts with Zr metal gives novel mixed zirconium
chalcochloride species (1,8).

Part of the success of the aluminum halide melts depends on the
deposition of the desired reaction products at the shallow het lip of
the melt, where they are free of contamination by any nonvolatile by-
products or unreacted metal reducing agent, a phenomena which appears
to involve a transport process of some sort. The use of physical
transport processes based on the temperature dependence of phase
changes, such as distillation or sublimation, for the purification of
substances has been used since the dawn of chemistry. 1In contrast,
the recognition that thermally-reversible chemical reactions may also
be used in conjunction with spatially maintained thermal gradients to
generate generalized '"chemical-transport' processes is much more
recent and due largely to the pioneering work of Schafer in the 1950's
(9). Since that time the importance of chemical-transport processes
for the preparation and purification of inorganic compounds, particu-
larly those with nonmolecular structures, has grown exponentially
(10-14) . Though the vast majority of systems studied have involved
gas phase transport, examples of liquid phase transport have also been
observed (15,16).

From our empirical observation of our synthetic systems, there is
little doubt that both physical and chemical transport processes are
implicated. Indeed, we would like to call attention to the probable
operation of a more complex "coupled-transport' process in which the
favorable vapor-phase physical transport of the aluminum halide
solvent is used to drive the liquid phase chemical transport of our
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reaction products against its prefered thermal gradient, leading
to the observed deposition of the products at the hot shallow end
of the melts (17). Although, such transport is implicated in all
of our syntheses systems, our remarks will be focused on the
zirconium trihalide systems, for which the greatest body of
experience and empirical data are available.

DETAILS OF THE SYNTHESIS TECHNIQUE

All of the reaction systems are run in 75 ml sealed, evacuated
Pyrex ampoules (35 mm o.d.) heated in standard 13" laboratory tube
furnaces. The basic experimental setup is shown in Figure 1. The
furnaces are tilted at angles ranging from 10-45° and the ampoules
positioned so that the lip of the shallow end of the melt is roughly
at the center of the furnace cavity. The products are deposited at
the shallow lip of the melt as shown in the figure. After a few days
the angle of the furnace is increased and the bottom of the reaction
ampoule projected from the bottom of the furnace in order to sublime
away the AlyXg solvent and any unreacted ZrX4. This experimental
procedure was developed by trial and error with appropriate consider-
ation given to avoiding temperatures at which the internal pressure
within the ampoule would be excessive. The net chemical change in the
system is represented by equation (1) and typical melt compositions
+ 3ZrX

>472rX (@V]

Zr(s) 4(sol)
Where X = C1, Br or I

3(s)

and conditions are given in Table II, where the reported temperatures
are those at the center of the furnace cavity.

Several important observations were made during the course of
many experiments. The first of these was that reduction of
zirconium(IV) occurred on the surface of the metallic reducing agent
to produce a soluble blue species which streamed off the metal
surface and eventually was homogeneously dispersed throughout the
solvent system. The second was that crystals slowly began to grow at
the rim of the melt surface, and that the crystal growth was enhanced
by tilting the tube furnace to an angle of about 20 degrees, the
completely vertical or horizontal positions giving little or no
product deposition. Finally, and after the fact, we found that a
natural temperature gradient of about A24°C existed in the tube
furnace, with the higher temperature (T) occurring at the lip of the
melt (middle of the furnace) and the lower temperature (Ty) at the
deep end of the melt (the lower end of the furnace) where the metal
reducing agent is located. It is this naturally occurring gradient
which appears to be implicated in the observed transport of the
products to the shallow lip of the melt.
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Several other observations should be noted which aid and abet the
interpretation of why the synthesis proceeds as it does. The first
is the observation that the trihalides are essentially insoluble in
pure aluminum halides, but soluble in ZrX4/A12X6 eutectics (to the
extent of 0.3 mole % in the case of the chloride ) where they give the
same blue color as observed in the original synthesis systems. This
suggests that the blue species is the result of an interaction
between ZrX3 and the ZrX,-(AlX3), complexes which are probably
present in the melts (and which have been verified in both the gas
phase (18,19) and the liquid phase (20-22) for the chloride system).
It should be noted, however, that even if all of the ZrX, is completely
complexed at the composition of the eutectic melts, the vast majority
of the AljpXg is still uncomplexed. (eg. in the chloride system, the
mole ratio of ZrCly to AlClz is 1:6, which in the case of a 1:1
complex would still leave 5 moles of uncomplexed AlClj units or 2%
moles of A12C16)'

Lastly, in the case of the chloride and bromide melts, a dispro-
portionation reaction competes with deposition of the ZrX3 product,
giving an insoluble brown product of the composition ZrAlX7. This
settles out of the melt and eventually coats the metal reducing agent,
inhibiting the reaction from proceeding to completion. Again, it is
largely the successful solution phase transport of the desired ZrXj
products from the deep cooler end of the melt, where the reducing
agent is located, to the hot shallow lip, which prevents their
contamination by these by-products.

THE SOLUBILITY OF ZrX3
Now the question we wish to answer is why ZrX3 is deposited at
the hot end of the reaction ampoule rather than at the cooler end.
The problem can be formally analyzed as a chemical transport problem
(since dissolution of a nmonmolecular solid is necessarily a chemical
reaction) involving the transport of ZrX3(s) in the eutectic melt from
the cooler end of the melt (T,), where it is being generated, to the
hotter end of the melt (Tp), where it is experimentally observed to
deposit. This experiment can in fact be carried out as described and
pictured in Figure 2, the net equation for the process being:

eutectic melt

zZ = T, =T 2

e 2 (s01) 17T &
and the corresponding equilibrium constant

= a (3)
ZrCl3(501.)

Application of the van't Hoff isochore

dnK AH®

T - 2 )

RT
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predicts that solubility will increase with temperature if the
dissolution process is endothermic and decrease if it is exothermic.
In the first case, the temperature-dependent shift in solubility
should lead to transport from T, + T;, whereas in the second, it
should lead to tramsport from T; + Ty, as observed in our systems.
Thus the simplest interpretation of our observations would be that
ZrX3 dissolves exothermically (14).

This conclusion,however, is at variance with the testimony of
countless phase diagrams, which show that the solubility of solids
almost universally increases with T, rather than decreasing, even in
the case of strongly solvated ionic species in highly polar solvents
such as water (23). If we adopt the usual rational system of
standard states for our melt system, AH®° in equation 4 becomes equal
to the enthalpy of fusion of ZrX3(g) which is certainly large and
endothermic (indeed the ZrX3 halides generally sublime or decompose
long before they melt). Our actual melt is, of course, far from ideal
and substitution of equation 3 into 4 gives

dfnaz ¢y It
3(s0l) _ fus
= —5 (5)
dT RT
Thus the actual solubility of ZrX3(S) expressed as a mole fraction
becomes
dnx, o
ZrCl3(Sol) _ AHfUS _ danZrCl:;(sol) (6)
dT RT2 dT

where we have used the fact that %pna = fny:x = 2nY + nx,where Y is
the activity coefficient of ZrX3 in the melt. For an ideal solution
Y = 1 and solubility is determined solely by AHEUS which is certainly
endothermic. Because of the complex formation implicated in the
dissolution of ZrX3 in the eutectic, however, there is little doubt
that Y is finite and that the second term in equation 6 makes the
overall dissolution process less endothermic than predicted by AHE ¢
alone. Nevertheless, for the reasons mentioned earlier, it is
improbable that it makes the overall dissolution process exothermic.
Thus we conclude that the probable temperature dependency of the
ZrX3(g) solubility is not sufficient to account for the observed
direction of the liquid-phase chemical transport of the products and,
indeed, probably opposes it.

VAPOR-PHASE PHYSICAL TRANSPORT OF THE SOLVENT
The resolution of this difficulty depends on the fact that the

Al7Xg solvent has a substantial vapor pressure above the reaction melt
and must itself be involved in a favorable endothermic transport, via
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the vapor phase, from the hotter shallow end of the melt to the deeper
cooler end of the melt. Indeed, this process can actually be

observed in our systems in terms of the condensing AljXg films at the
cooler end. If again we use rational standard states, AH° in equation
4 becomes equal to the enthalpy of vaporization for the Al,Xg species
in question. These are certainly endothermic and are in keeping with
a favorable transport from Ty +Tj, though the activity of AljpXg in the
melts is certainly far from those of an ideal solution.

It is our postulate that it is this favorable physical transport
of the solvent, via the gas phase, which serves to counteract the
unfavorable effects of the thermal gradient on the liquid phase
transport of the products, the continual removal of solvent at Ty and
its addition at Ty being sufficient to account for the preferential
deposition of the product at Ty rather than T3. Thus the two processes
are ultimately "coupled" in the sense that one transport process is
driving the other against its preferred thermal gradient.

One of the rules governing transport processes is that the
optimal use of a given temperature gradient, AT, is obtained if the
gradient is evenly spaced on either side of that temperature where the

Keq describing the '"pseudoequilibrium" at the two temperature
extremes is equal to 1 (or AG° = 0) (9,14). Thus at the temperature
in question

M° = TAS® (@)
and
= - o
T = Tav = T1 + T2 = éﬂo (8)
- AS
where Ty and T, are the two extremes of the gradient AT. For our
coupled process there should exist a single optimal T,, which simul-
taneously maximizes the favorable vapor phase solvent transport and
minimizes the unfavorable liquid phase transport. However, since
quantitative data are lacking for the liquid phase portion, we cannot
calculate this common T,, though we can calculate the T, which will
optimize the favorable vapor phase portion of the cycle by itself.
This has been done in Table III, where rational standard states have
again been used for the AlpXg solvents (thus making AH® and AS° in
equation 8 equal to the enthalpies and entropies of vaporization of
the pure AljXg species).

As can be seen, the calculated values of Tyy follow the same
trend as the empirically observed orders for our synthesis systems:
AljpIg > AlgBrg > Al)Clg and in absolute terms agree quite well for the
bromide and chloride systems. In the case of the iodide systems
temperatures of the order of the calculated T,; have never been tested
experimentally for fear of pressure build up in the reaction ampoules.
These results suggest that the vapor phase transport process is indeed
the dominant process governing the favorable deposition of the
products at Ty and that the optimal average endothermic transport
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temperature for a given melt is roughly the same as the boiling point
of the pure solvent itself. This conclusion also serves to
rationalize the observation that in order to successfully grow ZrBrj
crystals, reactions in the AlZBr6 melts must be run at temperatures
above those of the AljClg melts, even though AlBrj(s) melts nearly
100 degrees lower than AlCl3(g) (98°C vs. 192.6°C) and reduction is
observed to commence in both melts (as evidenced by the blue colors)
as soon as melting is complete.

PROSPECTS AND CONCLUSIONS

We are not at present aware of any other preparative technique
which combines the particular conditions used in our systems. However,
the model proposed here strongly suggests that the tilted-tube
technique, when combined with the proper thermal gradient, is capable
of being generalized to other solvents and reaction systems and that
the boiling point of the solvent should play a key role in optimizing
the reaction temperatures used.

In several cases we have found that the composition of the product
deposited from the Zr/ZrX,/AljX, melts varies with temperature. For
instance, at temperatures below 210°C the Zr/ZrCl,/AljClg system gives
a mixed-valence Zr(III)-Zr(IV) species having a unique Zr;,Al;Clsy
layer structure in which the zirconiums have trigonal prismatic
coordination (24). Similarly, at temperatures below 280°C the
Zr/Zr14/Al1g system gives the compound Zrgly7, which is also a
mixed-valence Zr(III)-Zr(IV) species having a defect Zrg, ggyI,
structure derived from that of pure ZrIj (25) (Table IV).

As noted earlier, in terms of the aluminum halide solvents,
recent work in our laboratory has extended the technique to the
quarternary Zr/ZrCl,/Yg/Al,Cly systems (where Yg = Sg or Se8) and has
led to the preparation of the first known examples of mixed zirconium
chalcohalides (1,8) (Table IV). Like the binary halides, these
products are deposited as macrocrystals at the shallow end of the
solvent lip. Similar studies of the ternary M/YS/A12016 systems (where
M = Zr or Ti) give the corresponding binary metal chalcides as
products (Table V), which also show preferential transport, though the
products are deposited in this case as microcrystalline powders (1).
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Table I

Properties of Aluminum Chloride

Melting Point/(°C) 192.6 (2.4 atm)
Boiling Point/(°C) 192.0
Density Solid/(g/cc) 0.51
Density Liquid/(g/cc) 1.22 (220°C)
Vapor Pressure Liquid/(atm) 3.96 (220°C)
Table II
Summary of Zr/ZrX4/A12X6 Reduction Melts
Composition (mmol) Ccl Br T
Zr/ZrXA/AlZX6 3.3/17.2/75.0 3.2/11.0/52.6 1.2/6.1/28.6
n% ZrX4 18.6 17.6 17.5
Temperature (°C)a 230 260 300
Melt Color blue blue-green black
Transport Products ZrCl3 ZrBr3 ZrI3
green gold purple
a) Measured at center of furnace cavity.
Table III
Calculated versus Experimental Transport Temperatures
Solvent AH; ASS Ky range® Tay/(°C)
(kcal/mole)b (e.u.)b (A24°C) calc exptd
AL,CLg oy 10.1 21.7 0.74-1.30 192 218
AlZBr6(Z) 11.6 22.0 0.77-1.28 254 248
A12I6(2) 14.9 22.6 0.81-1.22 386 288

a) Calculated by subtracting 12°C from T at the center of the furnace,
where T is assumed to correspond to Ty of the A24°C gradient.

b) Data from reference 26.

\
c) Values of KVap at Tl and T2.
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Table IV

Additional Zirconium Systems

Product

Melt/mmol compn Time (wks) Temp.
Zr/ZrCl /Al 6 1 190-210
3. 3/17.2/75.0
Zr/ZrI4/Al 6 1 <280
1.2/6.1/28.6
Zr/ZrCl /S /A12C16 1 210
1.61/7.72/1.49/38.9
Zr/7xC1, /Seg/AL,CL 1-2 240
1.61/7.72/0.94/38.9

Table V

Melt/mmol compn Time(hrs) Temp. Product
Ti/TiCl, /s /a1,C e 24 220 2
1.67/7.7/1.49/38.9

Ti/S8/A12Cl6 24 220 TiSZ’0.125AlC1
4.59/1.49/38.9

Ti/TiClA/Se8/A12016 24 220 1 188e2
1.67/7.7/.935/38.9

Ti/Se8/AlZCl 24 220 Ti1.185e2

3.13/.935/38.

Additional Titanium Systems

Al,Cl

12 47751

black

Zr5117

black

Zr4Al S,Cl

477

18

Apple green

ZrAlSe, Cl

2775

Brown-red

9

107

Tis -0.125A1C13

3

0.189A1C1

+0.189A1C1

3
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Figure 1. Synthesis apparatus showing tilted tube furnace and Pyrex
reaction ampoule. a) metal reducing agent, b) transported product,
c) insulating plugs.

transport
region

Figure 2. Reaction tube profile showing the pseudoequilibrium -
regions at Ty and T, and the transport directions in the gas
phase and liquid phase.
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Abstract

Although mixtures of SbC13, AICl3 and Sb metal are
unreactive and mutually insoluble in the solid state, the
electrical conductivity of molten SbC13-A1C13 mixtures and
the substantial solubility of Sb metal in these molten mix-
tures show that reactions occur in the liquid state. We
review research on these and related subjects in an effort
to gain insight into what the underlying reactions might be.

Introduction

The SbC13-A1C13-Sb system is unusual. All available data indi-
cate that the components are thermodynamically unreactive and
mutually insoluble in the solid state. However, upon melting,

SbC13 and AlC13 react readily and Sb metal dissolves in this liquid
mixture, presumably through a reaction with SbC13 to form inter-
mediate oxidation states. In this paper we review evidence
pertaining to the kinds of entities that may be formed in these
reactions. Our interest in this subject is derived from the use of
SbC13-A1C13 melts as reaction media for organic substances. These
melts serve as solvent/catalysts and as solvent/oxidants in which a
variety of unusual organic reactions occur (1). When acting as oxi-
dants, the reduced species in the melt are presumably the same as
those formed upon dissolving antimony metal.

Properties of Antimony(III) Chloride

Antimony (III) chloride melts at 73.2°C and its normal boiling
point is about 222°C (2). The melt is a molecular Tiquid not unlike
water in its physical properties. It has a low viscosity (0.0184
poise at 99°C), a high dielectric constant (34.0 at 99°C), a low

TVisiting scientist from the Department of Chemistry, University
of Tennessee, Knoxville, Tennessee.
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degree of auto-ionization (specific conductivity, x < 8.5 x 10-7 s
cm-1 at 99°C), and is a good solvent for inorganic solutes.

X-ray and neutron diffraction data on the liquid at 80°C show
it to consist of pyramidal SbCi3 molecules with a significant degree
of intermolecular association (3). Bond distances and angles are
235 pm and 96°, respectively, as compared with 233 pm and 100° for
the gas phase species (4). (In this review bond distances are
rounded to the nearest pm and bond angles to the nearest deg.)

These molecules are associated in short chains with their dipole
axes strongly correlated so that, on the average, the first coor-
dination sphere of any given Sb atom contains, in addition to its
three intramolecular C1 atoms at 235 pm, three other Cl atoms at 340
pm, which belong to another SbC13 molecule. The distance 340 pm is
significantly shorter than 400 pm, the sum of the van der Waals
radii (5), so that the intermolecular force between associated pairs
of molecules must be much stronger than the van der Waals forces
between unassociated molecules. The Raman spectrum of Tiquid SbC13
has been measured over wide temperature and frequency ranges, and
the results lend strong support to the view that the melt is an
associated 1iquid, not unlike hydrogen-bonded liquids (6).

The association between SbCl13 molecules in the liquid phase is
a manifestation of the general tendency for SbC13 to act as a
chloride jon acceptor. In recent years a large number of crystal
structures have been determined for binary compounds formed between
SbC13 and chloride ion donors, such as alkali metal chlorides and
alkylammonium chlorides (7). The first coordination sphere of
antimony usually contains six, sometimes five, chlorine atoms at
distances significantly less than the sum of the van der Waals
radii. These bonded chlorine atoms are usually arranged with a
distorted octahedral geometry. Two complex anions have been found,
SbC163' (exactly octahedral) and SbClsz', but in most crystals anti-
mony completes its coordination shell by sharing chlorine atoms with
other antimony atoms. The result is usually a polymeric chloroan-
timonate chain or network of infinite extent rather than finite
molecular ions.

Bond distances in chloroantimonate(III) compounds span a wide
range from about 230 pm to 370 pm without apparent preference for
special values. There is, however, a correlation between the
lTengths of bonds that are trans to one another. Trans bonds of
nearly the same length generally lie in the 260-270 pm range, while
bonds significantly shorter than this are nearly always trans to
bonds that are significantly longer.

Because there are some important analogies between the
SbC13-A1C13 system and the SbBr3-AlBr3 system, we note that bonding
in bromoantimonate(III) crystals is qualitatively like that in
chloroantimonate(III) crystals (8).
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Properties of Aluminum Chloride

The properties of liquid aluminum chloride and its mixtures
with chloride ion donors are covered by other papers in this
Symposium so that we limit our commments to a few facts. Crystalline
A1C13 has a compact layer lattice with 6-fold coordination about
aluminum but upon melting at 192.4°C a major atomic rearrangement
occurs. The resulting liquid phase consists of AlyClg molecules
with 4-fold coordination about aluminum and with pairs of aluminum
atoms linked by two chlorine atom bridges (9). Although liquid alu-
minum chloride is at most only slightly auto-ionized (x < 1 x 10-7
at 200°C), it readily reacts with chloride ions from donor sources
to form ionic melts containing small chloroaluminate anions, such as
A1C147, A12C17” and Al13C11g~. Liquid aluminum bromide also consists
of dimeric molecules, AloBrg, and has a low electrical conductivity,
but in this case the crystal also contains these AlBrg units rather
than the close-packed geometry of AlC13.

The SbC13-A1C13 Reaction

The SbC13-A1C13 phase diagram has a simple eutectic without
solid compound formation (10) while the SbBr3-A1Br3 phase diagram
shows a lTow-melting 1:1 compound (10a). This formation of a
crystalline compound in the bromide system but not in the chloride
system has been attributed to the much higher lattice energy of
crystalline AI1C13 as compared with A1Br3 (11). On the other hand,
the 1iquid phases of both systems show ionic conduction so that in
both cases a halide-exchange reaction occurs on melting.
Conductivity data are given in References 11 and 12 for the
SbC13-A1C13 system and in References 13-15 for the SbBr3-AlBr3
system. Some examples of the conductivity of these melts are shown
in Fig. 1. Data for the chloride system are limited to the com-
positional range shown in this figure while data for the bromide
system extend all the way to AlBrj3.

Even before much was known about the structures of
haloantimony(III) entities, it was recognized that aluminum(III) is
such a strong halide ion acceptor that any ionizing reaction between
SbX3 and A1X3 (X = C1 or Br) must involve a halide transfer from
antimony to aluminum. On this basis it was postulated that the
charge transporting entities are SbXp* and AlX4 . Furthermore, from
conductivity data for dilute solutions of AlX3 in SbX3 and cryosco-
pic i values in the bromide case, it was concluded that ionization
is incomplete (12, 15). Additional evidence for ion pairing or
neutral molecule formation comes from the temperature dependence of
the conductivity. As shown in Fig. 2, the conductivity of
SbC13-A1C13 mixtures containing 2.5-10 mole % passes through a maxi-
mum with changing temperature (11). The temperature at which the
maximum occurs increases with increasing A1Cl3 content so that there
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may be a maximum beyond the temperature range investigated for
A1C13 concentrations above 10%.

Temperature dependence data for the bromide system are much
more 1imited but a conductivity maximum was found for an AlBr3-rich
melt containing 88.26 mol % A1Br3 (13). Such temperature maxima for
conductivity also occur for various other liquid systems, and it is
generally believed that these result from ion pairing or neutral
molecule formation that is aided by expansion of the liquid with
increasing temperature. Substantial support for this view is pro-
vided by studies of the effect of pressure on conductivity at ele-
vated temperatures (16).

NQR spectra of the crystalline adduct SbBr3-AlBr3 showed the
presence of a V-shaped SbBrp* moiety and a distorted tetrahedral
A1Brg~ moiety with antimony also weakly bonded to bromine atoms of
A1Brg= (17). Although crystalline SbC13+AIC13 is unknown, the
crystal structure of the adduct SbC]3-GaC1 serves as a reasonable
model since GaCl3 and its mixtures with chloride ion donors form
entities in the Tiquid phase that have structures quite similar to
those formed by A1C13. The structure of SbCi3+GaCl3 (18) is similar
to that of SbBr3<AlBr3 and the SbCl,* and GaCls~ moieties are
strongly bonded through chlorine bridges formed by the chlorine
atoms of GaC14'. A diagram of the coordination sphere of antimony
is shown in Fig. 3. It contains 4 chlorine atoms. Two of these
with medium bond lengths of 271 and 277 pm are trans related and
also belong to the coordination sphere of gallium. The other two,
with very short bonds of 230 pm, belong only to antimony and form a
bond angle of 97°. The latter have no trans partners. The geometry
of the GaCly~ moiety is that of a very distorted tetrahedron. Each
SbC1o* moiety is bonded to two GaClg™ moieties so as to form zig-zag
chains of indefinite length.

These considerations suggest the following representation for
the entities in antimony trihalide-rich melts

SbXpAlXg + nSbXz = SbXp*enSbX3 + AlXg
where X = Cl or Br. Solvation is explicitly indicated for SbXp*

because it is probably more than a weak association, but the other
entities are also probably solvated via long halogen bridge bonds.

Charge Transport Mechanism in SbC13-A1C13 Melts

The addition of NaCl to SbCl3-rich melts in amounts equivalent
to or less than the AIC13 content results in a substantial decrease
in the specific conductivity despite the small size of the Na* ion
(11). Possibly the presence of these small ions causes some sort of
structural lock-up that greatly reduces ionic mobility, but a
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simpler explanation is that charge transport in SbClg3-rich
SbC13-A1C13 melts takes place by a non-Stokesian chloride exchange
process in which the SbCl,* moieties play a key role. The addition
of NaCl removes these moieties by the reaction

SbC1* + C1- » SbC13
and leaves only the less effective diffusive motions of Na* as a

means of charge transport. The following sequence represents an
elementary step in the envisaged exchange process

Initial state: C1pSb* CIsbCly

Transition state: C1pSb* — C1= — SbC1p*

Final state: C1,SbC1 SbC1 o+

The known variability of the Sb-C1 bond Tength suggests that the
transition state does not represent a particularly high activation
energy barrier. The fact that SbCi3 molecules tend to form short
chains with their dipoles oriented in the same direction offers the
possibility of rapid chloride exchange along such a chain. A more
complete set of arguments is given in the original paper (11).

Auto-Ionization of SbCl3

Closely related to the above subjects is the auto-ionization of
SbC13. The simplest representation of such a process is

SbC13 = SbCl,*(solvated) + Cl=(solvated)

in which the solvation forces are very strong and could be viewed as
intramolecular forces rather than intermolecular forces. However,
there is no objective evidence as to specific formulae for the
molecular ions formed. Certainly an earlier formulation in which
C1-(solvated) was represented as the anion SbClg~ (2) must be
regarded with skepticism since antimony never has such low a coor-
dination number in anionic chloroantimonate(III) complexes in
crystals.

The potential of the Sb3*/Sb couple was measured at 99°C in
molten SbCi3 containing various amounts of KC1 to increase the
C17(solvated) activity and various amounts of AIC13 to increase the
SbC1p*(solvated) activity (19). Antimony immersed in SbClj3
saturated with KC1 served as the reference electrode. In order to
fit these data to a Nernst equation in which the concentration of
C1™ served as the only composition variable, the concentration of
SbC1,+ was eliminated by choosing a suitable value for the ion
product constant

113



Ki = [SbClo*IrCT-]

The value log Kj = -7.8 £ 0.5 at 99°C gave a satisfactory fit.
However, this value is inconsistent with that obtained from conduc-
tivity data, namely, log Kj < -10.5 at 99°C (2). The reason for
such a large discrepancy is unknown but one possibility is the pres-
ence of the junction potential.

The solvated C1- anion has an abnormally high mobility in
SbC13 and is believed to carry most of the current in mixtures where
it is present (2). For solutions of KC1 and NHaCl in SbCl3
transport numbers have been directly determined and that for the
chloride ion is about 0.9 at 99°C. A non-Stokesian chloride-
exchange transport mechanism is clearly a plausible explanation for
this high mobility.

Solubility of Antimony Metal in SbC13-AICi3 Melts

Antimony metal has a very low solubility in molten SbC13 [mole
fraction of 1.8 x 10-% at 273°C (20) and 2.5 x 10-% at 405°C™(21)]
but when A1C13 is added to the melt, the solubility of Sb becomes
substantial. Measurements have been reported (21) over the tem-
perature range of 235-430°C and representative isotherms are shown
in Fig. 4 where Xsp = ngp/(nsh + NsphCig)s
X?\]c‘|3 = nAtCl 3/("A1C13 + "SbC13) and n is the number of moles. The
temperature dependence of this solubility is small and passes
through a maximum except at Tow AICI13 concentrations. There is no
direct evidence regarding the species formed by Sb in solution, but
it is plausible to suppose that a reaction occurs between the metal
and SbCi3 to form entities in oxidation states intermediate to 3+
and zero. The important role of AIC13 strongly suggests that the
Sb/SbC13 reaction is accompanied by a substantial release of
chloride ions.

Antimony metal has a much higher solubility in SbI3 than in
SbC13 and the addition of AlI3 to SbI3 has little effect on this
solubility (22). Studies of SbI3-Sb melts provide strong evidence
that the reaction

2Sb + 4SbI3 > 3I,Sb-Sbly

takes place, where the IpSb-SbIy molecule is presumed to be struc-
turally similar to IoAs-Aslp and I»P-PIp. It is reasonable to sup-
pose that the chlorine analog, Cl12Sb-SbClp, is the dominant species
when Sb dissolves in SbC13 alone or with a low concentration of
A1C13 but the occurrence of this neutral species does not account
for the large effect that A1C13 has on Sb solubility.
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Bismuth, the Group V element immediately below Sb, forms
several homopolyatomic cluster ions with formal oxidation states in
between 3+ and zero, and the structures of most of these are known
from X-ray crystallography (23). They include Bis3+, Bi32+, and
Bigo*. These ions, which are not bonded to chlorine atoms, provide
examples of the types of species that should be favored by the addi-
tion of AICI3 to SbCij.

When the solubility data (21) are plotted on a log-log scale,
as shownoin Fig. 5, a set of parallel straight lines is obtained for
0.05 < Xa1c13 < 0.40. The mean value of the slope is 2.080 + 0.036.

This result _is consistent with the assumption that the solute spe-
cies is Sbn2+, a cluster ion with the charge 2+, formed by the
reaction

2 $C1p* + (n - Z) Sb(metal) » sbp2+ + 3 sve1g

provided that activity coefficients change little with changes in
AlC13 content. For melts with a mole fraction of AICl3 less than
0.05, antimony proves to be much more soluble than is predicted by
the above model. This behavior is consistent with the supposition
that C1,Sb-SbClp is formed (in addition to Sb,2*) at a low con-
centration.

The dissolution of Sb in SbC13-A1C13 is reversible only in the
presence of Sb metal (21). Without the metallic phase present, the
disproportionation of the dissolved species is kinetically hindered
and highly supersaturated solutions can be prepared by evaporating
some of the solvent. When an SbC13-A1C13-Sb melt is solidified in
the absence of metallic Sb, a finely divided brown powder is found,
dispersed among the clear crystals of SbC13 and AlICl13. This brown
substance, presumably an unstable compound, slowly turns black on
exposure to light. Although this behavior remains unexplained, it
is of considerable importance not only in experimental studies of
the SbC13-A1C13-Sb system but also in the application of this system
as a reaction medium for organic substances.
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ABSTRACT

Phase diagram of LiCl1-NaCl-Al1Cl3 ternary system has
been determined by the use of direct visual observation
and DTA methods. Composition ranges studied are 0-100mol%
Al1C1l3 for LiCl-Al1Cl3 and NaCl-AlClj binary systems, and
0-50mol% A1Cl; for the ternary system.

Chemical compounds LiAlCl, and NaAlCl, were found in
the binary systems and their melting temperatures are 416K
and 427K, respectively. The ternary system in the compo-
sition range less than 50mol% AlCl3z shows two liquidus
surfaces around LiCl and NaCl, and one boundary line
between them. The ternary eutectic composition is con-
sidered to be near the eutectic composition of LiAlCl,-
NaAlCl, binary system although it could not be found.

It is considered that the ternary system is a recip-
rocal system of ( Li*,Na* |IC1-,A1Cls~ ) in the composition
range less than 50mol% A1Cl3. From the slopes of liquidus
surfaces of the reciprocal melt, the standard free energy
change of the following ion exchange reaction is estimated
to be positive.

LiC1(£) + NaAlCly(£) = NaCl(£) + LiAlCl, (%)

INTRODUCTION

Phase diagrams are essential for the evaluation of
thermodynamic properties in the study of molten salts, and
also the knowledge of liquidus temperatures is indispensable
for the practical use ot salts.

LiC1-NaCl-A1Cl3 ternary system is attractive because
very stable complex anion is formed in it, and it is well
known as the electrolyte of new daluminum smelting proccss.
Phase diagrams of LiCl1-A1Cl3 and NaCl-A1Clj; binary systems
were previously reported{1) In this work, liquidus surface
of the ternary system is determined in the composition
range less than 50mol% Al1Clsj. The thermodynamic proper-
ties of the ternary melt are discussed.
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EXPERIMENTAL

For the determination of the phase diagram of the
ternary system, it is desired that a sample salt is
sealed in the container in order to prevent the evapora-
tion or hydrolysis of the sample containing A1lClj.

In this study, the direct observation of the phase
change was adopted as a principal method, and DTA as a
subsidiary method because the conventional thermal analy-
sis-is hard to use for the salts containing AlCls.

A schematic diagram of the apparatus used for the di-
rect observation is shown in Fig.l. In this method, the
sample salt is sealed in a transparent quartz tube under
vacuum and heated, and then the appearance of a liquid
phase in the solid phase or the disappearance of a solid
phase in the liquid-solid coexisting phase was observed di-
rectly from the outside of a transparent electric furnace
by the use of telescope with low magnification.

The conditions of thermodynamic equilibrium are ob-
tained more easily in this method as compared with
conventional thermal analysis, although the present method
is also a non-equilibrium method in principle. In this
study, the reproducibility was excellent wunder the con-
ditions that the amount of sample was about 20-30mg and
the heating rate was less than 0.1K/min.. The reason why
the cooling method was not employed is that the reproduci-
bility was poor Dbecause the A1Cl; melts have the tendency
to super cool.

Figure 2 shows the DTA cell arrangement. DTA cells
containing the sample and a-Al,03 were fed into the holder
made of boron nitride which has high thermal conductance
and high electrical resistance. The measurement was made
in an argon atmosphere.

Al1Cl3; has an extremely high vapor pressure and strong
hygroscopicity. The commercial anhydrous reagent grade
Al1Clj; contains a fairly large amount of impurities such as
HC1l, FeCl3 and others, and cannot be used as it is. 1In
this study, a double distillation method shown in Figs.3
and 4 was used for the purification of the commercial re-
agent grade anhydrous Al1Clz. Purification was done by the
following procedure. The unpurified A1Cl; on a pyrex boat
is placed in the distillation tube shown in Fig.3, and 1is
heated under vacuum at about 390K for one day. Moisture,
HC1 and other volatile compounds are removed. In this
case, the collecting bottle is heated at above 500K. After
the heating under vacuum, Al1Cl3 is heated to about 480K
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while dried argon is passed through as a carrier gas, and
AlCl3; is condensed in the collecting bottle cooled by the
water with ice. After the sublimation, the collecting
bottle is sealed at both ends. Al1C1l3; obtained 1is white
or slightly yellowish powder and still contains small
amount of impurities. Al1Cl3 powder obtained is sealed in
a pyrex tube under vacuum and is melted at about 480K.
Then it is cooled slowly in the furnace with the tempera-
ture distribution as shown in Fig.4. Al1Cl3 condensed at
the upper portion of pyrex tube is highly pure and color-
less transparent crystal which looks 1like mica.

For the preparation of LiCl and NaCl, the commercial
reagent grade salts were heated at about 600K under vacuum
and were melted in a dried HC1 atmosphere. After bubbling

HC1 gas into the melt for one hour, argon was bubbled
into the melt for one hour, and then the melt of LiCl or
NaCl is solidified under vacuum.

For the determination of chemical composition, the
entire sample after measurement is dissolved into
distilled water and diluted as required. The analysis
was done by the atomic absorption method for Al, and the
flame emission method for Li and Na.

RESULTS AND DISCUSSION

Phase diagrams of LiC1-Al1Cl; and NaCl-AlCl; binary
systems obtained by previous study(l) are shown in Figs.5
and 6, respectively. Figure 7 shows the phase diagram of
LiCl1-NaCl binary system. In this case, the measurement
was done on the liquidus temperatures only. The phase
diagram of LiA1C1l,-NaAlCl, quasi-binary system having a
simple eutectic behavior is shown in Fig.8.

Figure 9 shows the phase diagram of LiCl1-NaCl-AlClj;
ternary system in the composition range less than 50mol%
Al1C13. The points show the 1liquidus temperature mea-
sured, and the isothermal lines are shown. As shown in
the figure, the liquidus surface consists of two surfaces
around LiC1l and NacCl. The dotted line, which connects
the eutectic composition of LiCl-NaCl binary system with
that of LiAlCl1,-NaAlCl, quasi-binary system, corresponds
to the boundary line in which two liquidus surfaces around
LiCl and NaCl sides intersect each other. Ternary eutec-
tic composition is not seen in this figure, but is con-
sidered to be present near the eutectic composition of
LiAl1Cl1,-NaAlCl, quasi-binary system.

As shown in Figs.5 and 6, LiCl1-A1Cl; and NaCl-AlClgj
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binary systems evidently have the compounds, LiAlCl, and
NaAlCl,. NaAlCl, is confirmed to be very stable(2), and
LiAl1Cly is also considered to be stable.

Therefore, LiC1-NaCl-AlCl3 ternary system is regarded
as a reciprocal system of ( Li*,Na* IC1-,A1Cl," ).
The cationic and anionic fractions are given by the
following equation(1l).

it = Xpic/ (- X30c1,)

Tyat = Xyacr/ 1-Xa101,) (1)

Te1- T (XLiCl+XNaCl_XA1C13)/(l—XAlClg)
Zarcty~ - Xarc1s/ T Xarcr,)

where z means the cationic or anionic fraction of ions in
the reciprocal system, and X means the molar fraction of
the compound in the ternary system. Phase diagram of the
ternary system obtained is redrawn on the basis of the re-
ciprocal diagram,and is shown in Fig.10.

The thermodynamic properties of a reciprocal system
are discussed. At first,the activities of components were
calculated for LiCl-LiAlCl, and NaCl-NaAlCl, quasi-binary
systems. In these quasi-binary systems, the activity of
LiCl or NaCl in the melt can be obtained by the equation(2)
except the composition near to LiAlCl, or NaAlCl,, because
the liquidus line from LiCl or NaCl reaches to the compo-
sition near to LiAlCl, or NaAlCl,, respectively, and they
do not have solid solubility.

T AHf

R 1n a = J
MC1l Tf P2

where M means Li or Na, ayc; is the activity of MC1 in the
melt, T and Tf are the temperatures of liquidus and fusion
of MCl, R is the gas constant, AHg¢ is the heat of fusion
of pure MC1. Heats of fusion used were taken from JANAF
table(3) for LiCl and Dawson's data(4)for NaCl.

ar (2)

Activities of LiCl and NaCl obtained at their melting
temperatures are shown in Figs.1l1l and 12. The activities
of LiAl1Cl, and NaAlCl, were determined by the use of
Gibbs-Duhem's equation and are shown in the figures. The
activities of LiCl and NaCl show considerably positive
deviation from Raoult's law, and the deviations are more
remarkable for LiCl1-LiAl1C1l, quasi-binary system. By con-
siderin% the previously reported result on KCl-AlClszbinary
system(®) as well as the present results, the following
remarks can be made. The mixing of C1° and AlCly~ anions
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increase the instability of the melt, and the instability
decreases with increasing the size of cation.

Thermodynamic properties of a reciprocal melt, for
example, ( A*,B*| Y; Z- ) are characterized by the stan-
dard free energy change of ion exchange reaction(6) ex-
pressed by the equation(3).

AY (£) + BZ(L) = AZ(£) +BY(L) (3)

The standard free energy change is related closely to the
coulombic force between the ions. If the radii of A* and
Y- are smaller than that of B* and Z-, respectively, the
ion pairs of AY and BZ are stable generally and the stan-
dard free energy change of equation(3) is positive.

On the other hand, equation(4) gives the relation
between the liquidus temperature of the reciprocal system
and the activity of the compound, AY in the melt which
equilibrates with pure solid of AY.

T AHf
R 1n Ay = R 1n Yay Tat Ty- = r. ar (4)
where v,, isthe activity coefficient of AY in the melt.

AY

As shown in Fig.10, the liquidus surface around NaCl
decreases monotonically toward the direction of LiAlCl,,
but the liquidus surface around LiCl maintains a

high temperature toward the direction of NaAlCl,.
This means that the activity of LiCl in the melt is high,
and the standard free energy change of equation(5) is
positive. This result agrees with the prediction mentioned
above. This indicates that the combination of LiCl and
NaAlCl, (smaller and larger cation-anion pairs) is more
stable than the combination of LiA1Cl, and NaCl.

LiC1(£) + NaAlCl,(£) = LiA1C1,(£) + NaCl(&) (5)
It is considered that this tendency becomes stronger as
the difference between the cationic sizes increases. For

example, two liquid region is found in the ternary system
of LiC1-KC1-A1lCl; in the composition range less than 50mol$
AlCl; as reported by Grothe et aZ{7), this system has larger
difference between the cationic sizes.

CONCLUSION

Phase diagram of LiCl1-NaCl-AlCl3 ternary system was
determined by the use of direct visual observation and DTA
methods. In the composition range less than 50mol% AlClj,
the ternary system has two liquidus surfaces around LiCl
and NaCl, and they intersect on theé line which
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connects the eutectic composition of LiCl1-NaCl binary sys-
tem with that of LiA1C1,-NaAlCl, quasi-binary system. The
liquidus surfaces drop steeply as the content of AlCl3
approaches 50mol%. The ternary eutectic composition is
considered to be near the eutectic composition of LiAlCl,-
NaAlCl, quasi-binary system.

By considering that the ternary system is a recipro-
cal system of ( Li*,Na*l C17,A1C1l," ), the thermodynamic
properties were discussed. The activities of components
were calculated for the quasi-binary systems containing
common cations. From the difference between the slopes
around LiCl and NaCl, the standard free energy change of
the following reaction is considered to be positive.

LiC1(£) + NaAlCl,(£) = LiAlCl,(£) + NaCl(®)
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Fig.1 Schematic diagram of the apparatus for the
direct visual observation method.
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Fig.2 Schematic diagram of DTA cell arrangement.
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Schematic diagram of the apparatus for the first
stage distillation of A1C1j;.
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stage distillation of AlCl;.
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ABSTRACT

The addition of WC16 to basic aluminum chloride-
l-methyl-3-ethylimidazolium chloride melt results in the
formation of the tungsten(V) chloro complex, [WC16]—.
This species can be reduced electrochemically to the
tungsten(IV) chloro complex, [W016]2_. The [WC1,17/-
[WCIG]Z_ electrode reaction is diffusion controlled and
exhibits a half-wave potential of ca. 0.46 V in basic
melt referenced to aluminum in 66.7-33.3 mol % melt.
Neither [WCl¢]
oxide ion, introduced into the melt by dissolution

of Li,C0;. Diffusion coefficients for [WClg]™ and

nor [WC16]2_ appeared to react with

[WC16]2_, calculated from limiting current data
obtained at a glassy carbon rotating disc electrode,
were found to be 2.7+0.1 x 1077 and 2.2 +0.1 x 1077
cmzlsec. The close agreement obtained between the
experimental solvodynamic and calculated structural
radii for both [WC1¢]™ and [WC1¢1%2™ suggests that

these two complexes are unsolvated in basic melt.

INTRODUCTION

Aluminum chloride can be combined with certain organic salts to

produce ionic liquids at room temperature. Familiar examples of such

liquids are mixtures of aluminum chloride with N-(n—butyl)pyridinium

chloride (BPC) or l-methyl-3—ethylimidazolium chloride (MEIC) (1,2).

Both systems have been found to be good solvents for electrochemistry

and spectroscopy. The Lewis acid-base properties of these ionmic

liquids can be varied by adjusting the ratio of A1Cl3 to organic

Melts in which the apparent mole fraction of AlCl3 exceeds 0.5
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are acidic, owing to the presence of the heptachloroaluminate ion,
while those with an A1C13 mole fraction less than 0.5 are basic,
since they contain uncomplexed chloride ion.

The solvation properties of these melts with regard to
transition metal solutes are not well known. However, the results
obtained during previous studies do suggest that some transition
metal ions form very stable aniomnic chloro complexes in basic A1C13—
BPC or basic A1C13—MEIC. Tetrahedral MC14(n—4) ions were the
dominant chloro complexes found for cobalt(II) (3), nickel(II) (4,5),
iron(II) (5,6), and iron(III) (5,6). Potentiometric data indicated
that both copper(I) and silver(I) formed mononuclear complexes of the
type MClp(l_P), 2 {p<4, as a function of melt composition in basic
AlCls-BPC and A1C13—MEIC. Linear MClz— species were favored in basic

melt at low chloride ion activity, while tetrahedral MC143-

species
were dominant in very basic melts(7,8). Unsolvated M0C16(n—6) chloro
complexes were found for molybdenum(III) and molybdenum(IV) in basic
A1C13—MEIC 9).

The investigation reported herein concerns chloro complex
formation for tungsten ions with various oxidation states in basic
A1C13-MEIC. Techniques used for this study include cyclic
voltammetry, rotating disc electrode voltammetry, and absorption
spectroscopy. The chemistry of tungsten chloro complexes has been
examined previously in molten A1C13—NaC1 mixtures in the temperature
range from 120 to 220°C (10). In addition, the electrochemistry of
hexachlorotungstate (IV) and (V) has been studied in acetonitrile (11).

EXPERIMENTAL

Apparatus. — The dry box system and electrochemical
instrumentation used for this study were identical to those employed
previously (3,5,7-9). The procedure for monitoring the moisture and
oxygen content of this dry box has been described (5).

A glassy carbon disc electrode (area = 0.07 cmz), constructed
according to the procedure given by Phillips et al. (12), was used as
the working electrode during voltammetric experiments. The cell used

for these experiments consisted of a Pyrex cup with a tapered bottom,
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fitted with a Teflon 1id. The reference electrode was an aluminum
wire spiral (Alfa, m5N) immersed in 66.7-33.3 mol % A1C13-MEIC melt.
This melt, together with the aluminum wire, were placed in a Pyrex
tube which had a fine porosity fritted disc sealed in one end. This
tube was inserted into the bulk melt through a hole provided in the
cell top. The counter electrode was a molybdenum wire spiral. It
was isolated from the bulk me}t in a similar fashion. A small glassy
carbon crucible served as the working electrode during controlled
potential coulometry experiments.

The cell was thermostated in a furnace constructed from an
aluminum block heated by means of a Vulcan cartridge heater. The
heater was controlled by using an ACE Glass 12105 proportional
temperature controller equipped with a platinum temperature sensor.
All measurements were performed at 40.010.2°C.

Chemicals. — The procedures used for purification of A1C13 by
sublimation, synthesis of MEIC, and preparation of the A1C13-MEIC
melt were similar to those described in previous publications
(3,5,13). Tungsten(VI) chloride, WC16. (Alfa Ventron, 9%,
resublimed) was purified further by heating it to 130-150°C under
vacuum for several hours to remove oxychloro contaminants. Potassium
hexachlorotungstate(V), KWCl,, was prepared from WClg and KI
according to the procedure recommended by Dickinson et al. (14).
Potassium hexachlorotungstate(IV), K,WClg, was synthesized according
to Kennedy and Peacock (15).

The oxide content of the A1C13—L{EIC melt used in this study was
determined by using pulse polarography at a slowly rotating glassy
carbon electrode (GCRDE) according to the procedure developed by
Osteryoung and coworkers (16). Melts that contained more than 5 ppm
oxide were discarded. For conciseness, the melt compositions
specified throughout this paper are expressed in terms of the

apparent mole fraction of A1C13, XAICI , or the apparent mole
3
percent, mol %, of AIClz in each A1C13~MEIC melt.
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RESULTS AND DISCUSSION

¥Cl, and KWCl,. - The addition of either WClg or KWCls to basic
A1C13-MEIC melt resulted in a canary yellow solution. However, both
solutions turned green after standing for several hours. Cyclic
voltammograms of fresh solutions of W616 and KWCl, at a glassy carbon
electrode in 44.4 mol % melt are shown in Figure 1. These
voltammograms are very similar and both exhibit two major redox
processes with reduction peak potentials, Epc, at about 0.43 and
-0.83 V. (The oxidation current that occurs at potentials greater than
0.7 V is believed due to oxidation of chloride ion in the melt.) The
similarity of these cyclic voltammograms supports the contention that
the addition of either WCig or KWCls to basic melt results in the
same solute species. However, the rest potential of the working
electrode changed to more negative potentials with time in fresh
solutions prepared by using WClg or KWClg,, suggesting that the
electroactive species introduced by addition of these compounds was
unstable.

Cyclic voltammetric data for the redox process with Epc =043 V
are collected in Table I. These data were produced in a solution
prepared from WCl61 however, identical results were obtained in a
solution made with KWC16. The voltammetric peak potential separation
for these cyclic voltammograms averaged 0.067 V over the range of
scan rates tested. (The theoretical value for a one—electron
reversible charge transfer is 0.062 V at 40.0°C). In addition the
peak current ratio, ipa/ipc, calculated using Nicholson’'s procedure
(17), was close to ome. Both ipa/ipc and the current function,
ipclvl/z, were constant over the same range of scan rates. The
limiting current at a GCRDE varied linearly with the square root of
rotation rate during reduction of a solution containing WCls or KWClg
(Figure 2). The information presented above indicates that the
charge transfer reaction at Epc = 0.43 V is reversible. These
observations also point to an absence of homogeneous chemical
reactions coupled to the charge transfer process (18). The data

collected in Table II suggest that the redox process with Epc =
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043 V is essentially independent of pCl in basic melt, also.

Controlled potential coulometry was performed on fresh solutions
of WC16 in basic melt. Exhaustive reduction at potentials of -0.3
and -0.5 V gave n values of 1.0 and resulted in a pale green
solution. A cyclic voltammogram of the former solution initiated
0.082 V positive of the working electrode rest potential is shown in
Figure 3a. This voltammogram indicates that the reduced form of the
redox couple is present and that no new electroactive species appear
to be produced during electrolysis.

Absorption spectra of fresh solutioms of WC16 and KWCl¢ in 444
mol % melt are shown in Figure 4. Data taken from these spectra are
recorded in Table IIXI. It can be seen readily from this table and
figure that the spectral characteristics of W016 and KWC16 solutions
are very similar. Furthermore, these spectra have many features
which are similar to those observed for KW(316 dissolved in organic
solvents (Figure 4 and Table III). Spectra originating from the
latter solutions have been attributed to the hexachlorotungstate(V)
ion. It should be noted that it was not possible to record the
spectrum of solutions made with basic melt below ca. 270 nm, since
the UV cut—off of the melt occurs in this region. Also, accurate
values of the absorptivities for the maxima appearing in the WC16 and
KWC16 spectra could not be calculated because the absorbancies of
these maxima changed significantly over a relatively short time.

gzms. — Solutions of K2WC16 in basic melt were pale green. It
should be noted that dissolution of K2W016 in liquid ammonia is
reported to result in a solution of similar color (15). A cyclic
voltammogram of a solution of K2WC16 in 44.4 mol % melt is shown in
Figure 3b. An absorption spectrum of a similar, but more dilute
solution of K,WCls is depicted in Figure 5. Also shown in this
figure is a spectrum of the solution resulting from the coulometric
one-electron reduction of WC16 (vide supra).

Considered together, the evidence presented above suggests that
the addition of WC16 to basic melt results in the formation of the
tungsten(V) chloro complex, [WC16]-. The redox process that appears
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in Figure 1 with Epc = 0.43 V must therefore correspond to the
reversible, pCl independent [WC16]_/[WC16]2_ redox couple. However,
melt solutions containing [WCIG]- do not appear to exhibit long term
stability. The negative shift in the working electrode rest
potential and the spectral similarity of aged solutions of WCl, and
KWClg to solutions prepared from K,WCl, (Figure 5) suggest that
[WC14]™ is reduced to [WC16]2- by a component of the melt, most
likely chloride ion, after standing for several hours.

The [WCIG]Z- species can be reduced at Ep° = -0.83 V, as shown
in Figures 1 and 3. Cyclic voltammetric data for this process are
given in Table IV. A plot of the GCRDE limiting current for the
reduction of [WC16]2— is linear with the square root of rotation rate
(Figure 2). Controlled potential electrolysis at —1.10 V gave an n
value of 1.0 for this electrode reaction. Thus, the reduction of
[WC16]2- appears to be a diffusion controlled, ome—electrom process.

Addition of 0*” to [WC1.]™ and [WC1.]%™ Solutions. - The
addition of Li2C03 to basic chloroaluminate melts has been shown to

result in the formation of AlOClz_ according to the reaction (21,22):
0,27 + A1C1,” = A10C1,” + 2C1° + C0, (11
Both [TiC11%™ and [MoCl 12™ appear to react with A10Cl,” to form
oxychloro complexes (9,23). Li2003 was added to basic melt
containing [WCIGI_ or [WC16]2-. However, the formation of the
corresponding oxychloro complexes via interaction of A10Cl, with
[WC1igl™ or [WC16]2_ does not seem to be favored in this case, since
no outward change in the voltammetric properties of these solutions
could be detected, e.g., no new peaks were observed and no changes in
the heights of existing peaks were noted. These results are
surprising since numerous tungsten(IV) and tungsten(V) oxychlorides
and oxychloro complexes are known (24). Apparently, reactions of
AlOClz_ with [WC16]- or [WC16]2_ in basic A1C13-MEIC are not
thermodynamically favorable or they occur very slowly.

I¥C1,]™ and 1&612_ diffusion coefficients. — Diffusion
coefficients were calculated for [WC16]' and [WCIG]Z' from GCRDE
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limiting current data. The average values obtained from several
determinations for each complex are 2.710.1 x 1077 and 2.240.1 x 1077
cmzlsec, respectively. Solvodynamic radii of 3.9 and 4.8 K were
calculated for [WC16]_ and [WC16]2_. respectively, from these

diffusion coefficients by using the Stokes—Einstein equation:

kT
Dnrn 6 (21

An estimate of the structural radius for [WC16]2—, calculated from the

w4t and C1~, was about 4.3 &. The structural radius

crystal radii of
of [WC16]-, which contains W5+. should be approximately the same,
since there are little differences in the values of the crystal radii
of W4+ and WO*. The good agreement between the solvodynamic and
structural radii observed for both [WCI6]' and [WC16]2_ suggests that
solvation of these ions is negligible in basic melt. Similar results

were found for [M0C16]2_ and [M0C16]3_ 9).
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Table I. Cyclic Voltammetric Data for the [WClG]'/[WCIG]z' Electrode
Reaction.

v, V sec™! AEP' v ipa/ipc ipa/vllz. A sec1/2
0.01 0.065 1.1 6.1 x 1075
0.02 0.065 1.1 6.0 x 107°
0.05 0.065 1.1 6.0 x 1079
0.10 0.068 1.1 6.2 x 1075
0.20 0.072 1.1 6.0 x 1075
0.50 0.063 1.1 6.0 x 1073
1.00 0.069 1.1 6.1 x 1073

Table II. pCl Dependence of the [WCI6]—/[WC16]2' Electrode Reaction
mole fraction

(E,S+E ) /2%,V E,,% Vv act, pC1
0.457 0.455 0.458 0.156
0.457 0.456 0.464 0.218
0.460 0.458 0.471 0.300
0.462 0.460 0.476 0.382
0.463 0.460 0.482 0.492
0.465 e 0.487 0.639
0.467 —- 0.493 0.901

%scan rate was 0.05 V/sec.

bGCRDE voltammetric half-wave potential at a rotation rate of 157

rad sec 1.
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Table III. Absorption Spectroscopic Data for [WC16]X_ Chloro Complex

Anions
solute solvent Apags mm (e, 1/mol-cm) ref.
WClg 44.4 mol % 275%,299(~1.5x10%) ,347 (~8x this work
A1C1,-MEIC 103),3902
EWCl, " 275%,298(~1.3x104),350(~7x this work
103),3902
EWCl¢ CH3 CN 246(7.5x103) ,~275%,297(1.2x  this work
b 10%), 347(7.0x10%),~390%
RWC1, CHzCN or 242(4.3x10%),270%,297(1.5x (19)
CH,C1, 10%),345(1.1x10%) ,380(2.6x10%),
. 429 (4x102)
[WC1g12™  44.4 mol % 287(7.9x10%) ,3082,3502 this work
ALC14-MEIC
K,WCl, " 287(7.7x10%) ,3082,3502 this work
K,WCl, CH, CN 237%,249(1.5x10%), this work
287(7.0x10%) ,~3072,~3422
K,WClg mull 233,259,285,314 (20)
2shoulder
PR = (EtyN)

®electrolytic reduction of [WClg]™

Table IV. Cyclic Voltammetric Data for the [WC16]2-/W(III) Electrode
Reaction
v,V sec 1 AEp,V ipa/i ¢ ipclvllz, A sec™l/2
0.01 0.067 1.1 5.8 x 1073
0.02 0.069 1.1 5.8 x 1073
0.05 0.070 1.1 5.7 x 1073
0.10 0.074 1.1 5.7 x 1079
0.20 0.073 1.1 5.6 x 1075
0.50 0.071 1.1 5.4 x 1079
1.00 0.080 1.1 5.5 x 1073
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Figure 1. Cyclic
voltammograms at a
glassy carbon electrode
in 44.4 mol % melt at
40.0°C: a. 7.0 x 1073 N
in WClg, b. 5.8 x 1073 M
in KWC16. Sweep rates
were 0.020 V sec 1.

Figure 2. Plots of the
limiting current at a
GCRDE as a function of
rotation rate in 44.4
mol % melt at 40.0°C: a.
9.3 x 1073 M in [WC11,
E=0.25V; b. 6.9 x
1073 M in [WC1)%, E =
-0.98 V.
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Figure 3. Cyclic
voltammograms at a
glassy carbon electrode
in 444 mol % melt at
40.0°C: a. product
obtained after
exhaustive electrolytic
reduction of a 7.1 x
1073 M solution of WClg
at E=-0.30 V; b. 6.1 x

1073 M in K,WCl,. Sweep
1

rates were 0.020 V sec”

Figure 4. Absorption
spectra: , 6.3 x
1075 M WCl in 44.4 mol
% melt (vs. pure melt);
———, 6.5 x 1075 M KWCl
in 44.4 mol % melt (vs.

pure melt); °—'—°, pure
44.4 mol % melt (vs.
air); =, 7.5 x 1075 M
KWClg in CH3CN (vs. pure
CHyCN) .
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Figuré 5. Absorption
spectra in 44.4 mol %
melt (vs. pure melt): a.
, 6.5 x 107> M in the

product obtained after

electrolytic reduction of
a WC16 solution at E =
-0.30 V; ———, 6.5 x

1075 M in KpWClg; -*-*,
6.5 x 107> M in KWCl4
after 72 hours; °°°°, 7.0
x 1073 M in WClg after

72 hours.
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ABSTRACT

N-butyl pyridinium chloride: aluminum
chloride (BPC:AC) melt mixtures have been
synthesized under rigorously pure and dry
conditions. The phase diagram and preliminary
conductivity data are presented. Purified aluminum
chloride, AlCl;, has been found to be
non-stoichiometric, that is, chloride deficient.

In acidic melts (e.g. mole fraction of AlCl3 >
0.5), the metals Li, Mg, In and Al are active; Pt,
Mo, C and Zr are passive; and Cu, Ag and Ti are
transitional. Less overall activity occurs in
neutral (0.50 mole fraction AlCl3) and basic (<0.5)
melts. Preliminary electrochemical studies on Li,
Mo and Cu in the 0.67 mole fraction melt at various
temperatures permit some understanding of the
different mechanisms operable. Suggestions for
further fundamental investigations and prospects of
these melts as battery electrolytes are discussed.

INTRODUCTION
The recent prepara- chemical cells whether
tions of molten salts for batteries, electro-

which are liguids at room metallurgy or surface
temperature and below has preparation. These melt

led to speculation about systems (1), in partic-
their potential uses as ular, the alkyl pyridinium
electrolytes in electro- chloride~aluminum chloride
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system developed by King

13) and the alkyl
imidazolium-aluminum
chloride system developed
by Wilkes et al (4) have
advantages over
conventional electrolytes
and/or molten salts in
that, 1) they can exist as
liquids to below -50°C, 2)
they are non-aqueous media,
3) they exhibit better
conductivity relative to
aprotic electrolyte systems
and 4) they do not
necessarily require solute
material. However, if
their suitability for use
with active metal anode
materials is required,
close attention must be
paid to both purity and
details of preparation.

Many electrochemical
investigations at several
laboratories have been
completed on molten salts
liquid at room temperature
since first reported by
Hurley and Weir (5) in
1951. For example,
Suchentrunk (6) has shown
that aluminum can be plated
on nickel Electro-deposited
aluminum has also been
observed in
pre-electrolysis cells for
purifying melts (7); and
anodic dissolution of
aluminum is possible with
100% current efficiency
(2) . The results obtained
with aluminum as well as
other electrochemical
investigations (8, 9) have
shown the "potential"
usefulness of melts as
electrolytes in

electrochemical cells. 1In

et
al (2) and Osteryoung et al

a specific instance, an
alkyl pyridinium-aluminum
chloride melt showed
suitability as a battery
electrolyte (10, 11).

It has been the focus
of this investigation to
prepare pure, anhydrcus
n-butyl pyridinium
chloride-aluminum chloride
melts, to assess the
relationship of
composition and
temperature and to examine
the thermodynamics and
kinetics of redox
reactions which can occur
on a variety of metals.
These efforts will
ultimately uncover new
phenomena which could
possibly be exploited in
metallurgy, batteries or
catalysis.

EXPERIMENTAL METHODS

General. - All phases
of the preparation and
purification of melts and
melt materials were
carried out, wherever
possible, under the argon
atmosphere of a Vacuum
Atmosphere dry box
equipped with a Model
He-493 Dri Train (RPC).
The dri box atmosphere was
further purified by an
additional recirculating
chamber loaded with
pre-treated molecular
sieve and activated
carbon. The atmosphere
was periodically checked
with a cracked light bulb
which generally operated
for at least 30 days under
continuous use. Material
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handling outside of the dri
box for transfers and other
procedures such as
recrystallizations were
carried ocut on a glass
vacuum line with the
appropriate accessories.
The electrochemical
measurements (DREO), in
large part, were carried
out under conditions
similar to that above but
less rigorous with respect
to the removal of oxygen
and/or moisture.

A Varian ESR
spectrometer was used to
determine the presence of
free radicals. A Model
31Y¥S1 Conductivity Bridge
and a micro-cell (K = 1.0)
were used for conductivity
studies. Cyclic
voltammograms were obtained
using a PAR 173
potentiostat/galvanostat
and PAR 175 universal
programmer. Open circuit
potentials were measured
with an electrometer
(having an impedence of
1014 ohms). Other
potentials, currents, etc.,
were measured with a Fluke
digital multimeter (Model
§010A) .

Preparation of AlCl,. -
AlCl3 (Alfa Ventron? was
sublimed by a modified
method of Seegmiller et al
(12) . 20g AlCl; was placed
in a sublimation apparatus
(designed and constructed
in-house) containing 1lg
NaCl and 4-5 1/4" pieces of
aluminum. The apparatus
was then removed from the
dry box and heated to
220-230°C under an HCl gas

tlow of approximately 1
ml/min. Translucent to
white crystalline material
was coilected on the cool
areas of the apparatus.
After ~5h., the apparatus
was sealed, coocled and
residual HC1l gas was
removed under vacuum. The
crystals were removed from
the apparatus in the dri
box, crushed and stored in
glass vials. The material
was analyzed for Cl1 and Al
and consistently gave a
ratio of Al to Cl of 2.8 to
2.9 and less than 1%
impurity (e.g., oxide
material).

Preparation of BPC. -
N-butyl pyridinium chloride
(BPC) was synthesized by
condensing, in a typical
experiment, 324 ml of
pyridine (Burdick and
Jackson) and 418 ml of
n-butyl chlcoride (Aldrich,
distilled before use) as
outlined by Osteryoung et
al (3). The reagents were
refluxed in a standard R.B.
flask in the dark for ~2d.
The red oil product formed
in the reaction
crystallized on cooling.
The crystals were filtered,
recrystallized from
acetonitrile, MeCN,
dried under vacuum.
crystals were further
purified by
recrystallization in a
vacuum sealed filtering
apparatus using specially
purified and dried MeCN.
The preparation and
purification cf dry MeCN
has been reported elsewhere
(13, 14). These procedures
yielded highly crystalline,

and
The
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pure BPC, the purity of
which was verified by
elemental analysis
(Theoretical: C = 63.01, H
= 8,16, N = 8.16, Cl =
20.66%; Found: C = 62.84,
H=8.33, N=28.13; Cl1 =
20.88). The crystalline
BPC prepared as above was
ground, pumped under vacuum
overnight and stored in
glass vials.

Preparation of Melts. -
AlCl3:BPC melts (e.g., 2:1,
3:2, 1:1, 2:3, 1:2) were
prepared by placing the
appropriate molar
quantities of each melt
component in separate
chambers of a melt
apparatus (constructed
in-house). The loaded
apparatus was removed from
the dri box and the lower
portion (containing BPC)
was immersed in liquid Ny.
The valve separating the
two melt components was
then opened allowing small
portions of AlCl3 to
contact BPC. The lower
portion was then thermally
cycled to room temperature
at various intervals until
all the AlCl3 had been
added. 1In some cases, the
melts had to be cycled to
75-90°C for complete
reaction to take place.
Clear colourless liquids
were obtained except for
the acid rich melts (e.g.,
2:1, AICl3:BPC) which
always showed some
discoloration.

The melts were
characterized by proton
nmr, laser Raman spectra
and 27 Al nmr and no
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significant features were
found using these methods
beyond those reported by
Wilkes et al. (15), Gray et
al. (16)., and Osteryoung
et al. (17).

The 2:3 and 1:2 AlCl3:
BPC melts exist in two
phases at R.T. Preliminary
analytical data would
suggest that the liquid
phases are 1:1.2-1.3 AlCL
:BPC melts.

RESULTS AND DISCUSSION

Melt Phenomena. -
Analytical evidence has
established that the AlClj3
is chlorine-deficient, the
Cl/Al ratio being typically
2.8-2.9. Both a powdery
and crystalline material
are observed as sublimation
products. Attempts to
relate these results to a
possible second phase
structure of AlCl3 remain
inconclusive. For example,
x-ray diffraction and 27 Al
NMR show only marginal
differences, if any.
observation that a
yellowish-amber tinge
increased in the melt with
increasing mole fraction of
AlCi3 may also be related
to chlorine deficiency.
Although it has been
reported that the yellow
discoloration can be
eliminated using
pre-electrolysis procedures
(7), it should also be
noted that the
discoloration reappears in
several weeks. Obviously,
further study in this area
is required.

The



The meiting and
freezing points were
determined for each melt
mixture to yield the phase
diagram in Figure 1. The
figure shows an A-B
compound at 0.50 mole
fraction (1:1 AlCl3: BPC),
as others have reported
(2) . However, not only
supercooling to as much as
60°C below the mp, but also
metastability of the
super-cooled melt for
protracted periods of time
were observed. For
example, the .67 AlCl3 mole
fraction melt (2:1 AIClj3
:BPC) was used as an
electrolyte for anodic
oxidations and cathodic
reductions while
supercooled by 20°C for up
to two weeks without
freezing. The ability of
these pure, chlorine
deficient melts to
supercool and remain so
while being "seeded" by
structural changes
occurring at the
electrode~electrolyte
interface, needs
theoretical attention.
suggest that, as in the
molten polysulfide system
which also shows
supercooling phenomena
(18) , there may exist
repetitive molecular
structures which could
promote meta-stable chains.
Chain structures have been
inferred from nmr studies
of nitrogen heterocycles by
Quereshi et al. (19) and
more recently for these
melts by Wilkes et al.
(15). In the case of the
melts, the chain structures
have been postulated to be

We

polymers of anion-cation
complexes. The specific
complexes are dependent on
the AlCl3 concentration.
The free energy of
formation of these chains
need not be large to effect
considerable meta-stability
and it is possible that the
non-stoichiometry in the
AlClj3 leads to
chain-breaking.

Cyclic voltammetry
shows generally that the
melts are stable over a
potential range of about
2.0V. This range has been
observed on Al, Ag, Ti and
Li in our case and on
glassy carbon and W by
other workers (7). For
example, the cyclic
voltammogram in a 1:1 AlClj3
: BPC melt taken on Ti with
a Al reference (see
Figure 2) shows the major
reduction wave at about
-0.8V and the major
oxidation at about +1.2V.
The oxidation wave occurs
between +0.8 and +1.2V with
different metal surfaces.
Figure Z also demonstrates
X, Y and Z oxidation
processes by Ti, but no
corresponding reduction
activity. By contrast, as
will be seen later, the X,
Y, Z oxidation processes
are not clear during anodic
sweeps on Mo but can be
separated on reduction.

The major reduction at
about -750mV versus an Al
reference at R.T. on Li,
Ti, and Ag produced a
blue-colored transient
product which reacts
further and disappears.
The blue product has an
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absorption peak at 610 nm
and was spin-active, as
demonstrated by its 18-line
ESR spectrum (see

Figure 3). We have
tentatively assigned the
spin-active product to be
the butyl pyridinium
radical formed by reduction
of the butyl pyridinium
cation, BPt. The
disappearance of the blue
product is probably due to
radical dimerization or
formation of a
dihydropyridine. Naarova
et al (20) have also
observed blue colours
during electrochemical
reduction of a series of
alkyl pyridinium ions.
However, although they were
unable to identify the main
one-electron reduction
products, they were able to
detect and characterize a
secondary dimeric radical
product.

Preliminary
conductivity measurements
of the BPC:AlCl3 melts gave
values ranging_ from 3.3 x
10-3 (ohm.cm)~! (alCl3- BEC
2:3 melt) to a high of 8.0
x 10-3 (ohm.cm)-1 for the
2:1 AlCl3 - BPC melt.

These results are
consistent with those of
King et al (2) where a
specific conductivity of
8.9 x 10-3 (ohm om)-1l was
obtained for the 2:1 AlClj3
-BPC melt. These values
are comparable to those
obtained for nonaqueous
aprotic battery electrolyte
systems.

Electromotive Series -
Silver and copper metal

electrodes show a potential
difference of Ag positive
to Cu by 30*2mV. Both show
small anodic and cathodic
over-potentials and are
suitable as reference
electrodes, although the Ag
electrode is preferred. In
preliminary work, Al was
selected as the stable
reference electrode since
its activity in the melts
is expected to be fixed.
However, the Al potential
against both Cu and Ag was
found to drift slowly for
several hours or days at
room temperature. The
drift may be due to slow
dissolution of an oxide
film on Al. Ti showed
similar but more
irreproducible open-circuit
potential drift.
Measurements of
open-circuit voltages of
several metals taken on a
multi-electrode cell and on
individual M/Ag cells yield
a preliminary electromotive
series (see Figure 4) for
M/M*X in the 2:1 melt at
25°C. For example, the
Li/Ag couple gave a
potential close to the
theoretical value given in
redox tables, =iz Li +
AgCl = LiCl + Ag ; E =
2.70V.

Metal Dissolution and
Displacement. - Of the
group of metals studied in
the acidic 2:1 AlCl3- BPC
melt, the alkali metals are
easily corroded in the
order Li>Na>K. For
example, Na is destroyed in
a few minutes, Li and Ca
passivate, and K appears to
passivate. A 0.5mm Li foil
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reacts immediately on
contact with the 2:1 melt
(turns black). Mg
tarnished after a few hours
and' appears to be protected
by a loose reaction
product. Al reacts slowly,
showing tarnish after a few
days. Other metals studied
showed relatively no signs
of corrosion. In fact, Mo
appeared to be cleaned of
darkening air-formed oxide
by the melt; and Ti
likewise at elevated
temperatures, v60°C.
Generally, the reaction
initiation period may be
days. Pt and C showed no
evidence of reaction.

By contrast with
behavior in the 2:1 AlCl3-
BPC melt, Li is stable in
the 1:1 melt, even at 60°C,
over a period of three
months. Li, however, does
react with the liquid phase
of the 2:3 AlCl3- BPC melt
to give the blue butyl
pyridinium radical.

In a Al-Cu cell, a
powder Cu deposition on the
Al was observed. In a
Ti-Cu cell, Cu deposition
could be observed after
stripping the protective
oxide coating. Copper
powder could be made by
electr?chemical reduction
of Cu*4 dissolved in a 2:1
AlCl3- BPC melt.

As in aqueous systems
all the metals examined
showed anodic passivation
at current densities or
anodic potentials higher
than some critical value.

Electrochemical Studies. -
(a) Active metals: Li,
Mg, In, Al.

The critical current
density for anodic
oxidation of pure Li foil
at R.T. in a 2:1 AlCl3~ BPC
melt was found to be 10
mA/cm2 and much less, about
2 mA/cm2 in a supercooled
1:1 melt (see Figure 5).
Although LiCl is quite
soluble to 0.1 mole
fraction LiCl (15) (~1M; a
LiCl/BPC/A1Cl3 ratio of
1:1:2), it is probably the
ratio of dissolution of the
LiCl formed by anodic
reaction which determines
the critical current
density. On the other
hand, the corrosion
reaction which proceeds in
parallel with the anodic
reaction probably aids the
removal of reaction
product, baring fresh Li
surface for reaction.
Independent measurements of
the rates of these
processes are needed.

The reversibility of
the system, with respect to
reduction of the reaction
product LiCl to Li while
still on the surface or
nearby in solution, remains
suspect although the
reversibility of one or
more species in solution is
indicated. For example, in
Figure 5, it has been
observed that the potential
remains within ~200mV of
the open circuit potential
for at least ten minutes if
the current density during
oxidation/reduction steps
does not exceed 4 mA/cm“.
Obviously, the corrosion
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reaction militates against
the alkali metals (Li, Na,
K) being a dependable,
rechargeable anode in the
2:1 electrolyte. As in the
Li/organic-electrolyte
systems, a non-porous,
adherent inhibiting
corrosion-reaction product
may be necessary.

The highly functional
Mg alloy, Mg AZ61A (6% Al,
1% Zn, high purity)
supports current densities
of up to 5 mA/cm at 25°C
in the 2:1 AlC13-BPC melt
but corrodes slowly. It
may redeposit under special
conditions.

(b)
Pt, C, Mo.

Oxidation and
reduction can be performed
on passive metals in these
melts. Osteryoung et al
(21, 22) have recently
reported work on soluble
organic and inorganic redox
systems, and Koch et al (7)
on other organic systems.

Passive metals:

In a cell containing
freshly prepared 2:1 AIC13
:BPC melt, Pt, C and Mo
were positive 0.86, 0.82
and 0.31 initially against
an Ag reference. Pt and C
were steady while Mo was
fluctuating and climbing.
After aging the highest
potential was cbserved for
Mo at 1090 *5mv.

Pt and Mo metals in a
2:1 AlC13-BPC melt were
chosen for polarization and
potential decay
measurements. Anodic and
cathodic charging currents

on Mo are shown in

Figure 6a. Critical
current dsnsity was about
10 uA/cm“ for both anodic
oxidation and cathodic
reduction at room
temperature. During the
anodic oxidation, potential
arrests X, Y, Z were
observed, at about 0.5,
and 1.2V, Cathodic
reduction occurred at
potentials strongly
dependent upon current
density; however, the
charge stored in the anodic
oxidation and retrievable
in the cathodic reduction
was appreciable, about 4mC.
Some of this stored charge
may be in surface Mo
compounds, but most will be
in the electrolyte: thus
the overpotential at any
current density decreases
with agitation; during an
open-circuit rest

(Figure 6a) further stored
charge becomes available;
and the potential returns
to about 1090mV following
polarization to higher or
lower values (Figure 6b).

1.1

The nature of the
active redox system on Mo
is not yet established.
Similar behavior was found
on Pt and on spec-pure (no
metals) graphite.
Candidate redox systems
include Clp/C1l” and
oCl1~/C1™.

Attempts were made via
ESR to detect any
long-lived free radical
formed as a result of
anodic oxidation of the 2:1
AlC13 -BPC melt on Mo and on
C. Special care was taken
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to eliminate the
potentiall¥+spin active
species Ag ~ or Cu** from
the anolyte which could
originate from the
reference electrodes. No
active species were found.

(c) Transitional
Metals: Cu, Fe.

The redox system
Cu/Cu*? does not display
simple behavior. The
anodic oxidation is much
faster than cathodic
reduction, even in a 2:1
AlC13-BPC melt saturated
with Cu2Cl,. Both active
and passivated copper were
studied. At anodic
potentials more positive
than about 0.22V at room
temperature the metal
passivates (see Figure 7).
The dependence of peak
current izP, and of
passivating current iz (at
a potential 3.0V at which
passivation was assured),
was measured from -30° up
to +80°C. The anode and
reference were separated by
a glass frit from reduction
product (s) which might be
formed at the Cu counter
electrode, and the anode
potential was swept at
ImvV/sec from 0 to 3.00V and
held there. After iz had
stabilized and had been
measured, the potential was
swept at 5mV/s up to 3.50,
then down to 2.50 and back
to 3.00, and the average
slope AV/ Ai determined.
Thus two measurements iy
and AV/Ai, related to the
resistance of the
passivated electrode, were
in hand. Then the

temperature was re-set, up

or down several degrees,
and after stabilization of
i, the AV/A i
redetermined. Between -30°
to +45°C this procedure
gave a systematic measure
of "resistance" as a
function of temperature
(see Figure 7). Repeated
returns to 21°C gave values
which indicated that no
irreversible changes had
occurred at higher or lower
temperatures (although this
observation does not prove
that the films were not
different at the different
temperatures) .

The activation energy
for the peak rate iz* is
very low (20 KJ/mol)
indicating mass transfer
control in the electrolyte
and perhaps diffusion of
Cu away from the anode.
The value of 20 KJ/mol
compares favourably with
Osteryoung's (22) for
diffusion controll%@
transfer of the Fe
couple in these melts.
mec%anism changes below
-20 C to a process with an
activation energy of 50
KJ/mol.

mass
/Fe 3+
The

Above 46°C the
activation energy for the
anodic oxidation process
for the passivated copper
(held at 3.0V) is about 50
KJ/mol (slopes plus or
minus 2.5 for resistance
v/ AL  or rate ig). This
suggests that a different,
perhaps liquid crystal
medium, controls transport
processes at or in the
surface film. Above 46°C
the film apparently is much
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thinner because of
dissolution. Some
chemical-activation process
with much higher activation
energy (130 KJ/mol-l), such
as Cut = Cu*t* + e; must be
rate-determining.

The i/V sweeps in the
range 3.0 ¥ 0.5V at
temperatures greater than
about 40°C show a minimum
in the i/V curve right at
the formation potential of
3.00V. From this fact it
could be argued that the
resistance is really a
back-emf due to
concentration gradient of
the conducting species in
the film. Under these
steady-state conditions the
electrolyte should be
saturated with the Cu®
Solubility is low. By
means of ESR Cut2 was
detected in the
electrolyte, although there
was no appearance of the
characteristic blue color
of Ccut? in any of these
experiments. The role of
the Cut/cu** couple in the
melt remains unknown.

PROSPECTS - FUNDAMENTAL
AND APPLIED

Several opportunities
for fundamental
electrochemical work on
metals in AlCl3-BPC melts
have been identified. They
include: (a) redox
processes on Pt and Mo; (b)
anodic electrocrystal-
lization on Cu and Ag; (c)
dissolution of Li, Mg; (4)
stripping of surface films
from Al, Ti and Zr; (e)

identification of
electrolyte complexes and
of anodic and cathodic
reaction products.
Attention to purity and
analytical content is seen
to be of primary
importance, and is
stressed.

The stability of
supercooled melts is of
fundamental interest, as
well as is the effect of
soluble metallic chlorides.
The most fundamental
question to be answered

remains: Why are these
mixtures liquid at R.T. and
below?

Other melt systems
such as the imidazolium
based systems developed by
Wilkes et al (15) may have
the same prospects
suggested for BPC based
melts. The theoretical
basis for the
identification of
alternate, more stable
nitrogen heterocycles has
been LUMO calculations.
Our preliminary
investigations indicate
additional "potential"
systems suitable for future
study.

From a technological
application viewpoint, the
use of R.T. melts is
limited by stability and
electrical conductivity.
Metallurgical uses such as
the removal of scales or
oxides from metals like Mo
and Ti may be feasible.
There is evidence for
electrodeposition of Cu and
Al.
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Primary batteries
based on Li, Ca or related
alloys as anodes are
possible. However,
preliminary estimates
indicate that the
performance is not likely
to exceed that of a good
Zn-Ag0 reserve primary. As
an alternative to organics
now used in conventional
lithium primaries, these
melts may offer a useful
alternative for special
applications. Prospects
for melts as media for
electro-oxidizing oily
organic wastes and
recovering metals from them
needs to be examined, as
does the possibility of
conducting more selective
organic coupling reactions
than are possible with the
Friedel-Crafts reactions.

In the present work,
we have concentrated on the
acidic, low-freezing point
melts. If low f.p. is not
an important consideration,
the neutral or basic melts
become interesting. As
would be expected, both the
molecular structures and
electrode processes vary
with melt composition.
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FIGURE 1-N-BUTYL PYRIDINIUM CHLORIDE
ALUMINUM CHLORIDE PHASE DIAGRAM
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FIGURE 2 - Cyclic Voltammogram of Ti in a
AlCl, - BPC melt.
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FIGURE 3 - ESR Spectrum of blue reduction product.
Envelope centered at 3378G at 9.476 GHz.
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FIGURE 4 - Open Circuit Voltages of several metals
vs an Ag reference.
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FIGURE 5 - Cyclability and Passivation of Li foil
in a 1:1 melt.
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ABSTRACT

The electrochemical reductions of benzil, benzoin, and
benzophenone have been studied in the l-methyl-3-butyl-
imidazolium chloroaluminate molten salt system. For benzil,
the primary two-electron reduction process in the basic melt
produces a complexed stilbenediolate intermediate which
undergoes rearrangement to the benzoin dianion. In the
acidic melt, a 1.8 volt shift in benzil reduction to more
positive potentials is observed due to complexation of the
carbonyl oxygens by aluminum chloride. Benzophenone and
benzoin, both of which undergo a two-electron reduction in
the basic melt, also exist in the acidic melt as aluminum
chloride complexes.

INTRODUCTION

Previous studies of anthraquinone (1) and chloranil (2) in the
aluminum chloride : l-butylpyridinium chloride molten salt system have
established that the electrochemical characteristics of these compounds
depend markedly upon melt acidity. On the basis of these results, it
was decided to investigate other compounds containing carbonyl groups
in order to assess the generality of the phenomena involved. The
compounds benzil, benzoin, and benzophenone were chosen since they
represent aromatic ketones with some degree of structural variation.
The fact that these compounds typically undergo reduction at more neg-
ative potentials than do quinones (3), however, prevented their study
in the above molten salt system. With the discovery and character-
ization by Wilkes et al. of chloroaluminate molten salts based on
dialkylimidazolium chlorides (4,5), a system became available which
retains the advantage of room-temperature operation while possessing
a much wider potential window for voltammetric studies, particularly
in the basic region. Our results for ketone reduction in this molten
salt system are presented in this paper.
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EXPERIMENTAL

All experiments were carried out in a Forma Scientific Company
glovebox, the argon atmosphere being purified by continuous passage
through mclecular sieves and both Ridox (Fisher Scientific Company)
and BTS (BASF Corporation) oxygen removal catalysts. Total oxygen and
moisture content is estimated to be below 10 ppm based on the absence
of fumes from samples of titanium tetrachloride and diethylzinc kept
in the glovebox.

Aluminum chloride (Fluka Chemical Corp., puriss.) was sublimed
three times, giving small colorless crystals. 1-Methyl-3-butyl-
imidazolium chloride was prepared by reaction of l-methylimidazole with
1-butylchloride followed by threefold recrystallization of the salt
from acetonitrile/ethyl acetate mixtures (4). After drying at 50°C in
a vacuum oven for two to three days, the salt was placed on a vacuum
line in the molten state for several hours prior to introduction into
the glovebox. Melt compositions are denoted by the aluminum chloride:
l-methyl-3-butylimidazolium chloride molar ratio.

Benzil, benzophenone (Aldrich Chemical Company), and benzoin
(Matheson, Coleman and Bell) were used as received, the melting points
of the compounds agreeing with the literature values.

Electrochemical experiments were carried out using a Princeton
Applied Research (PAR) Model 174A Polarographic Analyzer for voltam-—
metric experiments and a PAR Model 170 Electrochemistry System for
coulometry and preparative electrolysis. In some cases a micropro-
cessor-based function generator was employed in cyclic voltammetric
studies. The cell system used has been described previously (6). A
3 mm diameter vitreous carbon rod was used as the working electrode,
with potentials referred to an aluminum wire immersed in a 2.0 : 1.0
aluminum chloride : l-methyl-3-butylimidazolium chloride melt. Unless
otherwise indicated, experiments were carried out at a temperature of
25 + 1°c.

Preparative electrolyses were run in a 35 mm diameter vitreous
carbon crucible (Atomergic Chemetals Corp.). Product isolation from
these electrolyses involved hydrolysis of the melts with distilled
water followed by extraction with either benzene or hexane.

RESULTS AND DISCUSSION
Benzil
As seen in Figure 1, benzil reduction in the 0.8 : 1.0 basic
melt occurs at -1.05 V, with a subsequent reduction at -1.27 V and
oxidation processes at +0.22 V and +0.55 V also apparent. The initial

reduction process was studied in some detail by means of several
electrochemical techniques. Variation of the cyclic voltammetric scan
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rate over the range 10 mV/second to 200 mV/second produced a linear
dependence of peak current on square root of scan rate, indicating

that the reduction is diffusion-controlled on this time scale. Cou-
lometry at -1.10 V showed that two electrons are involved in the re-
duction, while hydrolysis of the melt following a preparative electrol-
ysis at this potential led to the isolation of benzoin in approximately
90 7 yield.

In carrying out the cyclic voltammetric survey, it was found
that, as the scan rate was increased, the current observed for the
reduction process at -1.27 V decreased relative to that for the ini-
tial reduction process while a corresponding increase in the oxidation
peaks at +0.22 V and +0.55 V occurred. At scan rates above 20 V per
second, the second reduction process was not observed, leaving only
the single reduction peak with subsequent oxidation process, seen as
one broad peak, in a peak current ratio (cathodic to anodic) of 3.0.
Upon lowering the scan rate to 10 mV/second, a small amount (approx-
imately 10%, based on the above peak current ratio) of the species
undergoing oxidation was still observed on the return sweep, with the
second reduction process now greatly predominant. It is evident from
these results that the species responsible for the oxidation processes
are intermediates formed upon reduction of benzil and undergo a trans-
formation to a substance the reduction of which is observed at -1.27 V.

The most plausible interpretation of these results involves the
initial two-electron reduction of benzil to form a complexed stilbene-
diolate intermediate followed by a rearrangement to the benzoin dianion
as depicted in Figure 2. It should be noted that a similar pathway
has been proposed by Stapelfeldt and Perone for benzil reduction in
aqueous media (7,8). In the basic melt, benzil reduction apparently
occurs as an ECEC process since the uptake of two electrons occurs in
a single reduction process. As is the case for chloranil and anthra-
quinone reduction in basic aluminum chloride : n-butylpyridinium
chloride melts (1,2), the chemical step following the first electron
transfer involves an interaction of the anion radical produced with
the tetrachloroaluminate ion, leading to the formation of the complexed
species shown in Figure 2. The complexed stilbenediolate undergoes
oxidation at +0.22 V and +0.55 V, the two processes corresponding to
the oxidation of the trans and cis isomers, respectively, by analogy
to the situation in aqueous media (7,8). An approximate value of the
rate constant for the rearrangement involved in benzil reduction was
obtained by the method of Nicholson and Shain (9) as 0.01 sec™l, The
reduction of the complexed benzoin dianion, formed upon rearrangement
of the stilbenediolate intermediates, is responsible for the cathodic
process at -1,27 V., This assignment is supported by the fact that
reduction of benzoin added to the basic melt, which will be described
in greater detail in a later section, occurs at -1.25 V. The series
of voltammograms obtained at various temperatures, shown in Figure 3,
shows qualitatively the increasingly rapid formation of the benzoin
dianion as the temperature is raised.
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In the 1.2 : 1.0 acidic melt, a large shift (1.8 V) of the poten-
tial for benzil reduction occurs (Figure 1), as has been observed in -
the l-butylpyridinium chloroaluminate system for quinones (1,2) and
amines (10) for which complexation by aluminum chloride in the acidic
melt took place. Further evidence for such an interaction for benzil
in the present system was obtained by comparing infrared spectra of
benzil in the 0.8 : 1.0 basic melt and 1.2 : 1.0 acidic melt. As seen
for anthraquinone complexation (1), a complete shift in carbonyl
stretching frequency from 1670 cm~l (basic melt) to 1545 em~1l (acidic
melt) was observed, indicating that the carbonyl groups are both com-
plexed by aluminum chloride in the acidic melt. In contrast to the
complexed anthraquinone, however, the complexed benzil is very soluble,
to the extent of at least 0.5 M, in the acidic melt.

More quantitative electrochemical experiments involved coulometry
at +0.50 V, indicating a two-electron process, and preparative elec-
trolysis at the same potential, giving rise to benzoin as isolated from
the hydrolyzed melt. The fact that the voltammogram in Figure 1
(acidic melt) shows only one reduction process suggests that the ini-
tial benzil reduction product in the acidic melt does not undergo re-
arrangement as it does in the basic melt., Voltammetry of reduced
benzil solutions showed an oxidation peak at +1.72 V, corresponding to
that shown in Figure 1, upon an initially positive potential sweep from
+1.20 V. This information, coupled with the above coulometric study,
strongly indicates that the reduced benzil in the acidic melt exists
as the complexed stilbenediolate dianion. The peak current correspond—
ing to its oxidation showed a slight (10%) decrease over a period of
two days, indicating that the species is not completely stable in the
acidic melt., As in the basic melt, one complexed stilbenediolate
species, probably the trans isomer, predominates in the acidic melt.

The separation in potentials observed for the benzil redox pro-
cesses in the acidic melt is an indication that benzil undergoes fur-
ther complexation upon reduction. This interaction can be represented
by the equation

- - X 2- -
B(A1C13)2 + m A12Cl7 + 2e D —— B(AlCl3)2 +m + m AlCl4 N

in which B(A1C13)2 refers to benzil the oxygen atoms of which are com-

plexed with aluminum chloride and m is the number of additional alumi-
num chloride molecules acquired in the reduction process. The value of
m was determined by a potentiometric study in which the potential of a
coulometrically produced mixture containing equal amounts of the oxi-
dized and reduced benzil species was measured as a function of the

melt composition according to the Nernst equation

RT [B(AlCl3)2] mRT [A12Cl7 1
E = E + 57 In — o + 7 In ——— .
[B(A1C13)2 + m] [AlCl4 ]
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[A12C17 ]

[A1C14-]

acidity range 1.05 : 1.00 to 1.70 : 1.00 was found to be 49 mV per
log unit, indicating that somewhat less than two (1.7) A12Cl7‘ ions

The slope of a plot of E against log (Figure 4) over the

are involved in the reductive complexation process. The corresponding
value for anthraquinone reduction as previously studied (1) was found
to be 2.0, suggesting that each oxygen atom in the reduced quinone is
complexed by two aluminum chloride molecules; in the present case, the
smaller value for m may indicate that some sharing of the complexing
aluminum chloride between the oxygen atoms occurs as a result of their
rather close proximity. The slope of the curve increased somewhat to
74 mV per log unit in the acidity range 1.70 : 1,00 to 2.00 : 1.00,
suggesting that a more extensive interaction occurs at higher acidity
levels. Finally, cyclic voltammetric sweeps in both directions from
the rest potential following the potentiometric study indicated little
if any decomposition of the reduced form of benzil had taken place.

A brief study was also made of benzil electrochemistry in the
neutral melt, typical results being shown in Figure 1. It is interest-
ing to note that the situation in the neutral region is not as well-
defined as is the case for anthraquinone, in which a process attributed
to the singly complexed quinone was observed (1). It is thought that
the present results again reflect the fact that the complexation sites
of benzil are both much closer together than those of anthraquinone
and not as constrained in their orientation to one another, a situation
which apparently leads to some lack of definition in the electrochem-
ical properties of the singly complexed benzil species.

Benzoin

The formation of the benzoin dianion from benzil reduction in the
basic melt prompted a study of the electrochemical behavior of benzoin
itself in the molten salt. In Figure 5, the cyclic voltammogram of
benzoin added to a basic melt shows the main reduction process at
-1.25 V, preceded by a smaller process at -1.10 V. Since the peak
height for this smaller system did not appear to depend directly on the
scan rate, it was assumed that it did not indicate product adsorption
in the benzoin reduction but that the response was due to the presence
of another electroactive species in the melt. Support for this con-
clusion was obtained from a voltammogram taken at platinum rather than
vitreous carbon, under otherwise identical conditions, which showed a
larger peak at -1.10 V than at -1.25 V. Given the higher overpoten-
tial for proton reduction at vitreous carbon compared to platinum (11),
the most logical assignment for the more positive process is that of
proton reduction. It should be noted here that a smaller response at
this potential was observed in background scans (before benzoin addi-
tion) at platinum, and apparently is due to protons formed from inter-
action of trace amounts of moisture with the chloroaluminate melt (12).
The larger proton concentration observed after benzoin addition indi-
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cates a displacement of chloride ion from the tetrachloroaluminate ion
by the benzoin hydroxyl group, giving a complexed benzoin and a proton.
It should be stressed at this point that this complexation occurs not
at the carbonyl oxygen but at the hydroxyl oxygen. The structural dif-
ference between this complexed benzoin, with its C-H bond intact, and
the benzoin dianion produced in benzil reduction (Figure 2) is rather
slight, a fact which is consistent with the similarity in reduction
potentials for these species.

The voltammograms in Figure 5 illustrate the shift in potential
observed for benzoin reduction as a result of complexation of the car-
bonyl oxygen by aluminum chloride as the melt acidity is increased intc
the neutral and acidic regions. The fact that no additional processes
were observed between those illustrated is most probably due to the
presence of only one site on the molecule at which additional complex-
ation can occur. In the 1.2 : 1.0 acidic melt, it is seen that the
aluminum deposition process partially obscures the peak for reduction
of the benzoin : aluminum chloride complex.

Benzophenone

As is evident from the voltammetric curves in Figure 6, only one
process is observed for benzophenone reduction in the basic melt. The
potential at which this reduction occurs is considerably more negative
than that for benzoin or benzil reduction, an observation which re-
flects the existence of other electron-withdrawing centers near the
carbonyl group in the latter cases. Coulometric investigations re-
vealed that two electrons are involved in the reduction; therefore, it
again appears that a rapid complexation of the intermediate anion rad-
ical takes place by displacement of chloride from tetrachloroaluminate,
followed by the uptake of another electron by the system. Benzhydrol
(diphenylmethane) was isolated from the hydrolyzed melt following a
preparative electrolysis at ~1,70 V, indicating that the electrolysis
product in the melt is the complexed form of the alcohol in which the
oxygen and carbon of the C-O bond are each complexed with aluminum
chloride., In the neutral and acidic melts, a simple shift in reduction
potential to -0.30 V is observed, again characteristic of complexation
of the carbonyl group prior to reduction., As in benzoin reduction, the
reduction process here occurs immediately positive of aluminum deposi-
tion in the acidic melt.

CONCLUSIONS

Perhaps the most general aspect of this work is the complexation

of ketone reduction products, whether in the basic or acidic region,

by interaction with species in the melt, More specifically, displace-
ment of chloride from the tetrachloroaluminate ion by oxygen anions
upon carbonyl reduction occurs in the basic melt, whereas in the acidic
melt the interaction is probably with the more acidic heptachlorodi-
aluminate species with resultant displacement of tetrachloroaluminate.
These interactions appear to be extremely fast and result in ECEC two-
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electron processes as characteristic reduction pathways for the systems
studied. The rapidity of this complexation is such that intermolecular
coupling of any intermediate radicals is effectively prevented, as seen
by the formation of the complexed benzhydrol from benzophenone reduc-
tion, whereas coupled products, typically pinacols, result from reduc-
tion of ketones in other nonaqueous solvents (13).

Another common feature seen in this study involves the complex-
ation of the carbonyl groups of the ketones by aluminum chloride upon
their introduction into the acidic melt. A shift in reduction poten-
tial was observed for all the ketones studied in this work, as has been
found previously for quinones (1,2) and amines (10) in chloroaluminate
melts. In the case of benzil, a corresponding shift in carbonyl infra-
red stretching frequency confirmed that both carbonyl oxygens undergo
complexation.

The rearrangement observed upon benzil reduction in the basic
melt allows some correlation of the properties of the molten salt sol-
vent system with those of aqueous systems by comparing the rates of
the rearrangement in the two systems. In aqueous buffers, it was found
that the rearrangement of the stilbenediolate intermediate is rather
slow in acidic solutions ( 0.0011 sec-1l at pH 1.0 ) and increased as
the solutions were made more basic (7). The rate in neutral aqueous
solutions ( 0.0073 sec~! at pH 7.2 )(7) appears to correspond rather
closely with that observed in the basic molten salt, indicating that
the complexation of the stilbenediolate, whether by protons or alum-
inum chloride, is not sufficiently strong to prevent rearrangement to
the benzoin dianion with its conjugated carbonyl group. At low pH and
in the acidic melt, the greater complexing ability of these media slows
the rearrangement markedly and, in the melt, allows the existence of
the stilbenediolate species as a rather stable entity.
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Figure 1. Cyclic voltammograms of benzil (20 mM) in 0.8:1.0 basic melt
(top scan), neutral melts (middle scans), and 1.2:1.0 acidic melt
(bottom scan). Scan rate = 100 mV/second. Temperature = 25°C.
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Figure 2, Mechanism of benzil reduction process in 0.8:1.0 basic melt.
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Figure 5. Cyclic voltammograms of benzoin (28 mM) in 0.8:1.0 basic
melt (top scan), neutral melt (middle scan), and 1.2:1.0 acidic melt
(bottom scan). Scan rate = 100 mV/second. Temperature = 25°C.
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Figure 6. Cyclic voltammograms of benzophenone (28 mM) in 1.2:1.0
acidic melt (top scan), neutral melt (middle scan), and 0.8:1.0 basic
melt (bottom scan). Scan rate = 100 mV/second. Temperature = 259¢C.
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ABSTRACT

Mixtures of 1, 3-dialkylimidazolium chlorides and aluminum
chloride are liquid considerably below room temperature,
and they promote certain organic reactions. Acidic mix-—
tures of l-methyl-3-ethylimidazolium chloride and AlClj
act both as a solvent and a catalyst for alkylation and
acylation of aromatic compounds. The rate of reaction may
be controlled by changing the Lewis acidity of the melt and
the temperature. The melts that were used permit reactions
at sub-zero temperatures. Spectroscopic experiments showed
the identity of the catalytic species in the melt and the
reactive intermediate.

INTRODUCTION

The behavior of organic compounds in chloroaluminate molten salts
has been studied by several groups in the last decade., Early work
involved the relatively high temperature (approximately 175°C)
NaCl-AlCl3 molten salts, but problems with solubility, thermal
stability and volatility were experienced. Later, low temperature
melts comprised of l-alkylpyridinium chloride and aluminum chloride
were used to study the electrochemistry of a variety of organics at
or near room temperature. As a rule, these electrochemical reactions
took advantage of the ability of the AlCl3-rich melts to stabilize
positive oxidation states of aromatic compounds (1). Numerous types
of organic reactions employing chloroaluminate melts have been
reviewed by Jones and Osteryoung (2). Surprisingly, reactions in the
new low temperature melts have not been as extensively studied as .
those in the high temperature NaCl-AlCl3 melts.

Recently, we have been studying the structure, physical proper-
ties and chemistry of chloroaluminate melts consisting of mixtures of
1,3-dialkylimidazolium chloride and aluminum chloride (3). These
mixtures are liquid at room temperature and some compositions melt
substantially below room temperature. In addition, they demonstrate
a much wider range of Lewis acidity than the NaCl-AlCly mixtures.
The binary mixture of 1l-methyl-3-ethylimidazolium chloride and
Al1Cl3 ("MeEtIm melt") has a particularly favorable combination of
physical properties and ease of preparation. We noted that the
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MeEtImC1-Al1Cl3 mixtures dissolved a wide variety of organic com—
pounds and stabilized organic radical actions. We report here that
the low melting MeEtImC1-AlICl3 molten salts can act as catalyst
and/or solvent for classic Friedel-Crafts alkylation and acylation of
aromatic compounds.

EXPERIMENTAL

All melts were prepared as reported previously (3). In a glove
box the appropriate amount of melt and aromatic compound were added
to an "airless-ware" reaction flask (Kontes), usually 50 mL, equipped
with a magnetic stirring bar. All further operations were done out-
side the glove box, using a dry nitrogen flow to exclude moisture.
The reaction mixtures were usually cooled to 0° C in an ice/water
bath. The organic chloride was added to the aromatic/melt mixture by
pipet and the reaction was allowed to proceed for the appropriate
time, after which the reaction was quenched by pouring over ice. The
mixture was made alkaline with a concentrated NaOH solution until all
precipitate was dissolved. The mixture was extracted with diethyl
ether, dried over magnesium sulfate and analyzed by GC/MS.

RESULTS AND DISCUSSION

The venerable Friedel-Crafts electrophilic alkylation and acyla-
tion reactions are normally run in an inert solvent and catalyzed by
suspended or dissolved AlCl3. In this report we describe the reac—
tivity and extent of these simple reactions employing the unusual
MeEtImC1-Al1Cl3 catalyst and solvent system. Since an acidic spe-
cies 1is required to catalyze the reactions, compositions of the
MeEtIm melt where AlCl3 was in excess over the MeEtImCl was the
most effective catalyst. We usually express the melt composition as
apparent AlCl3 mole fraction, N, realizing that free AlCl3 does
not exist in the melt. An N = 0.67 melt is prepared by adding 2
moles of AlCl3 to 1 mole of MeEtImCl and is acidic. Likewise an N
= 0.50 melt is prepared by combining 1 mole of each, and is neutral.
N < 0.5 implies a basic melt. A combination of the two solids pro-
duces a liquid that has the unique dual character of catalyst and
solvent for Friedel-Crafts reactions.

A series of alkylating agents was investigated. Primary and sec—
ondary alkyl halides were added to mixtures of melt and benzene under
anhydrous conditions. Alkylated benzenes were observed after reac-
tions with methyl chloride, ethyl chloride, n-propyl chloride,
n-butyl chloride, cyclohexyl chloride and benzyl chloride. Gaseous
HC1 was evolved during all of the alkylation reactions. In addition
to mono-alkylation products, poly-alkylated benzenes were present in
the reaction products. For example, excess ethyl chloride reacted
with benzene to produce the following ethylbenzenes: mono-(12%),
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di-(11%), tri-(33%), tetra-(24%), penta (17%) and hexa-(2%). Methyl
chloride produced an interesting array of products (Table 1). Note
that the odd substitutions are virtually absent under the reaction
conditions described. We have no explanation for this and we could
not find any reports of similar phenomena in the literature.

Polyalkylation can be accounted for by considering the enhanced
activity of the alkylated product. An excess of aromatic substrate
would minimize polyalkylation. Thus, a ten fold excess of benzene
over n-propyl chloride, in the presence of the 0.67 melt, produced
predominately mono-propylbenzene (95%) with only 5% poly-propylated
products. The mono-propylbenzene consisted of 70% iso-propylbenzene
and 307 n-propylbenzene. The presence of iso-propylbenzene gives
evidence of rearrangement of the primary carbonium ion to the more
favorable secondary carbonium ion prior to ring substitution. The
predominance of the rearranged product is an indication that the car-
bonium ion is formed, since reactions where ionization does not take
place (i.e. where a "polarized covalent complex" is formed) show pri-
marily the unrearranged product (4). Rearrangement of n-butyl car-
bonium ion to secondary butyl carbonium ion also occurs in alkylation
reactions with n-butyl chloride. Rearrangements such as these are
common in classic Friedel-Crafts electrophilic aromatic alkylation
reactions. Spontaneous formation of carbonium ions in
1-(1-butyl)pyridinium chloride-AlCl3 melt has been reported (5), so
we believe that the alkylation proceeds by way of the completely dis-
sociated carbonium ions in the reactions described here.

Comprehensive positional isomerization studies of the polyalkyl-
ated benzenes have not been done in the melt to detect intramolecular
rearrangements. Under usual Friedel-Crafts conditions intermolecular
migrations among polyalkylated benzenes can also occur, especially in
the presence of excess catalyst, to produce a non-thermodynamically
controlled product distribution (6). The intermolecular migration
usually occurs following protonation of the polyalkylbenzene at the
carbon bearing an alkyl group with subsequent dissociation of the
carbonium ion. The same process should not be possible in the apro-
tic MeEtIm melts. An equimolar mixture of benzene and hexamethylben-—
zene in an acidic MeEtIm melt (N = 0.67) resulted in no toluene,
xylenes, mesitylenes, etc., thus there is no dissociation of the
methyl substituents, probably due to lack of H* in the medium.
Roch et al. (7) observed that Friedel-Crafts transalkylations could
be initiated electrochemically in ethylpyridinium bromide/AlCl3
melts, which are chemically similar to the MeEtIm melt described here.

The versatility of the MeEtImCl-Al1Cl3 melt 1in Friedel-Crafts
reactions was demonstrated by attempting the alkylation reaction with
different aromatic compounds. Table 2 lists the compounds and the
alkylated products. The reactions showed the expected behavior
towards activated and deactivated aromatic substrates, with no reac-
tion occurring with nitrobenzene.
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The classic nature of Friedel-Crafts electrophilic aromatic sub-
stitution reactions in chloroaluminate melts was further demonstrated
through relative reactivity measurements. In competitive propyla-
tion, toluene was found to be 1.9 times more reactive than benzene,
and chlorobenzene was approximately 0.55 times as reactive as ben-
zene. The relative rates suggest that a highly reactive electrophile
is produced during the reaction. Such reactive attack by electro-
philes 1is relatively non-selective for aromatic compounds that are
activated or deactivated by substituents, therefore, relative rates
are usually within the same order of magnitude.

Friedel-Crafts acylation of aromatic compounds with MeEtImCl mol-
ten salts proceeds with relative ease., Acylation proved simpler than
alkylation because the first substitution product deactivates the
aromatic nucleus towards further ring substitution. As a result,
mono-substitution is observed with essentially no poly-substitution
when benzene and acetyl chloride are reacted in acidic MeEtIm melt.
A competitive rate experiment similar to that described for alkyla-
tion was done and the expected order of reactivity for benzene, tolu-
ene and chlorobenzene was observed. The relative rates were 1, 37,
and 0.015 respectively. Note that the substituents are exerting more
kinetic control in the case of acylation.

The simplest of the acylation reactions, i.e., MeEtImCl1-AlClj
catalyzed reaction of acetyl chloride with benzene to produce aceto-
phenone was studied in detail. The rate at which acetophenone was
produced was dependent on the composition (hence Lewis acidity) of
the melt. In the melts described here, Lewis acidity is determined
by the proportions of AlCl3 to MeEtImCl used to prepare the melt,
and is expressed as the quantity N (vide infra). In chloroaluminate
melts, the Lewis acidity is known for any given composition. Melts
of greater Lewis acidity demonstrated greater catalytic activity than
those of weaker acidity or neutral and basic melts. A series of
experiments using constant weights of reactants and melt but variable
melt composition demonstrated the expected dependency. Figure 1
shows the initial rate of acetylation of benzene plotted vs N. The
reactions were run at 0° C, and progress monitored by GC/MS analysis
of aliquots. No substitution occurred in melts where N < 0.5, and
the initial rates or reactions were found to increase as the acidity
of the melt increased. These observations are almost certainly due
to the increasing concentration of the actual catalytic species in
the melt. The concentration of Al5Cl7” in the melts also is
plotted in Figure 1, and the dependence of [A15C177] on N sug-
gests that AlpCly” may be the catalyst responsible for promot-
ing the reactionm.

We examined the reaction between the melt and acetyl chloride by
nuclear magnetic resonance (NMR) spectrometry in order to learn some
details about the nature of the catalyst in the melt and the electro-
phile that is produced from the acetyl chloride. Observation of the
proton NMR resonance of the methyl group in the acetyl chloride (or
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its reaction product) was useful, since it was a singlet well separ-
ated from the proton resonances of the imidazolium ions in the
melts. Figure 2 shows the dependence on the acetyl proton chemical
shift on the relative concentrations of acetyl chloride ([CH3COC1])
and AlpCly;~ in the mixture. At low concentrations of acetyl
chloride, the acetyl resonance was shifted downfield, and did not
change much with increasing concentration. At high [CH3C0C1], the
resonance moved upfield with increasing relative concentration. The
threshold that delineated these two types of behavior was where
[CH3C0C1] was equal to the [Al5C177] in the mixture (zero on
the plot in Figure 2). This is very suggestive of a stoichiometric
reaction between the CH3C0Cl and Al5Cl77, which is probably
the actual catalyst in the melt. This is a very useful fact, because
we can now easily select the reactivity of the medium toward
Friedel-Crafts substitution by adjusting the N of the melt used. The
product  of the reaction between CH3COCl1 and Al)oCly~ is still
an open question., The simplest case would be complete transfer of
the chloride in acetyl chloride to produce the acetyl cation (l-oxo-
ethylium):

CH3COCl + AlpCly~ + CH3CO* + 2A1C1,~

Alternatively, a reactive complex of CH3COC1°**Al5Cly™
might be the species formed. The 'H NMR chemical shift of
CH3C0* has been measured (8), but in an entirely different sol-
vent and with a different reference. Olah reported that CHjcO*
was shifted 1.9 ppm downfield from its parent CH3COF. We see a 1.0
ppm downfield shift from the parent CH3COCl, which we cannot inter—
pret unambiguously as the completely dissociated CH3COY. t3c
NMR measurements are being done to clarify the matter.

From the results of the experiments described above we suggest
the reaction scheme outlined in Figure 3. Note that AlyCly”
is regenerated and that the observed products (acetophenone and HC1
are accounted for). We have written the reactive electrophile as
CH3CO"; but it may not be completely dissociated, as discussed
above.

We have not yet established the full scope of Friedel-Crafts
reactions in the MeEtImCl-AlC13 molten salts. At this point we
know that alkylations and acylations are promoted by the melt, the
reactions are homogeneous, and the work—up is relatively simple., The
melt is easily prepared in two steps from commercially available
materials, so it may be a generally useful reagent and solvent.
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TABLE 2
PROPYLATION OF AROMATIC COMPOUNDS2

N of Reagant Ratios
Aromatic Melt PrCl:Aromatic:Melt Product
Benzene 0.67 10:1:1 95% Mono-, 5% Poly-
Toluene 0.67 10:1:1 73% Mono—-, 27% Poly-
Chlorobenzene 0.67 10:1:1 967 Mono-, 4% Poly
Nitrobenzene 0.67 10:1:1 no reaction

a. Reactions run at 0° C for 10 min.
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ELECTROCHEMICAL PROPERTIES OF THE SOLVENT
SbC13-A1C13-N-(1-BUTYL)PYRIDINIUM CHLORIDE AND ELECTROCHEMICAL AND
SPECTROELECTROCHEMICAL STUDIES OF THE SOLUTE 9,10-DIMETHYLANTHRACENE

D. M. Chapman,1 G. P. Smith, M. Sgr]ie,z C. Petrovic,3
and G. Mamantov

Chemistry Division, Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

Physical and electrochemical properties were determined
for ternary mixtures of SbCl3, AlCl3 and
N-(1-butyl)pyridinium chloride (BPCT) that are liquid at
ambient temperatures. Specific conductivities of the com-
positions (mole %) 60:19:21 (basic) and 60:21:19 (acidic)
SbC13-A1C13-BPC1, measured over the temperature range
24 -7100°C, varied from 0.00395 to 0.02759 S cm-1,
Viscosities of the 60:21:19 and 60:19:21 melts were
22.8%0.7 and 31.5%x0.9 cp, respectively, at 25.1+0.5°C.

For a potentiometric titration between the compositions
60:18:22 and 60:22:18 with SbC13 fixed at 60 mol %, the
potential of the Sb(III)/Sb(0) couple increased by 0.43 V
at 27°C. Current-overvoltage curves for the oxidation of
antimony metal in a 60:21:19 melt at an Sb rod electrode
displayed Tafel behavior. The feasibility of performing
electrochemical studies in these media was demonstrated
using cyclic voltammetry, differential pulse polarography
and double potential-step chronocoulometry to elucidate the
electrochemical behavior of 9,10-dimethylanthracene (DMA)
in the 60:19:21 melt. The solute was reversibly oxidized
to its radical cation at an anodic peak potential of +0.50
V relative to the reference electrode SbC13-BPC1(%), sat.
SbC13/Sb at 27°C. Spectroelectrochemical experiments on
DMA using an optical multichannel spectrometer over the
range 479-984 nm are reported. The spectrum of the DMA
radical cation has four bands with the most intense at

678 nm.

lgraduate student, University of Tennessee, Knoxville,
Tennessee

Visiting scientist from the University of Tennessee,
Knoxville, Tennessee

Department of Chemistry, University of Tennessee, Knoxville,
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183



Introduction

AAAAAAA

It has recently been shown (1) that certain SbCl3-rich mixtures
of SbCl3, AICl3 and N-(1-butyl)pyridinium chloride (BPC1) are molten
at room temperature and act as solvent-catalysts for hydrogen
transfer reactions of anthracene, and that the 9H-anthracenium ion
is stable in some of these media. These results suggest that Tow-
melting SbC13-A1C13-BPC1 mixtures may have chemical properties simi-
lar to those of higher-melting binary SbC13-A1C13 and SbC13-MCI
systems (where MC1 is a strong chloride ion donor such as KC1 or
[CH3]4NC1). These higher melting salts have been shown to have
unique catalytic properties and to provide environments in which
arenium ions and arene radical cations are quite persistent and
readily studied (2-9). The room temperature melts are more easily
handled than the higher-melting mixtures, and carbocations may prove
to be even more persistent at ambient temperatures than they are
in the binary mixtures at elevated temperatures.

As a next step toward utilizing the ternary room temperature
melts, we measured some of their physical and electrochemical
properties, and studied the electrochemical oxidation of
9,10-dimethylanthracene (DMA). In studies of the higher-melting
SbCi13-rich mixtures, information on the potential of the
Sb(II1)/Sb(0) couple as a function of composition together with Elp
values for arene solutes proved to be of key importance in eluci-
dating the chemistry of arenes in these media and we anticipate
similar benefits from electrochemical studies of the ternary melts.

Experimental

Materials. — Purification of the melt constituents has been
described (I). 9,10-Dimethylanthracene (Aldrich, >99%) was used
without further purification. Antimony metal (Bradley Mining Co.,
99.99%) was vacuum cast into 3-mm diameter single crystal rods that
were drilled and threaded to serve as electrodes.

Cells and Electrodes. — The spectroelectrochemical cell, elec-
trodes and fittings have been described (9) except that tungsten
(Alfa, 99.98%) was substituted for platinum wire as a working
electrode material, and the reference electrode was fitted with a
Pyrex screw joint, FETFE o-ring and teflon bushing (Ace Glass) for
easy assembly. The electrolyte in the reference electrode was a
binary SbC13-BPC1 melt saturated with solid SbC13. This reference
electrode is designated SbC13-BPC1(2), sat. SbC13/Sb. The indica-
tor electrode for the EMF measurements was an Sb metal rod which
was machined to expose a fresh surface and cleaned with methanol.
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The acid-base titration (described below) was performed by pipetting
a known volume of acidic melt into a known volume of basic melt.

The conductivity cells, instrumentation and experimental proce-
dures were the same as described previously (10). Viscosity
measurements were made at ambient temperature in a glove box using a
Sargent-Welch Model S-83400D falling ball viscosimeter. Caljibration
of the viscosimeter (cell constant = 4.07:0.01 x 10-% cm? 5‘2) was
accomplished as described in the literature (11).

Instrumentation. — The electrochemical instrumentation con-
sisted of a Princeton Applied Research Model 174A Polarographic
Analyzer, a Model 173 Potentiostat/Galvanostat equipped with a Model
179 Digital Coulometer, and a Model 175 Waveform Generator. Data
were recorded with either a Hewlett-Packard Model 7045A X-Y recorder
or a Nicolet Model 2090-III digital storage oscilloscope.

Absorption spectra for the spectroelectrochemical (SE) experi-
ments were measured in the visible region with the following equip-
ment. Radiation from a 10-W quartz/halogen lamp was filtered with
neutral-density filters to control intensity and a 470-nm long-pass
filter to eliminate second-order light. An image of the filament
was focused on a square aperture to crop the edges, and a 4x4-mm
image of the aperture was focused on the optical cell, which had a
1-mm path length. Light transmitted through the cell was focused on
the entrance slit (0.025 mm) of a flat-field, 0.32-m spectrograph
(Instruments SA, Inc. Model HR-320) equipped with a 152.5 grooves
mm-1 grating. Dispersed light was focused on the face of a linear
silicon photodiode array detector (EG&G/PAR Model 1412). The detec-
tor array consisted of 1024 photodiodes and was thermoelectrically
cooled to -20°C. Detector control and read-out were performed with
an EG&G/PAR Model 1218 detector controller and Model 1215 system
processor. Spectra were stored on 8-in. floppy disks, and hard copy
was obtained with a Hewlett-Packard 9872B plotter and a Data Access
Systems, Inc. Model 360 line printer. Wavelength calibration and
resolution verification were performed with Hg, Ne, Ar, and Xe atom-
ic lamps.

With the equipment described above a wavelength window 505 nm
wide was spread over the 1024 photodiodes to give a maximum of 1024
optical channels at 0.5-nm resolution with a read-out time of 16.4
ms per spectrum. However, in the experiments described here neither
such resolution nor such speed was required. By allowing the signal
to accumulate and then reading the photodiodes in pairs, a 512-
channel spectrum with high signal/noise ratio was obtained in
~0.2 s at a resolution of 1.0 nm. The spectra were corrected for
dark current and a slight drift in lamp intensity. A Cary Model 219
spectrophotometer was used for non-SE optical measurements.

Experimental Procedures. — All material transfers were per-
formed in an argon-filled glove box where 02 and Hp0 were
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continuously monitored and kept below 1 ppm by circulation of the
atmosphere through a purification train. Weighings were performed
on an analytical balance in the glove box. Positive feedback cir-
cuitry was employed during voltammetric measurements to compensate
for solution resistance. The SE experiment was computer controlled
in such a way that a spectrum (intensity vs. wavelength) was
measured every 60 s. The integration time per spectrum was 0.183 s,
and the wavelength window was 479 - 984 nm. Absorbance was calcu-
lated by using a spectrum taken just prior to electrolysis as a
reference. In order to remove gas bubbles trapped in the optically
transmitting electrode (OTE), the SE cell was partially evacuated
for a short period prior to the experiment and refilled with argon.

A1l temperatures (unless otherwise noted) were measured with
copper/constantan thermocouples which were calibrated against a
platinum resistance thermometer with a Minco RT 88078 bridge, the
calibrations of which are traceable to NBS standards.

Results and Discussion

ARRAARRARARARAARARR AR~

Reactions Among Components. — The SbC13-A1C13-BPC1 mixtures
considered here were restricted to the following formal
compositions: 60 mol % SbC13, (20+a) mol % AICI3 and (20-a) mol %
BPC1 where -2<a<+2. Aluminum trichToride is a strong chloride ion
acceptor, SbC13 is a much weaker acceptor while BPC1 is a chloride
ion donor. Therefore, the dominant chloride-exchange reaction was

BPCT + AICI3 » BPT + AICI4” (1)

Since the AIC13:BPC1 mole ratio was close to unity for all melts,
one can regard the liquid as consisting of the binary mixture
SbC13-BP(A1C14) (75-25%) to which small amounts of AIC13 or BPCI
were added. The acidic and basic species in these solutions have
been discussed elsewhere (1) so that we shall do no more here than
summarize the principal equilibria that have been proposed to occur
among them, namely:

SbC13 * SbClo*(solvated) + Cl-(solvated) (2)
2A1CT4" % AlpCl7™ + C17(solvated) (3)
SbC1y*(solvated) + 2AICI4~ 2 SbCIz + AlpCly~ (4)
SbC1,*(solvated) + AICI4™ = SbCIp(AICI4) (5)

where S$bC1o* and C1- are strongly solvated by SbCl3 molecules. It
is expected that equilibria (2), (3) and (4) are displaced strongly
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to the left so that SbCi,* (solvated), rather than Al,Cl;”, is the
dominant Lewis acid in melts for which A1C13:BPCI > 1.

Physical Properties. — The viscosities of the 60:21:19 (acidic)
and 60:19:21 (basic) melts were determined at 25.1%0.5°C to be
22.8+0.7 and 31.5%0.9 cp, respectively. The viscosity of the acidic
melt is comparable to viscosities measured for AlCl3:alkylpyridinium
chloride (ATkPC) melts with an A1C13:ATkPC mole ratio of 2:1 (12).

The electrical conductivities of the 60:19:21 and 60:21:19
melts were measured over the temperature range 24 to 100°C with
results that are shown in Fig. 1. The specific conductivities of
the two ternary mixtures are almost equal at ambient temperatures,
but at higher temperatures the basic melt becomes more conducting.
The conductivities are comparable to those reported for binary
A1C13:A1kPC (2:1) mixtures (12), but are about one order of
magnitude less than the conductivities reported for acidic alkali
metal chloroaluminate melts at slightly higher temperatures (13).

For comparison with SbC13-A1C13 melts, we have included in
Fig. 1 the conductivity of the binary melt whose composition most
closely resembles the SbC13:A1C13 ratio in the ternary melts (10).
As can be seen in Fig. 1, the conductivity vs temperature function
for the ternary melts has a curvature (slope increasing with
temperature) opposite to that of the binary melt curve.

Current-Overvoltage Studies. — In an earlier investigation
(14) of the acid-base dependence of the potential of an Sb metal rod
immersed in SbC13-A1CT3 (>90 mol % SbC13) an appreciable irrever-
sibility was observed. Furthermore, in a preliminary study using
cyclic voltammetric and chronocoulometric measurements of the
electroreduction of SbCl3 at inert microelectrodes in acidic
A1C13-NaCl melts, we found the process to be kinetically hindered.
Therefore, we investigated the electrochemical reversibility of the
Sb{II1)/Sb(0) couple in an acidic 60:21:19 melt by means of current-
overvoltage curves.,

In the absence of mass transfer effects the Butler-Volmer
equation (15) may be used to predict current-overvoltage behavior.
For large overpotentials (n > 0.118/n mV) the equations

Tn i = (-a nfn) + In i4 (6)
for cathodic currents, and
In i ={(1 -a)nfn} + 1In ig (7)
for anodic currents should be valid (15). The data are plotted in

Fig. 2; the anodic branch displays Tafel behavior for n > 40 mV.
The apparent exchange current obtained from the intercept of this
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curve is 13 upA cm‘z, and the transfer coefficient determined from
the slope is 0.8. The cathodic branch is somewhat more complicated,
and the electrode process may involve more than one fundamental step
(16). The possible complications are not significant in poten-
tiometry as long as the current densities are low, as is the case
with the high-impedance circuits used in the present investigation.
For potentiometric purposes (including the use of antimony as a
reference electrode) the electrode was considered to behave revers-
ibly.

Equilibrium Studies. — The overall reduction of SbCl3 releases
C1- ions according to Eq. (8)

1/3 SbC13 + e~ » 1/3 Sb + CI~ (8)

Thus, the potential of the Sb(III)/Sb(0) couple is dependent on the
chloride ion activity. An acidic medium will drive reaction (8) to
the right, thereby increasing the "oxidizing power" of SbCl3.

The change in the potential of an antimony electrode resulting
from changes in ternary melt composition was measured using the
following concentration cell:

Sb/sbC13(solid), SbC13-BPCI(liquid):frit:
$bC13-A1C13-BPC1 (60:x:y mole %)/Sb

where x:y varied from 22:18 to 18:22. The lack of information
regarding the transference numbers of charge carriers prevented a
calculation of the junction potential. No attempt was made to ana-
lyze the data for the purpose of establishing an acidity scale.

The EMF data are shown in Fig. 3 and demonstrate that the
potential of the Sb(III)/Sb(0) couple may be tuned over a potential
range of 0.43 V for the compositions indicated. For comparison, the
Sb(III)/Sb(0) couple may be varied over a 0.44 V range by titrating
SbC13-KCT (90:10) with A1C13 (14). These data provide information
for estimating the extent to which a dissolved solute will be oxi-
dized by a given solvent composition, provided that the half-wave
potential of the solute is known.

Voltammetry and Chronocoulometry. — The available electrochemi-
cal window in the SbCT3-ATCT3-BPCT mixtures (Fig. 4) is somewhat
larger than that reported for SbC13-CsCl1 and SbC13-AlC13 (>90 mole %
SbC13) melts at 100°C (9). The potential span for both the 60:21:19
and 60:19:21 compositions is about 1.8 V, compared to 1.4 V for the
binary melts. [The total potential span available in AIC13-BPCI
binary mixtures between the cathodic limit of the 1:1 melt and the
anodic 1imit of the 2:1 melt is roughly 3 V. (17)] The negative
potential 1imit in the ternary melts is the reduction of Sb(III) to
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Sb metal. As can be seen in Fig. 4, overpotentials for the reduc-
tion process at an inert electrode exist for both ternary melts.
The anodic 1imit for the liquids is the oxidation of Sb(III) to
Sb(V).

DMA is soluble only to a limited extent in a 60:19:21 melt and
the dissolution rate is slow. Solutions were prepared by adding DMA
to the melt and heating to 80-100°C with stirring in a closed con-
tainer for a period of about an hour.

A voltammogram obtained on a basic melt containing DMA at a
glassy carbon electrode is shown in Fig. 5. The peak potentials
(Ep) and half-peak potentials (Eps2) for both waves are listed in
Table I along with the difference in peak potentials (AEp). The
experimental values of AE, correspond well with the theoretical
value for a one-electron ﬂernstian process of 60 mV (18). Also
included in the Table are half-wave potentials (Elp) calculated from
the expression (18)

Elp = Epy2 + 1.09 RT/nF (9)
and values of n calculated from
Ep - Eps2 = 2.2 RT/nF (10)

Scan rates up to 20 V s-1 revealed no significant shift in the
anodic peak potential, and the half-wave potentials determined by
differential pulse polarography (19) (average = 0.47 V) corresponded
well to the values calculated from Eq. (7).

The integrated Cottrell equation (20) predicts that for dif-
fusion controlled electrode reactions, a linear relationship holds
between the charge (Q). and the square root of time (t 2). Fig. 6
shows a plot of Q vs t/2 for times up to 20 s; it is clearly linear.
The intercept of the plot yields a value of the apparent double-
layer capacitance of approximately 5 uF cm2, while the slope
(uncorrected for impurities) gives an ugper 1imit on the diffusion
coefficient of neutral DMA of 2.5 x 10~/ cm? s-1. Finally, the
technique of double potential-step chronocoulometry (20) demon-
strates that the charge consumed around a square potential cycle
obeys theoretical predictions (Q2;/Q; = 0.414) (21) for 10 and 20 s
pulse widths. Thus, there is no significant reaction of the DMA
radical cation on a voltammetric time scale.

Spectroelectrochemical Studies. — Measurements of absorption
spectra at an OTE during electrolysis of ~1 mM DMA in a basic
60:19:21 melt and during subsequent open-circuit decay verify the
formation of the DMA radical cation and demonstrate that it is very
persistent under these conditions.
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Fig. 7 shows spectra measured during electrolysis and Fig. 8
shows spectra measured during open-circuit decay. Bands assigned to
the DMA radical cation are at 550, 600, 656 (sh) and 678 (max) nm.
Weak, broad shoulders at about 620, 760 and 850 nm are attributed to
other species, probably subsequent reaction products because they
develop at a much slower rate during electrolysis and are more per-
sistent under open-circuit conditions than those assigned to DMA.

In a previous investigation (22) transient spectra of DMA radical
cations were measured in benzonitrile solutions at a much lower
optical resolution than reported here. To within experimental
uncertainty, these spectra show the same profiles as those in Figs.
7 and 8.

From the values of Elp for DMA and the formal potential of the
Sb(III)/Sb(0) couple in the 60:21:19 melt at 25°C, it is estimated
that DMA should be partially oxidized with the simultaneous reduc-
tion of Sb(III) in this medium. The optical spectrum of DMA in the
acidic melt revealed weak absorption bands due to DMA*®, but the
lack of accurate values for the molar extinction coefficients of the
optical transitions prevented a quantitative determination of the
concentration. Nevertheless, it is significant to note that solutes
with E1p values more negative than that of DMA will be appreciably
oxidized in acidic melts.

ANAANAA

The electrochemical properties of novel ternary molten salts as
media in which reactive intermediates may be readily studied are
reported in this paper. The principal advantages of these ternary
melts as compared to SbC13-KC1 and SbC13-A1C13 mixtures are ease of
handling and a wider electrochemical window. The melts possess
tunable redox and lLewis acid-base functions which may be exploited
to initiate or suppress reactions in which Sb(III) serves as an
oxidant.
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Table I.

Electrochemical parameters determined from a 1.2 mM

solution of DMA in a 60:19:21 melt at 27°C. _Glassy carbon

working electrode area = 0.071 cm2,
v(mV/s) Ep (V) Ep (V) AEp(mV)2  Ep/2,(V) El/za(V)3 n4
10 0.505 0.440 65 0.445 0.473 0.95
20 0.500 0.440 60 0.443 0.471 0.95
50 0.503 0.440 63 0.443 0.471 1.0
100 0.503 0.443 60 0.445 0.473 0.98
200 0.505 0.445 60 0.447 0.477 0.98

1A11 potentials relative to 1ig. SbC13-BPCI1 (2), sat. SbCl3/Sb

2Theory = 60 mV (18)

3calculated from Ey/p = Epsp + 1.09 RT/nF (18)
4calculated from |Ep - Epsp| = 2.2 RT/nF (18)
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Fig. 2. Tafel plot for the
Sb(II1}/Sb(0) couple in a
SbC13-A1C13-BPC1 (60:21:19) melt
at 27°C. Sb metal working
electrode, area = 1.51 cm<.

(a) cathodic branch; (b) anodic
branch,
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(a) SbC13-A1C13-BPC1
(60:21:19);

(b) SbC13-A1C13-BPC1
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Temp. = 27°C.

0.20 q

ABSORBANCE

700 800
WAVELENGTH (NM>

Fig. 7. Spectra measured every 60 s during 20-min electrolysis at
0.65 V of 1,2 mM DMA in a 60:19:21 melt. Pre-electrolysis
spectrum used as reference. Pt-screen OTE and
1.0-mm pathlength.
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8. Spectra measured every 180 s during 57-min
open-circuit decay following electrolysis in
Fig. 7. Reference same as in Fig. 7.
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ABSTRACT Liquid-phase carbonization was
studied using two kinds of molten salts, NaCl 26
—KC1 14 —A1C13 60 mol%(MS-A)] and [ethylpyridi-
nium bromide 33 —A1Clz 67 mol%(MS-B)], as the
reaction solvent and catalyst. As the raw materi-
al aromatic compounds such as naphthalene, sub-
stituted naphthalenes, anthracene, etc. were
mainly used. A raw material dissolved in one of
the molten salts was heated at 250 to 300°C for
a few to 10 hours yielding coke in the form of
powder or flakes. An equimolar mixture of naph-
thalene with a polychloroethane also gave coke
at a temperature as low as 200°C when heated in
MS-B. Generally the graphitizability of the
resulting cokes ranged widely depending mainly
on the nature of the raw material. When stopped
halfway, the reaction sometimes yielded a kind
of pitch which was easily changeable to meso-
phase pitch. Some other variations of the pro-
cedure and the basic chemistry of these reac-
tions were also studied.

INTRODUCTION

Our study was undertaken in order to gain a better
understanding of carbonization in terms of organic chemis-
try. For this purpose we thought it advantageous to carry
out carbonizatiocn in solution at least during its earlier
stage and decided to employ molten saltsas the reaction
medium. Here we would like to review briefly our work on a
new method of carbon and pitch preparation using two kinds
of AlClz-rich molten salts. Some researchers have reported
on organic reactions using molten salts where tar, pitch,
and/or coke were produced. However, these substances have
only been regarded as undesirable by-products.

Among many carbon products our interest was focused on

recently developed, so-called fine carbons such as carbon
fiber, biocarbons, high quality pencil-lead, and so on.
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Pitch is an important raw material of carbon, and its
characteristics directly determine the properties of the
resulting carbon. Therefore, its selection has been one of
the most important problems in the production of carbon.
Recently its blending and chemical modification have been
actively investigated. However, our aim was to obtain the
most suitable pitch for the production of a given carbon
product by synthesis from pure substances. This process was
thought more suitable for the production of fine carbons.

The compositions of our two molten salts, MS-A and
MS-B,were as follows:

MS-A (mp. 95°C)
A1C13 60 mol% : NaCl 26 mol% : KC1 14 mol%])

and MS-B (room-temperature molten salt) (1)
[A1C13 67mol% : ethylpyridinium bromide 33 mol%].

These molten salts both contain more than 50 mol% A1C13
and, therefore, are strong acids.

Carbonization of low-molecular-weight compounds is a
process of polymerization consisting of a very complicated
series of reactions. However, these reactions can be clas-
sified into two categories. One is the C-C bond formation
including the rearrangement. The other is the elimination
of elements other than carbon. It was expected that both
types of reaction could be catalyzed by a strong acid and
that, as a result, the carbonization temperature would be
lowered.

1. COKE AND PITCH FROM AROMATICS (2)

One of the molten salts was placed in a glass flask
in an argon stream. A raw material was added while being
stirred. The mixture was then heated to the desired tempera-
ture. Naphthalene and other aromatic compounds were mainly
used as the raw material. The quantities of raw material
used were 0.05 to 1 in molar ratio to the free AlClz. Near
the end of reaction a deposition of resulting product was
usually observed. After cooling, the reaction mixture was
poured into a mixture of ice and diluted hydrochloric acid.
The resulting precipatates were filtered, washed, and
dried. The crude products were separated by hot-benzene
extraction into benzene-soluble(BS) and benzene-insoluble
(BI) fractions.

In Table 1 some of the results obtained using MS-A
are given, and in Fig.3 the X-ray 002-diffraction profiles
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of the coke from naphthalene are given as an example.

Table 1. BIs from Aromatics Obtained by Reactions
at 300°C for 10 Hours in MS-A

No. Raw Yield Atomic X-Ray parametersa)
of material (%) ratio
4 o
runs H/C dOOZ(A) L. (A)
1 Anthracene 96 0.50 3.42 150
2 Phenanthrene 71 0.48 3.37 700
3 Naphthalene 92 0.47 3.37 700
4 1-Bromonaphthalene 98 0.40 3.40 200
5 1-Nitronaphthalene 99 0.35 3.52 20

a) After heat-treatment at 2800°C; dggp and Lc of
graphite: 3.354R and 1000A, respectively.

In most cases the BIs were a kind of coke. They
are insoluble and infusible. The X-ray analysis showed
that they had a layer structure which is characteristic of
carbon material. These properties and their H/C atomic
ratios were very close to those of so-called green coke and
carboid coke. We shall call this type of BI "coke" for
short hereafter. Quite similar results were obtained when
MS-B was used.(3)

Graphitizability is an important property of carbon
and it is estimated from the structural parameters measur-
ed by X-ray 002-diffraction analysis of a carbon material
after a heat-treatment at a temperature usually above
2000°C. The X-ray analysis data, partly given in Table 1 and
Fig.3, show that the graphitizabilities of the BIs ranged
widely depending mainly on the nature of the raw material;
for example, naphthalene gave a highly graphitizable BI,
and nitronaphthalene gave a non-graphitizable BI. This
indicates that cokes of various graphitizabilities are now
available by this method.

Fig.l shows the photographs of the coke obtained from
1-bromonaphthalene as an example. One can see the thin,
wavy film structure.

Some preliminary experiments of carbonization of
materials other than aromatics were also examined. Of
these, cotton fiber gave the most interesting results (4).

It was carbonized by immersing it in MS-B at 150°C for

198



Table 2. Effects of Composition of Molten Salt on the Yield
of BI Obtained from Anthracene by Reaction
at 300°C for 10 hours

No. of Composition (mol%)
melt AlClS-ZnC12-NaC1-KC1

Yield(%) of BI

1 0 60 20 20 No reaction
2 60 0 26 14 (MS-A) 96
3 49 0 35 16 84
4 40 0 30 30 76

Monomethylnaphthalenes were isomerized at 100°¢C -
monomethylnaphthalenes were isomerized at 100 °C. The
reactions were very quick and reached equilibrium within
two minutes. The o/f isomer ratio at equilibrium was 4.4,
Small amounts of by-products such as naphthalene, dim-
ethylnaphthalenes, tetralin, and polymers were produced.
This indicates that, besides the rapid intramolecular oz=gf
nigration of methyl groups, intermolecular methyl groups
and hydrogen-transfers and polymerization also occurred.

1,2-Dimethylnaphthalene produced isomeric dimethyl-
naphthalenes and trimethylnaphthalenes when heated in MS-A
as shown in Eq. 2. All these products are considered to
be the intermolecular rearrangement products because the
intramolecular migrations of the methy groups from 1- to
8-position and from

e 100°C, <2min

A Me
< @ rereneee BG
Ms-A

Me
me 100°C, 30min
—

MS-A

@l Me J J
Me

4,87 1,29 12.69 3,12
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1 hour. Unfortunately the resulting carbon fiber was not
strong, but improving its mechanical properties seemed
possible. When treated similarly with either sulfuric acid
or oleum, cotton fiber was destroyed, and the yield was only
black powder.

When aromatics were treated under moderate reaction
conditions, various pitches were obtained. After separation
from the molten salt, the pitches were subjected to an
additional heat-treatment. In most of the cases the pitch
yielded so-called mesophase pitch.

Fig.2a) and b) are the photographs(5), taken under
polarized light, of the pitches obtained from naphthalene
by the reaction at 230°C for 5 hours using MS-B followed
by an additional simple heat-treatment at 300°C and 400°C,
respectively, for 1 hour. The spherical particles appearing
in a) are mesophase, and it is reasonablly assumed that
under a higher heating temperature of 400°C these particles
grew larger and unite with each other to a continuous
structure of mesophase as shown in b). Such a pitch as
easily changing to mesophase pitch at a temperature as low
as 300°C was quite new, and is expected to be suitable for
producing, e. g., carbon fiber. For comparison Ashland 240
Pitch, a famous commercial product, was also examined simi-
larly, but it did not behave in this way.

The reactivities of the aromatic compounds used were
as follows; anthracene D»naphthalene ) phenanthrene D>stilbene
>bipheny1 Dbenzene Dquinoline. This sequence is similar
to those generally observed in electrophilic aromatic sub-
stitutions.

Table 2 shows the effect of the composition of molten
salt on the BI-yield from anthracene. The use of zinc
chloride instead of A1Cl, made the melt quite inactive.
The decreasing AlC1 -con%ent in the molten salts resulted
in decreasing Bl-yiéld. However, it is interesting to
see that in the case of No.4 the melt was still active
enough to produce an appreciable amount of BI in spite of
its AlClz-content lower than 50 mol$%.

2. ISOMERIZATION, DISPROPORTIONATION, AND POLYMERI-
ZATION OF METHYLNAPHTHALENE(6)
The reactions of mono- and dimethylnaphthalenes in

MS-A were studied. Methylnaphthalenes were regarded as
simple models of the constituents of tar and pitch.
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2- to 3-position are both inhibited.

On the other hand, according to Suld and Stuart(7), the
same compound did not react in a superacid of composition
of [HF-BFz]. These facts indicate MS-A is a fairly strong
superac1d This high acidity is attributable to the combi-
nation of the free AlClz with HC1l generated from the water
as contaminant. Furthermore, an addition of a strong protic
acid trifluoromethylsulfonic acid accelerated the reaction.

3. CARBONIZATION OF 1,2-DI- and 1,1,2-TRICHLOROETHANE
SUPPLIED IN THE FORM OF VAPOR(8)

Vaporized di- and trichloroethane mixed with a carrier
gas of argon were bubbled separately into MS-B at 100, 200,
and 300°C yielding cokes although the yields were low. Tri-
chloroethane was more reactive than dichloroethane. The
product derived from trichloroethane by the reaction at
300°C was a mixture of a powdery and a film-shaped coke.
As given in Fig.4, the latter showed, after heat-treatment
at 2500°C, an X-ray 002-diffraction angle 206(Ka) of 26.5°,
which is practically the same value to that of natural
graphite.

4. COKE AND PITCH FROM NAPHTHALENE AND POLYCHLOROALKANES
THROUGH THE FRIEDEL-CRAFTS. CO-POLYMERIZATION(9)

According to our view on the nature of carbonization,
polymerization deliberately introduced into the earlier
stage of carbonization must accelerate the whole reaction,
and as a result the carbonization temperature must be
lowered. To prove this hypothesis we undertook the follow-
ing experiments.

Naphthalene was mixed with equimolar amounts of a
polychloroalkane in MS-B at room temperature, and the tem-
perature was raised gradually. Interesting results were

achieved with polychlorinated methanes and ethanes. The
latter's reactions yielded cokes

C1-R- Cl CO-Polymer
E I] ] {E || }-E |] } —> (Coke ''* EQ.3
MS- B }.MS 3

R: Methylene and Ethylene
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at a temperature as low as 200°C, and when the reactions
were stopped at 100°C, the products were pitches.

The experiments showed that in the earlier stage,
below 80°C, the main reaction proceeded through the path
of the Friedel-Crafts reaction yielding a co-polymer
as shown in Eq.3. Following this stage intra- and inter-
molecular condensations of the co-polymer took place,
accompanied by dehydration, resulting in coke formation.

For comparison naphthalene and dichloroethane were
heated to 150°C with Al1Clz by the standard Friedel-Crafts
procedure without molten salt. However, almost no reaction
took place. This indicates that the molted salt was essen-
tial to these reactions.

Table 3 shows the properties of some of the products.
Without chloroalkane only pitch was produced. However, when
chloroalkanes were used, the end products were coke. This
supports our working hypothesis. The dggy-values show that
dichloroethane acted to yield non-graphitizable carbon, and
trichloroethane, graphitizable carbon. This indicates that
we can control the important property of the resulting
carbon by adjusting the combination of the raw materials.

Table 3. Products through the Friedel-Crafts
Co-polymerization of Naphthalene
and Chloroalkanes

Reaction temp. and products

Chloroalkane
100°C 200°C [BI-Content; dgo22) ]
None Tar Pitch [ 53%; 3.398 ]
C1-CH,CH2-C1 Pitch Coke [ 77%; 3.454 ]
o
C1-CHCH-CL  Pitch Coke [ 91%; 3.38A ]
C1

a) By X-ray 002-diffraction analysis after heat-
treatment at 2500°C.

CONCLUSION

Although our study on the chemistry of carbonization
is still far from completion, we have already established
a new method of making carbon and pitch. The main features
of the process can be summarized as follows:
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First, the use of this process results in low-
temperature carbonization. Secand, it consists of solution
reactions which proceed through an acid-catalyzed ionic
mechanism. Third, it can produce either graphitizable or
non-graphitizable carbon, and it can prepare mesophase
pitch,
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Fig.1 a) Coke obtained from l-bromonaphthalene by the
reaction at 300°C for 10 hours in MS-A;
b) The same coke photographed with transmitted
light. (cf. Sec.1)

Fig.2 Pitch obtained from naphthalene by the reaction
at 230°C for 5 hours in MS-B and following heat-
treatment, after separation from MS-B, at a)300°C
and b)400°C, respectively, for 1 hour. (cf. Sec.l)
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ABSTRACT

The conductivities, viscosites and den-
sities of a series of molten dimethylpyridi-
nium chlorides were measured as a function of
temperature. The conductivity, viscosity and
density of 4, t-butylpyridinium chloride were
also measured as a function of temperature.
The substitutent effect of the bulky t-butyl
group as well as the effect of a second methyl
group on transport and thermodynamic proper-
ties were assessed by comparing these proper-
ties at a constant multiple of the salts'
boiling point. The presence of a t-butyl
group as well as the specific location of the
methyl groups strongly influences the melts'
properties as does the presence or absence of
hydrogen bonding.

INTRODUCTION

Molten pyridinium salts, either alone or in mixtures,
are useful solvents for a variety of chemical reactions
including the alkylation of coal and model coal compounds
{1) and various electrochemical oxidation-reductions
(2,3). However, from a theoretical perspective pyridinium
salts are perhaps more important because their low melting
points, ease of handling, and enormous variety, allow all
sorts of correlations to be made between structure,
transport properties, spectra and thermodynamic proper-
ties. From these correlations of experimental results, a
theoretical scaffolding to support ideas about the nature
of pyridinium melts in particular, and organic melts in
general, may be constructed.

In earlier studies (4,5) of molten methylpyridinium

halides we found that the effect of a methyl substituent
on the melts' properties depended markedly on its ring
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position. Ye also observed that the p{esence or absence
of hydrogen bonding affected a melts' ‘HNMR spectrum,
viscosity and conductivity. The viscosity data were par-
ticularly enigmatic when viewed in context with the
conductivity data because those isomeric melts with the
highest conductivity also had the highest viscosity. For
example, N-nethylpyridinium chloride %N-mepyr-C]) had an
equivalent conductance, A, of 10.5 cm? (Q eq)‘1 and an
absolute viscosity,”?, of 6.24 cp whereas its isomer
4-methylpyridinium chloride (4-mepyr-C1) had a \ of 6.68
cn? (R eq)-! and an’? of 3.26 cp, all at a constant tem-
perature of 425 K. imilar results were observed in the
bromide and iodide melts. Strong hydrogen bonding bet-
ween the 4-mepyrt ion and the C1- ion would account for
the relatively low conductivity by causing complexes to
form which have long enough life times to effectively
remove charge carriers from the electric field. However,
4-mepyr-C1 would seem to be more highly associated than
il-mepyr-C1 (which presumably cannot hydrogen bond) and
consequently would be expected to be more viscous. But
4-mepyr-C1 is considerably less viscous, which means addi-
tional factors are affecting the viscosity.

Part of the explanation for the low viscosity origi-
nated from the work of 3auge and Smith (6) who measured
the dipole monents of several tri-n-butylammonium and
triethyl-ammonium salts in benzene solution at 25°C.
Thesa authors observed a substantial reduction in the
measured dipole monent, My, of the ternary salt relative
to theMy of the corresponding quarternary salt. They
attributed this reduction insp to hydrogen bonding bet-
ween the trialkylammonium cation and the appropriate
anion. The H-bonding forces the trialkylammonium ion to
be oriented with the 3M-H* pointed toward the anion. The
mean interionic distance would be smaller than in the
tetraalkyl salt and the aeasured dipole monent correspon-
dingly smaller. Shortening of the interionic distance
throuah hydrogen bonding and stabilization of the
resulting ion pairs would partially account for the rela-
tively low viscosity and concomitant low conductivity in
the hydrogen bonded pyridinium melts. However, we think
an additional microscopic process is affecting these
viscosities. The nitroaenic proton has been shown to be
quite labile by LHNMR measurements (7) and is most likely
hopping back and forth between cation and anion. We and
other authors suggested that the labile proton night bhe
contributing to the conductivity of pyr-C1 (7,8) and we
specifically presented this mechanism as a rationale for
3-mepyr-C1 and 3-mepyr-Br being better conductors than the
corresponding 2-methyl salts (5). Since the 2-methyl
pyridine molacule is more basic than 3-methyl pyridine (9)



and a CH3 group in the two position partially blocks the
nitrogen site, if protons were contributing they would do
so less in the 2-methyl melt than in the 3-methyl melt.
Alternatively, steric factors and exigencies of packing
resulting from a combination of spacial orientation and
electrostatic forces may be causing the conductivity dif-
ferences. The labile proton may, in fact, be playing an
entirely different role. Since it is not possible to
separate these "hydrogen bonding effects" from substitu-
tent effects in 2,3 and 4-mepyr-Cl1 because the two effects
are intertwined, we have extended our investigation to
include 1,2 and 1,3 dimethylpyridinium chloride
(dimepyr-C1) because hydrogen bonding is eliminated, but
asymmetry is preserved. We have also studied the three
symmetrical dimethylpyridinium chlorides, 2,4 dimepyr-Cl
and 4-t-butylpyridinium chloride (4-t-bupyr-Cl1) in order
to reach a better understanding of substitutent effects.

EXPERIMENTAL DETAILS

A11 salts were synthesized by bubbling HC1 or CH3Cl
through a solution of the substituted pyridine in pet.
ether. The synthetic details are described elsewhere
(10).

Conductivity measurements were made at 1 kHz using a
Pyrex capillary cell fitted with cylindrical platinum
electrodes. A Canon-Fenske viscometer was used for visco-
sity measurements and a modified Lipkin bicapillary arm
pycnometer was used to measure density. All of the
experimental details have been described earlier (8,11).

Elemental analyses were performed at Galbraith
Laboratories, Knoxville, TN.

A1l transfer operations were performed in a dry box
through which nitrogen gas circulated.
RESULTS

The normal boiling and melting points of the six
dimethylpyridinium chlorides and 4-t-butpyr-Cl1 are listed

in Table I. Also listed are the melting and boiling
points of pyridinium chloride to serve as references.
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TABLE I

Normal Melting and Boiling Points of Pyrdinium Chloride

Salt Tm(°C) Tp(°C)
1,2-dimepyr-Cl 102 163
1,3-dimepyr-Cl 148 185
1,4-dimepyr-Cl 216t 2% 21812+
3,5-dimepyr-Cl 232 239%
2,6-dimepyr-Cl 239* 239%*
2,4-dimepyr-Cl 230 242%
4-t-butpyr-Cl 154 240*
pyridinium-C1 144 219

*slight decomposition

It is evident that the three symmetrical
dimethylpyridinium chlorides have no appreciable liquid
range at atmospheric pressure. Therefore their transport
properties could not be measured. It is also evident that
the hydrogen bonded liquids have substantially higher
boiling points than liquids without hydrogen bonds.

Carbon, H and C1 analysis of the salts whose
transport properties were measured were within 0.1% of
theoretical for t-butpyr-Cl1 and 2,4-dimepyr-C1 and within
2% of theoretical for 1,2 and 1,3 dimepyr-C1.

Figure 1 shows the density of each of the four salts
plotted as a function of temperature. Included in the
figure for reference are the densities of pyr-Cl1 and
2-methyl-pyridinium chloride (2-mepyr-C1) taken from
earlier studies (5,11). It can be seen from these curves
that steric effects determine the relative densities to a
greater extent than do molecular weights or electrostatic
effects. The bulky 4-t-butpyr-Cl1 is the least dense
liquid, even though it has the highest molecular weight,
while pyr-C1 is the most dense, but has the lowest molecu-
lar weight. The ionic radius seems to be the princinal
factor that governs the relative densities.

The logarithms of the equivalent conductances of the
four salts plotted as a function of T-1 are shown in Fia.
2 and Fig. 3 shows the logarithms of their_absolute visco-
sities plotted as a function of T-1. The s for pyr-Cl
and the viscosities for 2-mepyr-Cl are included for
reference.
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DISCUSSION

To validly assess substituent effects each substi-
tuted molecule must be in the same thermodynamic state.
The "practical" standard state is, of course, a common
temperature at which the salts being compared are liquids.
The "natural" standard state for liquids seems to be the
ideal glass transition state, Ty, or the normal boiling
point, Ty (12). T, is the temperature where the con-
figurational entropy vanishes and Ty is the temperature at
which it is maximized for the liquid state. We have cho-
sen to use Ty as the reference state.

Referring first to the conductivity data in Fig. 2 it
is evident that 4-t-butpyr-Cl1, 1,2-dimepyr-C1 and
2,4-dimepyr-C1 all have similar A s at their respective
Tp's. The A for 1,3-dimepyr-C1 is considerably higher at
its Tp and also higher at any "common" temperature. This
means 1,3-dimepyr-Cl is a better conductor than 1,2
dimepyr-C1 and a CH3 group in the 3 position enhances con-
ductivity relative to a CH3 group in the 2-position.
Comparing/\'s at 425 K, which was the common temperature
used in earlier studies when neither T, nor Tp data were
available (5), gives the results shown in Table II.

TABLE II

Equivalent Conductances at 425 K

Salt N cn?2 (Qeq)-1 % difference actual
difference

3-mepyr-Cl 8.58

22 1.9
2-mepyr-Cl 6.68
1,3-dimepyr-C1 10.91

14 1.52
1,2-dimepyr-Cl 9.32
4-t-butpyr-Cl 2.92

These data indicate that protonic contribution to the
conductivity in the 3-mepyr-Cl1 is probably very small or
nonexistent.

In all likelihood, if the more valid Ty reference
state were used it would increase the differene between a
CHz on the 2 position and one on the 3-position (as it
does in the 1,2 and 1,3 dimethylpyr-Cl1 melts) and there
would no longer be a need for a "protonic contribution" to
explain the conductivity differences. Comparing the A\ 's
of pyr-C1 with those of 1,3 dimepyr-C1 (23 vs 18 cm? |
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eq)-1) at the respective boiling points, again shows that
a protonic contribution seems to be unnecessary. The dif-
ference in /A would be expected from differences in mass
and ionic radius alone. In fact, if 1n /\ vs T-1 for 1,3
dimepyr-C1 is extrapolated to 219°C the A 's are virtually
indistinguishable. The principal role of a nitrogenic
proton is to hydrogen bond and by so doing form neutral
species (ion pairs or molecules) that do not contribute to
the conductivity. This is almost certainly the reason why
the 1,2 and 1,3 dimethyl chlorides are respectively better
conductors than the 2 and 3 methyl chlorides despite their
greater molecular weights.

Focusing attention on the viscosity data in Fig. 3 it
can be seen that the viscosities of the two dimethylpyri-
dinium isomers are, within experimental error, the same at
their respective boiling points. This is especially
reassuring since it is expected that at Ty, where As is a
maximum and the interionic attractive forces are approxi-
mately equal to the thermal forces, the viscosities would
be equal for isomers with nearly the same radii.
Furthermore, these results support the contention that, at
least for viscosity, Ty 1is a valid standard state.

It is also evident that for 1,2-dimepyr-C1 and for
1,3 dimepyr.Cl theﬁz's are about equal at lower tem-
peratures. For example, at 0.95 Ty (a temperature in com-
mon to both melts and hence a valid standard state)
corresponding to 435 K for 1,3-dimepyr-C1 and 415 for
1,2-dimepyr-C1, theM's are 3.06 cp and 3.00 respectively.
As the temperature drops, the viscosities diverge a bit.
A much larger difference, but in the same direction, is
obtained if a practical constant temperature standard
state is used. In any case, the sizeabhle difference in
conductivity between the isomers cannot be attributed to
viscosity differences nor to protonic contributions and
therefore must arise out of a distinctive charge transfer
mechanism.

Extrapolating n? of t-butpyr-Cl to its Tn, a value
of 0.9 cp is obtained. This is clearly much lower than
the viscosities of either di-methyl isomer at its Ty. At
0.95 Tp, a more reasonable standard state since no decom-
position is occurring, M is only 1.04 cp. VUWhat is
perhaps more striking is that at 425 K 4-t-butpyr-C1 has
an "? of 5.52 cp while N-mepyr-C1 has an ™ of 5.24 cp.
The large 4-t-butyl ion is actually less viscous than the
smaller N-mepyr-ion despite the fact that the t-butyl
moiety is about the same size as the pyridinium moiety and
the molecular weight of 4-t-butpyr-Cl1 is greater than that
of either the dimethyl isomer or the methyl isomer.
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Since it bears on the discussion that follows, the
relaevant dipole moment data of Bauge and Smith are repro-
duced in Table III. It is evident from these data

TABLE III

Measured Dipole Moments of Alkyl Ammonium Salts in
Benzene Solution at 25°C

Salt /AZD(D) /jlo(correspond-

ing quart-
ernary salt)

Tri-n-butylammonium bromide 8.50 12.2
Tri-n-butylammonium picrate 11.79 15.3
Tri-n-butylammonium chloroacetate 6.41 14.8
Tri-n-butylammonium benzoate 4.27 12.1

that a shortening of the principal interionic axis will
not completely explain the reduction oﬂ/‘D in the
chloroacetate and benzoate solutions even though it is
adequate to explain much of the reduction of My in the
bromide and picrate solutions.

The mechanism we propose to account for the unusual
viscosities of the H-bonded pyridinium melts (and possibly
for some of the data of Bauge and Smith) assumes that the
equilibrium shown below persists in the H-bonded melts but
not in the H-methyl melts.

R R, R
C1- + Noyr-Rt = pyr-Rt---c1- = \‘pyr + R=C1

ion pair neutral molecules

When R* is a proton this "mobile equilibrium" (7) lies con-
siderably further to the right (favorina a higher ion pair
and neutral molacule concentration) than when R* is a

CH3 group. The labile proton jumps back and forth hetween
pyridine and Ci- and may remain at the bottom of a potential
well for perhaps 10-6 or 10-7 sec. This is too short a time
span to be detected by lynnp, but represents perhaps 10,000
translational or rotational movements of the molecule. The
model is shown schematically in Fig. 4. The cation and anion
are initially drawn together via H-bonding along the prin-
cipal interionic axis. The proton hops from pyridine to

C1- creating two neutral species and a modicurm of empty
space. The neutral species rotate and translate relatively
freely thus lowering the viscosity, but not increasing the



conductivity. The extra free space increases the probabi-
lity of an appropriate density fluctuation and thereby
decreases the absolute viscosity. 1In other words, charge
neutralization causes local liquid relaxation and local
liquid expansion. Without this sort of microscopic pro-
cess it is very difficult to account for the fact that
4-t-butpyr-Cl is less viscous than N-mepyrCl. The extre-
mely low viscosity of 4-t-butpyr-C1 at Ty 1is not
unreasonable if, on a fast time scale, a high enough con-
centration of HC1 and 4-t-butylpyridine persists.

The energies of activation for viscosity and equiva-
lent conductance are listed in Table IV.

TABLE IV

Energies of Activation

Salt E(?(kd/m(ﬂe) EA (kd/mole) E«?/EA
t-butpyr-HC1 47.4 33.2 1.42
1,3 dimetpyr-Cl 37 .6 26 .7 1.40
1,2 dimetpyr-Cl 33.6 24.5 1.36
2,4 dimetpyr-C1 (66.4) 27 .6 2.4

With the exception of Em for 2,4-dimepyr-C1 which is
probably unreliable because of the small liquid range and
partial decomposition, the values are not, especially
remarkable. The large Eem for 4-t-butpyr-Cl is expected
because of the cations' size and the H-bonding in the
melt. The ratios are lower than those for inorganic melts
which generally range between 2 and 5 and are a bit higher
than the values for typical methylpyridinium halides and
alkylammonium salts which range between 1.09 and 1.4, with
the bulk of the ratios clustering around 1.1. The domi-
nance of attractive forces, coupled with the need for
cooperative movement for large ions to move past one
another in an environment containing relatively little
free space, ensures that neither viscosity nor conductance
will require substantially different amounts of eneragy.
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Abstract: Cesium tetrabromoaluminate complexes
show identical line-widths of the Aj-mode in
melt and in crystal. This means that their
life-span is longer than 10-11sec. In the melts
of LiInBrg to CsInBrg the line-width increases.
In all these cases the life-span is shorter
than 10-11 sec.

Raman spectra of molten magnesium and cal-
ciumbromides and iodides mixed with alkali hali-
des are discussed. In the mixture of CaBry with
KBr the life-span of the complex is so short that
no Raman spectrum can be obtained. In CaI3-KI mix-
tures the CaIg2-complex has a life-span of ap-
proximately 10-13 sec.

The life-span At of a complex is related to the line-width
by the Heisenberg uncertainty principle

At + AE = 5% AE = hAvc
h is Planck's constant, c the velocity of light and Ay is
the increase in the half-width of a Raman line in cm~1,

0.5

= =22 ~11
AT [sec] AT Xy 10 [sec]

-
2mAve

With our spectrograph it is impossible to measure an in-
crease of less than 0.5 cm~1 in the half-width of the
Raman line. As the last equation shows, an increase of
0,5 cm~1 in the half-width results in a life-span At of
10-11 sec. A longer life-span cannot be measured by this
method. To hold the influence of asymmetric electric
fields on the line-width as low as possible, we examined
the pulsation of tetrahalogeno complexes. These cause no
electrical moment in vibration.

In Fig. 1 the Raman spectra of aluminum tetrabrom
complexes of Cs, K, Na and Li are shown. In all cases,
using an entering slit of 8 cm~! on the spectrograph, the
line-width of the pulsation is 9 cm~! in the crystal at
room temperature. In the liquid state we observe the same
line-width for aluminum tetrabromo complexes of Cs, K and
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Na within the margin for error. This shows that the life-
span of these complexes is 10~11 sec or longer. Only the
lithium complex with a line-width of 11.4 cm=1 shows an
increase of 2 to 3 cm~1 which demonstrates that, as a re-
sult of contrapolarization, the life-span of this complex
is reduced to just under 10-11 sec.

In Fig. 2 Raman spectra of molten alkali tetrabromo-
indates are shown. With a slit-width of 8 cm~1, CsInBrg in
the crystal has a line-width of 10.3 cm~1 at room tempera-
ture., At 400°C, the pulsations of the alkali tetrabromoin-
dates show line-widths of 12, 18, 19 and 20 cm~1, respec-
tively. This increase in the line-widths, compared with
line-widths in the crystal enables us to calculate the
following life-spans:

CsInBrgq 3-10-12 sec KInBrg 0.7-10"12 sec
NaInBrg 0.6-10-12 sec LiInBrgq 0.5+10712 sec

The comparison of AlBr4~ with InBrg4™ in the melt shows
that both the increase in the polarity of the bond and the
increase in the contrapolarization caused by the cation
reduce the life-span of the complexes.

In Fig. 3 Raman spectra at 550°C of CsyMgBrg, KpMgBrg,
NapMgBr4 and LipMgBry4 are shown. In these cases also an in-
crease in the line-widths of 8.9, 13.5, 17.2 and 20.9 cm~!
is observed. Assuming the same conditions as for InBrg2-,
we estimate the life-span of these complexes to be as
follows:

CsyMgBrg 0.6+10-12 sec KoMgBrg 0.4 +10-12 sec
NagMgBrg 0.3+10"12 sec LipMgBrg 0.25+10-12 sec

The heigth of the pulsation of the MgBr4‘2 complexes shows
a gradual decrease as noted below:

CspMgBrg 157 cem~ KoMgBrg 156 cm~1
NapMgBrg 147 cm~1 LipMgBrg 144 cm~!

Through the increase in the contrapolarization, the pulsa-
tion assumes more and more the character of a Li-Br-Mg-
bridge-mode. The characteristic Mg-Br-Mg-bridge-mode is ob-
served in molten MgBrjy at 140 cm—1, MgBr; has coordination
number four in the melt.

In the melt of CaBr3+2KBr no Raman bands could be ob-
served. In this case, the difference in polarity between
Ca and Br is so great that the life-span becomes so short
that the complexes can no longer be observed by spectro-
scopy. This means that the life-span of the complex is
shorter than one mode.
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Fig. 4 shows the Raman spectrum of CsyMgI4 in molten
state at 500°C. The slit-width of the spectrograph is now
4 cm~1. The pulsation of MgI42= at 106 cm~!1 is polarized.
The Fp deformation mode at 61 cm~! is depolarized. The
line-width of the pulsation in the melt is 9 cm~1. The
CspMgIl4 crystal also contains the MgI42— tetrahedron and
shows the same spectrum as the melt except that the line-
width is now 5 cm~1. The difference in line-width of 4 cm~1
between the melt and the crystal allows us to calculate
the life-span of MgI42- in the melt to be 0.6:10~12 sec.

Fig. 5 shows the Raman spectrum of a mixture consis-
ting of two mols CsI and one mol CaI. The slit-width of
the spectrograph is again 4 cm~1. In the solid state there
are two compounds: CsqCalg and CsCaIj. Both have coordina=-
tion number six. Csy4Calg contains Calg4~ octahedra and
CsCal3 has perowskite structure. According to our experi-
ence, all iodides of divalent cations have the coordina-
tion number four in the melt. We assume that the very
broad Raman line in the CalI2+2CsI melt is the pulsation of
the CaIg2~ tetrahedron. Its line-width is 30 cm~1, Assum-
ing a standard line-width identical to that of CsyMgIyg
(5 cm=1), we estimate the life-span of the CaBrg2- complex
in the melt to be 2.0.10-13 sec. This is the shortest life-
span we have ever observed.
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Fig. 1 Raman spectra of molten alkali tetrabromo-
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Fig. 2 Raman spectra of molten alkali tetrabromoindates
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Fig. 3 Raman spectra of molten alkali tetrabromomagnesates
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ABSTRACT

Ab initio quantum mechanical calculations were performed, using the
3-21G extended basis set, on reactions of molecules and ions con-
taining Al-F or Al-Cl bonds with oxygen or sulfur containing species
to form products with Al-O or Al-S bonds; from these we deduce
the structures of the species and the energetics of the reactions. The
results provide evidence for the stability of Al-O and Al-S bonds in
molten salts. In addition, this study shows that (1) it may be possible
to create simple ionic pair potentials to simulate AI-O and Al-S bonds
in a molecular dynamics calculation and (2) that quantum mechani-
cal calculations can provide useful information on the structures and
energetics of species in molten salt solutions.

INTRODUCTION

The formation of complex species involving AI*t and 0%~ or $2~ in molten
salts is of fundamental scientific significance as well as of importance technologi-
cally in current and advanced aluminum smelting processes and batteries. Such
species have been extensively studied experimentally in fluoride and chloride sol-
vents.!=10 Little experimental work*® and no theoretical studies of the energetics
of bonding have been published. In this paper, quantum mechanical calculations
are reported on the structures and energetics of gaseous molecules involved in
reactions of APt with 02~ and $2~. Insofar as it is possible, the gaseous molecules
are chosen to correspond to species which are expected or possible in molten halide
melts. The aims of this calculation are (1) to determine the structures of known
moieties in molten salt solutions and (2) to determine the energetics of reactions
for the formation of species containing Al-O and Al-S bonds. From a knowledge of
the energetics of vapor molecules it is hoped that we can deduce pair potentials for
the AI3t-0%~ and AI3*-$2~ pairs which can be used to realistically simulate the
behavior of molten salt solutions of these ions in a molecular dynamics calculation.
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QUANTUM MECHANICAL CAI CULATIONS

Ab initio molecular orbital LCAO-5CF calculations!! were carried out to
determine the structure and energetics of a number of metal halide and metal
halide oxide molecules, The extended 3-21G basis set 1* was used and the structures
of the chosen species were optimized subject only to imposed syminetries. Two sets
of molecules were optimized: one involving anions and the other involving neutral
species.

The following set of reactions involving anions was studied:

AICIT + 8% — AICI38 + CI™ (1)
AlCI + 8% = AlCI,S™ + 2017 (2)
AIF + 0% — AIF30*~ 4+ F~ (3)

The structures of AICIy, AIFy, AlCI38%=, AlC1,S™ and AIF 302~ were optimized.
The structural parameters used in the optimizations are illustrated in Fig. 1. The
optimal geometries and total energies of the five anions are given in Table I. Based
on previous geometry optimizations of molten salt vapor complexes 13 the stuctures
of the anions should be relatively accurate with the exception of the Al-Cl bond
lengths which are probably about 0.1 —0.2 A 100 long.

The 3-21G energy changes, AEy,, for the three reactions are given in Table
1I. The difficulties of molecular orbital theory at this level in calculating energies
of anions are well known.!¥ The most significant inaccuracy is probably in the
calculation of the energetics of the divalent anions S2~ and O%~. Both of these ions
are predicted to be very unstable, but since such divalent anions have never been
observed there is no way of checking the accuracy of our calculations. In addition,
the 3-21G electron affinities of the other anions in the reactions will be in error by
varying amounts. To a certain extent the errors in the electron affinities of anions
on one side will cancel with those on the other side. Another inaccuracy in the
reaction energies comes from neglect of electron correlation in the caleulational
method. However, in calculations for reactions such as (1) and (3) where there
are the same number of bonds on both sides of the reaction, there should be
considerable cancellation of correlation energios15 and the error introduced into
values of AEyy from this source is likely to be small. Despite these uncertainties
in the energies of reactions (1)-(3), it is likely that, as mentioned previously, the
calculated structures of the anions are reliable.

In order to improve the reliability of the results for AEg, we performed
further calculations for the following reaction involving only neutral species:
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LiAlFy + LiaO — Lis AlF30 + LiF (4

Reaction (1) eliminates the problems with the anions in reactions (1)-(3). We
assumed Ca, structures for the LiAlF4 and LioAlF3O0 species. They should be
only slightly less stable than the most stable configuration.!® The C,, structures
give the same number and types of bonds on both sides of the reaction which
allows for cancellation of correlation energy errors. The energies and geometries
of the individual species are given in Table I, the value of AEyy, is given in Table
I1, and the structures are exhibited in Figure 2. Comparisons of 3-21G reaction
energies for several related reactions with experimental values in the JANAF
tables!® indicate that the AEgy for reaction (4) is probably accurate to within
about 20%. The AEy;, for reaction (4) is considerably less negative than those for
the three reactions involving anions.

CLASSICAL ELECTROSTATIC CALCULATIONS

The quantum mechanical results are now compared to energy changes, AFE.,
caleulated from the electrostatic energies of interactions of the ions in the species
involved in all four reactions. This comparison provides a test of the efficacy
of coulomb models for predicting the energetics of bouding in solution®®. The
electrostatic caleulation is only for reference and is used to gauge the manner in
which one might construct pair potentials for effective molecular dynamics simula-
tions. We chose to perform a simple calculation based on coulomb interactions,
:,-:J-e‘z/r, where z;e and zje are charges on spherical ions separated by a distance

r, and the ions are AI’*, F~ CI=, 0?~, $2~ and Li*. In addition, a soft r—?
repulsion was assumed. The method of calculation was simply to calculate all of
the coulomb energies for the ions involved using the distances deduced from the
quantum mechanical calculations given in Table I. These coulomb energics were
multiplied by 8/9 to take into account the soft repulsions. The results for AE¢s
are given in Table II. For reactions (1), (2), and (3) this simple clectrostatic cal-
culation is close to the results of the quantum mechanical calculation, being espe-
cially close for reaction {1). However, this correspondence should be considered
fortuitous in view of the large uncertainties in AEyy for the reactions involving
anions. For reaction (4), AE¢; is much more negative than AE ;. Since AE¢; is
a small difference between the much larger values of F¢s, moderate changes in the
pair potentials can lead to such relatively large differences in AFE,,. For example,
softening the repulsive potential between AI* and O~ ions to r™" where n<9
will lower the stability of the LioAlF30 species and make the calculated value of
AFes much less negative. Thus, it is possible to create a pair potential which leads
to a reliable value of AE,, for reaction (4) and which is likely to provide realistic
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results for the formation of Al-O near neighbor pairs in a molecular dynamics
calculation for molten salts.

CONCLUSIONS

The theoretical study presented here provides evidence for the stability of
Al-O and Al-S bonds in molten salts. The evidence is twofold. First, in all of the
reactions considered the replacement of an aluminum halide bond by an aluminum
oxide or sulfide bond is favored energetically. Secondly, the A-O (and Al-S) bonds
are in all cases shorter than the Al-F (and Al-Cl) bonds.This occurs despite the

fact that the the Pauling radius of 072i5s004 A larger than that of isoelectronic
F~ and the radius of S™2 is 0.03 A larger than that of isoelectronic C1™.

This study also shows that (1) it may be possible to create simple ionic pair
potentials to simulate Al-O (and Al-S) bonds in a molecular dynamics calculation
and (2) that quantum mechanical calculations can provide significant information
on the structures and energetics of species in molten salt solutions.
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Table 1.

Calculated 3-21G geometrics and total energies

Structure® Geometry? Energy, a.u.°
AICIT(Tq) r(Al-Cl) = 2.24 -2070.20141
AlF{(Tq) r(Al-F) = 1.67[1.69% -636.59205

AlC1;52(Cay )

AlCLS™(Cay)

AIF;;OQ_( Cay)

LIAIF(C3y)

Li-_)/\”“go(c‘su)

r(Al-Cl) = 2.35, r(Al-S) = 2.17,
=118

r(Al-Cl) = 2.25, r(Al-S) = 2.11,
0 =128

r(Al-F) = 1.72, (Al-O) == 1.65,
6 =118

r(Al-F) = 171, r(Al-F') = 1.63,
r(Al-Li) = 2.26, § = 125

r(Al-F) = 1.74, r{Al-Li) = 2.25,

-2008.35595

~-1551.03530

-611.82848

-6-41.01689

-627.02952

r(Al-O) = 1.65, r(Al-Li') = 3.24,
0 =127

LiFe¢ r(Li-F) = 1.52[1.564] -106.35419

LixO(Cla ) r(Li-O) = 1.58[1.59, 1.55], -80.28714
0 = 180 [180]

* Assumed symmetries in parentheses.

b Bond lengths in A. bond angles in degrees. Experimental values

in square brackets.
¢ 1 aa = 627.5 keal mol™!.
4 JANAF Thermochemical Tables 1978 Supplement, M. W. Chase, Jr., et al.,

J. Phys. Chen:. Ref. Data, 7, 826 (1978).

¢ Ref. 12.

/K. Raghavachari, J. Chem. Phys., 76, 5421 (1982).



Table II. Reaction energies (in kcal mol™1)

Reaction® AEm AFE¢s
(1) —147 —145
(@) —168 —143
3) —242 —194
(4) —31 —97

¢ See text for reactions.
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Abstract

Recent studies of the chemistry of coal model compounds
in SbC13-based molten salt catalysts have shown that both
the redox and Lewis acid functions of these media can play
principal roles in catalyzing reactions for organic sub-
strates. These two catalytic functions are discussed in
relation to two reaction types that have been recently
discovered in highly purified, anhydrous SbCl3-rich melts.
The redox function of the melt is shown to play the dominant
catalytic role in a transfer hydrogenation reaction for oxi-
dizable arenes that are selectively hydrogenated by tetralin
at only 80°C. The arene radical cation is found to serve as
the key organic reactive intermediate. The Lewis acid func-
tion of the melt is shown to catalyze selective transalkyla-
tion chemistry for the a,s-diphenylalkanes, CgHg(CHp)y
CgHg [n = 1-4] with the catalyst generating a benzylic car-
benium ion as the key reactive intermediate.

Introduction

Molten SbC13 is one of the metal halide melts that has been
reported to be an effective, selective catalyst for hydrocracking coal
(1). From our extensive fundamental studies of the chemistry of coal
model compounds (e.g. aromatics, hydroaromatics, and
a,w-diphenylalkanes) (2-7), the SbCl3-based molten salt catalysts have
exhibited substantial flexibility particularly with regard to tuning
the strength of the catalytic functions. This ability to alter the
strength of the catalytic functions in a reproducible manner results
in a catalyst system in which not only reaction rates can be
controlled but also product selectivities.

Earlier research concentrated on the chemistry of individual
polycyclic aromatic hydrocarbons (arenes) in the SbClz-based melts
(2-4). These arenes were activated by the redox function of the cata-
lytic medium, and arene radical cations were found to be key inter-
mediates. Tuning the strength of the redox function of the melt was
found to dramatically alter reaction rates and product selectivities.
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In the present description of the melt catalyzed transfer hydrogena-
tion reaction, the versatility of these SbCl3-based melts is further
illustrated by the ability to activate one organic substrate (a poly-
cyclic arene) in the melt in the presence of a second unactivated
substrate (tetralin) and observe the resulting reaction.

The a,w-diphenylalkanes, on the other hand, are not capable of
being oxidized to radical cations in the SbCl3-based melts, and the
transalkylation chemistry observed results from activation by the
Lewis acid function of the melt. Tuning the strength of this cataly-
tic function leads not only to a control over reaction rates, but also
provides a valuable means for the investigation and discovery of a
novel mechanism for this important organic reaction.

Catalytic Functions of SbClj

Molecular SbC13 is a notoriously weak Lewis acid. However, in
the molten state SbCi3 is weakly ionized, as modeled in eq. 1, with

SbCl3 = SbClp*(solv.) + C17(solv.) (1)

a reported jonization constant, Kij, at 99°C ranging from 3 x 10-11 to
2 x 10-8 M2 (8,9). The modest Lewis acid function of the melt resides
in the chloride deficient antimony cation, SbCl,*. As indicated in
eq. 1 the ions are not present in the melt as discrete entities, but
instead are strongly solvated to neutral SbC13 molecules (or chains)
through chlorine bridge bonds as indicated from Raman and electrical
conductivity studies (10,11). However, for the purposes of discussing
the organic chemistry, it will be sufficient to use SbClg+ to model
the chloride deficient antimony species that is acting as the Lewis
acid in the melts.

The Lewis acidity of the melt is tuned by controlling the con-
centration of SbCip* in the melts by adding chloride donors or accept-
ors. Basic melts are formed by adding a few mol % of a strong
chloride donor such as CsCl (eq. 2), while acidic melts are generated
by adding a strong chloride acceptor such as Al1C13 (eq. 3). The
degree to which the Lewis acidity can be

SbC13
€sCl —— Cs* + C1- (2)
SbC13
SbClg + AICl3 ——— SbCTp* + AICI4- (3)

altered is indicated from the calculation that in an SbC13-10 mol %
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A1C13 melt the concentration of SbClp* is increased by a factor of
104 = 105 compared to that in a neat SbCl3 melt (as estimated from
the range of Ki values at 99°C).

We have also found that SbCl3 melts have a redox function in
which Sb3* can act as an oxidant.” The concomitant reduction of Sb3+*
in the melt liberates chloride and, thus, the oxidizing power of the

1/3 sbC13 +e 2z 1/3 Sb + CI- (4)

melt will depend on the melt acidity. The effect of added chloride
donor or acceptor on the formal potential of the Sh3+/sb couple was
measured by electrochemical methods (12). As expected the addition of
a few mol % of a strong chloride donor (KC1) decreased the oxidizing
power of SbCl13, while the addition of a few mol % of a strong chloride
acceptor (AICT3) increased its oxidizing power. In going from an
SbC13-5 mol % KC1 melt to an SbC13-5 mol % AIC13 melt, the formal
potential of the Sb3+/Sb couple and the resulting oxidizing strength
can be tuned over ~0.5 V (9,12).

We have reported that antimony has Tower oxidation states between
3+ and the metal, the nature of these species depending on the melt
acidity (13), Thus, the single electron oxidation of organic com-
pounds by sb3+ can take place homogeneously in the melt with the
soluble lower oxidation state species acting as electron carriers.
When SbC13 is reduced in significant quantities, Sb metal may be iso-
Tated from the reaction products upon hydrolysis of the melt as a con-
sequence of a disproportionation reaction of the lower oxidation state
species (4).

Redox Catalyzed Transfer Hydrogenation (6)

Certain arenes can be oxidized to radical cations by sb3t in
SbC13-based melts with the degree of oxidation depending on melt acid-
ity as shown in eq. 5. This oxidation process has been studied for

ArH + 1/3 SbCl3 + ArH*e +1/3 Sb + CI- (5)

many arenes by ESR spectroscopy (14) and, for the case of perylene, by
UV-VIS spectroscopy (15). If no other substrates are present to react
with the arene radical cations, they will react with themselves; or
perhaps with unoxidized arene, leading to condensed products with new
aryl-aryl bonds. These radical cation reactions produced some unusual
hydrogen transfer chemistry in the melts, which we have previously
reported (2-4).
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We have initiated a study of the chemistry of these arene radical
cations with other organic substrates that are not reactive, alone, in
the melt. In this current investigation, tetralin
(1,2,3,4-tetrahydronaphthalene) was chosen as the second reagent.
Tetralin is a well known hydrogen donor for thermally generated
neutral radicals, and we wished to see if tetralin could react with
arene radical cations.

The arenes that were examined cover a wide range of oxidizability
in the melt, and they are shown in Fig. 1 along with the corresponding
anodic Elp values measured in a basic SbCi3 melt at 99°C (16). The
oxidative Elp of phenanthrene lies beyond the anodic limit of the
melt (Sb3+ »°Sb5*), but it has been estimated from the excellent
correlation with arene Elp values measured in acetonitrile (17). Of
these arenes, phenanthrene is the most difficult to oxidize while
naphthacene is the most easily oxidized.

Phenanthrene and pyrene are not capable of being oxidized to
radical cations by neat SbCl3. Equimolar solutions of either of these
arenes with tetralin in SbCi3 produces no reaction even at tem-
peratures up to 150°C. The 200 MHz IH NMR of these melts gives well-
resolved spectra of the molecular components with no indication of any
complexation of the organics with the solvent.

The more oxidizable arenes, anthracene, perylene, and naphtha-
cene, are capable of being oxidized to radical cations in neat SbCl3,
as we have previously observed in dilute solutions by ESR (14).
Anthracene is observed by NMR to react readily with tetralin at 80°C.
Analysis of the product mixture following hydrolysis of the melt shows
that a very selective transfer hydrogenation reaction has taken place
as shown in Fig. 2 with 9,10-dihydroanthracene (DHA) the only hydro-
anthracene produced. The anthracene radical cation is apparently
efficiently trapped by the tetralin, and no bianthracenes are detected
that would result from coupling reactions of the radical cation (2,4).
Product analysis further shows that no naphthalene is generated, and
that the only other major products are
1,2,3,4,57,67,7°,8"-octahydro-1,2"-binaphthalene (1) and
2-(1,2,3,4-tetrahydro-1-naphthyl)anthracene (2). The yield of DHA, 1,
and 2 depend on the initial concentration of tetralin present, and
this dependence is illustrated in Table 1. Anthracene conversions
are in the range of 35 to 45% after the 30 min reaction period at
80°C. The yield of DHA is maximized at a tetralin/anthracene ratio of
2.0, Note that it is critical to maintain SbC13 as a concentrated
melt in order to have catalytic activity. As the last entry in the
table indicates, if tetralin is present in large excess such that it
is actually the solvent and SbC13 is present as a homogeneous catalyst
(with the same SbCl3/anthracene ratios), no reaction occurs. The 1/2
product ratio is also found to increase with increasing
tetralin/anthracene ratio. The formation of these particular com-
pounds and the dependence of their yields on the initial
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tetralin/anthracene ratio will be discussed later in relation to the
proposed mechanism,

Naphthacene also undergoes the transfer hydrogenation reaction
with tetralin in SbC13. The reaction is even more rapid than that for
anthracene with a 97% naphthacene conversion after a 30 min reaction
period at 80°C. This reaction is also very selective as shown in Fig.
3 with 5,12-dihydronaphthacene the only hydronaphthacene formed. The
byproducts are analogous to those produced in the anthracene reaction
with the tetralyl-substituted naphthacene (3) product being a mixture
of two isomers as indicated.

Perylene is also partially oxidized to a radical cation by Sb3+
in the melt. However, the radical cation is very persistent and
undergoes no further reaction even in the presence of tetralin and at
temperatures up to 130°C. This results in a T4 MR spectrum of the
melt that exhibits signals due only to the tetralin, while the pery-
lene signals are not observed because of rapid electron exchange be-
tween the perylene radical cation and unoxidized perylene.

The proposed mechanism for the catalytic transfer hydrogenation
of arenes by tetralin in SbC13 is shown in Fig. 4 using anthracene as
an example. The first step is the oxidation of the arene to the radi-
cal cation. Phenanthrene and pyrene do not undergo this electron
transfer step and, thus, do not react. Perylene on the other hand
undergoes the electron transfer reaction, but as described earlier the
resulting radical cation is very persistent and undergoes no further
reaction. Anthracene and naphthacene are also oxidized in the melt,
and the radical cations react with tetralin by hydride transfer to the
cationic center of the radical cation rather than hydrogen transfer to
the radical center. The resulting l-tetralyl cation, 5, then
undergoes competitive electrophilic attack on unreacted tetralin and
arene as shown in the third and fourth steps. The formation of the
particular positional isomers shown is consistent with the known
Friedel-Crafts alkylation chemistry of tetralin (18) and anthracene
(19) when sterically bulky electrophiles are employed. Since the
reaction is catalytic in SbC13, there must be a reoxidation step as
shown in the last two equations. The detailed nature of the reoxida-
tion step is not known, and it has been combined with the hydrogen
transfer step that lead to the formation of the hydroarene.

Altering the oxidizing power of the melt has dramatic effects on
the transfer hydrogenation reaction. If anthracene and tetralin (1:2
mole ratio) are reacted in a weakly oxidizing SbC13 - 8 mol % KCI
melt, the reaction rate is substantially reduced with only a 2% DHA
yield (rather than 39%) after 30 min at 80°C. On the other hand, if
the reaction is run in the highly oxidizing SbC13-10 mol % AlCl13 melt,
not only are the rates enhanced but the product selectivity is com-
pletely altered. The transfer hydrogenation reaction is no longer
observed and, instead, coupling reactions of the radical cations are
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observed exclusively, which produce condensed anthracenes in a reac-
tion that has been previously characterized (4).

The transfer hydrogenation chemistry has produced the first evi-
dence that solution phase hydrocarbon radical cations can react by
hydride abstraction. The research also points out the versatility of
the SbCl3-based molten salt catalyst resulting from the ability to
reproducibly tune the strength of the redox function, which leads to
control over reaction rates and product selectivities. Furthermore,
the facility with which arene radical cations can be produced in the
presence of a second unactivated organic substrate should allow for
substantial advancement in the understanding of reactions of arene
radical cations.

Lewis Acid Catalyzed Transalkylation (7)

The a,w-diphenylalkanes CgHg(CHp)nCeHs [n = 1-4] have first ioni-
zation potentials from photoelectron spectroscopy that are comparable
to that of toluene (20). The high oxidation potentials of these com-
pounds, compared to those of polycyclic arenes, places them beyond the
range of the oxidizi