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Halides of mono-, di-, and trivalent metals of the general formulas AX, BX;, and MX;
may react with each other, forming a large variety of ternary and even quaternary phases
in the solid state. Aside from the alkali-poor quaternary chlorides of the ABMXs type, which
are derivatives of the UCl; type of structure, the alkali cation free pseudoternary chlorides
that form in the systems BCI,/MCl3, especially with B = Ba, are reviewed. Examples of
ternary chlorides are Ba,EuCly, with isolated [EuCl;] monocapped trigonal prisms; Ba,Cl-
[ScCl¢], with isolated octahedra [ScClg] and lonesome Cl~; Bag[{(Sme)Z} Clsz], and Bag-
[{(Sme)Z} Clas], with Z being presumably an oxide ion residing in the large hole of the [Sms-
Clss] polyhedral clusters that occur in these fluorite type superstructures; and, finally,
BaGdCls, with corrugated layers of edge-connected [GdClg] square antiprisms. These halides
may be cationic conductors (AgSrSmClg), insulating mixed-valence halides such as NaNd.-
Clg, or semiconductors such as PryBrs with interesting magnetic ordering at lower
temperatures, or they may serve as hosts for luminescent ions. BaErCl;, for example, is

an efficient near-infrared to near-ultraviolet upconversion material.
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Introduction

At ambient conditions, all of the rare-earth elements
M (Sc, Y, La, Ce—Lu) form trihalides, MX; (X = F, ClI,
Br, 1), with the exception of Euls, where Eul, is more
stable. They adopt a small number of crystal structure
types with coordination numbers between 11 and 6,
where the ratio of the ionic radii of M3+ and X~ plays
an important role. Considering chlorides alone, the
problem may be reduced to the lanthanide contraction,
and the coordination numbers and structure types are
as follows: 9-coordination and UCI3 type structure for
LaCls; through GdCls, 8-coordination and PuBr3 type
structure for ThCls, and 6-coordination for M = Dy—
Lu, including Y (AICI3/YCI; type), as well as for M = Sc
(FeCls/Bils type).t

The binary rare-earth chlorides, MCls, may react with
other binary chlorides, ACI, with A being in principle

* Corresponding author. Tel.: (49) 221 470 3262. Fax: (49) 221 470
5083. E-mail: gerd.meyer@uni-koeln.de.

any monovalent cation, especially Li—Cs, Ag, In, TI,
NH,, or BCl,, with B being any divalent cation, par-
ticularly from alkaline-earth elements (Ca, Sr, Ba,) or
(potentially truly divalent) rare-earth elements (Eu, Yb,
Sm, Tm, Nd, Dy), to form ternary chlorides. The edges
of the triangle of the pseudoternary system AX/BXo/MX3
in Figure 1 exhibit the compound types that have been
found in the ternary systems AX/MXs, BX2/MXs, and
AX/BX; and for which at least for one example of a
crystal structure determination has been reported.

Much work has been done during the last 2 decades
to explore the AX/BX; and AX/MX3 type systems.?3
Composition/temperature phase diagrams were deter-
mined, (in most cases small) crystals grown, and crystal
structures solved. Physical properties were investigated
to a lesser extent, although in some sample cases
magnetic properties were followed, as were spectroscopic
properties that hint at potential uses in laser or upcon-
version materials.

At the MCls-rich side of especially the NaCl/MCl3
systems with M = La—Sm, a curious phase width was
found that could be rationalized as substitution of M3+
by Na* and, for electroneutrality, addition of further
NaT™ into interstices that are empty in the parent UCI;
type structure in the [00.1] direction, according to the
general formula Ax(AM2_4)Xs. M3t may also be sub-
stituted by B2*, as the example of Na(BalLa)Cls may
show. In other words, the pseudoternary system AX/
BX,/MX3 also contains the quaternary halides ABMXe.
Attempts to sort out the boundaries of the existence of
the ABMX;g type derivatives of the UCI; type of structure
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Bzm'xy' LBst
Bol{MeZ}Xaal  Bgl{MsZ}Xs,]
Figure 1. The pseudoternary system AX/BXo/MXs.

Figure 2. Compound formation in the BaCl,/MCl; type
systems.

led us to a closer inspection of the BXy/MX; type
systems.* For the BaCl,/MCIl; type systems, we were
successful in the determination of crystal structures of
four types of compounds, i.e., B,MX7, Bg[{ MgZ} X34], Bs-
[{ MeZ} X32] (for Z, see below), and BMXs (Figures 1 and

2).
2 K\// @\<P

[MX..]
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The UCI; Type of Structure and Its Chloride
Derivatives

The UCI; type of structure may be considered as a
distorted variant of a hexagonal closest packing of
spheres of the general composition MX;. The distortion
originates from the different sizes of M3+ and X~ and
yields a reduction of the coordination number of M3+
from 12 (anticuboctahedron) to 9 (tricapped trigonal
prism; see Figure 3). In the UCI; type of structure, the
[MXo] polyhedra share common faces in the [00.1]
direction of the hexagonal unit cell (space group P63/
m). The columns thereby formed are shifted against
each other parallel to [00.1] by /,c, so the caps of each
column are also corners of the trigonal prisms of the
three surrounding columns. Each X~ ligand then has
three M3" as nearest neighbors, in accord with the
formulation MXgys.

The unit cell contains two formula units of MX3. The
cell content is therefore M,Xs. As Figure 4 shows, there
are empty channels parallel to [00.1]. In principle, one
has four positions for additional cations, crystallo-
graphically the positions (2a) 0,0,/4 and (2b) 0,0,0 in
space group P63s/m (No. 176). These positions represent
a heavily compressed octahedron (2b) and an equatori-
ally heavily compressed tricapped trigonal prism (Figure
5). The distances between the centers of the channels
are Y/4¢c (2a—2b) and /¢ (2a—2a or 2b—2h), respectively.
With the lattice constant ¢ between 415 and 450 pm in
these chlorides (Table 1), it becomes clear that these
positions can only be partially occupied. In general, one
finds a maximum occupation of one per cell content,
hence the formula AM,Xs.

Figure 3. The distortion of one layer of a closest packing of spheres of the composition MX; and the accompanying reduction of

the coordination number of M from 12 to 9.
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Figure 4. View onto (00.1) exhibiting the [MXg] columns and
their surrounding in the UCI; type of structure. Additional
cations in the channels parallel to [00.1] are also shown; the
arrows indicate possible pathways for cation diffusion through
neighboring tetrahedral interstices.

il
@ Na1(0,0.0)
@& Na2 (0,0,1/4)
Figure 5. A side view of the crystal structure of UCI; with

additional Na* ions indicated by their elongated thermal
ellipsoids in the channels parallel to [00.1] on 2b (0,0,0) and

2a (0,0,%,) sites of space group P6z/m.

Table 1. UCI; Type Derivative Chlorides

A(M2)Xe a, pm ¢, pm ref
Ko.64(Ko.34La1.66)Cle 785.7(1) 430.9(1) 14
Nao,727(Nao,364La;|“537)C|6 759.17(4) 437.91(3) 6
Na(BalLa)Cls 767.9(4) 454.0(4) 13
Ag(BaLa)Cls 762.3(5) 452.9(5) 13
Na0,76(Na0,386Ce1,616)CIs 757.07(4) 431.56(3) 5
Nao,7o(Nao,34gC€‘1,651)C|6 756.38(4) 431.79(3) 6
Na(U3+,)Clg 756.09(3) 431.43(3) 9
Naole4(Nao_313PI’1,531)C|e 755.4(1) 427.6(2) 6
Na(Pr3+,)Cle 756.77(5) 429.34(4) 7
Pross(Pr3+2)Clg 741.7(1) 427.2(1) 11
Nao_eog(Nao_305Nd1_739)C|6 754.21(4) 424.00(3) 6
Na(Nd2*Nd®)Cls 762.60(5)  438.66(4) 7
Nao,491(Nao,2455m1,754)CI5 750.7(1) 415.9(2) 6
Na(Sm2+Sm3+)Clg 756.14(7) 433.26(6) 6
Na(SrSm)Cls 758.9(1) 430.2(1) 13
Ag(SrSm)Cls 757.3(5) 431.8(6) 13
Na(EuZ*Eu3*)Cle 755.74(8) 429.81(5) 12
Nao_75(EU2+0_75EU3+1_25)C|6 753.69(11) 416.3(2) 12
Na(SrEu)Clg 757.8(1) 429.7(1) 13
Ago,gl(Srngulﬂ)Cle 749.00(10) 429.00(15) 13

One may consider three categories of derivatives of
the UCI; type of structure.

Category 1. For those lanthanide chlorides that
crystallize with the UCI; type of structure (LaCl;
through GdCls), the systems ACI/MCI; are apt to form
“solid solutions” at the ACI-poor side of the systems,
especially when ACI is NaCl. These have the general
formula Naz(NaxM,—)Cls with, on one hand, Na*
substituting M3t and, on the other hand, Na* ions being
incorporated into the channels parallel to [00.1]. The
amount of Na* substituted and added decreases with
decreasing size of the M3* ions, from x = 0.364 for M =
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Figure 6. lonic conductivity of NaBaLaBrgs, NaSrSmCls, and
AgSrSmClg in the log o versus 1/T representation (o in Q7
cm™%; T in K). The origin of the “phase transition” (I — II) at
higher temperatures is not clear.

Table 2. Lattice Constants of Bag[{(Ms)Z}Cls;] (R—3, Z =
3) and Bag[{(Ms)Z} Clsa4] (14/m, Z = 2) Type Chlorides from
Powder Diffraction Data

M a, pm ¢, pm Vm, cm3/mol
Pr 1337.9(3 2499.0(5 777.7(6
Nd 1335.8(3 2496.1(4 774.4(5
Sm 1332.0(2 2491.3(3 768.5(4
Eu? 1325.4(3 2481.2(5 757.8(5
La 1137.7(4 2179.9(6 849.7(9
Ce 1134.8(3 2172.9(5 842.7(6
Pr 1134.1(3 2172.1(4 841.3(6
Nd 1132.9(5 2167.6(7 837.8(10)
Sm 1130.8(2 2160.9(4 832.1(5
Eub 1121.57(7) 2149.2(2 814.1(2

a (Ba,EU”)s[{ (EU“IG)Z}C|32]. b (Ba,EU”)g[{ (EU”I6)Z}C|34].

La to x = 0.246 for M = Sm,5¢ attesting to the fact that
the ionic radii of La®* and Na* are very similar. In most
cases, the additional Na* ions occupy statistically the
(compressed) octahedral sites parallel to [00.1].
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Figure 7. The “polyhedral cluster” [{ MsZ} Xzg].

Category 2. Derivatives of the type A(Mz)Xes, where
no substitution takes place on the M sites, occur when
the electron added from the added atom A either reduces
one-half of the M3* ions to M2+, as in NaNd,Clg =
(Na™)(Nd?"Nd3*)(ClI™)e with statistical distribution of
Nd2* and Nd3*,7 or the electron is delocalized into a
band as in NaPr,Cls = (Na™)(Pr3"),(Cl-)s(e7).”® The
former is a mixed-valent salt; the latter a semiconductor
or metal. NaU,Clg, obtained by reduction of uranium
trichloride with sodium, is another example of the latter
case.? The once enigmatic phase PrCl, 3,19 also belongs
to this group of compounds where 0.58 Pr3* occupy the
(compressed) octahedral holes parallel to [00.1], in
accord with the formulation (Pr3")gsg(Pr3™)(Cl™)s(€7)1.74.1

Category 3. The divalent lanthanide cations in the
chlorides NaNd,Clg,” NaSm,Clg,® and NaEu,Cls? might
be substituted by other divalent cations of similar size;
most important are Sr2t and Ba?". Of course, the
remaining M3" cations can now also be M = La, Ce, Pr.
Examples of this third category of UCI; type derivatives
are NaSrSmClg and NaBaLaClg, with statistical distri-
bution of the di- and trivalent cations.3

Table 1 summarizes our present knowledge of UClI3
type derivative chlorides.

It has already been mentioned that chlorides such as
NaPr,Clg with excess electrons that reside in a band
are semiconductors or metals. From Figures 4 and 5 it
is obvious that the cations in the channels parallel to
[00.1], of which a maximum of one is statistically
distributed over four sites per formula unit AM,Clg, are
apt for high mobility; hence, these chlorides should be
good cationic conductors. This is indeed the case. Even
powder samples show specific conductivities of, for
example, 4-10~* S/cm at 360 °C for NaSrSmCls (Figure
6). However, the ionic conductivity should be highly
anisotropic; it should be excellent in the [00.1] direction
and rather poor in the (00.1) plane (cf. Figure 4). As
usual, when Na' is substituted for Ag*, as in Ag-
SrSmClg, the conductivity is considerably better (1073
S/cm at 350 °C).13

Chem. Mater., Vol. 10, No. 10, 1998 2997

Figure 8. The formation of a [{ MeZ} X36] polyhedral cluster
from an MegXs, structural fragment of the fluorite type by
rotation of two square faces and the addition of four X~ anions
whereby a cuboctahedron for the interstitial Z is built.

In contrast to PrCl, 31, which is the only phase in the
system Pr/PrCl; with the UCI; type derivative structure
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Figure 9. The crystal structure of Bag[{ SmsZ} Cl3;] (trigonal,
R—3, Z = 3). The square-antiprismatic [SmClg] polyhedron,
the two types of [BaClyo] polyhedra, and the arrangement and
connection of the [{ SmsZ} Xs6] polyhedral clusters.

according to (Pr3*)o.ss(Pr3t),(Cl™)e(e™)1.74, two composi-
tions were found in the NdCI,/NdClI; partial system, i.e.,
NdCl,,7 and NdCl,37.2®> These are mixed-valent com-
pounds, and contrary to the topologically identical
structures of NaPr,Cls and NaNd,Clg, neither of them
belongs to the UCI; derivative family. Their formulas
may be written as NdCly27 = (Nd2H)g[{ (Nd3*)e(Z )} (CI7)32]
and NdClzs7 = (Nd#)o[{(Nd3")6(Z7)}(CI7)sa], respec-
tively.’® Both have structures that may be grasped as
superstructure derivatives of the fluorite (CaF,) type of

Reviews

structure. These will be discussed in the following
section.

Bag[{(Me)Z} X32] and Bag[{(Me)Z} X34] Type
Chlorides

Fluorite Superstructure Derivatives. Phase dia-
gram determinations of the systems BaCl,/MCl; (M =
La, Sm)! revealed incongruently melting phases that
were assigned to the compounds Ba,LaCl;, Ba,SmCl-,
and BaSmCls, although with considerable phase widths.
The formation of mixed crystals between the rare-earth
chlorides and the high-temperature modification of
BaCl, (fluorite type of structure)!® was thought to be
responsible for these phase widths. Indeed, further
investigations made clear that these chlorides belong
structurally to three-dimensional superstructures of the
fluorite type with the general composition MpXzn+5.1°

Yellow single crystals of Bag[{(Sme)Z} Clsz] were ob-
tained from a 1:1 equimolar mixture of BaCl, and SmCl;
in a silver chloride flux (mp of AgCl, 455 °C) at 560 °C
in a silica ampule. These silver chloride fluxes were
first designed for the synthesis of UCI; type derivatives
like, in the present case, Ag(BaSm)Cls. This compound
appears, however, not to exist, and neither does BaSmCls
nor Ba,SmCl;. Mixtures (2:1) of BaCl, and SmCl; at
slightly higher temperatures (620 °C) vyield Bag-
[{(Sme)Z} Clas], also from a AgCl flux. If no AgCl is
added that may act as a flux, only powder samples are
obtained. Analogous europium-containing chlorides
were from green to blue colored in both cases. This is
explained with some substitution of Ba?" by Eu?" (see
below for (Ba,Eu')o[{(Eu's)Z}Clss]). Mixed-valence
Eu'/Eu"' halides are always blue to green; see, for
example, EU4C|9 = (EUII)3EUIIIC|920 and Nao_75EU2C|6.12

Only the mentioned two types of (B+M)nXans type
chlorides (B = Ba) were obtained, i.e., with n = 14, Bg-
[{(Mg)Z}Cl3z], M = Pr, Nd, Sm, Eu (note that 2n + 5
equals 33, which is 32 CI + Z; for a comment on the
nature of Z, see below), and with n = 15, Bg[{(Ms)Z}-
Clz4], M = La, Ce, Pr, Nd, Sm (see Table 2).

Three-dimensional fluorite type superstructures were
known for quite a while for ternary fluorides?'~23 and
for mixed-valent rare-earth halides.’619 Especially
noteworthy are the two phases in the system NdCl,/
NdCl; with the compositions NdCl;3; and NdCl; 27,1
which, according to very thorough structure determina-
tions,’® are in fact Nd"g[{(Nd'"'¢)Z}Cl3,] and Nd's-
[{(Nd')Z} Cl34], respectively (see above).

The most important, characteristic building unit of
this family of structures is the so-called polyhedral
cluster of the composition [MeX36] (Figure 7). Itis built
from six square antiprisms [MXg] that share four
corners with four like square antiprisms leading to the
formulation [MX4/1X4/2] X 6 — [M5X24/1X24/2] = [M6X36].
The six “metal” centers (M3") are at the corners of a
regular octahedron. The [MgX36] polyhedral cluster may
be derived from a structural fragment of the fluorite
(CaF,) aristotype: six cubes with their centers (M)
forming an octahedron, of the composition [MgXs2].
When two inner square faces are rotated by 45° to form
two apical square antiprisms, four X~ anions need to
be added equatorially to build four additional square
antisprisms. A cuboctahedron of X~ anions is thereby
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Figure 10. The crystal structure of Bag[{SmsZ}Clss] (tetragonal, 14/m, Z = 2). The two symmetrically inequivalent square
antiprismatic [SmClg] polyhedra, the [BaClyo] polyhedron, the [BaClg] cube and its surrounding, and the arrangement and connection

of the [{SmeZ} Xs6] polyhedral clusters.

formed which leaves much space for an interstitial atom
Z, [{MeZ} X36 ] (Figure 8). To achieve electroneutrality,
the interstitial ion needs to be an anion, of which an
oxide anion would be most likely, judging from the
charge balance, but a chloride ion would be more
feasible judging from the size of the hole.

The [{MgZ} X36] polyhedral clusters are connected with
each other in accord with the point groups —3 (space
group R—3) and 4/m (space group 14/m) via six and four
outer edges, respectively. Thereby the compositions

Bag[{ MeZ}Clgz] (R_g) and Bag[{ MGZ}C|34] (I4/m) are
obtained (see Figures 9 and 10).

Bag[{MeZ} Cl32]. A crystal structure determination
was undertaken for the example Bag[{ SmgZ} Cl3;]. Dis-
tances Sm3*t—CI~ within the square antiprism are an
average of 288 pm (Table 3). The [{ MgZ} X3¢] “clusters”
are connected via common edges and arranged in the
fashion of a cubic-closest packing of spheres (Figure 9).
This leaves space for two crystallographically indepen-
dent Ba?* cations with multiplicities of 6 (Bal) and 18
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Table 3. Distance Ranges and Mean Distances for the Crystallographically Independent B and M Sites for Some
Chlorides in the BCI,/MCl3 Systems

B sites?

M sitesP

table

chlorides CSD no. no.2
Baz[EuCly] 408502 S1
Bag[{ SmeZ} Cla4] 408480 S2
(Ba,Sr)o[{ SmeZ} Clzs] 408478 S3
(Ba,Eu)o[{ Eu'6Z} Cl34] 408479 S4
Bag[{ SmeZ} Cl3] 408481 S5
BaGdCls 407832 S6
Ba,CI[ScClg] 408056 S7

Bal [9] 308.6(2)—332.5(2); 321.5(2)
Ba2 [9] 308.7(2)—331.5(2); 322.0(2)
Bal [8] 310.3(2)

Ba2 [10] 311.6(1)—359.3(1); 329.5(2)
Sr/Bal [8] 302.5(2)

Ba3 [10] 308.8(2)—356.3(1); 327.3(2)
Eu/Bal [8] 303.5(1)

Ba2 [10] 309.0(1)—356.3(1); 327.8(2)
Bal [10] 307.0(3)—363.0(4); 328.9(3)
Ba2 [10]314.1(2)—354.2(3); 328.8(3)
Ba [10] 318.8(2)—354.1(1); 328.6(2)
Bal [9] 302.7(2)—357.5(2); 323.9(2)
Ba2 [9] 303.7(2)—349.0(2); 322.0(2)
Ba3 [10] 295.5(2)—363.1(2); 338.5(2)
Ba4 [9] 299.2(2)—-363.3(2); 335.9(2)

Eu [7] 269.6(2)—281.0(2); 275.1(2)

Sm1 [8] 289.7(2)—290.7(2); 290.2(2)
Sm2 [8] 279.4(3)—292.9(2); 288.8(2)
Sml [8] 285.4(2)—286.9(3); 286.2(3)
Sm2 [8] 276.9(4)—293.0(3); 286.9(3)
Eul [8] 284.2(2)—286.0(2); 285.1(2)

Eu2 [8] 277.0(2)—295.0(2); 287.4(2)
Sm [8] 280.4(3)—292.7(3); 288.4(3)

Gd [8] 274.4(2)—292.9(1); 281.4(2)
Scl [6] 242.9(3)—252.1(3); 247.9(3)
Sc2 [6] 241.6(3)—251.6(2); 247.9(2)

a Table number of Supporting Information. ® Coordination numbers are in brackets.

(Ba2). Both have 10 nearest neighbors (Figure 9) with
mean distances of 329 pm. With all samarium atoms
in the trivalent state (to which the light yellow color
attests) and full occupation on all cationic sites, the
interstitial Z needs to be divalent to achieve electro-
neutrality. This is most preferably the ubiquitous oxide
anion.

Bag[{MeZ} Clss]. Crystal structure determinations
were undertaken for the examples of Bag[{ SmeZ} Clz4],
(Ba,Sr)g[{ SmeZ} Cls4], and (Ba,Eu')g[{ Eu''sZ} Cla4]. There
are two crystallographically independent sites for M3*
cations with mean Sm3"—CI~ distances between 286
and 290 pm (Table 3), much the same as in Bag[{ SmgZ}-
Cls;], and Eudt—CI~ distances a little shorter (average
286 pm), as the lanthanide contraction requests. The
coordination number for Ba2 is 10, with an average
Ba?"™—CI~ distance around 328 pm (as above). The
8-coordinate Bal, however, is special in that there are
eight equal distances at 310 pm; the coordination
polyhedron is a cube (Figure 10). This position may at
least be partly substituted by Sr2™ and Eu?*, leading to
much shorter distances of 303 and 304 pm, respectively.
Full occupation of these sites by Sr2* and Eu?™, respec-
tively, would lead to the formulas SrBag[{SmeZ} Cls4]
and Eu'"Bag[{Eu'"'¢Z}Cl34]. Again, the nature of the
anion Z in the cuboctahedron of the [{ MsZ} Clsg] “cluster”
is not clear. The existence of Bag[{ SmeZ} Cls4] with all
samarium atoms trivalent would request one O?~ or two
Cl~ for electroneutrality. There is indeed electron
density in the cuboctahedron, although not right in the
center, but one may refine four split positions, because
of the space group symmetry 14/m. With the cations
out of the center of the square antiprisms directed to
these split positions, M3t—“02~” distances are 326 pm.
These are certainly too large to be normal, for example,
Sm3+—02- distances. Note that even in a compound
with divalent samarium, [Sm40]Cls,2* the Sm2T—02-
distance is only around 237 pm.

BaMCls Type Chlorides (M = Eu—Th)

The phase diagram of the system BaCl,/GdCl; has
been determined and shows that BaGdCls melts incon-
gruently at about 560 °C.17 Colorless single crystals of
BaGdCls were obtained together with those of GdCls
from the melt (560 °C) of a 1:2 equimolar mixture of

BaCl, and GdCl; in a silica ampule by slow cooling at 1
K/h to 520 °C, where the solid was kept for 10 days.
The composition of the melt was between that of the
eutectic (~30 mol % BaCl,) and the intersection of the
peritectic with the liquidus curve (~35 mol % BacCl,).
Pure powder samples of BaGdCls and of BaEuCls and
BaTbCls may be obtained by heating equimolar mix-
tures of BaCl, and MCl; (M = Eu, Gd, Tb) in silica
ampules at 480 °C for about 2 weeks. Attempts to
prepare BaDyCls failed.

The crystal structure of BaGdCls?® (Figure 11) with
which BaEuCls and BaTbCls are isostructural (for
lattice constants see Table 4) contains rather regular
square antiprismatic polyhedra [GdClg] with Gd3™—CI~
distances between 274.4(2) and 292.9(1) pm (d = 281.4-
(2) pm). Note that Gd3"—CI~ distances are 285 pm on
average in UCl; type GdCl3 (coordination number of 9).26
The polyhedra [GdCI1,CI2,Cl3,] are connected parallel
to [001] via two common edges and in the [100] direction
via two common corners yielding corrugated layers
according to 2[GdCl1,,Cl221Cl345] (Figure 11). The
Ba?* cations have eight rather close CI- neighbors at
distances between 318.8(2) and 330.2(2) pm and two
more distant neighbors at 354.1(1) pm with an average
of 328.6(2) pm for coordination number 10 (or better as
8 + 2). The [BaClyg] polyhedra are connected via two
common edges parallel to [001] and likewise [100]
according to [BaCl26/2Cl32/1] to corrugated layers that
alternate in the [010] direction with [GACI1,,CI2,,1Cl34]
layers and are, of course, connected with these via
common chloride ions where the two more distant
chloride ligands of the [BaClg+2] polyhedra play an
important role.

Ba,MCI; Type Chlorides (M = Eu—Lu, Y)

The first hints at the existence of “true”, incongruently
melting Ba;MClI; type chlorides came from phase dia-
gram determinations of the systems BaCl,/MCl; (M =
Gd,Yb, Y).1727 Quite recently, single crystals were
grown making use of the Bridgman technique, and the
crystal structure was determined for the example of Ba,-
ErCl;.22 The chlorides Ba,MCIl; with M = Gd-Yb,Y
were found to be isostructural;?® for lattice constants,
see Table 5. From single-crystal data, the existence of
Ba,EuCl; was verified, and from X-ray powder data so
was that of Ba,LuCl;.4
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Figure 11. The crystal structure of BaGdCls (monoclinic, C2/
¢, Z = 4); perspective views of the coordination polyhedra
around Gd** and Ba?*, of a corrugated [GdCls] layer and of
the unit cell.

Yellow single crystals of Ba,EuCl; were obtained from
a ZnCl, flux (mp of ZnCl,, 283 °C; the ZnCl,/MCl3
systems (M = rare-earth elements) appear to be simply
eutectic; the BaCl,/ZnCl, system contains the ternary
chloride BaznCl,).#3° A mixture of BaCl,, EuCls, and
ZnCl; with 4:2:3 equimolar amounts was held at 520
°C for 2 weeks in a silica ampule, followed by slow
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Table 4. Lattice Constants of BaMClIs Type Chlorides
(monoclinic, C2/c, Z = 4; from powder data)

Vm,

M a, pm b, pm c, pm B,grd  cm3mol

BaEuCls 553.8(2) 1934.3(7) 689.0(4) 93.38(6) 110.9(2)
BaGdCls 551.8(3) 1923.9(6) 686.2(4) 93.18(5) 109.5(2)
BaTbCls 551.1(3) 1915.3(7) 684.4(5) 93.11(7) 108.6(2)

Table 5. Lattice Constants and Molar Volumes of
Bay[MCI;] Type Chlorides (monoclinic, P2i/c, Z = 4)2

Vm,
M a, pm b, pm c, pm B, grd cm?/mol
Eu 6817(2) 1558.6(3) 1055.2(2) 90.66(2) 168.8(2)
Gd 681.9(2) 1557.8(3) 1055.1(2) 90.66(1) 168.8(2)
Tb  681.0(2) 1555.3(3) 1053.6(2) 90.61(2) 168.0(2)
Dy 680.1(3) 1554.0(4) 1051.7(3) 90.56(3) 167.4(2)
Ho 679.6(1) 1552.1(2) 1049.1(1) 90.54(1) 166.6(1)
Er 679.2(1) 1551.4(2) 1048.9(1) 90.50(1) 166.4(1)
Y  679.4(2) 1552.8(3) 1050.0(2) 90.49(2) 166.8(2)
Tm 677.9(2) 1550.1(2) 1048.3(2) 90.43(2) 165.9(2)
Yb  676.4(1) 1548.4(2) 1046.5(1) 90.41(1) 165.0(1)
Lu 675.8(2) 1546.9(3) 1046.2(2) 90.38(2) 164.7(1)

aFor M = Gd—Yhb, Y, see ref 29.

cooling at 4 K/h. Powder samples of Ba,LuCl; were
obtained from a 2:1 mixture of BaCl, and LuCl; at 540
°C in a silica ampule (2 weeks).

The characteristic feature of the crystal structure of,
for example, Ba;EuCly is an isolated monocapped trigo-
nal prismatic [EuCl;] polyhedron (Figure 12) with
Eust—CI~ distances of 275 pm on average, approxi-
mately 11 pm shorter than those found for 8-coordinate
(Ba,Eu)g[{ Eu'M'eZ} Cla4] (Table 3). There are two crys-
tallographically independent 9-coordinate Ba2* cations
in the structure with typical Ba?*—CI~ distances around
322 pm on average. The [BaClg] polyhedra are con-
nected with each other via two edges, forming linear
and zigzag chains, respectively (Figure 12). The chains
are connected with each other through triangular faces
so that a three-dimensional network arises in which the
EusT cations are embedded (Figure 12).

The Chloride Ba,ScCl; = Ba,CI[ScClg]

With the smallest of the rare-earth cations, Sc3*, the
chloride of composition Ba,ScCl; was obtained as color-
less single crystals together with ScCls from a 1:1
mixture of the binary chlorides at 580 °C in a silica
ampule (2 weeks, slow cooling at 1 K/h).3! For pure
powder samples, a 2:1 mixture of BaCl, and ScClj is
heated at 540 °C for 2 weeks.

Ba,ScCly; crystallizes in the monoclinic crystal system
with a = 688.88(7) pm, b = 1349.4(1) pm, c = 1207.3(1)
pm, 8 = 94.92(1)° and a molar volume of 168.3(1) cm?
mol~1. The space group is noncentrosymmetric (P2,).
This could be verified through the second harmonic
generation of the fundamental of a Nd:YAG laser (1064
nm).

Characteristic of the crystal structure of Ba,ScCl; are
isolated [ScClg] octahedra; the seventh Cl~ only belongs
to polyhedra around Ba?*, so the formula should be
written as Ba,CI[ScClg]. As Figure 13 shows, the two
symmetrically inequivalent [ScClg] are very similar with
equal mean Sc3t—CI~ distances of 248 pm (Table 3)
much as those in ScCl3.8238 Four symmetrically in-
equivalent Ba?* cations are surrounded by 9 or 10



3002 Chem. Mater., Vol. 10, No. 10, 1998

Cl6

Reviews

C17

Figure 12. The crystal structure of Bay[EuCl;] (monoclinic, P2:/c, Z = 4). The isolated monocapped trigonal prism [EuCl;], the
two symmetrically inequivalent [BaClg] polyhedra, two types of their connection via common edges, and a perspective view of the

unit cell.

nearest chloride neighbors with average distances fall-
ing into two groups, around 323 and 337 pm, respec-
tively.

Properties and Potentials

Alkali chlorides, ACI, when “mixed” with rare-earth
chlorides offer a wide variety of complex halides. With
the rare-earth ions in the divalent state, a rather
common valence now,® ternary chlorides exist with the
formula types AB,Cls, ABCl3z, and A;BCl4.343% These
B2+ cations have pure 6s°5d%f" electronic configura-
tions. The element B may be Nd, Sm, Eu, Dy, Tm, and
Yb, but not, for example, Pr, because an electronic
configuration crossover takes placeto, generally, 6s°5d4f"1,
The “excess” 5d electron is either delocalized into a
band, giving rise to semiconductingor metallic behavior,

or it may be localized in multicenter bonds, as is
apparently the case in Pr;Brs, where triangles of
praseodymium atoms occur with one-electron—three-
center bonds.3637 This halide exhibits a rather compli-
cated mixed ferro- and antiferromagnetic behavior below
50 K and is a semiconductor. It also shows a metallic
luster, as does NaPr,Clg but not NaNd,Cls (see above
for a reason). The latter two compounds fall in the
category of the derivatives of the UCI; type of structure
according to 2MX3; — MyXs — ABMXg (see above).
Neither their magnetic and spectroscopic properties nor
their electronic conduction properties have yet been
explored. Chlorides of the ABMClg type with A = Na,
Ag are highly anisotropic, essentially one-dimensional
cationic conductors, for example, NaBaLaCls and Ag-
SrSmClg (see above).
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Figure 13. The crystal structure of Ba,ScCl; = Ba,CI[ScCl¢] (monoclinic, P2;, Z = 4). The two symmetrically inequivalent isolated
octahedra [ScClg], the connection of the two plus two types of symmetrically inequivalent polyhedra surrounding Ba?*, and a

perspective view of the unit cell.

In these chlorides, as in NaNd,Clg, the rare-earth ion
might be di- and trivalent. The alkali chloride/rare-
earth trichloride systems, ACI/MCls, are even richer in
compound types. At the alkali chloride-poor side and
with the larger M3t ions (La3* through Sm3+), UCl; type
derivatives also occur with the general formula Ajx(Ax-
M,—)Clg that are addition/substitution variants. Noth-
ing is known about their properties, other than their
crystal structure and exact compositions. A number of
other compound types in the “pure” alkali chloride/rare-
earth(l11) chloride systems are known, namely AM,Cl-,
AMC|4, A3|V|2C|9, AzMCls, A3MC|6, and A4MC|7, for
which at least one example of the crystal structure has
been determined. For an ample review of these com-
pounds, see ref 3.

There is an increasing interest in the magnetic and
optical properties of these compounds. Especially ha-
lides with confacial bioctahedra of the Cs3M»Xg type
were investigated for magnetic ordering at low temper-
atures. Ordering temperatures are rather low, around
230 mK for the antiferromagnetic ordering of the
ferromagnetically coupled dimers in Cs3Er;19.38 This is
attributed to the rather shielded 4f states. Therefore,
in K;PrCls with chains of edge-connected monocapped
trigonal prisms,3® magnetic ordering could not be de-
tected, while in the isostructural K,UCIs, one-dimen-

sional and three-dimensional magnetic ordering occur
at 15 and 4 K, respectively.*°

More prolific is the incorporation of rare-earth ions
in luminescent materials.** There is a wide variety of
uses as phosphors and scintillators. The most well-
known popular example is the use of Eu®" as the
luminescent ion in the Y,0,S:Eu3* red phosphor in color
television screens. Th3" gives green and Tm3* blue
emission. Another interesting ion is Er3", as it may
yield near-infrared to near-ultraviolet upconversion. For
example, Ba;ErCl; shows a surprisingly intense lumi-
nescence at room temperature at 380 nm when excited
at 803 nm.282° It might find its way in a new upcon-
version solid-state laser operating in the near-ultravio-
let. Chlorides and even better bromides and iodides are
promising as they are low-phonon materials that are
needed for intense luminescence.

The greatest hindrance for ample exploration of these
materials is their sensitivity against moisture. This is
especially the case for alkali halide/rare-earth halide
systems, although there might be some hope in further
explorations because, surprisingly, some of these phases
are known to crystallize even from aqueous solutions,
for example, some of the elpasolites of the Cs,NaMClg*?
type or a chloride like Cs,YbCI;.#® Halides with divalent
lanthanides are also sensitive to the oxygen in the air,



3004 Chem. Mater., Vol. 10, No. 10, 1998

especially at elevated temperatures. Halides with the
(also divalent) alkaline-earth elements appear to be
more stable against moist air. This has been an
important reason for the new interest in these materi-
als. We hope that our above reviewed study of some
BX2/MX3 systems (see Figure 2 for the actual occurrence
of BaCl,/MCIj; type chlorides) will further stimulate
research in this area. One of the next steps must
certainly be the growth of large optically pure crystals,
doped or undoped. This is a veritable problem because
most of these phases melt incongruently or even de-
compose in the solid state, especially when the smaller
alkaline-earth ions are used. Flux growth is certainly
a possibility, as we have shown, for example, for Bay-
EuCl;, where ZnCl, was used. In other cases AgCI
proved to be a good solvent.

Supporting Information Available: Crystal structure
data for Ba;EuCl, Bag[{(Sme)Z} Clss], (Ba,Sr)o[{(Sme)Z} Clsq],
(Ba,EU“)g[{ (EU“IG)Z}C|34], Bas[{ (Sme)Z} Cls;], BaGdCls, and Bay-
ScCl; (16 pages). Ordering information is given on any current
masthead page.
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