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Abstract: The cluster-phase Rbs(Zr¢Cl;,B)Clq is obtained in high yield from reactions of Zr and B powders, RbCl, and a
slight deficiency of ZrCl, in a sealed Ta container at 850 °C. The presence of isolated ZrsCl;sB clusters of ~D,, symmetry
was established by single-crystal X-ray diffraction means (space group Pmna; Z = 2; a = 10.914 (4) &, b = 9.078 (4) A,
¢=17.769 (5) A; R, R,, = 2.5, 2.7%). Close-packed layers of clusters stack in an eclipsed manner to generate suitable chlorine
polyhedra for three types of rubidium cations. The family of phases Al,(Zr¢Cl',,Z)Cl, always contains interstitial Z within
the clusters, and according to extended-Hiickel MO results, the bonding is dominated by strong Zr-Z bonding and a t,,°
metal-metal bonding HOMO configuration. The predominance of 14-electron clusters in the chloride examples, the increased
number of 15- and 16-¢” examples found in Zrgl),Z-type clusters, and the occurrence of only 15- and 16-¢™ (Nb,Ta)¢X,»-type
clusters (X = Cl, Br, I) under normal synthetic conditions (but 14- and 15-¢” types for X = F, O) all correlate with the bonding
character of the a,, HOMO and matrix effects (X'=X' repulsions) within the clusters. Larger repulsive distortions with large
X, smaller M, or small Z all lead to decreased antibonding M-X' contributions in the ay, HOMO and to 15- or 16-¢" clusters.
The Zr-Z dimensions of all 14-¢” chloride clusters compare closely with those the other ZrZ, systems and show a regular
decrease in the series Z = Be, B, C. Larger than expected dimensions are found for Z = N or H where cluster size may instead
be determined largely by Zr—Zr and Zr—Cl interactions. Electron-poorer clusters of Zr, Nb, and Ta can all be obtained near

room temperature.

By far the most common cluster building block in transition-
metal halides, if not in general, is the M¢X;, unit, an octahedron
of metal atoms edge-bridged by inner halide Xi. An important
feature of these clusters is that the exo or terminal positions at
the six metal vertices are also strongly bonded to outer halide X?
(or other ligands). A series of cluster structure types with stoi-
chiometries (M¢X;5)X,, 0 = n < 6, can be generated via this
functionality, the terminal positions being filled by some com-
bination of X! and X? atoms. However, the breadth of the series
that can be achieved is seriously limited in simple binary halide
systems by the electronic bonding requirements of typical clusters;
for example, NbsCl,, contains the only example of an NbyCl,,
cluster in the system Nb-NbCls.

The [M¢Xi;,] X3 terminal member of the stoichiometry series
described above has been known in ternary niobium chlorides for
some time.l> The representative K,NbsCl;5 (=4KCI.NbCl,,)
with 16 cluster-based electrons together with a variety of other
Nb¢Clyg™ (m = 2, 3, 4) salts prepared from it near room tem-
perature have all been shown by single-crystal X-ray diffraction
studies to contain isolated (NbgCl,,)Cl¢™ clusters.">* These one-
and two-electron oxidations of the parent cluster produce sys-
tematic increases in the Nb—Nb distances, reflecting the removal
of bonding electrons; however, only the NbgCl;5* example appears
to be stable at high temperature. The significance of these com-
pounds beyond their position at the end of the M¢X, to M¢Xq
cluster series is that they afford a facile route to a solution
chemistry of NbgCl 3™ clusters that is inaccessible in the solid
state. Both reversible redox reactions of the clusters in solution
and cluster insertion into clay systems that leads to pillared clays
are examples of the chemistry now accessible.>®
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Although Zr¢Cl,,-type clusters exhibit similar structural features
regarding inner Cl and outer vertex-bonded CI? atoms, a con-
siderably greater versatility in C1:M ratios can be achieved. This
advantage accrues because all ZrgX,,-type cluster examples appear
to require the inclusion of an interstitial atom Z within in order
to produce a cluster-based electron count that is at or near the
preferred 14. (The range achieved so far in solid-state syntheses
of all zirconium halides spans 13-16 ¢".) The additional variable
provided by Z together with electronic changes produced when
alkali-metal cations of different size and number are also incor-
porated in the structures generates a considerably larger family
of cluster structures and compositions than possible heretofore.
Known phases within the general family Al [Zr,Cl;5(Z)]Cl, now
encompasses 0 < n < 6 and 0 < x < 6. The range of n and of
the structure types found for each are exemplified by Zr,Cl,,H,”*
KZr¢Cly3Be,” Zr¢Cl,,C.° and KZr¢Cl;5sC!0 plus analogues in three
other structure types,''™13 Na,Zr,Cl;sBe,' and Ba,Zr,Cl,,B.}> We
report here the first example of the # = 6 limit in which isolated
Zr¢Clyg clusters are present.

A large body of information regarding this profusion of centered
zirconium chloride cluster phases has been accumulated in the
last few years. This is an appropriate time to provide some useful
generalizations regarding particularly electronic, bonding, and
dimensional properties that have not been considered before and
that appear important in the stability of these compounds. In
addition, the predominance of 14-electron cluster examples in the
chlorides is in notable contrast to the number of electron-richer
clusters found for the analogous zirconium iodides and, particu-
larly, with the clear preference for 13- and 16-electron clusters
in the longer known (and empty) (Nb,Ta)¢X,,-type cluster phases.
Many of these observations can be correlated and interpreted in
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Bonding, Stability, and Size of M¢X,;,~Type Clusters

Table I. Summary of Crystallographic and Refinement Data for
Rb,Zr,Cl;sB

space group

Pmna (No. 53)

zZ 2
at A 10.914 (4)
b, A 9.078 (4)
c, 17.769 (5)
v, A3 1760 (1)
cryst dimens, mm 0.18 X 0.21 X 0.37
radiation Mo Ka, graphite monochromator
26(max), deg 55.0
scan mode w
octants hil, hicl
no. of reflens
measd 4528
obsd? 2750
indepndt 1437
R(@av), % 1.5
u, cm™! (Mo Ka) 97.2
transm coeff range 0.74-1.00

secndry ext coeff
R % .
R, % 2.7
?From least-squares refinement of Guinier powder diffraction data
with Si as an internal standard. ?F, > 3op, I, > 35, “R = Y ||F| -
|Fell/Z1Fel Ry = [ZWF| = [FDY/ ZWIFRY2 w = 1/0p

1.9 (3) x 10
2.5

terms of extended-Hiickel MO results, especially (1) the role of
the interstitial and of metal-metal bonding in the centered clusters
and (2) the regular changes that occur in the stability of the a,,
HOMO for the 15th and 16th electron in M¢X;, units depending
on the relative sizes of M and X, a so-called matrix effect. Finally,
the collection of 18 structures determined for centered Zr,Cl),-type
clusters provides good evidence for the reproducibility of and trends
in effective sizes for the series of interstitials H, Be~N. Their effect
in determining overall cluster dimensions also appears to influence
the choice of structure for some stoichiometries.

Experimental Section

Synthesis. The sources of the materials, the synthetic methods uti-
lizing welded Ta containers, and Guinier X-ray powder techniques have
been recently described.!® The new phase Rb;ZrCliB was initially
obtained as the major product from the reaction of Zr powder, ZrCl,,
RbCl, and amorphous B powder at 850 °C proportioned for the hypo-
thetical phase RbyZrsCl;sB. The reaction was air-quenched after 13
days. The composition used was suggested by previous experiences in
systems involving interstitial carbon atoms, where reactions loaded to
prepare the hypothetical MY;ZrCl,sC (M! = Na, K, Rb) had instead
given products with powder diffraction patterns similar to that of K,-
NbeCljg.! Electronically, an M!,Zr¢Cl,sC composition seemed entirely
plausible, simply the result of the reaction of the known phase Zr4Cl,,C
with M!Cl. Unfortunately, all of the carbide-cluster crystals examined
were apparently twinned and structurally intractable, and attempts to
index the X-ray powder patterns also failed. The Rb,Zr¢Cl;sB attempt,
although failing to solve the problem with the M;Zr4Cl;s-type carbides,
provided a compound with an entirely new powder diffraction pattern,
and the composition and structure were both established by single-crystal
X-ray diffraction.

Subsequent experiments showed that RbsZr¢Cl;gB is most efficiently
prepared by the reaction of Zr powder, ZrCl,, RbCl, and amorphous B
powder in amounts corresponding to the composition RbsZr,Cl;;B. The
slightly reducing conditions appear to facilitate formation of the desired
material, as was also observed earlier for Cs3Zr¢CljZ (Z = B, C)," while
reactions loaded according to the stoichiometry RbsZrsCl;¢B yielded an
unidentified compound and Rb,ZrCls. Stoichiometric reactions for this
new composition that were run with NaCl or KCl instead of RbCl pro-
duced yet another unknown compound in the former case, and K,Zr¢-
Cly5B!? and K,ZrClg in the latter.

As far as is known, the syntheses of these clusters are all under
thermodynamic control. Thus, the composition loaded determines what
is obtained, except for such features as temperature and the slight off-
stoichiometry that favors the formation of the compound described here.
For example, the preparation of RbZr¢Cl 4B’ or Rb,Zr,Cl,sB! rather
than RbsZrsClgB from RbCl/ZrCly/Zr mixtures is largely determined
by the relative amount of RbCl used.

Crystallography. Diffraction data were collected at room temperature
from a dark-red, rectangular prism of RbsZr¢Cl)sB by using w-scans and
monochromatic Mo Ka radiation. The initial orthorhombic unit cell that
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Table II. Positional Parameters for RbsZr¢Cl,sB
atom type x y z

B, A?

Zrl 4k 0 0.14059 (7) 0.10858 (3) 1.76 (2)
Zr2 8 0.35076 (3) 0.15361 (5) 0.54965 (2) 1.71 (1)
Cll  4e 03321(1) 0 0 2.39 (6)
Cl2 & 033388(9) 0.0127 (1) 0.67368 (6) 2.50 (4)
CI3 & 03327(1) 03202(1) 043381 (6) 2.64 (5)
Cld  4n 0 0.6679 (2)  0.11266 (9) 2.65 (7)
Cls 8 03251 (1) 06825(1) 0.11011 (7) 2.82(5)
Cl6 4k 0 0.2834 (2)  0.24198 (9) 2.99 (7)
Rble 4h 0 0.04118 (9) 0.66387 (4) 3.29 (3)
Rb2t 4g 1/, 0.47501 (9) 1/, 3.89 (4)
Rb3 4h 0 0.4551 (3)  0.4801 (2) 7.6 (3)
B¢ 2a 0 0 0 1.5 (2)

¢ Qccupancy refined to 0.997 (3). ?Occupancy refined to 0.991 (4).
“The other split position is 0,§,2. The occupancy of each refined to
0.252 (2). 4Occupancy refined to 1.05 (4).

was calculated from 12 tuned reflections first located by film methods!®
was consistent with Polaroid axial photographs subsequently taken on the
diffractometer in terms of both axial lengths and Laue symmetry. Details
of the diffraction study are summarized in Table 1.

The space group Pmna was chosen on the basis of the observed sys-
tematic extinctions and an assumption of centricity suggested by a Wilson
plot. The phase solution was provided by MULTAN 80'® with the aid of
two randomly oriented Zr4 octahedra included as input to the normali-
zation routine. Assignment of the two most intense peaks in a calculated
Fourier map to zirconium atoms allowed the remaining atoms to be
located in successive cycles of least-squares refinement and Fourier map
calculations. The boron interstitial atom was found as an approximately
five-electron residual in the cluster center on a difference map that was
computed after absorption correction (Y-scan) and isotropic refinement
of all other atoms in the structure. Electron density maps calculated for
the converged structure showed large streaks of positive density corre-
sponding to maxima of four to five electrons running through the cell
parallel to the 4@ and ¢ axes. This result was apparently a consequence
of termination effects in the Fourier series, as difference Fourier maps
were unaffected and showed residuals corresponding to less than 0.5
e”/A3. This behavior presumably arises with the well-formed crystals
that are often produced by transport reactions at high temperature.

The cations Rbl and Rb2 gave normal refinements. However, the
Rb3 atom initially positioned at (0,'/,,'/2), a site of 2/m symmetry,
exhibited an extremely long, cigarlike thermal ellipsoid in the approxi-
mately [011] direction with principal axial ratios of 1.5:14.7:1. The
symmetry at the Rb3 site was accordingly reduced to m and the Rb3
atom allowed to move within the plane perpendicular to 4. Refinement
of this split Rb3 site with equal occupancies proceeded smoothly to give
two inversion-related atoms separated by 1.08 A. Anisotropic thermal
parameters of the disordered Rb3 atoms were more reasonable but still
elongated, with principal axial ratios of 1.9:6.0:1. Additional reflections
suggesting an ordered superstructure were not observed in any of the
axial photographs taken on the diffractometer or in powder diffraction
patterns of the compound. Attempts to reduce the space group symmetry
to the acentric groups Pmn2, or Pm2a (the latter requires the origin be
moved to (!/4,0,'/4)) exhibited coupling of pseudo-inversion-related pa-
rameters and failed to provide a more satisfactory fit of the data than
the partially disordered Pmna model. Thermal parameters achieved for
Rb3 were also 1.5-3.0 times larger in the long direction than those in the
split atom, Pmna refinement. Further reductions in symmetry to
monoclinic appeared to be unwarranted on the basis of the acentric
orthorhombic refinements, the very satisfactory data averaging attained
for Pmna (R,, = 1.5%), the axial photographs, and the otherwise quite
satisfactory refinement of the Pmna model with one disordered atom.
The problem is similar to those encountered before when somewhat
poorly suited cation sites are defined by a cluster anion network. 1912

Application of a secondary extinction correction and a reweighting of
the data in 10 overlapping groups sorted on |F | to correct for under-
estimated errors for weak reflections gave final R and R,, values of 2.5
and 2.7%, respectively. The alternate refinement of the structure with
the Rb3 atom constrained to the inversion center gave R and R,, values
of 3.0 and 3.7%, respectively, strongly supporting the correctness of the
split atom model.
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Figure 1. An approximately [001] view of the structure of RbsZr¢Cl ;B
with CI' atoms omitted for clarity. Small crossed ellipsoids inside the
trigonal antiprismatic Zr¢ clusters represent boron atoms. The Rb2 and
Rb3 atoms lie between cluster layers, while Rb] resides within the cluster
layers (90% probability thermal ellipsoids).

Figure 2. A [010] projection of the cluster columns in RbsZrsClsB. The
six Cl! and the six CI® atoms that lie above and below each Zr¢B cluster
have been omitted for clarity. Crossed ellipses between clusters are Rbl
atoms (50% ellipsoids).

Structural Results and Discussion of RbsZrCl;sB

Final positional parameters for RbsZrCl,4B are given in Table
I1, and the important distances are compiled in Table III. An-
isotropic thermal parameters as well as observed and calculated
structure factor amplitudes are available as supplementary ma-
terial.

The structure of RbsZr¢ClsB consists of isolated
[(Zr¢Cli\,B)CI%]* clusters distributed in a sea of rubidium cations.
The clusters occur in layers with the pseudo-3 axis of each cluster
oriented perpendicular to the cluster layers, as shown in Figure
1 in a view down the ¢ axis from which the CI' atoms have been
omitted. Parallel to the b axis the cluster layers stack directly
on top of one another in an «+AA:+ manner to give columns of
stacked ZrsCl;gB% clusters. A projection of the cluster columns
down b in Figure 2 shows that the individual layers are approx-
imately close-packed. The rubidium cations are distributed around
the cluster columns, both within and between the cluster layers.

The individual Zr¢Cl 4B clusters have crystallographically im-
posed 2/m (C,,) symmetry with the mirror plane perpendicular
to @ (Figure 1), but the Zr¢B units are observed to be mildly
elongated along a pseudo-3 axis parallel to . The Zr-Zr distances
within the triangles normal to this nominal 3 axis are in fact all
within 2¢ of 3.254 A, while distances of 3.299 (1) and 3.300 (1)
A between these give the metal cluster an apparent D, symmetry.

Ziebarth and Corbett

(b)

(c)

Figure 3. Rubidium cation sites in RbsZrgCl;sB (50% ellipsoids). (a)
The nine-coordinate Rb1 site, which lies ~0.3 A above the least-squares
plane defined by the six Cl1 and CI2 atoms shown. The CI5 (X2) and
Cl6 atoms above and below the plane are terminal CI* atoms. A crys-
tallographic mirror plane lies approximately in the page. (b) The Rb2
site as viewed along the twofold axis; C15 and Cl6 are terminal atoms on
the cluster. (c) The cavity about one of the quarter-occupied Rb3 pos-
itions. The other inversion-related site is indicated by the small filled
circle. A mirror plane lies approximately in the page and an inversion
center lies midway between the Rb3 positions. Dashed lines mark
Rb3-Cl distances over 4.0 A.

The Zr-B distances are consistent with a boron crystal radius of
1.46 A which compares, for example, with 1.44 A similarly de-
duced for the cluster Sc,Cl;,B.!” These dimensional aspects will
be generalized in a later section.

The rubidium atoms occupy three crystallographically distinct
sites within the cluster anion array. These are illustrated in Figure
3. The Rbl ion occupies a nine-coordinate site situated between
clusters and within the cluster layer. As shown in Figure 3a, the
site is bounded by a ring of six Cl' atoms in a plane ~0.4 A below
the cation, plus two terminal CI* atoms above (Cl5) and one below

(17) Hwu, S.-J.; Corbett, J. D. J. Solid State Chem. 1986, 64, 331.



Bonding, Stability, and Size of MgX,,~Type Clusters

Table IIl. Interatomic Bonding Distances in RbsZr¢Cl;sB (A)

Zr-Zr Zr-Cl°
Zrl-Zr2 (x4)* 3.2515(9) Zr1-Cl6  (x2) 2702 (2)
Zrl-Zr2 (x4) 3.299 (1) Zr2-Cl5  (x4) 2.655(1)
Zr2-7Zr2 (X2) 3.258 (1)

Zr2-Zr2  (x2) 3.300 (1) Rb-Cl

a 3.277 RbI-CI5  (X2) 3.294 (2)
RbI-Cl6  (x1) 3.388 (2)
Rb1-Cl2  (x2) 3.418 (1)
Zr-B RbI-Cll  (x2) 3.461 (1)

Zrl-B  (X2) 23133(8) RbI-CI2 (X2) 3.657(2)

Zr2-B (X4) 2.3186 (7)

d 2.3168 Rb2-CI5  (X2) 3.225 (1)
Rb2-Cl6  (X2) 3.239 (1)
Rb2-CI3  (X2) 3.668 (1)

Zr-Cl!

Zr1-CI3  (x4) 2.561 (1) Rb-3-CIS (x2) 3.237 (3)

Zr1-Cl2  (x4) 2.562 (1) Rb3-CI5  (X2) 3.247 (3)

Zr2-Cl2  (x4) 2.555 (1) Rb3-CI3  (X2) 3.920 (2)

Zr2-Cl4  (x4)  2.555 (1) Rb3-Cl6  (Xx2) 4.509

Zr2-Cl3  (X4) 2.562 (1)

Zr2-Cll  (X4) 2.589 (1)

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

(Cl16). The Rb—Cl distances range from 3.294 (2) to 3.657 (2)
A and average 3.450 A. Summation of the crystal radii'® for
chlorine and nine-coordinate rubidium gives 3.44 A. The second
rubidium resides in a six-coordinate site approximately midway
between cluster layers that approximates a trigonal antiprism,
Figure 3b. The rubidium atom lies distinctly closer to the rec-
tangular face of the prism that is made up solely of terminal, and
presumably more negative, chlorine atoms (C15, Cl6), 3.232 A
average, while the other two distances are 3.668 (1) A, and the
average is 3.377 A. Both the Rb1 and Rb2 positions refined to
full occupancy.

The last of the five cations, Rb3, is located midway between
cluster layers within a somewhat oversized eight-coordinate site
of 2/m symmetry, Figure 3c. The central position at the inversion
center would place rubidium coplanar with four CI5% atoms at
3.196 A and much more distant, 4.151 A, from four CI3 atoms,
two above and two below. The actual situation appears similar
to that found for cations in other cluster matrices;'®!2 the rubidium
refines as two positions that are each one-fourth occupied and
displaced from the midpoint by £0.54 A toward a pair of the more
distance Cl3 atoms. This displacement reduces distances to each
of the CI3 atoms by 0.22 A while lengthening the separation from
each of four C15% atoms by only 0.04 A. The average Rb3-Cl
distance in the six-coordinate site is 3.468 A, This is clearly the
least favorable cation site, and the refinement parameters reflect
a necessary compromise for bonding of Rb3. The overall half-
occupancy of the combined sites is dictated by the electronic
requirements of the cluster (below).

The eclipsed stacking of clusters in RbsZr¢Cl,4B, Figure 2,
appears to be a favorable cluster arrangement for generating three
types of approximately equal-sized cation sites per cluster while
maximizing the number of rubidium contacts to the presumably
more negative terminal chlorine atoms. The columnar stacking
provides an average of 3.6 CI? neighbors to each rubidium, three
for the two Rb1 ions and four each for two Rb2 and one Rb3.
In contrast, the K4NbCl,g structure,! which contains only four
cation sites per cluster and hence cannot be used for RbsZr,Cl 4B,
affords just three terminal chlorine atom contacts per cation. The
nearly close packed clusters in the recently discovered LigZrg-
Cl,3sH!® have six equivalent, six-coordinate sites per cluster for
the smaller cations, but these also allow only three CI® contacts
per cation.

The structure of RbsZrsCl;3B may also be viewed in terms of
close-packed chlorine layers stacked normal to b with an ordered

(18) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751.
(19) Ziebarth, R. P.; Zhang, J.; Corbett, J. D., to be submitted for pub-
lication.
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Figure 4. Layered description of RbsZr¢Cl)sB. Top: A [010] projection
on y = 0 of the close-packed layer of atoms designated A. The large and
small crossed ellipses represent Rbl and B atoms, respectively, while open
ellipses are Cl atoms. Bottom: A [010] projection on y = !/; of the layer
of chlorine atoms denoted B’. The triangular zone of close-packed
chlorine atoms in the center of the figure is related to others by a twofold
axis normal to the projection plane at (!/,, ¥, '/4). Terminal chlorine
atoms occupy the vertices of the triangular zones.
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Flgure 5. A [010] projection of the B’ (open ellipses at y = !/;) and B”
(striped ellipses, y = ?/;) layers in RbsZr¢Cl;sB. The Rb2 and Rb3
cation sites near y = !/, are marked with isolated and paired solid circles,
respectively. Note the unoccupied trigonal antiprismatic sites at the
corner and center of the section near y = !/, that are bounded only by
CI' atoms.

arrangement of zirconium atoms in ClsB octahedra between the
layers. The top of Figure 4 shows the layer termed A aty =0
that runs through the center of the cluster layer and is made up
of a close-packed array of 12 chlorine, 2 boron, and 4 Rbl atoms
per cell. The second B’ layer below at y =~ !/, is a pseudo-
close-packed layer made up of zones of six close-packed chlorine
atoms separated by narrow gaps. This layer is similar in nature
to the B layer in K,Zr¢Cl,sB'2, and as before, the triangular zones
correspond to regions of B- and C-type packing in a cubic-
close-packed system. The narrow gaps are necessary to maintain
minimal CI-Cl distances. Finally, the third layer, B” at y o~ 2/,
is related to B’ by an inversion through (!/5,!/5,!/,) (or an n-glide
normal to b).

The layer stacking in RbsZrqCl;gB is then described as -
AB’B”.: with zirconium atoms occupying all the trigonal anti-
prismatic sites between the A and B’ and A and B” layers, that
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is, those that surround the boron atoms in A. Rubidium cations
are found both in the A layer (Rb1, Figure 4a) and between the
B’ and B”" layers. A projection of the B’ and B” layers and the
Rb2 and Rb3 sites between them is shown in Figure 5. Inter-
estingly, a potential site for another cation exists at the corners
and center of this section (site type 2d) as a small octahedral hole
between clusters along b, i.e., within the cluster columns. Distances
from the center of this site to the neighboring chlorine atoms are
2.727 (X4) and 2.516 (X2) A, suggesting a lithium cation
(X crystal radii = 2.57 A) might be accommodated in a phase
like LiRbsZrCl 3Be or LiKsZrCl 3Be.

Structurally, RbsZr,Cl 3B can easily be derived from that of
Cs3Zr¢Cl,¢C, which is Cs;(ZreCl,ZC)Cl“'*‘4/2Cl“2,9 through the
addition of 2 mol of M!CI per cluster to open the remaining CI2
bridges while retaining the spatial arrangement and orientation
of the clusters within the layer. The structure of K,;Nb¢Cl,s! also
shows a close relationship to that of RbsZr¢Cl,gB. The former
is also built-up of close-packed layers of clusters, in this case
coincident with the [001] plane, but the stacking of the cluster
layers is staggered because of the pseudotranslation provided by
the 115° monoclinic angle. In addition, while the orientation of
every cluster within a layer in K4NbgCl,q is identical, the cluster
centered on the [010] face of RbsZrsCl,3B, Figure 2, is related
to those on the cell corners by a twofold rotation axis.

Comparisons of Cluster Structure and Stability

Several dozen zirconium cluster compounds have been syn-
thesized and studied in the few years since the importance, indeed
the necessity, of the interstitial element within the clusters was
first recognized.”® The character of these compounds subdivide
surprisingly well into two contrasting families with respect to
structures, stoichiometries, and the range of interstitials possible,
namely, the chlorides and the iodides. The accumulated infor-
mation on these clusters has to date not received any systematic
consideration regarding the bonding, especially the effects of Z
and halide on electronic structure and cluster (phase) stability
and the relationship of these examples to the empty halide clusters
known for niobium and tantalum. The combined effects of the
sizes of metal, halide, and interstitial, if any, appear to produce
significant regularities regarding the most stable electron counts
for the entire group of clusters.

A considerable versatility among zirconium chloride cluster
phases can be achieved by controlled manipulation of three
variables in the Al (Zr¢Cl;,Z)X, family, namely, the values of
x and »n along with the valence electron count of the interstitial
Z. In addition, a complement of 14 cluster-based electrons is
clearly favored when Z is a main-group element (below), so much
so that the syntheses of certain stoichiometries and structures can
often be “driven” by the choice of Z and the proportions of the
reactants. To date only H and Be—N have been incorporated as
a main-group Z in zirconium chlorides. The Z examples from
the second period in all cases refine to substantially full occupancy,
and no cluster phase has been synthesized under equilibrium
(high-temperature) conditions that appears to lack an interstitial
atom. As a corollary, ZrCl,~Zr reactions run without a suitable
Z element will provide primarily ZrCl, compounds, 1 < x < 3,
with the distribution dependent mainly on the Zr:Cl ratio in the
reactants.

Structure and Bonding in Zirconium Chloride Clusters. A good
understanding of the role of the interstitial atom in the bonding
and stabilization of Zr4Cl,,-type clusters can be obtained from
the results of extended-Hiickel molecular orbital calculations.
Several authors have previously examined the bonding in isolated
and empty NbgX;,™ clusters,?* and although their results predict
the right number of metal-metal bonding orbitals, these are in

(20) Smith, J. D.; Corbett, J. D. J. Am. Chem. Soc. 1985, 107, 5704.

(21) Cotton, F. A.; Haas, T. E. Inorg. Chem. 1964, 3, 10.

(22) Robbins, D. J.; Thomson, A. J. J. Chem. Soc., Dalton Trans. 1972,
2350.

(23) Bursten, B. E,; Cotton, F. A,; Stanley, G. G. Isr. J. Chem. 1980, 19,
132.
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Figure 6. Cluster molecular orbital diagram from extended-Hiickel
calculations. Left: The hypothetical Zr¢Cl,s* cluster (Oy); right: atomic
carbon; center: the centered ZrgClsC* cluster (Oy).

error because of the failure to include evidently indispensible
terminal halogens (or other ligands) in the calculations. The
importance of these exo groups in correctly establishing the
symmetries and energy ordering of the metal-metal bonding levels
for the cluster has been discussed in detail in connection with
earlier calculations on zirconium iodide clusters with and without
interstitial atoms.?>?* Obviously, inclusion of the terminal bonding
interactions in the calculations on centered clusters seems par-
ticularly vital since the Zr—X? interactions will transform the same
as the opposed Zr-Z bonding. At the same time, the results of
suitably formulated calculations on Zrgl,,Z clusters are not
completely suitable for the zirconium chlorides since their cluster
chemistries appear to be distinctly different. The larger iodine
atoms produce more severe cluster distortions (matrix effects; see
below), which are probably a major reason why the iodide clusters
are much more accommodating of larger main-group Z elements
from the third and fourth periods. In addition, the structural
versatility that has been achieved to date with the iodides is much
smaller, the known structure types being limited to only two, the
Zrgl), and (Al)Zrgl,, compositions.2%24-26

In the course of this work, calculations have been carried out
for the hypothetical empty cluster (ZrsCl;;)Clg with several sizes
and for (Zr¢Cl,,Z)Cls models containing a variety of interstitials.
As these differ only in details regarding overlap and energy pa-
rameters, the results for a carbide example will be described first
and then compared with those for a beryllide with respect to
overlap populations, charge transfer, and metal-metal bonding.
Molecular geometries and parameters used to describe the atomic
orbital energies and spatial characteristics are given in the sup-
plementary material.?’

(24) Smith, J. D.; Corbett, J. D. J. Am. Chem. Soc. 1986, 108, 1927.
(25) Smith, J. D.; Corbett, J. D. J. Am. Chem. Soc. 1984, [06, 4618.
(26) Rosenthal, G.; Corbett, J. D. Inorg. Chem. 1988, 27, 53.
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The one-electron molecular orbital energies for a hypothetical,
unoccupied Zr¢Cl,s* cluster are shown on the left side of Figure
6. A block of 18 chlorine 3s orbitals centered at =30.5 eV are
off the bottom of the figure. The 54 molecular orbitals that are
associated with Zr-Cl bonding and chlorine 3p lone pairs fall in
a group between —16.0 and -14.5 eV. Considerable mixing be-
tween the Zr—Cl bonding orbitals and chlorine lone pairs prevents
separation of the two groups. These 18 + 54 = 72 filled orbitals
represent all of the chlorine 3s and 3p valence levels. The next
eight orbitals are principally metal-based and cluster bonding
orbitals that are responsible for the metal-metal bonding, viz.,
a1 tiw tag and a,, in order of increasing energy. Above these
lie sets of metal-metal and metal—chlorine antibonding levels. The
size of the ~1.4-eV gap between the seventh (t,,) and eighth (a,,)
cluster orbitals is partially a consequence of an antibonding Zr—ClI'
component in the a,, orbital. The hypothetical Zr¢Cl,5*" cluster
with (6 X 4) — (18 X 1) + 4 = 10 cluster electrons and an
(21)%(t14)%(t5y)? configuration clearly can contain at least four
more bonding electrons and needs six more to fill all of the
metal-metal bonding states.

The effect of the interstitial carbon atom in stabilizing the
Z1¢Cl,g* cluster is depicted in the remainder of Figure 6. Two
things will be noticed immediately: (1) there is a strong interaction
between the carbon orbitals and the symmetry-equivalent cluster
orbitals, and (2) the number of cluster bonding orbitals does not
change, only their energies. The molecular orbital diagram for
the centered cluster ZrCl,3C* is much the same as that of the
unoccupied unit of the same dimensions except for two significant
changes in the metal-metal bonding region. Interaction of the
carbon 2s orbital with the lowest energy Zr-Zr bonding orbital
(both of a,, symmetry) creates a low-lying a,, orbital at —22.6
eV, primarily carbon in character although a small zirconium
contribution is discernible, and a t,, set of Zr-C bonding orbitals
is formed in a similar manner at —12.4 eV. In both instances, the
antibonding combinations of carbon and cluster orbitals are at
high energy and lie off-scale; thus, the total number of cluster
bonding orbitals remains unchanged at eight on inclusion of the
interstitial atom.

There appears to be no zirconium halide cluster phase that does
not contain an interstitial atom, and all known reduced compounds
containing Zr, Cl, and Z can be described in terms of clusters or
condensed clusters. In terms of Figure 6, the pronounced sta-
bilization of the cluster by the interstitial atom can be attributed
both to the formation of strong Zr-interstitial bonds and to the
addition of the interstitial atom’s valence electrons to the cluster
bonding manifold. For electron counting purposes, the interstitial
atom’s valence electrons are “donated” to the cluster because no
change in the number of cluster bonding orbitals has occurred,
so that Zr¢ClisC* has an (a,)(t,,)(ty)® configuration. However,
this conventional electron counting procedure definitely does not
imply a charge transfer from the interstitial atom to the metal
cluster. Rather the bonding is largely covalent, with the four
bonding orbitals in the carbide example having somewhat more
carbon than zirconium character. The charge on carbon is cal-
culated to be about —1.8, and although the magnitude of the charge
transfer is probably exaggerated, it is certainly correct in sign.
For comparison, a carbon charge of the order of —0.5 to —1.0 has
been estimated from detailed band calculations on the conceivably
less polar ZrC (NaCl type).® XPS data for the carbon Is core
in the zirconium chlorides also support the charge transfer to
carbon, there being a sizable shift to lower binding energies from
285.0 eV for the adventitious (hydro)carbon reference to 282.0
eV in Zr¢Cl,4C and 282.8 eV in the related, condensed cluster-
phase Zr,C1,C.»

(27) Although virtually all of the structurally well-defined Zr(Cl;,Z-type
clusters are distorted from O, symmetry, all calculations were for the sake of
simplicity done on idealized octahedral clusters with suitably averaged ob-
served dimensions. The major effect of the distortions is simply to remove
the orbital degeneracies imposed by the higher symmetry, but the splittings
are all quite small (<0.2 eV) and do not change either the ordering of any
cluster orbitals or any conclusions.

(28) Neckel, A. Int. J. Quantum Chem. 1983, 23, 1317.
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Table IV. Metal-Metal Overlap Populations and Bonding for
Isoelectronic ZrgCl gZ"™ Clusters of Fixed Dimensions

cluster
orbital ZrClg* ZrsClCH Z1,Cl;gBe®”
> Zr-Zr Overlap Populations
a), 0.994 0.058 0.262
the (X3) 0.562 0.070 0.317
ty (X3) 0.347 0.347 0.347
total 3.721 1.309 2.254
% Zr-Zr Bonding Retained®
a), 6 26
the 12.5 56.5
the 100 100
total 35 61

21003 Zr-Zr overlap population of Zr¢CljsZ" /3 Zr-Zr overlap
population of ZrgClys¥.

The rather straightforward MO description of these clusters
does not suggest there is anything particularly unusual about the
bonding in these units. Although there are seven electron pairs
in the neighborhood of the interstitial atom, symmetry alone
requires that only four of these are actually involved in bonding
to the s and p valence orbitals of a main-group interstitial atom.
Hypervalency descriptors for these centered clusters therefore seem
unnatural and unnecessary. The presence of six rather than four
zirconium neighbors about carbon or boron (or hydrogen!) in the
cluster is an obvious way in which a metal-rich network can retain
some metal-metal bonding while at the same time forming strong
polar metal-nonmetal bonds. The same is true in many extended
solids even when simple valence rules are met, as in ZrC where
the six-coordination of each atom in an NaCl-type structure is
an obvious consequence of atom sizes and the same strong het-
eroatomic bonding.’® The double-metal-layered Zr,Cl,C rep-
resents an interesting intermediate degree of cluster condensation
in which carbon still has an “octahedral” environment, and an
extended-Hiickel description of the surprisingly localized Zr-C
bonding therein differs from that in the ZrCl,sC*" cluster only
in small detail, not in kind.?!

Metal-Metal Bonding. Although the strength of the metal-
interstitial bonding is a major factor in stabilizing the metal
framework of the centered zirconium clusters, significant amounts
of metal-metal bonding also remain, and this appears to be im-
portant in cluster formation and stability, particularly in com-
pounds with the less electronegative interstitial elements. Six
electrons in 14-electron centered clusters are exclusively involved
for metal-metal bonding (tzgﬁ), although the magnitude is ob-
viously dependent on the effective interstitial size. However, it
should be noted that appreciable Zr—Zr overlap is contained in
the metal-interstitial bonding MOs as well. Comparison of
metal-metal overlap populations summed over the occupied cluster
orbitals provides a good assessment of the differences in metal—-
metal bonding between centered and empty clusters of the same
size and between clusters with different interstitial atoms. As
shown in Table IV, the centered cluster ZrCl,sC*, for instance,
retains only 35% of the metal-metal bonding of the empty and
isoelectronic cluster ZrgCl,s*~. Approximately 80% of the Zr—Zr
bonding in the centered cluster comes from the tzgﬁ set, while the
remaining 20% comes from metal-metal overlap in the a,, and
t;, MOs that are principally Zr-C bonding. In other words, the
latter orbitals retain only about 6 and 12.5% of their Zr-Zr
bonding character, respectively, on carbon inclusion.

On the other hand, the relative energies of the interstitial atom’s
valence orbitals strongly influence the percentage of interstitial
character in these a,, and t,, molecular orbitals and, hence, the

(29) Hwu, S.-J.; Ziebarth, R. P.; Winbush, S. v.; Ford, J. E.; Corbett, J.
D. Inorg. Chem. 1986, 25, 283.

(30) Wijeyesekera, S. D.; Hoffman, R. Organometallics 1984, 3, 949.

(31) Ziebarth, R. P.; Hwu, S.-J; Corbett, J. D. J. Am. Chem. Soc. 1986,
108, 2594,
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degree of metal-metal bonding that is retained. For instance, the
valence orbital ionization energies of the beryllium 2s and 2p
orbitals lie at ~10.0 and -6.0 eV, respectively, well above the
respective carbon values of —21.4 and -11.4 eV. As a result, there
is significantly more zirconium mixing into the a;, and t,, sets,
and the beryllium-centered cluster is calculated to retain more
than 60% of the Zr-Zr bonding present in the isoelectronic but
unoccupied cluster. In detail, the a;, and t,, orbitals are found
to retain 26 and 56.3%, respectively, of the Zr-Zr bonding
character of the equivalent orbitals in the unoccupied cluster
(Table IV). The smaller beryllium contribution to these same
orbitals now produces a calculated charge of —0.2 on the interstitial
atom. Of course, the absolute magnitudes of these bonding effects
will be somewhat different in real clusters since the beryllium entity
is larger than that containing carbon, as will be considered in a
later section.

Preferred Electronic Configurations. The importance of the
14-electron configuration indicated by the last figure is supported
by numerous synthetic results, including those of many experiments
particularly designed to test the configurational boundaries. Only
a few 13- and 15-electron examples have been found among the
35-plus zirconium chloride cluster phases of known structure and
stoichiometry that contain a main-group element. Three of the
five 13-electron examples are hydrides, ZrsCl,H, LigZr¢ClgH,
and MY, ZrCleZr C1,H.*132 These may represent a “something
is better than nothing” bonding mode; the clusters are oversized
for hydride (see below), and the interstitial is evidently “rattling™.?
The other two 13-¢” exceptions are K,Zr¢Cl,sBe!? and Zr,Cl,,B.°
Only two 13-electron clusters with a clearly occupied a,, level are
known, Cs;Zr¢Cl;(C'* and KZr¢Cl,;sN.19 The fact that the last
two occur with relatively small interstitials will be seen to present
a consistent trend.

The ubiquity of 14-electron zirconium chloride clusters when
these contain main-group elements and the ease of their formation
compared with 15- and 16-electron possibilities at first appear
a little anomalous in light of the calculations represented in Figure
6, which clearly suggest a limit of 16 electrons in eight metal-metal
bonding orbitals. The theoretical result is in fact more consonant
with the greater number of 15- and 16-electron clusters known
both for analogous zirconium jodides??4% and binary and ternary
niobium and tantalum halides,">3337 as well as with the regular
decrease in metal-metal distances observed in a series of 14-, 15-,
and 16-electron NbgCl;g™ clusters.* Before an interpretation is
provided for these differences, it must be remembered that
“stability” or its absence is not an absolute quantity but instead
represents a relationship with alternate phases, and these may not
be the same in all cases. Overreduction of zirconium chloride
clusters leads to Zr,C1,Z%, whereas phases containing the 15- or
16-electron (Nb,Ta)¢(Cl,Br);,-type units as well as the lowest
zirconium iodide Zrgl;,C, etc., are in equilibrium with the re-
spective metal (and ZrC, etc.) under the usual high-temperature
synthetic conditions. Nonetheless, there are also some dimensional
and angular differences in all these clusters that clearly parallel,
and perhaps “explain”, the stability trends noted above.

Matrix Effects and Interstitial Bonding. The dimensions ob-
served for a M¢X,,-type cluster often represent a compromise
between M—-M and M-X bonding attractions and X.-X closed-
shell repulsions. This example of a matrix effect®® is often seen
in the degree to which each vertex of the metal octahedral unit
is pulled inside the plane defined by the four adjoining X! atoms,
or the halides are forced outward. This deviation and thence the
matrix effect would be expected to be greater for small M, large
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X or, when relevant, small Z. In the case of an extreme difference,
the M¢X; cluster evidently becomes unstable with respect to the
electron-richer M¢Xj; (face-capped) cluster alternative, as found
in (NbGIS)IG/Z and M06X8X4.

Two bonding factors appear to be important in the 14-electron
preference shown by centered zirconium chloride clusters. The
first relates to the matrix effect. Compared with zirconium iodide
clusters, the magnitude of the Zr(xy)-X! antibonding (7*) con-
tribution to the Zr-Zr bonding a,, MO, which would contain the
15th and 16th electrons, is larger in the zirconium chlorides since
the M=Xi, cluster faces come closer to planarity. The difference
in percentage of X' character in the a,, orbital, 10.3 and 8.0%
for the ZrgClig* and Zrglj*, respectively, at typical cluster
dimensions has somewhat complex origins, being a consequence
of the greater Zr-I separations, the more diffuse 5p orbitals on
iodine, and a smaller Zr-I' overlap in this representation owing
to greater cluster distortion. A useful measure of this last matrix
effect, and hence changes in the overlap, is the trans X'-Zr-X!
angle across corners of the square of X! atoms around each zir-
conium vertex. The larger the matrix effect, the smaller the angle,
and the poorer the overlap. These angles range from 156 to 163°
in the zirconium iodide carbide clusters?® and from 167 to 171°
in the zirconium chloride carbides.

A further implication is that 15- and 16-electron zirconium

clusters should form more easily in systems in which smaller
interstitial atoms produce a smaller Mg unit, a larger matrix effect,
and thence smaller antibonding contributions to a,,(xy). Indeed,
KZr¢ClysN (15 &7, KZr¢ClysC type)'° represents the first example
prepared under this reasoning. Of course, such deviations should
be more frequent with the zirconium iodides, and CsZr4I;,C (15
e¢”) and Zrgl,,C (16 €7) are dominant in the carbon system.?® A
parallel between more reduced clusters and larger matrix effects
also extends to the empty (Nb,Ta)¢X;, clusters.
_ The absence of an interstitial and the smaller niobium provide
d(Nb-Nb) distances in the chlorides that are between 0.2 and
0.4 A less than analogous d(Zr-Zr) (3.20-3.30 A),3>*¢ and as
a result, the few trans CIi-Nb-Cl! angles that have been well
determined lie between 161 and 167°,%% comparable to those in
the zirconium iodides. A parallel matrix effect and the concom-
itant lessening of M-X! antibonding contributions to a,, are again
consistent with the formation of only 15- and 16-¢” cluster halides
of the group 5 metals under equilibrium conditions. Thus, just
16-¢” clusters in NbgCl,,*? are thermodynamically stable in the
chloride system. In fact, high-temperature reactions in binary
niobium chloride, bromide, and iodide systems with 14 available
electrons per six metal atoms, i.e., those with a Nb:X ratio of 6:16,
preferentially provide the trimeric cluster phases Nb;X¢*#! instead
of NbgX¢ cluster compositions, while ternary reactions aimed at
15-electron units yield instead the tetrameric (Cs,Rb)Nb,Cl,; with
the same electron count per metal atom.*?

On the other hand, a 15-¢™ example occurs, naturally enough,
as the fluoride NbgF;5.>* The greatly lessened matrix effects with
the smaller fluoride are manifested by Nb-Nb distances of 2.80
A compared with 2.915 A in Nb,Clyg*. Interestingly, comparable
Nb-Nb distances, 2.80-2.83 A, have recently been found in
NbeO,-type clusters in Mg;NbsO,; (14 €7),* Na;Al,Nb;,Oq, (15
e™),* and SrNbgOy, (14 €7).45 The electron counts are clearly
in the right direction relative to that in the chloride, although the
higher anion field and more complex nonmetal sharing necessary .
with oxygen in most cases might mean that close parallels with
halide should not be expected. Tantalum cluster halides obtained
under equilibrium conditions are comparably or slightly less re-

(32) Imoto, H.; Corbett, J. D,; Cisar, A. Inorg. Chem. 1981, 20, 145.

(33) Simon, A.; Schnering, H.-G.; Wohrle, H.; Schéfer, H. Z. Anorg. Allg.
Chem. 1968, 339, 155.

(34) Schifer, H.; Schnering H.-G.; Niehues, K.-J.f Nieder-Vahrenholz,
H. G. J. Less-Common Met. 1968, 9, 95,

(35) McCarley, R. E.; Boatman, J. C. Inorg. Chem. 1965, 4, 1486.

(36) Bauer, D.; Schnering, H.-G.; Schifer, H. J. Less-Common Met. 1965,
8, 388.

(37) Bauer, D.; von Schnering, H.-G. Z. Anorg. Allg. Chem. 1968, 361,
259.

(38) Corbett, J. D. J. Solid State Chem. 1981, 37, 335; 39, 56.

(39) Koknat, F. W.; McCarley, R. E. Inorg. Chem. 1972, 11, 812.

(40) von Schnering, H.-G.; Wohrle, H.; Schifer, H. Naturwissenshaften
1961, 48, 159.

(41) Simon, A.; von Schnering, H.-G. J. Less-Common Met. 1966, /1, 31.

(42) Broll, A.; Simon, A.; von Schnering, H.-G.; Schifer, H. Z. Anorg.
Allg. Chem. 1969, 367, 1.

(43) Burnus, R.; Kohler, J.; Simon, A. Z. Naturforsch. 1987, 42B, 536.

(44) Kohler, J.; Simon, A. Angew. Chem., Int. Ed. Engl. 1986, 25, 996,
Z. Anorg. Allg. Chem. 1987, 553, 106.

(45) Kohler, J.; Simon, A.; Hibble, S. J.; Cheetham, A. K. J. Less-Com-
mon Met. 1988, 142, 123.
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duced than with niobium, viz., TagX,s X = Br, 1,536 and TasXs,
X = Cl, Br, 1.7

The second factor, and clearly important in zirconium cluster
stability relative to that for analogous niobium and tantalum
halides, is the strength of the additional Zr-Z bonding. The
stabilizing influence of the interstitial atom is particularly evident
in the number of Zr¢X;,Z clusters listed above that have been
prepared with fewer than 14-cluster bonding electrons, which is
the apparent lower limit for the interstitial-free (Nb,Ta)¢X,,-type
clusters under any conditions (below). The dimensional param-
eters of the Zr-Z interactions (below) suggest these are at least
comparable in strength to those present in binary Zr—Z phases,
which are generally very refractory compounds. In contrast, the
unoccupied niobium and tantalum halide clusters are held together
by metal-metal bonding that is probably comparatively weak
relative to that provided by the bridging halides, and all ther-
modynamically stable binary phases contain at least 13 cluster
electrons.

Room Temperature Results. The well-known niobium and
tantalum cluster examples that were just noted tolerate a lower
electron count, i.e., 14, when the corresponding 15- or, more
commonly, 16-¢” cluster is oxidized in solution near room tem-
perature so that thermodynamic stability with respect to adjoining,
condensed phases is not controlling.>*#* It appears that the same
is true for centered zirconium clusters. The small list of 13-electron
zirconium clusters found at high temperatures can be extended
through analogous reactions in nonaqueous solvents, and in fact,
a centered and distinctly larger 12-electron cluster example has
been established as Zr¢Cl,sBe*.#7 The preparation of a possibly
empty, 12-electron Zr¢Cl;,(PMe,Ph)¢ by an undefined reaction
process starting with Zr,Cls(PMe,Ph), has recently been re-
ported,® although exclusion of the 13-electron, hydrogen-centered
counterpart does not appear possible with the information
available. (The latter type is known in Zr¢Cl;,H, etc.®%) Their
observed Zr—Zr distances are not particularly informative (below).

Interstitials, Cluster Dimensions, and Structure. The three dozen
or so centered zirconium chloride cluster phases that have been
characterized to date span 12 different structural types plus several
variations thereon. Primary classification of these structures
follows from their stoichiometries and the number of halides that
must accordingly be shared between clusters in order to occupy
all metal vertices, However, the means by which the prescribed
number of cations, if any, are accommodated between the clusters
in a compact structure are also important to the structure type,
as in RbsZr¢Cl4B (above). These possibilities have been par-
ticularly well demonstrated by the discovery of four distinctly
different structure types (plus variations) for (Zr¢Cl,,Z)Clg,,*
networks which differ in “cluster ring” sizes and in the angles at
bridging chlorine.'®'? The arrangement adopted in this group
obviously depends on the number and size of the alkali-metal
counterions that need to be incorporated and, to some degree, also
on the size of Z. The rather poorly sized chlorine cavities utilized
in some cases, as in Figure 3, give the impression that this is the
least controlling feature.

The dimensions of the cation sites available between a particular
arrangement of halogen-bridged clusters depend on a number of
factors: the geometries of the intercluster linkages, the larger
three-dimensional connectivity of the clusters, and the cluster size,
and the last in turn depends on the effective size of a given
interstitial, the magnitude of any intracluster matrix effect and,
naturally, on the van der Waals radius of the halogen. A desire
to be able to predict size trends and thence to gain some selectivity
in the choice of structure type has led us to consider the repro-
ducibility of and trends in interstitial size in zirconium chloride
clusters. Figure 7 shows the Zr-Z distances (A) determined by
single-crystal means for 13 examples of 14-electron zirconium
chloride clusters as a function of electrons on Z (H, Be-N).4

(46) Fleming, P. D.; Dougherty, T. A;; McCarley, R. E. J. Am. Chem. Soc.
1967, 89, 159.
(47) Rogel, F.; Corbett, J. D., unpublished research.
11(548;9C0tt0n, F. A,; Kibala, P. A;; Roth, W. J. J. Am. Chem. Soc. 1988,
, 299.
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Figure 7. Average Zr-interstitial (Z) distances in structurally charac-
terized ZreCl,,Z clusters*! plotted as a function of the number of valence
electrons provided by first- and second-period interstitial elements. The
line is the least-squares fit of the 14-electron cluster data (X) excluding
Zr¢ClsN. The other examples (a) are Cs;ZreCli¢C (15 €7), KyZr-
ClgZr¢Cly,H, and LigZr¢CljgH (13 7).

These dimensions are seen to be remarkably consistent, although
in a larger sense the behavior is not very surprising. The cluster
dimensions, and therefore the Zr-Zr distances, seem to be de-
termined almost exclusively by the Zr-Z contacts. This sort of
matrix effect is analogous to the well-known fact that metal-metal
separations in NaCl-, CaF»-, etc. type structures are determined
principally by metal-nonmetal separations.®® As expected on the
basis of covalent radii, Zr-Be distances are also longer than Zr-B
distances, which are longer than Zr—C and Zr-N distances, and
the trend appears linear at least from Be to C.

The operation of a cluster size effect in guiding a structure type
selection is most apparent in the ZrsCl,5Z family for larger Z,
namely, for some larger beryllium-centered clusters™'? and, es-
pecially, for those containing transition-metal interstitials like iron.
In the latter instances, the intercluster bridges are both linear and
shorter (smaller CI'-CI® matrix effect), and two interpenetrating
cluster arrays are achieved in what is known as the NbgF;
structure. Only small cations like lithium can now be accom-
modated.'?

Some interesting and informative deviations from the linear
relationship are seen in Figure 7. Not surprisingly, the additional
electron in the 15-electron Cs;ZrCl,¢C produces a shortening of
the Zr-C separation of ~0.027 A, but with the carbon “prop”
the contraction is only about half that for the equivalent reduction
in the NbgCl,¢" series.* On the other hand, removal of an electron
from the optimal 14 in the formation of Zr¢Cl,4B does not produce
a significant lengthening [d(Zr-B) = 2.303 A°].

The larger than extrapolated value for Zr-N in Zr Cl5N is
noteworthy and unexpected. Although cluster nitrides are rela-
tively rare, a reasonable decrease of 0.041 A in d(Sc-Z) for
octahedral Z has been measured between the layered Sc,Cl,C and
Sc,CL,N.2® A similar but less surprising radius anomaly occurs
with the 13-electron clusters in K,ZrClgZrgCl;;H?? and in Lig-
Zr¢Cl,sH" where d(Zr-H(cluster centroid)) = 2.26 A in each
(Figure 7). The latter distances well exceed normal Zr—H sep-
arations (<2.10 A), and the proton must be “rattling” in an
oversized zirconium cluster, at least at room temperature.®® This
cluster then must represent something like the minimum size for
a zirconium chloride, with the d(Zr-Zr) = 3.20 A value largely
determined by Zr-Zr (plus Zr-Cl' and CIi-Cl') interactions alone.
The onset of the same effect may be evidenced in the larger
Zr¢ClysN cluster as well. Examples with the smaller oxygen and
fluorine interstitials are unknown. The size of the cluster in

(49) The compounds re?resented in Figure 7 and the applicable references
are:  K;ZrClgZrClj,H,? LigZreCligH;'® KZrgClj3Be,” K;Zr(ClysBe,!?
Na; 9ZrsClisBe;'* CsKZr¢ClisB (two independent values),!® K,Zr(ClsB,!?
Ba,Zr,Cl,;B,"? Rber(,CllgB, this work; ZrgCl,4C,° Nag sZr¢Cl;sC,1! KZrg-
Cly5C (two values);® ZrgClysN;! Cs,ZrgCl6C (15 €7).14 (04 < 0.002 A except
0.008 A for the next to the smallest 4(Zr-B).1%)

(50) Rundle, R. E. Acta Crystallogr. 1948, 1, 180.
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Z1¢Cl;(PMe,Ph)¢*® corresponds to d(Zr—*Z") = 2.28 A. The
influence of the terminal phosphine ligands on this is unclear
(below), but the observed distance certainly does not preclude the
presence of H.

Although the transferability of radii within most zirconium
chloride clusters seems fairly good, secondary effects involving
electron count, trans (terminal) ligands, and matrix effects must
also be considered. Accordingly, the utility of such a system of
radii in other systems may be only semiquantitative. The terminal
ligand (halide) at each vertex is trans to the interstitial Z, and
a less basic (lower charged) or more distant terminal ligand should
result in a shortening of Zr-Z. This is the basis for the distortions
observed in clusters that have different types of terminal halides,
e.g., in ZrgX,,, and the effect is probably of some importance with
regard to the relatively short d(Zr-Z) values found in Zrl,,Z
clusters where all terminal halides are also edge-bridging in other
clusters.?® This behavior is in the opposite sense presumably
responsible for a greater Zr—B separation found in RbsZrsCl 4B,
the largest value plotted at that ordinate in Figure 7, since all
vertices now bind an unshared chloride. Nonetheless, the counter
cations’ interactions with the CI* must also be important, as seen
by the fact that Ba,Zr¢Cl;B provides the smallest value of d-
(Zr-B) shown, 2.300 A.

The operation of a halide matrix effect based on halide size
also appears in the few equivalent examples of zirconium iodide
clusters that are available. In these cases, the Zr—Z distances are
uniformly larger than in the chloride, i.e., by 0.053 A in Zr(],,C,
where the metal is nearly 0.5 A inside the plane of the four
neighboring I' atoms.

A more global approach to a system of possible standard radii
for second-period interstitials shows deviations of the same order
of magnitude. Nominal radii for carbon, nitrogen, etc. can be
derived from the lattice dimensions of MC and MN phases in the
rock salt structure with the aid of standard (and arbitrary but
internally consistent) crystal radii.!®* Thus, lattice dimensions for
ZrC, HfC, NbC, and TaC on one hand and YN, ZrN, and NbN
on the other yield six-coordinate, Zr-C and Zr—-N bond distance
predictions of 2.32 and 2.28 A, respectively. These compare with
ca. 2.28 A for both in Figure 7, although only the carbon value
can probably be taken very seriously. Experimental values for
carbon close to those shown here can be similarly deduced from
structural data for the condensed clusters in Y, sC and
Sc,Cl,4C,. %!

The observed transferability of bond distances is in many re-
spects rewarding and encouraging, supporting the notion that the
carbon bonding in a Zr¢Cl,,C-type cluster is not too different from
that in ZrC even though the conventional band description for
the latter?® is much more difficult to translate into comparable
terms. The contraction of ~0.04 A in the Zr-C distance seen
on going from ZrC to the cluster may reflect primarily the re-
placement of the carbon on the zirconium “backside” by more
polar bonds to chlorine. Solids are not that different from
molecules in many respects. Notwithstanding, considerably greater
decreases in Zr-Z distances on progressing from ZrZ, binary
phases to Zr¢Z-type clusters in polar intermetallics and then to
Zr¢l;»Z clusters, ~0.15-0.25 A, have been recently noted with

Ziebarth and Corbett

Z = Si,* P,» Fe,2 etc. These changes parallel an increased
oxidation state of zirconium, but more interpretational efforts are
certainly needed in these instances.

Summary

The following features appear to be important regarding ZreX;,
clusters and their relationship to those formed by niobium and
tantalum:

1. A large family of cluster phases Al (Zr(Cl;,Z)Cl, can be
systematically generated through selection of x, n and the en-
capsulated Z, which may be Be-N. No clusters are known that
lack the centered Z element. Those with 14 cluster-based electrons
are predominant,

2. The zirconium chloride cluster phases are distinctly different
from the corresponding iodides. The iodides exhibit a much wider
range of possible main-group Z elements and of cluster electron
counts (13-16), but they occur in only two structure types,
ZrGXuZ and (A])ZTGXMZ.

3. MO calculations support the dominance of 14-electron
clusters for the zirconium chlorides and demonstrate the impor-
tance of strong, polar Zr-Z bonding. Matrix effects associated
with small Z, the larger iodine, or smaller niobium (and tantalum)
atoms in M¢X,, clusters correlate well with the greater thermo-
dynamic stability of the more reduced, 15- and 16-electron clusters
in which the a,, MO is occupied. This effect is thought to arise
from diminished antibonding M(xy)-X!(r) contributions to the
a,, orbital of a M¢X,, cluster with increased cluster distortion
because of a size disparity between X and M. The observation
of less reduced niobium fluoride and oxide clusters is also consistent
with this expectation.

4. The ty,* HOMO for the centered 14-¢” clusters is only
metal-metal bonding, but significant Zr-Zr overlap and bonding
are also found in the interstitial-bonding a;, and t,, MOs, especially
with the less electronegative interstitial elements.

5. The empty 15- or 16-electron (Nb,Ta)¢X,-type clusters are
known to be reduced to 14-e” examples only near room temper-
ature. Twelve-electron examples of centered zirconium chloride
clusters can be obtained under similar conditions.

6. Structure types exhibited by the ZrCl,,Z cluster family
depend on the dimensions of both the cluster and the number and
size of any cations. The interstitials Be, B, and C provide 14-¢~
clusters with very reproducible dimensions that decrease in that
order. On the other hand, encapsulated hydride and, evidently,
nitride afford similar and apparently minimally sized units where
other than Zr-Z bonding is determining.
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