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The First Mixed-Halide Zirconium Cluster Compounds: Zr ¢Cly ¢l 10.48Be€, ZreCly.3l 108, and
ZreCli141.5B. Matrix Effects and Halogen Substitution in Compact Network Structures

Martin Ka'ckerling, Ru-Yi Qi, and John D. Corbett*
Department of Chemistry, lowa State University, Ames, lowa 50011
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Investigations of the effect of halogen size on structure stability have been conducted in well-reduced and heavily
interbridged zirconium chlorideiodide cluster systems. The title compounds are obtained in good yields from
reactions of Zr, ZrCj, Zrls, and B or Be in sealed Ta tubes fo#t weeks at 850C. Single-crystal diffraction

at room temperature established these @€I{E5(4) 10.35aB€ and ZgCli 273 10.73@P [R3, Z = 3, a = 14.3508(8),
14.389(1) A,c = 9.8777(9), 9.915(2) A, respectively] andeZti1.47¢2) 1.532B [P4/mnm Z = 2, a = 12.030(1)

A c= 7.4991(8) A]. These are derivatives of the;l£3C and orthorhombic £Cl13B structures, respectively,

the latter containing unusual linear chains of clusters interbridged thyr@t are in turn interconnected by three-
bonded Cta2atoms. The random substitution of fractional Cl at specific | sites in the first two, and | for certain

Cl in the third, was positionally resolved in all cases. The replacement always occurs at two-bbnstedhxt

single types of halogen are left in sites that interconnect clusters and generate the three-dimensional array. Structural
changes seen in both structures are specifically related to relief-of Xrowding in the parent structure (matrix
effects). Substitution of Cl for' lin the Zil1.C type greatly reduces intercluster«l repulsions and allows,
among other things, a 0.20 A (5.8%) reduction in-F¥ intercluster bond lengths. Increased-@lrepulsions

caused by | substitution in orthorhombicsZt13B (Pnnn) convert the twisted chains and angulat€tinterchain

bridges to planarity in tetragonal gl11 d1.5B. Phase widths found are9x < 1.4 for ZgClil12-xZ (Z = B, Be)

and 0< x < 1.5 for ZCliz—xB. The limit for iodine substitution in the chlorine-rich rhombohedraly,—«Be

is aboutx = 2.5.

Introduction suggests that the size and basicity of the anions play important
roles in the stability of specific cluster phases with respect to

An nishingly large vari f hedral zirconium hali S . oo
cluste?sctgmf)our?dys ?ngvee Segyd?sggfgrgg ii reggntL;/ear: d.?heothers. Therefore, a combination of two different halide ligands

key feature of these compounds is an interstitial atom in the Wwas considered a possible route to eﬁther new structure types
center of every Zyoctahedron. Persistent efforts have so far or compounds with struc_tural properties d_|fferent from those
revealed more than 30 distinct structure typésThe edges of W'th. on_Iy one type of halide. The app||cat|o_n of this concep_t
the zirconium octahedra in all of these compounds are bridged o mo?“;m ;ys(t:?mslhas alrfazdg begrlllseien Vélth thiczhira;gterlza-
by halogen, and halogen is also bound at the six metal vertices,t::m oft (;.b.hi 12-x121x (Xh I'd) gn.d Nl 11 drx (]f( he );

these features giving rise to a family of compositions these exhibiting a new halide bridging mode for t A .
A [(ZreXisA(Z)X3]3 in which AtD = a group 1 or 2 cation, ;t0|ch|ometry and a rarely seen magnetic spin-crossover transi-
X' = inner, edge-bridging halogen2X outer (exo) halogen, tion, respectively. The present paper chusgs on.the syntheses
Z = interstitial, and 0< x, n < 6. The structure types depend _an(_j structural charactenza_nons of the_ first zirconium chloride
first on the magnitude af but usually also o and, often, on iodide cluster compounds in the relatively well-reduced com-
the sizes of A, Z, and X as well. ' ' pounds Z&Cly ed 10.383€, Z6Cl1 241078, and ZeClyg 44158 (n

The chlorides afford by far the largest variety of structures ; 0, 1),tea(;h e>§h|b|tlng some new and novel changes in a
in which n ranges from 0 to 6, whereas iodide clusters have to nhown structure type.
date been found to adopt either thelZsZ (Z = C, B) (n=0)
structuré> or a NCli£ type ( = 2) with the additional
interstitial atom and, in some instances, alkali-metal catléns. Materials. The preparation, handling, and purification of Zr@&hd
Recent investigations of zirconium bromide systems have Zrl, by repeated sublimation are described in refs 11 and 12. Finely
revealed, in addition to cluster phases with structure types powdered Zr metal was obtained by a process of hydrogenation,
already known, several connectivities and variations that have grinding, and subsequent dehydrogenation of reactor-grade crystal bar

Experimental Section

thus far been seen in neither chloride nor iodide systethis Zr sheets £500 ppm of Hf). Amorphous boron (Aldrich, 99.999%,
degassed at room temperature prior to use) and beryllium chunks
® Abstract published idvance ACS Abstract&ebruary 15, 1996. (Aldrich, 99.9%) were the sources of the |nterst|t.|als. ) )
(1) Ziebarth, R. P.; Corbett, J. B\cc. Chem. Req989 22, 256. Syntheses. All compounds were handled only in a nitrogen-filled
(2) (a) Corbett, J. D. InModern Perspecties in Inorganic Crystal glovebox with moisture and oxygen levels less than 1 ppm (volume).

Chemistry Parthie E., Ed.; Kluwer Academic Publishers: Dordrecht,  Gyinier powder patterns, obtained with the aid of Ca tadiation ¢
The Netherlands, 1992; p 27. (b) Corbett, JJDAlloys Compd1995

229, 10.
(3) Recent investigations reveal cluster examples with more complicated (7) Qi, R.-Y.; Corbett, J. DInorg. Chem.1995 34, 1646.
cation—anion combinations, e.g., (G8(ZrCls)~(ZrsClisMn)?~: Zhang, (8) Qi, R.-Y. Ph.D. Dissertation, lowa State University, 1993.
J.; Corbett, J. DInorg. Chem 1995 34, 1652. (9) Saebarth, M.; Simon, AZ. Anorg. Allg. Chem199Q 587, 119.
(4) Smith, J. D.; Corbett, J. Dl. Am. Chem. S0d.985 107, 5704. (10) Yoshiasa, A.; Borrmann, H.; Simon, &. Anorg. Allg. Chem1994
(5) Smith, J. D.; Corbett, J. Ol. Am. Chem. S0d.986 108 1927. 620, 1329.
(6) Simon, A.; von Schnering, H.-G.; Wde, H.; Schéer, H. Z. Anorg. (11) Daake, R. L.; Corbett, J. Dnorg. Synth.1983 22, 26.
Allg. Chem.1965 339, 155. (12) Guthrie, D. H.; Corbett, J. Dl. Solid State Chen1981, 37, 256.
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Table 1. Selected Crystallographic Data forell; ¢d1038€, Z6Cli 241078, and ZgCly1.ad158

compn ZkCly 65(4) 10.354P€ Z16Cl1. 273} 10.73¢3B Zr6Cl11.47(2) 1.5302B

fw 1928 1965 1159

ezl g CIT3 5.453 5.506 3.547

space groupf R3 (No. 148), 3 R3 (No. 148), 3 P4,/mnm(No. 136), 2
a, Aa 14.3508(8) 14.389(1) 12.030(1)

cA 9.8777(9) 9.915(2) 7.4991(8)

v, A3 1761.7(3) 1777.8(5) 1085.3(2)

abs coeffy(Mo Ka), cm?t 163.4 166.4 63.5

RP % 4.19 3.20 3.15

Ru.? % 4.17 3.01 2.50

aFzr(l)/gn Guinier data with internal Si standadd= 1.540 562 A; 21°C.* R = Y||Fo| — |Fc|l/3|Fol, Ry = [SW(|Fo| — |Fe))¥SW|Fo|2Y2 w =
(Lloe?)22,

= 1.540562 A) on an Enraf-Nonius camera, were used to identify =~ The atom positions of Zh,C were utilized as the initial model,
phases in the reaction products by comparison of their patterns with and these refined welp. The isotropic thermal parameter of 12 turned
those calculated on the basis of single-crystal data for prototype outto be significantly larger than that of 11, indicating partial occupancy
structures. Phase yields were estimated visually according to the of the former site by chlorine was probable. After refinement of the
relative intensity distributions on the Guinier films. Precise lattice site occupancy as iodine, a difference Fourier map showed a separate,
parameters of new phases with known structures were obtained fromclose, and smaller peak that was suitably disposed about 2.5 A from
these patterns as well by least-squares refinements of the positions othe two neighboring zirconium atoms to be an inner bridging Cl atom.
indexed reflections using lines from added NIST Si as an internal This was so refined isotropically with the sum of the occupancies of
standard. Cl and 12 constrained to unity. At this stage, refinement of the I1
A phase near ZCly¢d103Be was first seen along with lines of a  0ccupancy gave a value close to unity, at which it was subsequently
second phase in the product of a reaction loaded with the stoichiometry kept fixed. Anisotropic refinement of the Zr and | atoms and isotropic
ZrClilsBe and carried out at 858C for 28 days. The other phase, efinement of the Be and the Cl atoms convergeR(&) = 4.2%,R,
not further reported here, was repeatedly seen in many reactions run= 4.2%. Final refinement of the occupancies of the 12/Cl sites gave
in the mixed iodide/chloride systems, not only with Be as the interstitial the empirical formula ZCli esaj103s4Be. The largest peaks in the
but also with B13 A later reaction loaded at the stoichiometry obtained final difference Fourier map were-2.17 e/®, 0.42 A from zr, and

from the structural refinement of the formersXi,Be phase gave it in —1.53 e/ﬁ?. Some data collection and structure refinement parameters
>90% yield. Further reactions were also run with different I/Cl ratios are compiled in Table 1. _
to explore the phase width of this mixed-halide cluster. ZrCli.273) 1073@B. This compound, with the same generapZnZ-

type pattern as above, was found in the products of the iodine-richest
ZreX12B reaction. Diffraction data were collected at room temperature
from a black crystal over two octants fg.x = 50°) on the same
diffractometer, and the structure refinement proceeded in a manner
similar to that just described after an absorption correction with the
average of sixp-scans. The |2 position could again be split into two,
d’;md anisotropic refinement of the Zr and | atoms with isotropic variation
of Cl and B gave final values &t = 3.2%,R,= 3.0%, the composition
ZreCl1.273) 10.73B, and the largesAF residual of 1.6 e/A
ZreCli1.44158. The Guinier powder pattern of what turned out to
. . be this compound looked similar to that calculated for orthorhombic
None of the above products could be obtained in the absence of B ZrsCl13B,1%17suggesting a closely related structure with somewhat larger
or Be. dimensions. One octant of diffraction datef(Z 50°) from a black
Crystal Structure Studies. ZreCligsa)i0.554Be. The powder single crystal was collected on a Rigaku AFC6R diffractometer at room
pattern line distribution for the first reaction product above suggested temperature. Subsequently, all the lines from the Guinier pattern could
a compound with the rhombohedralgZsZ*® structure type, but the  pe indexed in the same primitive tetragonal lattice vaitis 12.030(1)
shift of lines to higher angles indicated probable incorporation of A ¢ = 7.4991(8) A,V = 1085.3(2) & The data were reduced and
chloride into the iodide structure. The positions of the lines indexed corrected as before with the aid of the average of thr@eans, which
with a hexagonal lattice refined to give cell parameters 14.3508(8) yielded Rave = 2.9% for the observed datad3cutoff) in Laue group
A, c=9.8777(9) AV = 1761.7(3) R, which are significantly smaller  4/mmm The systematic absencéds+ | = 2n for Okl) are consistent
than those for Zt1,B (a = 14.534(1) A,c = 9.986(1) A,V = 1825(1) with space group$4,/mnm(No. 136),P4n2 (No. 118), andP4.nm
A3 % even though the Be interstitial is larget. Black hexagonal — (No. 102). The first was chosen on the basis of intensity statistics and
crystals were sealed in capillaries by flame, and the diffraction data was later verified by the successful refinement of the structural model.
were collected from one at room temperature on an Enraf-Nonius CAD4  a|| the Zr and Cl atoms in the asymmetric unit were located by
diffractometer in order to determine the anion distribution. The initial gjrect methods included in the SHELX-86 progrémThe interstitial
cell from 25 randomly located and centered orientation reflections B was added to the structure model on the basis of the synthetic
properly transformed to the correct rhombohedral cell in the hexagonal procedure as well as common knowledge of these cluster halide phases.
setting. Two octants of data up to 5 26 were collected without  The CI1, CI2, and CI3 atoms had reasonable thermal parameters after
restrictions, and space gro&3 (No. 148) was chosen on the basis of  isotropic refinement, whereas that for Cl4 appeared rather small. What
the systematic extinctions, the intensity statistics, and the earlier \as presumed to be a fractional iodine atom was found close to Cl4 in
structure determinations for di,Z.*° This was later shown to be g difference Fourier map and was included in the model. High
correct by comparison of the refinement results with those obtained in

R3 (No. 146). The data reduction involved Lorentz and polarization (14) Data reduction was performed with the following program package:

The synthetic procedure leading to the chlorine-rickCZ 44158
was similar. It was first seen in the Guinier pattern of the product
from a reaction loaded as gGl7IB, and held at 820C for 40 days,
while later reactions run according to the structurally refined stoichi-
ometry gave this phase in90% yield. Again, a series of reactions
was run over the composition range@hl10B to ZrsCliol 3B to examine
the phase breadth. Crystals of the second rhombohedral phase studie
ZreCly 241078, were also isolated from the product of the iodide-richest
reaction and beyond. This phase is again obtained in high yield
whenever a reaction is run close to the refined stoichiometry.

corrections as well as an empirical absorption correction with the TEXSAN, version 6.0; Molecular Structure Corp.: The Woodlands,
average of threey-scans* Averaging in Laue group 3esulted in TX, 1990.
Rave = 3.4% for the observed data £ 30). (15) Least-squares refinements were done with the following program

package: SHELXTL-PLUS Siemens Analytical X-ray Instruments

Inc.: Madison, WI, 1990.

(13) Preliminary structural results indicate that this phase contains Zr (16) Ziebarth, R. P.; Corbett, J. D. Am. Chem. S0d.985 107, 4571.
octahedra condensed in one lattice direction and fewer than 12 halides(17) Ziebarth, R. P. Ph.D. Dissertation, lowa State University, 1987.
per octahedron: Kekerling, M.; Qi, R.-Y.; Corbett, J. D. Unpublished. (18) Sheldrick, G. M. SHELX-86. Universit&ottingen, Germany, 1986.
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Table 2. Positional and Isotropic Displacement Paramete {dr B)820and ZgClioZ (Z = H, Be)2° As with all zirconium halide
ZreClred103B€, ZClyod1078, and ZECl.ad1sB cluster phases, the principal building blocks areXZs(Z)
atom position X y z U clusters in which the nominal octahedrab@) cores have all
ZreClyosa) Be 12 edges bridged by halide atoms')XAll six metal vertices
.65(4)10.35(4 . . . .
7r 18f 0.15072(9) 0.0425(1) 0.1410(1) 1.17(5) are further bonded via exo halide functions?(Xas shown in
11 18f 0.35249(7) 0.1011(1) 0.33391(9) 2.56(5) Figure 1 for the berylide cluster in which both 12 and the Cl
120 18f  0.1277(2)  0.1787(3) 0.3307(3) 2.49(8)  positions that substitute for 12 are plottedg@is vertical). The
cP 18f  0.119(2)  0.165@)  0.295(2)  3.0(8) [110] section in Figure 2 illustrates how the clusters in
Be a0 0 0 0.01(62)  Zy(Cl,)1,Z phases define an interbridged, cubic-close-packed
Zr6Cl1.27(3} 10.733B array, with vertical 3axes through Z. From another point of
|er ig; 8'%2222(6) 0.04163(8)  0.13586(7) 0.91(3) view, Figure 2 can be described e layers of halogen (with
. (4) 0.10132(6) 0.33331(5) 2.05(3) . . : X .
12¢ 18f 0.1271(1) 0.1783(1) 0.3288(2) 1.87(5) interstitial Be or B regularly sybstltuted therein) that lie normal
Cle 18f 0.119(2) 0.166(3) 0.294(2) 2.7(6) to the crystallographic direction, and between which groups
B 3a 0 0 0 0.01(35) of octahedral holes are filled by Zr atoms in an ordered way
ZreCli1 472} 1532 such that a similar array of €X1.Z clusters is formed.
Zrl 8] 0.40255(6) x 0.2145(1)  1.78(2) The interconnectivities of the clusters and, thereby, the
éﬁ gg 8-63600(9) ’B 00 12-853((14)) different functionalities of the halogen atoms can be systemati-
cl2 4g 0.20092) x 0 2.3(1) c_aIIy dgscrlbeql as [Z(I,CI)'(;_I"aelzla"B/ZZ] if the atomsin bridging
ci3 4 0.2904(2)  x 0 2.6(1) (i-a, a-i) functions are divided equally. The six |1 atoms that
Clg? 16k  0.545(1) 0.2467(7)  0.242(2) 2.9(2) bridge edges around the waist of each(Z) octahedron in this
R 16k  0.538(1) 0.2125(8) 0.254(2)  2.7(2) view generate the three-dimensional cluster arrangement inas-
B 2b 0 0 0.5 2.3(7) much as they are further bonded, alternately up and down, to
ax 1. The isotropic-equivalent temperature factiy is defined exo positions on adjacent clusters to give theémand P
as one-third of the trace of the orthogonalizdgl tensor: Ueqg = 3 functions. In fact, an important building principle revealed by
Yi,>Y, a*a*Ugaa. P Split position: 12, 72.6(7)%; Cl, 27.4(7)%.  the present work is that the three-dimensional structure arrange-
¢Split position: 12, 78.8(4)%; Cl, 21.2(4)%.Split position: I, ments are seemingly always achieved with only one type of
19.1(2)%; Cl4, 80.9(2)%. halide. Mixed halides in the positions that provide these

connections would likely require a much larger cell (ordered

correlation coefficients made a step-by-step refinement of the OCCUpan'superstructure), a lower symmetry, or, less likely in such a

cies and thermal parameters necessary. The isotropic temperature. : .
factors for both Cl4 and | were at first fixed Bt= 2.0 A2 and the Ptlghtly packed structure, complete disorder. Instead, the six 12

occupancies and positions of both atoms were refined while the former 210MS that are two-bonded to a single(Z) trigonal antiprism,
were constrained to a sum of unity. In the next stage, the refined @0ve and below each cluster in this view, are randomly
occupancies were held fixed, and the thermal parameters were refinedoccupied by 27.5(7)% chlorine and 72.5(7)% iodine in the
independently. This procedure was repeated several times until theberyllide and 21.2(4)% Cl and 78.8(4)% | in the boride, but in
parameters did not change any more. During this procedureRthe resolvable split positions.

value slowly dropped by about 4%. Finally, anisotropic refinement of Matrix Effects. The distinctive and meaningful changes that
all atoms but B and with the sum of f)he oceupancies of Cla-and | c0yr on substitution of some chioride into these iodide clusters
constrained to unity converged Bi= 3.2%, Ry = 2.5%. The largest can be understood in terms of “matrix effects”, in these cases

positive and negative peaks in the final difference Fourier map were . . - -
0.94 and—0.89 e/&. The empirical formula from this refinement is inter- and intracluster distances and angles that are influenced

i oy 19

ZreCli a7 153¢B. The smallUgq values for interstitial B or Be inall ~ OF largely determined by-4-I (vs I---Cl) contacts® A well-
three structures are fairly characteristic of light atoms centering clusters. Known e?(amp|_€‘ is the variation uI(Zr—Iaj') distances in Zgt14Z
The additional information in the Supporting Information as well Phases in which the®Ipositions are fixed largely by>+-I'

asF,/F. data are available from J.D.C. contacts but the metal vertices move in response to the size of
. . Z.21 The particularly pertinent volume, distance, and angle data
Results and Discussion for the two mixed halides reported here, along with the same

measures for 4f12Z (Z = C, B), are collected in Table 4. (The
unlisted parameters/a, d(Zr—12%), d(Zr—I1-3 vary only by
small amounts.) The cluster sizes reflectedd{@r—2) and

Exploratory reactions were conducted in zirconium cluster
systems with mixed chloride and iodide anions in order to locate

new structural examples in which both participated in the edge- = ) . . . .
and intercluster-bridging functions. The results support the ti(ZBr—<Zé)eeg§ '(Ij'ﬁfrsrl?zlallqeetiIrgi;r(;lt)r/o?lyggl?nig?:?x: zlligfe?sf ﬁétecéi
distinctions already known between pure chloride and iodide . . . .
systems of zirconium (cf. Introduction) and illustrate particularly in Table 4 are 16, 15, 15, 14 e, respectively; h_oweve_r : these
well those size-dependent structural properties known under theafford at best second-order effects. TheldOMO in the first

i i i i ibuti i *
rubric “matrix effects"® The syntheses and structures of the g;:;slsregntilggbe_mZa:trti);g#g::?s, Q)A;Iit:trgglrsj t:tzlrj?:lrl?seZ;IShgllil
first three mixed chlorideiodide compounds have now been y

- ) repulsions (3.984.07 A), which cause the Zr vertices to lie
gslrﬂ'fggé fl?hr . nggﬁdéggﬁieﬁ aérgcall;zdﬂ lig(;fépi?:gquzi\?al ont aPpreciably inside thé éube?? (This characteristic is seen best

displacement parameters for these are given in Table 2'at the lower left vertices of the clusters in Figure 2; the trans

Important bond distances calculated with the more accurate cell.ll_zr_|2 angles are given in Table 4.) Other closed-sheil |

. . ) g, : - interactions in such a tightly bound network have readily
g;??igtsé(()ini?] r_?gglidsfrom Guinier powder diffraction analyses discernible effects. Experience has shown ti{at+1) < 4.00

Rhombohedral Phases. The isostructural ZCly ed10.38e A are pretty tight when both are bound to zirconium. Hence,
and ZgCl1 2741078 adopt theR3 structure of Zgl1,Z (Z = C,

45 ; — (20) Ziebarth, R. P.; Corbett, J. D. Solid State Chen1989 80, 56.
B).%*a structure that is also known forgBrioZ (Z = H, Be, (21) Hughbanks, T.; Rosenthal, G.; Corbett, Jifdrg. Chem1988 110,
1511.

(19) Corbett, J. DJ. Solid State Cheni981, 37, 335. (22) Ziebarth, R. P.; Corbett, J. . Am. Chem. S0d.989 111, 3272.
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Table 3. Important Bond Distances (A) for &Clyed1038€, ZKCl1 241078, and ZeCly1 44158

ZreCl1 6d1038€ Z16Cl1.274 1078 ZreCl11.44158
Zr—27r
intralayef 3.345(2) x 6P 3.266(1) x 6 Zrl—Zrl 3.316(2) x2
interlayer 3.391(2) x6 3.289(1) x6 3.217(2) x2
d 3.368 3.278 Zr¥7Zr2 3.269(1) x8
d 3.268
Zr—I2i 2.834(3) x 6 2.847(2) x6 Zrl—|i 2.828(11) x8
B 2.844(3) x6 2.858(2) x6 Zr2—1Ii 2.887(13) x8
d 2.853 2.853 d 2.858
Zr—ClIi 2.54(3) x 6 2.56(2) x 6 Zr1—CI3 2.496(3) x4
B 2.54(2) x 6 2.55(2) x 6 Zr1—Cl4 2.549(10) x8
d 2.54 2.56 Zr2-Cl4 2.544(12) x8
d 2.536
Zr—|1-2 2.929(1) x 6 2.940(2) x6 Zr1—CI1H 2.708(1) x4
B 2.913(2) x6 2.917(2) x 6
d 2.921 2.929
Zr—I11ai 3.207(2) x 6 3.289(1) x6 Zr1—Cl2a2a2 2.772(2) x4
Zr2—Cl22a2 2.774(1) x2
Zr—interstitial 2.382(1) x 6 2.318(1) x6 Zr1-B 2.310(2) x4
Zr2—-B 2.314(2) x2
d 2.311
I—-CI2 3.574
3.616
I—-CI3 3.532
3.623

alLayers normal tcc. ® Number of times the distance occurs per clustémtrachain distance! Interchain distance.

Figure 1. View of the [Zrs(Cl,1)'6l"%l27] cluster in ZgCly ed 10.38€
(70% probability thermal ellipsoids). ZiZr bonds are emphasized, and
the chlorine atoms are drawn with open ellipsoids.

Table 4 lists only the shorter-H distances, excluding larger
intracluster 11--11 (around the cluster waist, normal t and
11---12 contacts as well as intercluster types fori2 (between
layers) and [2-:12 (approximately parallel to)c The pertinent
data remaining in Table 4 show some significant variations,
particularly evident when Cl substitutes for 12 with a fixed boron
interstitial, as follows:

(1) The change in cell volume betweensisC and Zgl,.B
is very slight, not an increase originating with the size of Z,

(1101

Figure 2. [110] section of the rhombohedral structure 0§ 641035
Be and ZgCly 241078 (C vertical). The iodine atoms are drawn with

doubtlessly because an expansion from a matrix effect is alreadygpen ellipsoids, and chlorines are shaded. Two (of six) of thel'Zy

present in the carbide, but these are followed by a 47¢1) A
(2.6%) decrease when chloride is substituted for someéni2
the boride and another 1638lecrease when (more) chloride is
incorporated, even with a larger Be interstitial. (More nearly
normal B— Be effects in the last step with fixed halide can be
approximated as the-19.5(3) & change in cell volume seen
in the corresponding 8Bri,Z,%2% and aAd(Zr—Z2) of +0.027

A for this change in variety of chloridé<)

(2) Meaningful changes in cluster proportions are found in
bothd(Zr—2r) intralayer (within the basal faces of the antiprism,
A) and interlayer 4-V, between). The@r—2r) distances both
increase, as expected for the-B—Be conversions, but faster
alongz so thed(Zr—2r) differences change from a 0.010(1) A
axial compression with C to a 0.046(3) A elongation with Be.

Zr—1%1 pairs of intercluster bridges (rhomboids) per cluster are
illustrated. Close-packed layers of halogen (and interstitials) run
horizontally. A pair of the short kt-12 intercluster contacts are marked
at the lower left.

The effect of chloride substitution in the boride is mainly a 0.025
A shrinkage in the basal edge.

(3) The striking decreases in cell volume that occur on
substitution of chloride for-25% of the two-bonded axial iodide
(12) atoms can be tied to the relief of substantial matrix effects
(repulsions) in the two ternary iodides. These can be recognized
and followed particularly in thantercluster distances highlighted
by bold type in Table 4, namely, by the nearly 0.2 A decrease
in intercluster bridge lengthd(Zr—I12), six about each cluster,
and the 0.07 A reduction id(I1::+12) between atoms in the
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Table 4. Significant Changes in Volume & Distances (A), and Angles (deg) in Four lodine-RichXzpZ PhasesR3)

Zrgl1C? Zrel1B® Zrel10.Cl13B Zrel10.Cl1eBe
cell vol 1824 1825 1778 1762
d(zr-2) 2.259(1) 2.327(1) 2.318(1) 2.382(1)
d(Zr—2zr)
intra A 3.200(1) 3.291(1) 3.266(1) 3.345(2)
inter A-V 3.190(1) 3.292(2) 3.289(1) 3.391(2)
diff 0.010 ~0 —0.023 —0.046
. d 3.195 3.292 3.278 3.368
d(zr—127) 3.403(1) 3.344(2) 3.289(1) 3.207(1)
d(l+++1)
12--12 (intracluster) 3.980(1) 4.001(1) 3.963(3) 3.964(4)
[1---11 (inter, across rhomboid) 4.008(1) 3.994(1) 3.979(2) 3.974(2)
[1--+12 (inter, normal to'§ 3.979(2) 3.978(2) 3.922(2) 3.905(2)
3.980(1) 3.987(1) 3.923(1) 3.910(3)
transdI1—Zr—12 157.5(1) 159.7(1) 158.6(1) 161.2(1)
%Cl in X2 posn 0 0 21.2(4) 27.5(7)

aReference 4° Reference 5.

same puckered halogen layer but in different clusters, 12 per
cluster. The increased Zt% bonding attained must be much
of the driving force for chlorine substitution. The shortest
d(I---1) in Zrel12C, and presumably the principal volume-limiting
interaction, are the lateral 4412 contacts within halogen layers
and between clusteiplus the intracluster k2+12 separations,
each with two per atom. (A pair of the former are marked at
the lower left of Figure 2.) Random substitution ©25% of

the 12 by the smaller and more closely bonded chloride allows
formal decreases in the two types of interclustetl lcontacts

of ~0.07 and~0.02 A (and~0.03 A in intraclusted(12-++12))

over the series, even with the change to the larger Be. Of
course, these really represent the effect-@5% random 12
vacancies. The increase in the relative height of the Zr
antiprism in response to stronger-Zr- bonding also keeps  Figure 3. Schematic representation of the intercluster connectivity in
the next shorter I4+11 separations across the rhomboids (where the ZrCl13B structure. Edg(_e-brldglng_ chlorines are omitted for clarity.
there is no substitution) from decreasing to less than 3.97 A Intercluster bridging chlorines are irregularly shaded, Zr atoms are

h | ot s A regularly dotted, and interstitial atoms are open circles. The &lams
The 12-+12 gap between clusters alongremains>4.05 A. trans-bridge clusters into chains alongvbile Cl232atoms bound

(Dimensional problems around the 0, 0, 0.5 site therein that is exo at all cluster vertices interconnect the chains. (Some of the latter

occupied by the seventh metal atom in Sg(8€)?* and so functions are not all shown in the drawing.)

forth?> may be involved in the limited successes at substitution

chemistry at the added metal sife. The relatively unperturbed  chains of ZgCliB-type clusters along ¢Figure 3) intercon-

Zr—ClI' distances in all three structures, 28056 A, correspond  nected via shared coplanar Glatoms that are four-bonded to

closely to those in many Z€l';type situations. Zr1, viz., Zty(B)Cl'1 (Cl,0. (More examples of this connectivity
Assuming that only iodine atoms are used for cluster are found among rare-earth-metal iodides, either with isolated

interconnections, the theoretical phase breadth of the rhombo-clusters, for instance in the recently reported,ifFe,,?” or

hedral structure would be from di>Z to ZreClglgZ, or between condensed cluster cha®sThe second unique feature

Zre(1,Cls—)leBe with 0 < x < 6 if we include the end is two Cl232atoms per cluster that bond exo to three metal

stoichiometries. The intrusion of yet another phase limits the vertices and interconnect the linear chains into a three-

actual chlorine range substantially (below). dimensional network, viz., 2(B)Cl'1oCI"2,CI*?%;. The two
Tetragonal ZrgX13B. The structure of ZCly1 44158 is very modes are illustrated in Eigure 3 with a!l'@tnitted. The apex
closely related to that of the novel orthorhombig@4B, which Zr2, CI1", and CI2-*?all lie on basal mirror planes of the cell
has been briefly mentioned in the literaft#@but not thoroughly (2= 0, 1). The tribridges are slightly nonplanar, as evident in
described or discusséd. The structural framework of Z€1,5B the [001] projection along chains of the chloride beryllide in
(assigned on the basis of powder patterns) ands&ZiBe Figure 4, which shows the pseudo-body-centered arrangement

(refined in space grounnmfrom single-crystal data) exhibits ~ With adjoining chains translated by Close-packgd chlorine
two modes of intercluster connectivity that are unique in the (Plus Be) layers sequenced (gaJe evident normal ©o as well.
family of zirconium cluster halides. One consists of linear N KZreClisBe, every other cavity in each channel alonge.,
the cell edges/,, 0, 0, etc.) is filled with potassium. These
(23) Athird longer intercluster F1-12 contact about each atom type occurs ].'0._Coordma?e sites are large enQUQh’ a.nd th? netvyo_rk suf-
in the same halogen layer and ranges between 4.066 and 3.995 Aficiently flexible, to encrypt a major fraction with rubidium
over the series in Table 4. This lies about normal to the rhomboid cations through ion exchange with liquid RbAlGIt 350°C.17

connections seen in Figure 2 and involves 12 in a cluster in the third A drawing of a single Z(Z) octahedra and all of surrounding
layer.

(24) Dudis, D. S.; Corbett, J. D.; Hwu, S.4dorg. Chem 1986 25, 3434. halides in the Z4Cl11.44158B version is given in Figure 5 with

(25) Simon, A.; Mattausch, Hj.; Miller, G. J.; Bauhofer, W.; Kremer, R.  70% probability displacement ellipsoids. The trans bridging
K. In Handbook on the Physics and Chemistry of Rare Earths; i i in CHi i
Gschneider, K. A., Jr., Eyring, L., Eds.; North Holland: Amsterdam, of the Z&(Z) clusters via the interchain Cflatoms yields a
1991; Vol. 15, p 191.

(26) Hughbanks, T.; Corbett, J. Inorg. Chem.1988 27, 2022. (27) Park, Y.; Corbett, J. Dnorg. Chem.1994 33, 1705.
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Figure 4. [001] view of the network structure in K&€l;sBe and

Kdckerling et al.

effects are small, and th&(Zr—Zr) value compares likewise,
for geometric reasons. The shortest-Zr distance between
clusters is 4.282 A within the chain. The Z€I distances
increase in the following order: Cl3on the short ZrtZrl
edge) at 2.496 A, Cit 2.547 A (the rest of @) four-bonded
Cl1+, 2.708 A, and three-bonded @122 2.773 A. (Exo bonds
even of the X2type are characteristically long®rin KZre-
Cli3Be, these various 2rCl distances are about 0.02 A larger
to all Cl that have K neighbors, 0.010 A less fof-Gkith the
larger Z, and 0.047 A less at ©awithout iodine substitution.
As in KZrgCli3Be, only the exo B-Zrl(apex)-Cl23-22adirection
in the present structure deviates from linearity, b§.4°.

A novel and important role of iodine substitution in
ZrgCl11d15B is to increase the space group symmetry from
orthorhombicPnnmfor ZrgCl;3B to the tetragonal supergroup
P4/mnm Symmetrywise, this includes the addition of [110]
and [110] mirror planes to Figure 4. This changes the angle
between the apical Zr2CI22 vector and the triangular Zrl
Cl2&2-Zr1 plane generated by intercluster bridging on the chain
from 161.3 in KZreCly13Be (Figure 4) to 189in ZrgClip d1.5B.

In other words, cluster orientations now alternate by precisely
90°, the CI2-3-2pridges are planar, and, of courses b, which
formerly differed by~0.51 A (0.62 A in ZgCl13B). The two
types of Cl atoms that formerly bridged the Z+Zr2 edges in
each cluster (Cl4, CI5) become equivalent in the process, and
it is on these sites that random 19.1(3)% iodine substitution
acts to elevate the symmetry. (Compare the synopsis illustration
of the tetragonal cell.)

The source of the changes brought on when, on average, 1.5
out of 8 Cl per cluster that bridge ZriZr2 (waist to apex) are
substituted by the large¥, clearly a size (matrix) effect, can be
readily visualized in Figure 4. The limit to the former buckling
of the interchain linkages must be based (at least in major part)
on the Ci--Cl closed-shell repulsions. Separations~&.5 A

Zr{Ch4B. The channels between cluster chains, normal to the plane of Or less are generally “tight”, and examples here are as
the figure, are partially occupied by cations in the former phase. Zr follows: (a) 3.42 A for intrachain Cli—Cl2222in the basal
atoms are randomly and the interstitial atoms regularly dotted, while planes, presumably ameliorated by the higher coordination

chlorine atoms are open circles. The €i2atoms that interconnect
chains alternate in projection with Ci@oms that bridge side edges of
the clusters along the chains.

Figure 5. A single Zp(Cl4,1)s(CI3)x(Cl1)(Cla2943 cluster in
ZreCli1.44158 (70% probability). The 19% iodine atoms that substitute
for Cl4 are drawn as open ellipsoids.

rectangular (Zrlywaist for the octahedron, 3.316(2) A for the
edge bridged by €l and 0.10 A less for the side edge bridged
by CI3, while the Zrt-Zr2 distances to the apices are effectively
the average (Table 3). The three trans-Zr distances remain
within 3o of 4.623 A. The average ZB distance, 2.311 A,
compares well with 2.303 A in Z€114B,2° where halide matrix

numbers and lower effective charges of these atoms, and (b)
the most significant, 3.45 and 3.59 A interchain between inner
CI3 and the Cl4,58% Only the former value changes significantly
(3.45 to 3.56 A) when the larger iodide forces the formation of
the tetragonal phase. (The CI3 atoms that bridge the short edges
of cluster waist and alternate with the interchain linking
Cl2aaagre not visible in the view near the center of Figure 4,
but they can be readily discerned in the outer parts of the
drawing. Longer interchain separations occur between Cl4 and
Cl5, 3.61 and 3.62 A, and to Cl2, 3.54 and 3.57 A, respectively.)
The larger iodine substituted for Cl4,5 would seem incompatible
with the latter distances, but the higher symmetry coupled with
expansions makes it possible, particularly 0.55 /&,10.08 in
¢, and 0.05 A for the averagéZr—Cl2229. The shortest:t-Cl
contacts are now intrachain to CI2 (3.57, 3.62 A) and CI3 (3.62
A) and interchain to CI3 (3.52 A). A reasonable minimum
separation between Cl and | might be the average of their “tight”
packing,~3.75 A, but this would apply well only with higher
iodine occupancies. The substitution process is presumably
continuous, and the symmetry transformation is allowed by
Landau theory and second order (or higher).

It is interesting to note that the &f13Z structure has a close
relationship to that of the NiEl14 parent® which is realized in

(28) These separations are probably overestimated using ths&CKaBe
atom parameters and ¢8l113B lattice constants, since the greater
disparity betweem andb in the latter indicates a greater twisting of
the chain linkages. Also, the substitution of | is presumably correlated
on a short range, since neighboring Il distances otherwise would
be 3.75 A intrachain and 3.72 A interchain.
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Table 5. Results of ZgCl,l,B Reactions with Different Chlorine/lodine Proportions

lattice constants

chlorine/
loaded compn y+z iodine (/2) phases found aandb, A c, A v, A3
ZreClolB 10 9 Z1:Clys 1B 11.976(2% 7.480(1) 1072.9(3)
ZrsCl7IB 8 7 ZreClyz-xIxB + unknown A (minor) 12.030(%) 7.4991(8) 1085.3(2)
Zr>eC|11_d 15B 13 7.5 ZEC|11_47| 158 + unknown A 12014(2) 7494(1) 10817(3)
ZreClyl ,.B 8<y+z=<14 3.5-1.0 unknown A only
ZreCly1 B 13 0.625 ZgCly1,-xB + unknown A 14.378(2) 9.902(2) 1772.9(7)
ZreClsl10B 13 0.3 ZeClyl 1, <B 14.4110(9 9.928(1) 1785.5(3)
ZreCly dl10.B 12 0.121 ZkCly 241078 14.389(1Y 9.915(2) 1777.8(5)
for comparison:
ZreCly3B16 a=11.523(2) b=12.142(2) c=7.4221(9) V =1038.4(3)
Zrgl1,BS a=14.534(1) c=9.986(1) V = 1825(1)

a Primitive tetragonal® Rhombohedral, hexagonal settifgdrthorhombic,Pnnm
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the corresponding process for FAEI3"),(Clg_xlx)'Cl>Z] could
cover 0< x < 8, that is, from ZgCl;3Z to ZrsClslgZ, although
there does not appear to be room for that miianthe structure.
(The distinct CI3 along the chains are not included in the
substitution sites, as these are more restricted by bgthA2Cl
and interchain interactions (above).) Some reactions run in the
ZrsClyl B system with CI:| ratios between 9:1 and 0.12:1 to
examine the ranges of phase stability are summarized in Table
5. In fact, compositions in the center of the regiesl.0 <

CI/l <3.5, yield another surprise, a third phase (A) that is not
yet completely characterizéd. The ZgX13B structure is the

Figure 6. Schematic representation of the relationship between clusters only phase at Cl/= 9, is the major phase=©Q0%) at 7.5, and

in (left) the ZkCl14B(NbeCl14) structure ([001] projection om = /)
and (right) the ZgClisB structure ([00] projection ony = 0).
Translation of every second row of clusters i@isB by b2 gives
the cluster arrangement in the latter structure (see text).

is mixed with “A” in approximately equal amounts at Ci
7.0. A chlorine-rich, 15-e 4X;,B phase was not seen although
Zrgl1oB is known2® The phase width for ZCli3—4IB corre-
sponds to about & x < 1.5, the limit lying close to the crystal

a stuffed version in many cluster compounds with the general analyzed structurally. (The lattice constants may also depend

composition AZrgX14Z with X = 1, Br, or Cl and Z as one of
many main-group or transition-metal interstiti&fs. The rela-
tionship between the types is shown in Figure 6. The
transformation of NECli4 [=(Nbg(Cl)1o(Cl-8)x(Cla3,,,] into
ZrgCl13B [=(ZreCli1o(Cl")212(CI339g/g] is accomplished by a
translation of every other row of clusters in the former along b
by b/2 and insertion of Z. The two & functions per cluster
become two Cland two Cl become a single Elplus a Ct in

the channels, while the two €% linkages parallel to [001]
become Ct22 Finally, the 14th lone Clis replaced by a cation

in K*ZreClisBe™ or nothing in ZgX13B. The substitutions
reported here and the gf13Z structure also bear some
relationship to the effects of mixed halide on the gXiy
structure? Substitution of iodide into the somewhat complex
bridging motif of NkxCli4 (above) converts the orthorhombic
parent structure into the more open cubRaf) Nbg(Cl)1o-
(I13@35, that is, with similar tribridging outer iodides and
retention of the cluster layering. Further iodide substitution to
produce NBClo.d320ccurs in the six Ckites that bridge edges
of the cluster normal to the 3axis, quite analogous to the
behavior in Zgl1o—xCIiB.

Phase Breadths. On the basis of the changes reported here,
chlorine substitution in the £r,C structure type on only 12
sites to give Zg(Clde—x)il6Z could in principle range over &

X < 6, i.e., from Zgl1o2Z to ZrsClelsZ. For the ZgCli2Z structure,

somewhat on reaction temperature.) At the other extreme, the
rhombohedral boride is stable to a chlorine limit of about
ZreCli4d108. The three boride structures formed, the two
extremes of which are reported here, represent novel ways to
adapt size differences to structural constraints. On the other
hand, chloride-rich regions with Be as an interstitial yield only
the 14-e ZgX1,Be, not the less favorable 13-e¢Xri3Be, with
iodine substitution occurring up to aboutsZisdsBe @ =
13.430(2) A,c = 9.165(3) A,V = 1431.6(6) R vs 13.161(1)

A, 8.840(1) A, 1324.6 A respectively, for ZCli,Be?).
Presumably less serious-l interactions result with the larger
Be, and the more rapid increase énagain signals iodide
substitution for CI2
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