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The syntheses of the following compounds from Zr, ZrX,, the interstitial Z = H, Be, B, or C, and M'C]
(where appropriate) are reported together with their respective lattice constants: ZreX;,H (X = Cl or
Br), Zr6Cl[1Be, erBrlzB, CSzer16 . Zr(,Cl]zZ (Z = H or Be), Zr6X|4C (X = Cl or Br), Zr6C114B,
MZrCl,,B (M = Li—Cs or Tl), and CsZr¢Br;,C. A number of attempted syntheses of MZr¢Cl;,Z phases
in which other Z elements could not be encapsulated are also listed. Single-crystal X-ray diffraction
data for ZrsCl,,C and Zr¢Cl,,B were also collected and refined (Cmca, Z = 4, NbsCl,4 structure, a =
14.091 (8), 14.243 (1) A, b = 12.595 (5), 12.640 (2) A, ¢ = 11.506 (5), 11.546 (1) A, R = 4.5, 6.1%,
respectively). Both the oversized cavity available for the hydride interstitial and the consequences of a
matrix effect on dimensions and stability of ZrX,,C structures when X is changed from chlorine to

iodine are discussed. © 1989 Academic Press, Inc.

Introduction

The chemistry of MgX ,-type clusters of
the earlier transition element halides that
was first revealed in the classic studies of
NbsClm, Ta6Cl|5, Nb6F15, and the like (1—4)
has recently been extended to include a
large variety of phases containing discrete
zirconium (5-12) and rare-earth metal (13-
16) clusters. These discoveries have been
accomplished through the agency of an in-
terstitial atom Z bonded within each clus-
ter. These serve to stabilize the new clus-
ters via both the additional electrons
contributed to the framework and the
strong bonds they form with the metals of
the host cluster.
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Among the zirconium clusters, the io-
dides have shown the greater ability to ac-
commodate a variety of Z elements (C, Si,
Al, P, Fe, etc.), while the chlorides, in con-
trast, show the greater structural variety.
The latter arises from a characteristic of all
MgX,-type units, the evident presence of a
set of good bonding orbitals directed radi-
ally (exo) from the vertices of the M, core
that are always occupied in some manner
by another halogen atom (or other base).
This feature together with the smaller size
of chloride provide a means for the devel-
opment of a diverse structural series of the
type ML(ZrsCl1,,Z)Cl,, wherein additional
halide atoms 0 = n =< 6 bonded at these
vertices determine the character of the
overall structural framework. This fairly
rigid network (for n < 6) may then accom-
modate (to date) 0 = x = 6 alkali-metal
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cations. The two variables n and x coupled
with changes possible in the electronic na-
ture of Z provide a considerable number of
compositions in which the clusters can
achieve an electron count close to the opti-
mal 14 (5). The present article describes
our results for n = 0 and 2, that is, for clus-
ter compositions ZrgCl»Z and ZrCl.Z.
Although the composition Zr¢Cl;; has
been known for some time, questions con-
cerning its actual composition and stabil-
ity as an empty cluster have remained.
The compound was initially obtained in
small amounts following ZrCl/ZrCl, equili-
brations near the composition ZrCl, (17).
The structure deduced by X-ray powder
diffraction was identical to that of “‘Zrgl,,”
which is now known to actually be Zrgl;,C
(5). However, a consistent preparation of
Zr¢Cl;; could not be achieved at that time,
and sufficient quantities for physical prop-
erty measurements were not obtained. Sub-
sequently, Imoto et al. (18) serendipitously
obtained Zrg¢Clj;, Zr¢Br);, and the related
MzZI'C16 . ZT6C112 (= MZZr7C118, M = Na,
K, Cs) double salt by thermal decomposi-
tion of the corresponding ZrX in the pres-
ence of H, and, where appropriate, MCl
near 750°C. Good yields of the cluster
phases were obtained, but these were con-
taminated by sizable amounts of insepara-
ble ZrH, ,, the formation of which was
considered to be the principal driving force
for this group of reactions. The greatly im-
proved yields of ZrsCl,, that were achieved
in the presence of hydrogen and the fact
that the lattice parameters obtained there-
fore were 0.3% larger than those for the
cluster phase formed in the earlier ZrCl/
ZrCly equilibrations (17) led to speculation
that ZrsCl;; might exist both as an empty
cluster and as a hydride, similar to Nbgl;;
and Nbgl;;H (19). A small nonstoichiome-
try Zrg+.Cl; was also considered since the
end member (x = 1) would have what is
now known as the closely related Sc(Scq
Cl;;N) structure (15) although composi-

tions with intermediate x values have never
been found.

Such circumstantial evidence clearly
points toward the presence of bound hydro-
gen in these compounds. This suspicion is
augmented by a great deal of subsequent
experience demonstrating that a large num-
ber of other zirconium and scandium chlo-
ride cluster phases can be obtained only
when an interstitial element from the sec-
ond (or other) period is bound within each
cluster. A recent NMR study (20) has in
fact established that the hydrogen in Zr
Cl;H prepared as described herein is
bound within a paramagnetic cluster in
which it undergoes rapid motion. Synthetic
aspects of this and other systems involving
Zr¢Cl,Z clusters are reported in this article.

The diverse interstitial chemistry devel-
oped over the past several years for the zir-
conium iodides pertains principally to the
(M)Zr¢l4Z phases with a modified NbgClyy
structure, the latter exhibiting a structural
matrix that can readily accommodate larger
alkali metal cations as well. The success of
these investigations among iodides (5, 6,
12) led us to the present exploration of anal-
ogous zirconium chloride systems, studies
that have in fact identified some significant
differences between the cluster chemistries
of the two halides. Research on the chloride
system not only provided a number of new
MZr¢Cl,4Z compounds but also led to the
discovery of compounds in several new
structure types with stoichiometries other
than ZI'6C114 ( 7—11)

Experimental Procedures

Materials

The preparations of ZrCl,, ZrNCl,
ZrH, 3, and powdered metal; the purifica-
tion of the alkali metal chlorides; the
sources of carbon and boron; the reaction
techniques that utilize tantalum containers;
and the Guinier powder pattern diffraction
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and calculation methods have all been de-
scribed before (8). Beryllium flakes from
Pechiney (France) were used as received.
The ZrBr, reactant was prepared in a
similar manner using reactor-grade metal
and high-purity Br, (<0.02% Cl, A. D.
Mackay). The latter was maintained
slightly above room temperature during the
reaction by placing the arm of the glass ap-
paratus in a bath of warm water while the
reaction was initiated by heating the metal
in another arm. Multiple vacuum sublima-
tions over zirconium metal and through a
frit were again used to purify the material.

Synthetic Techniques

In general, the success of syntheses of
cluster-containing phases with identifiable
interstitial elements, particularly in cases
where the latter is a light element such as
H, Be-N, is based largely on the knowl-
edge of what went into a reaction and the
relative yields of the product phases ob-
tained rather than on an analysis of the
product. Extensive experience has shown
that substantially all interstitially stabilized
cluster compounds can be prepared in at
least 90-95% yields when the appropriate
interstitial element is included in the reac-
tion. On the other hand, reactions run in the
absence of a workable interstitial produce
only simple binary phases like ZrCl, ZrCl,,
and ZrCl; plus M1ZrClg when appropriate
and, on occasion, perhaps 5% of a cluster
phase that arises from an adventitious im-
purity, carbon most often.

Syntheses

Zr¢Cl;H. This phase was initially pre-
pared directly as a black, microcrystalline
material by heating the layered ZrCl;, (3R-
MoS, structure) (21) sealed within a Ta
tube at 710°C with a large excess of hydro-
gen at one atmosphere within the outer
SiO; jacket. The reaction, which was air-
quenched after 7 days, produced ZrsCl;;H
in an estimated yield of 60-70%. The other

products, a mixture of ZrCl; and ZrH,_,,
attested to the limited stability of the clus-
ter phase with excess hydrogen and to the
large equilibrium pressure of ZrCl, that is
generated by disproportionation of the clus-
ter hydride at this temperature.

Improved yields and the elimination of
the need for a prior ZrCl, preparation were
accomplished through reactions of stoichio-
metric amounts of Zr powder, ZrCly, and
ZrH, g at 700-750°C. These reactions pro-
duced Zr¢Cl;;H in 70-80% yields after 10—
14 days. The remainder was a mixture of
ZrCly and a phase with the ZrCl structure
that had slightly expanded lattice parame-
ters (below). The controlled amounts of hy-
drogen used in these reactions were critical
in the elimination of the ZrH,_, product en-
countered earlier.

The use of a ZrCl, excess equivalent to
approximately five atmospheres at 700°C
plus a two- to fourfold excess of hydrogen
pushed the yields of Zr¢Cl;H into the 80—
90% range. Subsequent removal of the ex-
cess ZrCly by sublimation in a static vac-
uum at 250°C left ZrsCl;;H and the second
phase, which was identified as ZrClO.H, (0
<x<0.43, x + y < 1) in a ZrCl-type struc-
ture based on the powder pattern positions
and intensities, its lattice parameters, and a
detailed analysis of the hydrogen NMR
spectra (20). This ZrClO.H, phase, which
presumably arose from accidental contami-
nation by oxygen, is formed by random in-
sertion of hydrogen and oxygen into tetra-
hedral metal interstices in the 3R-ZrCl
structure (22, 23).

An attempt to remove the hydrogen from
Zr¢Cl,H by heating the material in a sealed
Ta tube at 500°C under a dynamic high vac-
uum for 5 hr resulted in decomposition of
the clusters to ZrCl, plus small amounts of
ZrCl and ZrCl,.

A compound containing the same cluster
unit in the K,ZrCls - ZrsCl;;H structure
(18) can be obtained in a manner similar to
that described above for Zr¢Cl;H by the
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inclusion of a stoichiometric amount of the
appropriate CsCl or KCl in the reaction.
Significantly lower autogenous ZrCl, pres-
sures are encountered over these phases,
and a two-atmosphere equivalent of excess
ZrCl, provides a yield of about 90%. A mix-
ture of ZrCl0,H, and M}ZrCls make up the
remainder of the product. In contrast to Zre
Cl;;H, where only microcrystalline mate-
rials are obtained, reactions producing
M3Zr,CligH often provide moderate-sized,
well-formed, dark red crystals. These prod-
ucts were not studied further.

Both Zr,Cl,H and the related M,Zr,
Cl;gsH compounds contain 13-electron clus-
ters. The 14-electron analogs ZrsCl;;Be and
Cs,Zr,CligsBe were prepared in 95 + %
yields (i.e., single phase to Guinier powder
diffraction) through reactions of stoichio-
metric amounts of Zr powder, ZrCl,, Be
flakes, and, if appropriate, CsCl at 800°C
for 14 days. Crystal growth of the red-
brown compounds was negligible. The
phase Cs,Zr,ClgBe was initially synthe-
sized in about 50% yield in a reaction stoi-
chiometrically loaded to produce CsZrg
Cli;;Be (below). Interestingly, the potas-
sium double salt K,Zr,Cl;sBe was not ob-
tained under these conditions, in contrast
to the behavior of the hydride; rather, reac-
tions loaded with the stoichiometric pro-
portions yielded a mixture of KZr¢Cl;3Be
(24) and K,ZrClg. Although their syntheses
have not been attempted, M,Zr,Cl;sBe
compounds with M = Na-Cs can probably
be produced at lower temperatures by the
direct reaction of ZrsCl;;Be with M,ZrClg in
a ZrCL/MCI melt.

Zr¢Cl4C. The compound was initially ob-
tained as the major product (95 + %) from
an 850°C reaction designed to prepare
«ZreClisC”’ (9) starting with stoichiometric
amounts of Zr powder, ZrCly, and C in the
form of graphite. The dark red-brown mate-
rial was unambiguously identified as Zrg
Cl1,4C by the synthesis plus a comparison of
the observed powder diffraction pattern

with that calculated with the aid of the pub-
lished parameters for Nb¢Cly4 (2). The ex-
cess ZrCl, present in the reaction appears
to be approximately the amount necessary
to generate the equilibrium ZrCl, pressure
over the product at 850°C and therefore to
repress its extensive decomposition. The
ZrCl, excess could again be easily removed
by sublimation under static vacuum at
~250°C. A variety of temperatures from
700 to 950°C were used to prepare ZrsCl;4C,
but crystal growth was negligible in all
cases. Attempts to improve crystal growth
by a variety of other techniques, including
the use of MICl/ZrCl, fluxes, temperature
gradients, mobile carbon sources such as
paraffin, and slow cooling were also tried
but with minimal success.

Macrocrystals of ZrsCl;4C were obtained
on two occasions, however, both in reac-
tions contaminated with oxygen. The crys-
tal used for the single-crystal diffraction
study (below) came from a reaction de-
signed to prepare ‘‘Na,ZrsCl;sH’* under H;
at 700°C. A leak in the hydrogenation sys-
tem during the reaction surrounded the tan-
talum reaction tube with a hydrogen/air
mixture. The carbon source in the reaction
is unknown. A Guinier powder diffraction
pattern of the ground crystals showed the
lattice parameters to be slightly larger than
those obtained for Zr¢Cl4,C prepared with
graphite (above). A later reaction, loaded
stoichiometrically to prepare NaZr¢Cl;s3C
(9), produced gem-like crystals of ZrsCl;4C
instead, but the large amounts of ZrClO,
(22) also present indicated the reaction had
become contaminated with oxygen, pre-
sumably from an impure C source. Lattice
parameters in this case showed no signifi-
cant deviation from those obtained from Zrg
Cl,,C prepared with graphite. Restudy of
the structure with these better crystals was
not deemed worthwhile.

Reasons for the difficulties encountered
in growing these crystals are not clear, par-
ticularly in light of the results with many
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zirconium iodide carbide cluster phases
where crystal growth is exceptional (35, 6).
The experiences with the reactions contam-
inated with oxygen, however, suggest that
chemical transport of carbon by CO (25)
may be useful for crystal preparation pro-
vided sufficient pressures can be main-
tained in the presence of the reactants and
the container. Additional work will be re-
quired to verify the transport reaction.

The new Zr¢Cl,4,B was repeatedly synthe-
sized in 5-10% yields in 950°C reactions
stoichiometrically proportioned to yield Zr,
CLB (26). The highly reflective, black,
gem-like crystals were easily separated
from the dark brown, microcrystalline Zr,
CL,B. The crystals were often twinned and
mixed with similarly shaped crystals of Zrg
Cli3B (24). Although prepared only in low
yield, the Guinier lattice parameters clearly
support the identification of the material as
Zr¢Cl4B rather than the corresponding car-
bide that might have formed from adventi-
tious carbon. The identification is further
supported by a single-crystal X-ray diffrac-
tion study (below). Reactions of Zr pow-
der, ZrCl;, and amorphous B powder in
amounts suitable for the preparation of the
13-electron Zr¢Ci4sB invariably produced
14-electron ZrCl;3B (and ZrCly) instead
and in greater than 95% yield. Single-phase
amounts of Zr¢Cl,4B large enough for physi-
cal property measurements were not ob-
tained, even with more ZrCl, present.

The 14-electron M'Zr¢Cl,4B phases (M =
Li-Cs, T1) in the NbgCl,4 (or CsZr¢I4C (5))
host structure were obtained in 95+ %
yields after reaction at 850°C for 10-21 days
of stoichiometric amounts of Zr powder,
ZrCl,, amorphous B powder, and M!Cl, ex-
cept for TlZreCl;;B where Tl metal was
used. Good crystal growth was obtained
with M' = Na, K, Rb, and Cs.

The syntheses of a variety of other M'Zr,
Cli4sZ phases containing third-period inter-
stitial elements or with cluster electron
counts of 13 to 16 were attempted but with-

out success. Several new compounds were
obtained, but with stoichiometries other
than M'Zr¢Cl,Z. A compilation of the com-
pounds sought, the reaction temperatures,
and the major products found in these ex-
plorations is given in Table 1. Although the
size of the interstitial atom appears to be an
important factor in the failure to obtain
other M'Zr,Cl,4Z compounds with Z = Al,
Si, the recent syntheses of CsZr¢Cl;sFe and
Zr¢Cl;sCo (27), both with comparatively
large interstitial atoms, suggest that other
factors are also important. The thermody-
namic stability of alternate phases is clearly
the overriding criterion.

Structural Refinements

Two octants of data were collected at
room temperature with the aid of mono-
chromatic MoKa radiation and a Syntex
P2, diffractometer from the small, gem-like
crystals of *“‘ZrsCl;4C”’ and ZrCl;;B de-
scribed above. Absorption corrections
were made on the basis of one and two

TABLE I

UNSUCCESSFUL REAcTIONS WITH MZrCl,,Z
TARGETS®

Cluster

Target electron Reaction
compound count  temperature (°C) Major products
ZrgCl4Si 14 800 ZrsSi3, ZrClg
ZrCl, ZrClz3
CsZrgCljaAl 14 800 Unidentified multiphase
products
CsZrgCli4Be 13 800 CsyZrCligBe
BaZr¢Cl4Be 14 800 Unidentified
ZrsCl14B 13 850 Zr¢Clj3B
HgZreCli4B 15 850 Hg, Zr¢Cli3B
CsZrsCl1C 15 850 CsZrgClysCt
KZreChaC 15 850 KZrsClysC?
NaZreCli4C 15 850 Nag sZrgClysC
ZrsCliaN 4 15 850 1T-Zr,CIN, 3R-Zr
CIN,,¢ ZrN, ZrCly
ZrsCl 4 0f 16 850 ZrClO;,, ZrCh—,

@ Stoichiometric proportions of the reactants were used.
b Ref. (8).

¢ Ref. (9).

4 ZINCI was the nitrogen source.

¢ Ref. (26).

f ZrO, was the oxygen source.
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TABLE II

SUMMARY OF CRYSTALLOGRAPHIC AND
REFINEMENT DATA FOR Zr¢Cl,C AND Zr¢Cl;sB

Zr¢Cl14C Zr¢Cl 4B
Space group Cmca Cmca
V4 4 4
a(A) 14.091(8) 14.243(1)
b 12.595(5) 12.640(2)
c 11.506(5) 11.546(1)
V(A% 2042(2) 2078.6(5)
Crystal dimen. (mm) 0.15 x 0.15 x 0.20 0.15 X 0.15 x 0.15
Radiation MoK, graphite MoKe, Zr g-ilter
monochromater

20 (max) (deg) 55.0 55.0
Scan mode @ 26/0
Reflections

Octants meas. h ok, x1 h, k1

Checked 2391 1252

Obs? 1653 652

Indep. refl. 894 652
Riave) (%) 1.8 —
ucm™) 46.7 45.9
Transm. coeff. range, 0.76-1.00 0.82-1.00

normalized
Re (%) 4.5 6.1
R4 (%) 7.9 7.9

@ Lattice parameters from Guinier powder diffraction with Si as an
internal standard.

b Fy = 30 and I, > 3071,

R = Z(Fo| — |FDIZ|F.

4 Ry = [EW(|Fo| — |F)HZw|Eo1'2, w = o2,

scans, respectively. Details of the data col-
lections are given in Table II.

Refinement of the known structure type
began with the niobium and chlorine posi-
tional parameters from NbgCl4 (2) after the
appropriate transformation from the non-
standard space group Bbam to Cmca. The
zirconium and chlorine positions and iso-
tropic thermal parameters refined unevent-
fully to R = 7.3%, at which point a Fourier
map showed an approximately seven-elec-
tron residual in the cluster center. Because
of the unknown nature of the interstitial
atom, several refinements were carried out
with different elements in the interstitial
site. Carbon was finally chosen as the inter-
stitial atom because of both the similarity of
the single crystal’s lattice constants to more
precise Guinier values for Zr¢Cl;,C pre-
pared from graphite (below) and the good
consistency of the refined Zr-Zr and Zr-C

distances with those in other structurally
characterized, 14-electron, carbon-cen-
tered zirconium chloride clusters (8, 28).
The transferability of these distances be-
tween different phases is generally very
good. Boron and nitrogen were systemati-
cally eliminated because NaZr¢Cl;;B and
Zr¢ClisN, respectively, were known to form
under the conditions used with purposeful
addition of those interstitial elements
(above). In addition, Zr¢Cl4B shows signifi-
cantly different lattice parameters (Table
II). Sodium and oxygen interstitial atoms
were ruled out because the compounds
could not be independently prepared with
the appropriate elements present.

The structural refinement with carbon
converged at R = 4.5% and R, = 7.9%.
(Experience suggests the latter is high be-
cause errors assigned to weak reflections
are too small (15).) The refined carbon oc-
cupancy, 1.4 (1) with B = 0.4 (3) A2 (possi-
bly correlated), was not very well deter-
mined, but this and the slightly expanded
lattice parameters over those of ZrCl,,C
suggest that a ‘‘mixed interstitial,”” primar-
ily carbon in character, may be present.
Possibly combinations of interstitial atoms
and the stabilities of the compounds formed
are presently unknown. Evidence for
mixed interstitials in other cluster systems
that originated with adventitious sources is
fairly conclusive, however (5, 6, 15, 26,
29).

Refinement of the structure of ZrsCl;4sB
was carried out starting with the atomic po-
sitions of zirconium and chlorine from Zr,
Cl,4C. A Fourier map calculated after iso-
tropic refinement of the zirconium and
chlorine parameters showed a five-electron
residual in the cluster center, and this was
included as a boron atom in subsequent cal-
culations. The model converged to resid-
vals of R = 6.1%, and R, = 7.9% after
anisotropic refinement of the zirconium and
chlorine thermal parameters and a re-
weighting of the data set in overlapping
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group sorted by F, to correct for underesti-
mated errors for the weaker reflections. The
interstitial B refined to an occupancy of 1.0
(1) with B = 2 (1) A2. The final difference
map showed several 0.5-1.0/electron A3
features, all of which were associated with
refined atom positions. The potential cation
site at (0, 0, 0) (5) was unoccupied. The
thermal ellipsoids were relatively small (0.8
= Bi,, = 1.4), but these showed a slight
elongation in the b direction, presumably a
consequence of poor crystal quality, an in-
adequate absorption correction, or both.
Positional parameters for ZrgCl;;C and
ZrsCl4B are listed in Table III. Listings of
the observed and calculated structure fac-
tor amplitudes and the anisotropic thermal
parameters for both structures are available
from an author (J.D.C.) on request. Pro-
grams for data reduction, absorption cor-
rection, least-squares refinement, and map-
ping have been referenced before, as have

TABLE 111
PosiTioONAL PARAMETERS FOR ZrCl,C AND ZrCl4B

Atom X y z Bis, (AZ)
ZrsCl4C
Zr1 0.38286(8) 0.07095(9) 0.8826(1) 0.91(4)
Zr2 0 0.3507(1) 0.8926(1) 0.93(6)
Cll  0.1242(2) 0.0876(2) 0.2497(3) 1.5(1)
CI2  0.1240(2) 0.2551(2) 0.0083(3) 1.3(1)
C13 i 0.3448(4) b 1.4(2)
Ci4 0 0.1582(4) 0.7629(4) 1.4(2)
CI5  0.2474(3) 0 0 1.3(1)
Ce 0 0 b3 0.4(3)
Zr6C114B
Zrl 0.3844(1) 0.0715(1) 0.8827(1) 0.82(5)
Zr2 0 0.3502(2) 0.8905(2)  0.83(8)
Cll  0.12403) 0.0881(3) 0.2486(4) 1.2(2)
Cl2  0.1252(3) 0.2547(3) 0.0069(4)  1.2(1)
Ci3 1 0.3431(5) b 1.42)
C14 0 0.1592(4) 0.7623(5) 1.1Q2)
C15 0.24914) 0 0 1.3(2)
B¢ 0 0 3 21

2 OQccupancy refined to 1.4 (1).
& Occupancy refined to 1.0 (1).

TABLE IV

CELL PARAMETERS (A) AND VOLUMES (A% oF
Zr6CluZ AND CSzzﬁClng

Cluster
electron

Compound a c 14 count
ZrgCliaH? 13.005(1) 8.808(1)  1290.2(3) 13
ZreClyHe 13.0071(8) 8.808(1)  1290.5(2) 13
ZrgClyH? 12.983(1) 8.792(2)  1283.4(4) 13
ZrgCloH® 12.975(1) 8.794(2) 1282.1(4) 13
ZreClH® 12.9854(7) 8.790(1)  1283.5(2) 13
ZrClyyBe 13.1608(8) 8.840(1)  1324.6(2) 14
ZrgBr;;B 13.633(1) 9.307(1)  1498.0(3) 15
Cs,ZrClg - ZrgClyH? 9.595(1) 26.186(8)  2089.0(1) 13
Cs;ZrClg - ZrsCl;Be 9.6461(9)  26.404(3)  2125.4(5) 14

4 All cell values were obtained from Guinier powder diffraction data at
room temperature, space group R3, A = 1.54056 A.

b Ref. (18); preparation from ZrCl and H; (+ CsCl); product contains
ZrH;-,.

¢ This work; preparation from ZrCl, and Hj; product contains ZrH; .

4 Ref. (17); from ZrCl, ZrCly, and adventitious hydrogen.

¢ This work; preparation from Zr, ZrCly, and ZrH, g.

the sources of the neutral atom scattering
factors which included corrections of the
real and imaginary contributions to anoma-
lous dispersion (30).

Results and Discussion

ZrsCliaZ Compounds

The new Zr¢Cl,, cluster compounds, their
lattice parameters determined by Guinier
powder diffraction, and the cluster-based
electron counts therefore are listed in Table
IV. Discussion of these examples requires
an understanding of the structure (Zrgl;2C
type, space group R3 (5, 29)), which is
shown in Fig. 1 in the [110] projection. The
principal building block of the structure is
the Zr¢Cl;, cluster, a trigonal antiprismatic
Zrg core that is surrounded by 12 chlorine
atoms bridging all edges of the metal clus-
ter. As seen in the figure, a cubic-close-
packed array of these Zr¢Cly; clusters is ar-
ranged with the 3 axis of each normal to the
layer direction and parallel to ¢. An exten-



ZIRCONIUM CHLORIDE CLUSTER PHASES 63

FiG. 1. A [110] projection of the rhombohedral
structure of ZryCl;,H (18, 20). The ¢ axis runs verti-
cally in the plane of the figure, perpendicular to the
close-packed layers. A hydrogen atom occupies the
center of each Zr¢Cl,, cluster.

sive sharing of the chlorine atoms between
clusters is necessitated by the stoichiome-
try and the terminal bonding requirements
of the six metal atoms in each cluster. Spe-
cifically, the six chlorine atoms around the
waist, i.e., those bridging metal cluster
edges that have a component parallel to the
3 axis, serve as more distant terminal chlo-
rine atoms to metal vertices on six adjacent
clusters, three above and three below. The
connectivity is conveniently formulated as
[ZrsCLiCls*1C1g;', where Cli-2 and CI2-i re-
flect the connectivity just described while
Cli is not shared. Hydrogen or beryllium
appears to be essential to the formation of
the listed phases, at least for samples pre-
pared under equilibrium, high-temperature
conditions. The presence of a hydrogen
atom within each cluster in Zr¢Cl;;H has
been conclusively established by solid-state
NMR studies (20).

It will be noted that the packing and clus-
ter bridging in this structure creates an
empty trigonal antiprismatic chlorine poly-
hedron site above and below each cluster
along the 3 axis (at 0, 0, 4, etc.). The site is
completely occupied by a seventh Sc3+ cat-
ion in the closely related Sc(SceCli;N)-type
structure (15) that is formed in many rare-
earth-metal systems (16), but no conclu-

sive evidence for its occupation in any cir-
conium halide phase has been obtained.

The structure of the double salts M,Zr;
ClisZ is built-up of an expanded cubic-
close-packed array of ZrgCl>Z clusters sim-
ilar to that in_Zr¢Cl;;H and in the same
space group (R3). However, chlorine atoms
from ZrClZ~ anions located on the octahe-
dral sites between the clusters now provide
all the terminal chlorine atoms for the Zrs
Cl,H clusters.

The cluster dimensions in ZrsCl;;H
should be very similar to those in K,Zr;
Cl;sH, in which the Zr-Zr distances are
3.178 (1) and 3.224 (1) A, while the Zr-clus-
ter center distance is 2.264 (1) A (18). The
same cluster dimensions are found in LigZr¢
CligH as well (31). The Zr-centroid dis-
tance in these is significantly longer than
typical Zr-H distances, 2.08-2.10 A, which
presumably accounts for the ‘‘rattling’ of
hydrogen seen by NMR in ZrCl;;H (20).
The cluster dimensions in this case are
therefore determined primarily by Zr-Zr
interactions and provide a valuable baseline
regarding minimum interstitial size for ri-
gidity. The presence of hydrogen in Zrg
Cl;2H undoubtedly extends to the clusters
in the other M3Zr,Cis(H) phases, Zrg
Bri;(H) (18), and the recently studied Lig
ZreClygH (31).

An unexpected result of this study is the
presence of two slightly different sets of lat-
tice parameters for the Zr¢Cl;;H such that
the volumes of the trigonal cells differ by 7—
8 A3 (0.6%) (Table IV), thus confirming the
earlier results (18). Samples prepared by
the reaction of ZrCl or ZrCl, with excess H,
exhibit the large cell, while Zr¢Cl;,H prod-
ucts synthesized by the reaction of Zr/ZrCl,
or ZrCl/ZrCl, with adventitious or con-
trolled amounts of hydrogen, respectively,
exhibit the smaller parameters. The NMR
study on the last material and the need for
hydrogen in the preparation of the clusters
in good yield with either cell volume rules
out hydrogen in one cluster and not the
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other as the cause. Rather, the difference
appears to be closely linked to the degree of
reduction of the starting mixture and, there-
fore, to the presence or absence of ZrH;_,
in the product. The larger cell is found only
in equilibrium with ZrH,_, derived by dis-
proportionation. A reasonable explanation,
previously advanced (18), is that a small
fractional occupancy of the isolated cation
site in Zr¢Cl;H by Zr** cations is responsi-
ble for the larger cell material. Complete
occupation of the cation site as known for
numerous M-.X;;Z compounds would be
easily recognized by changes in powder dif-
fraction intensities of certain reflections,
but the results of a small fractional occu-
pancy suggested for Zre.,Cl;;H would be
virtually indistinguishable from powder
data for the stoichiometric compound. The
consistency of the two sets of lattice param-
eters within their respective groups may in-
dicate two discrete compositions or simply
a failure thus far to produce intermediate
compositions. Although the effects are
small, further synthetic work as well as
structural studies of both the large and
small cell materials may be able to elucidate
the factors responsible.

The new phases ZrsCl;Be and Cs,Zr;
ClgBe were the first two examples of tran-
sition metal clusters centered by beryllium
atoms. Each is isostructural with the corre-
sponding hydride. The increase of 13-14 A3
per cluster observed in both compounds
over the corresponding hydrides is a reflec-
tion of the inclusion of a significantly larger
interstitial atom. Structural characteriza-
tion by single-crystal X-ray diffraction has
not been carried out because of the lack of
suitably sized crystals. Meanwhile, other
beryllides have been structurally character-
iZed, KZF6C113BC (7, 24), K;Zr6Cl,5Be (]0),
and NayZrsCl;¢Be (11).

ZreCliuZ Compounds

The 11 new phases of this stoichiometry
that have been prepared in this study are

listed in Table V along with their unit cell
dimensions. The alkali metal cation present
in several MZrcX4+Z derivatives is accom-
modated within a 12-coordinate chlorine
polyhedron between the clusters (5, 29).
The case for LiZr¢Cl;4B is perhaps ambigu-
ous, since the differences in lattice con-
stants from those for Zr¢Cl 4B are so small;
magnetic susceptibility or NMR results will
be required to verify lithium incorporation
in the same or some other site although the
achievement of a 14-e~ cluster and the
higher yield in the presence of lithium make
its inclusion quite probable. These phases
are all isostructural with NbsCl4 (2), save
for Z and M', if any, as well as with a vari-
ety of zirconium iodide analogs (5, 6, 12,
32) which include examples with Z = B, C,
Al, Si, P, Ge, Mn, Fe, Co, K, but not H.
Attempts to make analogous chlorides cen-
tered by the main group elements Si and Al
were all unsuccessful (Table I), although it
is noteworthy that Zr¢X,;;Fe has been ob-
tained for X = Cl or Br (27).
Single-crystal parameters have been es-
tablished for ZrsCl;4C and Zr¢Cly4B (Tables
II and III). While these do not represent the
best structural refinements available for

TABLE V

CELL PARAMETERS (Z\) AND VOLUMES (1°\3) OF
2rCl4Z (Z = C, B) anD MZr,Cl;,B(M = Li-Cs,
Tl) CoMPOUNDS AND TWO BROMIDE ANALOGS?

Compound a b ¢ \4
ZrCliC 14.021(2)  12.562(2) 11.480(3)  2022.0(8)
ZrsClCP 14.001(8)  12.595(5)  11.506(5) 2042(2)
ZrCh B 14.243(1)  12.640(2)  11.546(1)  2078.6(5)
LiZrsCl,4B:  14.267(3) 12.647(3) 11.536(2) 2081.4(8)
NaZrCl B 14.110(2)  12.655(2)  11.535(2)  2059.6(5)
KZrsCl,4B 14.095(1)  12.640(1)  11.570(1)  2061.2(3)
RbZrCli4B 14.113(1)  12.647(2) 11.624(1)  2074.4(4)
CsZrsCl,4B  14.143(1) 12.678(2) 11.707(1) 2098.9(4)
TlZrsCl,4,B 14.095(1)  12.621(1) 11.583(1)  2060.6(3)
ZrgBr,,C 14.690(3)  13.229(3) 11.991(3)  2330(1)
CsZreBri4 14.737(1)  13.297(2)  12.108(1)  2372.7(5)

2 All values were obtained from Guinier powder diffraction
data, A = 1.54056 A; space group Cmca.

b Data crystal; diffractometer values.

¢ See text.
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M¢X,, phases, they are important as the
only structurally refined Zr¢Cl;»Z-type clus-
ters in phases that are isostructural with
many Zrgl;,Z examples since the iodides do
not (vet) include examples of other chloride
stoichiometries, e.g., Zr¢Clj3Z, ZrsClisZ,
etc. (7-10). In addition, the Zr¢Cl,,B struc-
tural results verified the presence of the bo-
ron interstitial atom when the phase could
only be prepared in the 5-10% yields typi-
cally associated with adventitiously stabi-
lized products, in this case evidently be-
cause of the high stability of the competing
14-electron cluster phase Zr¢Cl;;B. Some
interatomic distances within Zr¢Cl;4C and

TABLE VI

INTERATOMIC DISTANCES IN ZrCl;4C AND
ZreCl, B (A)

Zr6Cl|4C Zr6Cl14B

Zr-Zr

Zrl-Zrl (x2) 3.235(2) 3.256(3)

Zr1-Zrl (x2) 3.290(2) 3.294(3)

Zr1-Zr2 (x4) 3.217(2) 3.247(2)

Zrl-Zr2 (x4) 3.218(2) 3.248(2)

d 3.232 3.257
-7

Zr1-Z (x4) 2.307(1) 2.316(1)

in-Z (x2) 2.243(2) 2.277(2)

d 2.286 2.303
Zr-Cli

Zr1-Cl5 (x2) 2.497(3) 2.523(4)

Zr1-C12 (x2) 2.522(3) 2.544(4)

Zr1-Cll (x2) 2.512(3) 2.546(4)

Zr2-Chl (x2) 2.518(3) 2.532(4)

Zr2-C12 (x2) 2.503(3) 2.583(4)
Zr-Cli-»

Zr1-Cl4 (x2) 2.591(3) 2.597(4)
Zr-CP

Zr2-Cl4 (x2) 2.836(4) 2.832(6)
Zr-Cp—

Zr1-CI3 (x4) 2.630(2) 2.679(3)

a 712, Z, and Cl4 lie on the mirror plane perpendicu-
lar to a (Fig. 1).

b Number of times the distance occurs per cluster or
cation.

o ‘y'i“;’f!
\NRC IS

FiG. 2. The structure of Zr¢Cl,,C emphasizing the
intercluster connectivity. Mirror planes lie at x = 0 and
4. Although the Cli atoms not involved in intercluster
connectivity have been omitted for clarity, the close-
packed anion layers stacked in the ¢ direction can eas-
ily be imagined between layers of metal atom (90%
probability thermal ellipsoids).

ZrsCli4B are given in the Table VI. The
structure is illustrated in Fig. 2 but with
only the bridging chlorine atoms about the
central cluster included to improve the clar-
ity.

Any attempt at an a priori description of
the Zr¢Cl4Z structure would lead to a rec-
ognition that the stoichiometry of the com-
pound and the requirement that terminal
positions at each metal vertex be occupied
necessitate a complicated sharing of chlo-
rine atoms between clusters. These are
achieved as follows: Ten of the 12 edge-
bridging ClIi atoms on each cluster are un-
shared, while the remaining two serve in a
dual capacity as Cli atoms on one cluster
and CI? atoms on adjacent clusters. The lat-
ter lie on a vertical mirror plane at x = } in
Fig. 2. The remaining four terminal posi-
tions on each cluster are filled by four addi-
tional chlorine atoms CI°~® that serve a sim-
ilar function in adjacent clusters. The con-
nectivity in ZrgCl;4C is therefore formulated
[Zr ClioCLZICI3,'Cliz*. The structure can
also be described starting with close-
packed chlorine atoms (I8, 29).

Structural trends established by previous



66 ZIEBARTH AND CORBETT

MZrl4Z studies are found to carry over to
the chloride clusters in virtually all re-
spects. The Zr¢CljZ clusters in both Zr
C1,4C and Zr¢Cl 4B exhibit the slight tetrag-
onal compression expected on the basis of
the effects of the asymmetric bonding of the
terminal chlorine atoms, namely longer Zr—
CI® and shorter opposing Zr-Z distances at
those vertices where three coordinate CI>~
atoms are bound (Fig. 2). The Zr-Zr and
Zr-7Z distances lengthen, as expected,
when going from the carbide to the boride
and are consistent both with those calcu-
lated from tabulated or derived (from
NaCl-type transition metal carbides and bo-
rides) crystal radii and with distances from
other structurally characterized zirconium
chloride clusters (28). Distances in the zir-
conium iodide clusters tend to be slightly
larger, presumably because of a matrix ef-
fect associated with the larger, more tightly
packed iodine atoms, e.g., by 0.08 and 0.05
A in average Zr-Zr and Zr-C distances in
the analogous Zrgl;4sC (5) relative to those
in ZI'6C114C.

The most significant consequence of the
halide size between chloride vs iodide clus-
ters is in the degree to which the zirconium
atoms are pulled in from the square faces of
the approximate cuboctahedron formed by
the X' atoms because of X'-Xi repulsion
(matrix effect). In Zrel;4,C each zirconium
atom is nearly 0.5 A inside the square face
of the I atoms that surround it, which com-
pares with the approximately 0.25-A dis-
placement in Zr¢Cl4,C with the smaller
halide. This difference plays a significant
role in the character of the eighth metal-
metal bonding (a»,) orbital, the greater Zr-
ClI' antibonding component thereto then
serving to destabilize the 15- and 16-elec-
tron chloride clusters relative to the behav-
ior of the iodides (5, 28). This serves to
make 14-electron clusters relatively more
stable for chloride. No Zr¢Cl,Z or ZrsCl,,Z
examples have been obtained with more
than 14 electrons per cluster (Tables I, IV,

V) although two bromides with 15 have
been synthesized, ZrgBr;B and CsZrBr4C
(Tables IV, V), consistent with above inter-
pretation. The 16-electron Zr¢l;C appears
particularly stable with notably short Zr-C
distances, 2.259 A (5) vs 2.339 A in Zrgl;,C
(6) and 2.286 A in ZrCl,4C.
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