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We study within an ionic model the structure and energetics of neutral and charged molecular
clusters which may be relevant to molten Theid to its liquid mixtures with alkali chlorides, with
reference to Raman scattering experiments by Photiadis and Papatheodorou. As stressed by these
authors, the most striking facts for Th@h comparison to other tetrachloride compounds (and
in particular to ZrCJ) are the appreciable ionic conductivity of the pure melt and the continuous
structural changes which occur in the melt mixtures with varying composition. After adjusting our
model to data on the isolated Th@trahedral molecule, we evaluate (i) the Tl dimer and the
singly charged species obtained from it by chlorine-ion transfer between two such neutral dimers;
(i) the ThCk and ThC} clusters both as charged anions and as alkali-compensated species; and
(iii) various oligomers carrying positive or negative double charges. Our study shows that the
characteristic structural properties of the Th&@mpound and of the alkali-Th chloride systems
are the consequence of the relatively high ionic character of the binding, which is already evident
in the isolated ThGlmonomer.
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1. Introduction For both ZrC} and ThC}, the main species in
the gas phase is the tetrahedral monomer, and for
A great deal of evidence has been obtained ovéite former compound the monomer has been shown
the last decade on the static and dynamic structui@ be in equilibrium with ZClg dimers formed
of molten trivalent-metal halides and of their liquidfrom two edge-sharing five-cornered prisms. How-
mixtures with alkali-metal halides (for a recent re€ver, for ZrC} (i) the crystal structure contains zigzag
view see [1]). Systematic structural studies of sinehains of bridged ZrGloctahedra, forming three dis-
ilar systems involving tetravalent-metal halides arinct pairs of Zr-Cl bonds [6]; (ii) melting yields
in comparison relatively few. A notable exception i high-fluidity, non-conducting liquid where ZrCl
the early study of the pure GePmolecular liquid, monomers are in equilibrium with a small polymeric
whose structure was determined at the level of paspecies, which could be the Ll dimer or pos-
tial structure factors from anomalous X-ray scatteringibly the ZgCl,, hexamer in a ring configuration;
experiments [2] and related to the crystal structur@nd (iii) chlorination through mixing with CsCl at
through a change in the short-range molecular pac¥arious compositions favours the formation of the
ing [3]. More recent instances come from the Rama#@rCls)~ and (ZrCf)*~ species, with all the pos-
scattering studies carried out by Photiadis and Papibilities that they have of aggregating into dimeric
atheodorou on ZrGl[4] and on ThC] [5] in various ~charged units (ZCly, Zr,Cl,q and ZyCl,,) via vari-
states of aggregation, both in the pure compound afds forms of chlorine sharing as the mixture compo-
in mixtures with alkali halides over a very broad rangéition is changed.
of composition. As these authors emphasize, the be-In contrast, for ThG| (i) two tetragonal crystal
haviour of these two systems is strikingly differenstructures have been reported, in which each Th atom
under a number of aspects, as we proceed to briefligares with its neighbours eight chlorine atoms on
recall immediately below. the corners of a dodecahedron [7, 8]; (ii) melting, oc-
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curing at an appreciably higher temperature (71 neutral dimers. In Sect. 4 we evaluate thgTh and
against 437C), is apparently accompanied by a drofT h,Cl, clusters both as charged anions and as alkali-
in the metal-ion coordination and yields a liquid withcompensated species, while in Sect. 5 we evaluate
an appreciable ionic conductivity (0@~'cm™~! at a number of other ion-transfer reactions leading to
810°C)[9, 10]; and (iii) continuous structural changegpositively and negatively charged oligomeric species.
seemto occur in the liquid mixtures with varying com¥inally, Sect. 6 presents a summary of our results and
position. A possible way to account for such continueur main conclusions.
ous changes is through an extended linkage of JhCl
octahedra in the melt. In addition, a glassy state & Interionic Force Model and lonicity of the
stable for the ThGlcompound. Tetrahedral Monomer

Among trichlorides, molten AIGI[11] and FeC]
[12] may be similarly contrasted in their electrical The microscopic model that we use for tetrachlo-
transport behaviour. In both compounds, melting ogides incorporates the Born model of cohesion in the
curs from a layered crystal structure with very largerystalline state [19] and the shell model for vibra-
entropy and relative volume changes and with a drdjpnal motions and crystal defects [20]. Electron-shell
in the coordination of the metal ion from sixfold todeformability is described through (i) effective va-
essentially fourfold. Molecular dimers formed fromlences:; subject to overall charge compensation, and
two edge-sharing tetrahedra are the main species(in electrical and overlap polarizabilities of the halo-
the gas phase and these units persist as structural c@®ns (denoted by, andag, respectively). Overlap
ponents in the melt. Yet the ionic conductivities in theepulsions of exponential form are described by ionic
two melts near freezing are very different. The appreadii R; and stiffness parameteps We refer to our
ciable conductivity of molten Fe€[13, 14] can be study of Al-based chloride clusters for a detailed pre-
explained by assuming that neutral dimers and ionizegntation of the model and for thorough tests of its
species coexist in equilibrium. The relevant ionizedsefulness in describing neutral and charged clusters
species are in this case the,E& anion, formed by of polyvalent-metal halides [17].This test study gave
two corner-bridged FeGltetrahedra and the F@l; excellent agreement with the available experimen-
cation, built from two face-sharing FeCletrahedra tal data as well as with first-principles results from
[15] (see also [16]). lonic conduction can then prorefined Hartree-Fock and density-functional calcula-
ceedvia chlorine hops from F£CI; anions to neutral tions.
dimers. A number of model parameters can be transferred

In previous work an ionic model that we had earto tetrachlorides from earlier studies of other ionic
lier developed for trivalent-metal chlorides [17] hagompounds. Thus, for each tetrachloride we need at
been used to study various Zirconium chloride clugnost three disposable parameters. In our study of
ters, with regard to the pure Zr@Glapour and meltand ZrCl, [18] these parameters (the ionic radius and
to the liquid CsCI-ZrC) mixtures [18]. For the latter the effective valence of the Zr ion, and the electri-
we have shown a crucial role of the Cs counteriorsal polarizability of the Clion) have been determined
in stabilizing the complex anions and in determinindy fitting measured properties of the isolated ZrCl
the energetics of their equilibria. In the present wortetrahedral molecule. In a parallel approach to the
we apply the same model to the evaluation of smallhCl, molecule we use the value 2.88for the Th-
clusters which may be relevant to molten Th@hd Cl bond length [21] and the estimated valugs=
its liquid mixtures with alkali halides. In Sect. 2 we350 cnt! andv; = 330 cnt! for the vibrational
adjust the model to data on the isolated tetrahednalode frequencies of the tetrahedron [5]. We then
monomer and demonstrate that Th@ consider- find v, = 95 cnm! andv, = 70 cn! for the other
ably more ionic than ZrGl This result inmediately modes of the ThGltetrahedron, in fair agreement
suggests that ion transfer between neutral moleculaith the estimated valueg, = 110 cmt andv, =
units is favoured in molten Thglas compared to 85 cnt? [5]. We have included van der Waals in-
molten ZrC},. In Sect. 3 we examine the stability ofteractions between the chlorines through a strength
the neutral dimer against dissociation into two neutrglarameteC, = 5.5 h5/2 [17].
monomers and evaluate the ion-transfer reaction con-Table 1 collects the values of the model parame-
sisting of the exchange of one chlorine between twiers for ThC} and ZrC}),. The main result of such a
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Table 1. Interionic force parameters for Zr and Th chlorideground state at zero temperature is best described as
built from two ThClJ, tetrahedra which form a bound
Mo 2y Ry Py Rey pog g as  state by asymmetric sharing of two corners. More
A A A A A* A’ Dprecisely, each of the two Th ions is in a slightly
Th 367 143 0077 171 0238 136 O.94distorted fivefold_ coordinationohavin_g thret_a terminal
zZr 32 120 0065 171 0238 1.36 o.46chlorines at a distance of 2.98 as in the isolated
tetrahedral monomer, one bonding chlorine at a dis-
tance of 2.74A and a further bonding chlorine at a
distance of 2.8&\. Of course, such a minute distor-
A R, (A) o (A) ap (A3 tion will be averaged out by fluctuations, yielding for
the Th,Clg dimer a symmetric shape formed by two

Table 2. Interionic force parameters for alkali ions.

Li 0.816 0.104 0.029  five-cornered prisms sharing an edge.

Na 117 0.079 0.285 o imated value for the bind; fth
K 1.46 0.099 115 ur estimated value for the binding energy of the
Cs 1.72 0.067 2.79 Th,Clg dimer is quite appreciable, about 1.6 eV re-

lative to two isolated monomers. This result conflicts

comparative study of these two molecules is that tHith the fact that the main observed species in the
former is considerably more ionic than the latter. Th§a@S phase is the tetrahedral monomer. It is consis-
effective valence of Th is 3.68 against 3.27 for Zr anknt, however, with the stronger ionic character of
the ionic radius is 1.4 for Th against 1.20A for  the binding in ThCJ. In their work on molten ThG|

Zr (given their meaning as overlap parameters, onfghotiadis and Papatheodorou [5] exclude a mono-
the difference in magnitude of these ionic radii igner-dimer equilibrium on the basis that the negligible
significant [22]). Reductions of the effective valencéhermal expansion of the melt rules out drastic struc-
by about 20% relative to the nominal valence are alural changes with increasing temperature. They note
ready common in trichlorides [17], so that the ThcIthat the partial presence of ThGholecules in the
molecule is evidently quite close to the ideal ionidnelt cannot be excluded, from the fact that the pre-
model. It also turns out that, if we assume the sanflicted v;-mode frequency of the isolated monomer
value for the electric polarizability of the chlorine@t~ 330 cnTtis close to the observed Raman-scat-
ions in the two molecules, then the counterbalanciri§fing band in the melt at 341 ct. However, after
effect of overlap polarizability is appreciably larger infitting this monomer frequency as described in Sect. 2
ThCl,, thus reducing the role of electron-shell polar¥e find from our calculations that the breathing mode
ization. These results suggest at once that ion transfithe two triplets of terminal chlorines in the isolated
between neutral units is favoured in the condensé&mer is at a fgequency of 335 cmh, even closer
phases of ThGlas compared to those of ZiClThe 0 the 341 cm™ Raman band of the melt. There-
quantitatively different character of the binding in thdore, we feel that the nature of the neutral species
two isolated monomers already anticipates the diffeflf any) in the pure ThGl melt should be the ob-

We conclude this section by reporting in Table 4 fivgfold coordination of the Th atoms, as already
teq.

for completeness the model parameters for alkali io We go onto present our results for the ionized states
that we shall use in our calculations on alkali compen- 9 P

the Th,Clg dimer. We find that the TJCly negative
sated clusters. The overlap parameters are from wo% . 8 ; 9

on alkali halides [22]. We also allow for the polariz-!on IS formeq by two_d|storted Th_g:bctahec_ira shar-
ability «, of the alkali ions, with values taken from ing aface, with two triplets of terminal chlorines (g1

. at bond lengths of 2.6A and the triplet of bonding
the tabulation by Jaswal and Sharma [23]. chlorines (CF) at bond lengths of 2.84. The values

of the main molecular bond angles ar€h-CIF-Th =
3. The Neutral Dimer and its 99.6 and/CI™-Th-CI" = 100.F.
lon-transfer Products The Th,Cl, positive ion is instead formed from two
ThCl, tetrahedra sharing a corner, with Th:®ond
The equilibrium shape that we find from our caldengths of 2.56\ and Th-CP bond lengths of 2.78.
culations for the isolated TRIg dimer in its static The molecular bond is essentially straight (in contrast
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to the case of the 4Cl, positive ion, where we find A-Cl bond length is 2.68, 3.08, 3.43 and 3 Ador
/Zr-CIB-Zr = 126.3A) and the other molecular bond A = Li, Na, K and Cs, respectively. Of course, all pairs
angles areCI"-Th-CI" = 117.8 and/CI"-Th-CB =  of faces are equivalent in the octahedron and there-

98.5. fore the two alkali atoms in an isolated cluster must
Finally, we report our result for the ionization equi-be seen as executing correlated motions around the
librium ThCl; octahedron. The breathing mode of the alkali-

compensated cluster lies at 281 - 284 ¢ndepend-
2ThCl, & % ThyCly + % ThClz + Eq, (1) ing 021 the alkali, in fair agreement with the mpeasured

all clusters being in the isolated starevacuo. Here value [5]11(A414) ~ 295 cm ! which is not affected

and in the following sections we choose the initiaby the alkali counterion.

state as consisting of two isolated monomers, in order Turning to the ThCl cluster, we find thatin the iso-

to obtain significant comparisons between the endated state it has the shape of a pentagonal bipyramid

getics of different ionization equilibria. We finf, — a rare example of a sevenfold-coordinated metal

=~ 0.16 eV, with the convention that (here and in th&n. The Th-Cl bond lengths are 2.80in the planar

following) a positive sign means a release of energyentagon and 2.78 out of the plane. Compensation

if the reaction goes from left to right. Since the abovby three Cs atoms creates a complex static structure in

estimate does not include the gain in Coulomb awhich each Cs atom is asymmetrically bound to three

tractive energy between the two ionized products inehlorines. Again, correlated motions of the counte-

dense phase, we may expect that the ionization equiens around the octahedral core of the cluster are

librium (1) should be shifted to the left in calculationsndicated.

referring to the dense ThQinelt. In contrast, we find ~ Finally, the activation energies entering the ioniza-

E4 = -1.1 eV for the same ionization equilibrium iftion equilibria

This replaced by Zr. ThClg + Cl < ThCl, + E,, (2)

4. The Charged and Alkali-compensated and
ThClg and ThCI, Clusters Cs,ThCls + CsCl— Cs;ThCl; + Ey, (©)

In their Raman scattering study Photiadis and P&reE, =—4.1 eV andt; = 1.7 eV. Local charge com-
patheodorou [5] have recorded a large number gEnsation by counterions is evidently crucial in sta-
spectra for solid compounds in the phase diagrarRdizing the highly-charged anionic species. We also
of the (ACI)_,-(ThCl,), systems (with A = Li, Na, estimate the binding energy of O$Cl; as 7.1 eV
K or Cs) and for liquid mixtures at various com-relative to the isolated component molecules (ThCl
positionsz. Taking as examples the g Cl; and and two CsCl).

Cs;ThCl, compounds, these can be viewed as con- _

taining negatively charged and Cs-compensated clu-Charged and Cs-compensated Oligomers

ters of Tth and IThCJY’ rﬁspl)ecti\:jell}/ : Thehoblger\_/ded As already recalled in Sect. 1, Photiadis and Pa-
;F:i‘g}:: agTOTSOStZPe%TegSe?end astc()jTettoethlg?/:br patheodorou [5] observe continuous changes in the

. : -_-Raman spectrum of the liquid (AGl),-(ThCl,),, sys-
tions of the ThGJ octahedron. This spectrum persist . :
atz < 0.33 but is enriched by other structures, whicEemS with increasing above 0.33. They propose that

. possible way to account for such continuous changes
are interpreted as due fo the presence of JhCl is through an extended linkage of Th®@ictahedra in

_ From our calculations the isolated TRCIusteris - e mejt Here we examine the structure and energet-
indeed an octahedron, with a Th-Cl bond length q@s of the relevant oligomeric clusters

2.69A. On adding two compensating alkalis, these
find their static equilibrium positions above the cem 1 Negatively Charged and Cs-compensated

ters of two opposite faces of the octahedron: the Th-Cl  pimers

bond length is slightly reduced to 2.88and the CJ-

Th-Cl, bond angle (Gl being bound to the first alkali ~ Considering first the composition range 0.33 <
atom and CJto the second) opens up somewhat, frors 0.5, two ThC} octahedra can be joinedla face-

90° t0 101.7 for A=Liand to 95.3 for A=Cs. The sharing, edge-sharing or corner-sharing to form the



776 Z. Akdeniz and M. P. Tosi - Structure and Energetics of Clusters Relevant joMéiGl

Th,Clg, Th,Cl,,and ThCl,, charged dimers, respec-Table 3. Incremental binding energyz™ of the
tively. We have already presented our results for tH&h.Cla.+2)* series as a function of (in eV).
Th,Cly negative ion in Sect. 3 above. Cesium com-
pensation of this charged cluster places a Cs atom_in
the outer region of the bond, with an energy gain ofTh,,Cly,.»)2~ 4.20 3.44 2.38
2.3eV.
We find the stable static structure of the doublyable 4. Activation energiegu(n, m) for the reactions (5)
charged ThCl,, anion as formed from two edge-invacuo (in eV).
sharing octahedra, with a Th-Cbond length of

n=1 n=2 n=3

2.64A and a Th-C} bond length of 2.8JA. There M Em@2) B3  EuG2) BB
also are some distortions in the bond angles relative tth -4.2 -2.4 -2.3 1.1
the ideal octahedral value of 9@nd in particular the 2 -1 —3.7 —3.6 —2.7

Th-CIB-Th bond angle is 112°9 Cesium compensa-
tion is effected by bonding each of two Cs atoms ttent metal halides [24], we see that the double bond
three terminal chlorines at the opposite ends of tHeetween adjacent units in a short chain of octahedra
dimer and is accompanied by an energy gain of aboyields values oAE™ larger by roughly a factor of
7 eV. 3 and that convergence is not yet reached at 3.
Similarly, the stable static structure of J8,, is N the largen limit we may expect a value diE™)
obtained from two octahedra sharing a chlorine cofor doubly-bonded octahedra approximately twice as
ner. The Th-G& bond length is 2777 and there large as for singly-bonded tetrahedra, of the order
are two slightly different values of the Th-Cbond lev.
length, at 2.67 - 2.68\. The Th-CE-Th bond is Assuming that such negatively charged oligomers
straight and all bond angles are very close t6.90remain stable in the liquid Th-alkali halide mixtures
Compensation by Cesium yields complex static strugvith increasing concentration of ThCl, up to the
tures, with the most stable one containing three gwire ThC} melt, then at: = 1 they must be compen-
atoms in the outer parts of the central region dfated by positively charged clusters. We have evalu-
the dimer. The energy gain is as large as 14.8 e®tedthe clusters Tl;and ThCl,,. The former clus-
Thus, while a highly charged polynuclear ion such d¢r is formed from two edge-sharing tetrahedra, with
(Th,Cl;,)* is uncommon, it may in some cases b& Th-CP bond length of 2.76\ and a Th-Cl bond

stabilized by suitable alkali counterions. length of 2.54A. Insertion of an edge-sharing octa-
hedron between the two tetrahedra yields a chain-like

static structure for TJCl,,. Another possible poly-
meric series is evidently emerging, again formed from
octahedra bonded to each other by sharing an edge but

Higher oligomers are proposed by Photiadis ant rminating at the opposite ends with two tetrahedra
Papatheodorou [5] to form in the composition range d carrying a double positive charge.

x> 0.5. We find the static shape of the doubly charg I .

Th,Cl, ,anion to be a chain-like structure formed frorg%' Equilibria of Charged Oligomers
three ThC{ octahedra bonded to each other by sharing
an edge. Table 3 reports the incremexi™ in bind-
ing energy of the doubly charged ;J@lg4,,+» polyan-

5.2. Negatively Charged Trimers and Positively
Charged Dimersand Trimers

The coexistence of doubly charged oligomeric an-

ions and cations in the pure ThGhelt, as discussed

. . . o just above in Sect. 5.2, is evidently alternative to the

ions on increasing by unity inthe range & n < 3. g yjliprium between the neutral 7@l dimer and its

We have defined the incremental binding energy assingly charged ionization products that we have ex-

AE™ = Et()") _ Et()nfl) — Ey(ThCly), (4) aminedin Sect. 3. We proceed to evaluate the relevant

_ o ionization equilibria, for comparison with (1).

with Et(?n) the binding energy Of the-th member of  \\ee consider the equilibria described by

the series andl,(ThCl,) the binding energy of Th¢l 5 o .

By comparison with our earlier results on oligomerie2 MCl, < & [MaCl3i_5 + M, Cly Lo ] (%)

chains of single-bonded tetrahedral anions for triva- + Em(n,m)
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in vacuo, for the cases, m = 2 and 3 and taking  We have in this work successfully extended a mi-
M = Th or Zr. The corresponding values of the energgroscopic ionic model first proposed for trihalide sys-
En(n,m) are reported in Table 4. tems[17] to deal with a number of neutral and charged
A number of general points are immediately evielusters which are relevant to the condensed phases of
dent from Table 4. Firstly, all the ionization reactionghorium tetrachloride and to its liquid mixtures with
of the type (5) that we have evaluatBdvacuo are alkali halides. From our calculations, at given values
endothermic: this is not surprising, as the activatioof the ionic radii the main factor governing the rel-
energiesky (n, m) do not include the gain in attrac- ative stability of different local configurations is the
tive energy from the Coulomb interactions betwee@oulomb energy associated with the Th-ClI interac-
the reaction products in a dense phase. Secondly, @dins and with screening by counterions.
activation energies are appreciably larger for the Zr Starting from the basic fact that the binding in the
compounds, signalling again that ion transfer is unFhCl, tetrahedral molecule is very close to the ideal
favoured in these less ionic systems. Thirdly, the a@nic picture, we have found general agreement with
tivation energies for the Th compounds decrease #® suggestions and quantitative results presented in
the sizes, m) of the oligomers increase: this trendhe Raman scattering study of Photiadis and Pap-
evidently reflects the fact that with increasing {n) atheodorou [5]. However, on the basis of our calcu-
the same amount of excess charge is being sprdations we have been unable to discriminate between
over larger molecular volumes. The stability of longwo alternative pictures of the state of ionization of
chain-like structures in the pure ThQhelt is consis- the pure ThG] melt. We have considered first an ion-
tent with the formation of a glassy state. ization equilibrium between the neutral dimer and
We should at this point contrast the vallig,(3,3) its singly charged ionization products, which would
= —1.1 eV for the endothermic reaction 2 ThGE parallel the state of ionization which is believed to
[(Th3Cly o) + (ThgCly )2~ /3 invacuo with the value  be present in molten FeCl15]. We have also stud-
E4=0.16 eV for the exothermic reaction 2 TGl  ied the ionization equilibria between doubly charged
[(Th,CI,)* + (Th,Clg)~]/2 that we have evaluated in oligomers, which has been proposed for the ThCl
Sect. 3. Bearing again in mind that the Coulombimelt [5] and may explain the stability of a glassy
attractions between the charged clusters in the derstate for this compound. We believe that this question
melt have not been included in our calculations, ghould be re-examined in future studies of the pure
seems to us difficult to decide on the basis of thiselt, both by diffraction studies and by computer
comparison between these two alternative pictures siimulation.
the state of ionization in the pure ThGhelt.
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