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INTRODUCTION 

In the past decade, synthetic studies to determine the composition, 

structures, and properties of reduced zirconium iodides have been 

prompted by the clear relationship between the presence of fission prod

uct iodine and the occurrence of stress-corrosion-cracking |SCC) of zir

conium fuel cladding In water-cooled reactors.^ The possible involvement 

of the abundant fission product cesium has also led to the study of 

reduced phases in the ternary Csl-Zrl^-Zr system.^ The numerous reduced 

phases that have been found alI exhibit Zr-Zr bonding in one form or 

another. Zrlj contains one-dimensional linear zirconium chains,^ 

although the nature of the Zr-Zr bonding is not clear. The tm forms of 

diiodide, u,k-Zrl^, are distorted Cdl^-type structures in which the zir

conium atoms are displaced from their 'ideal* octahedral environment to 

form one-dimwnsional zig-zag chains."* In the reduced ternary phase 

Cs^Zr^I^, Zr^jl^^- face-sharing bioctahedra are found.^ The zirconium 

atoms again are displaced from 'ideal* octahedral iodine coordination by 

formation of a Zr-Zr bond through the shared face. 

Prior to this work, two reduced phases wre also reported that 

contained octahedral Zr^^I^^ clusters. The first of these phases was 

initially synthesized by Daake^ as a few black gems growing on the 

surfine of zirconium strips in binary reactions of Zrl^ and excess zir

conium at 750-850*C for 1-2 vweks. Daake hypothesized the cluster-

containing nature of these gems and subsequently they were strwturally 

characterized by Guthrie and reported as Zr^Iiz»^ 
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Later, Guthrie synthesized a second phase that contains Zr^I^^ clus

ters, CsZr^ljj,,*' by reacting Csl, Zrl^, and excess zirconium at between 

800 and 900*C for 4 to to 6 weeks. The material was again characterized 

by single crystal X-ray diffraction, but low yields prevented attempts to 

further characterize this material. 

Such clusters are not new Inasmuch as the synthesis and structures 

of several reduced group V ha I ides containing cluster have been 

known for some time. The clusters in these group V materials can be 

found as isolated or linked together through the 

sharing of halides in at least tw) ways resulting in the stoichiometries 

and In all these cwvounds, between 14 and 16 electrons 

f i l l  s e v e n  o r  e i g h t  b o n d i n g  o r b i t a l s  d e r i v e d  f r o m  m e t a l  d  o r b i t a l s  t h a t  

are not heavily involved in metaUhalide bonding. The number of elec

trons available for metal-i#tal bonding is obtained by assuming that the 

halide valence band is filled and at considerably lower energy than the 

orbitals derived from the metal d orbitals. For example, Ta^I^ has 6 % 

& - 14 = 16 electrons available for mtal-metal bonding and there are IS 

such electrons in Ta^CIt^. This bonding schew has found support in some 

theoretical considerations, 

In the past few years, M^X^z clusters in halides of metals further 

to the left in the periodic table (including zirconium) have been 

reported.'»^»^^ Many of these compounds were also obtained in low 

yields from binary reactions, Tlw compounds appear to contain as few as 

9 to 12 electrons per cluster for metal-metal bonding, 12 and 11 for the 

CsZr^I^i* clusters above. In addition to compoi ids where the 



www.manaraa.com

3 

clusters are found as isolated units, many binary phases have been syn

thesized and characterized that contain octahedra condensed together to 

form one-dimensional chains and two-dimensional double sheets of metal 

atoms. 

Except for the delocalIzed electrons involved in metal-metal 

bonding, the centers of these octahedra were believed to be empty. 

Indeed, the word 'cluster* to describe groups of bonded metal atoms was 

coined as a preference to the term *cage* because of the empty nature of 

these units.The clusters In some of these reduced hatldes, especially 

for compounds that were synthesized in high yield, are still believed to 

be empty. However, the inclusion of small noranetals in the centers of 

metal clusters has been recently reported for a number of reduced iwtal 

haI ides that contain either isolated clusters or clusters in the con

densed arrays noted above. The first we11-character!zed example of a 

nonmetal in the center of an octahedral cluster was the compound 

Reports of other examples of hydrogen in metal-metal bonded 

arrays have iwre recently appeared, i.e., CsWObliiH^** and ZrXI^.^^ 

The first we 11-characterized example of a second period nonmetal in 

such an array was reported by Seaverson, who found that oxygen occupied 

tetrahedral sites between the double metal layers of ZrClO^,.^,^^ Other 

examples followed rapidly. Warkentin am) coworkers reported a number of 

rare earth metal haI ides that contained carbon, nitrogen, and dicarbon 

units in the centers of iwtal-metal bonded clusters.It was also 

found that carbon could be included in the octahedral interstices between 

the double metal layers of the yttrium or scandium monohalide structure 
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to give compounds of the composition Y^CIand Sc2CI^G.^'^ Zlebarth 

later expanded this area of synthesis by showing that carbon, nitrogen, 

and boron could be Included In zirconium monohalides to give isostruc

tural materials.Hwu has very recently shown that such Interstitial 

phases are also present in the Sc-CI system» e.g., Sc/ClmC;^.^'' 

This sudden rush of compounds that contain interstitial atoms pre

cipitated the close inspection of previously reported materials prepared 

in low yield and showing signs of the inclusion of small nonmetals. 

Among these are the compound CsZr^I^^.** 

There were several hints that CsZr^^Ij^ might contain an interstitial 

atoffl.^ First among these was an anomaly that appeared In the final elec

tron density difference maps of single crystal X-ray studies. A residual 

peak (Z » 4-5) was found in the center of the zirconitwi octahedron. At 

the time this structure was reported, possibilities cited for the cause 

of this peak included an interstitial atm or errors in the X-ray dif

fraction data collected. A second hint was the observation of a range of 

cell volumes obtained for different preparations of this phase. Because 

of this difference in cell volumes, single crystals from two separate 

preparations of GsZr^,!^^ were studied by X-ray diffraction. The average 

It'It bond distances of these structures were found to be significantly 

different, providing a third clue that s(Mnething was amiss. Not only 

were the Zr-Zr bonds of different length in these two structures, they 

were also significantly longer than those found in the structure reported 

as Zr^,!^^, though the numbers of electrons involved in Zr-Zr bonding in 

these two phases differ by only one electron. 
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Because of these anomal les, research was begun In an attempt to 

more fully understand reduced zirconium iodide clusters. The results of 

that research are reported here. The phase that was reported as 

•CsZrblm'** has been found to actually or potentially be one of a number 

of materials all of which contain atoms in the centers of the zirconium 

clusters. The chemical diversity of the interstitial atoms that have 

successfully been included is indeed surprising and includes C, B, Si, 

and AI. Reactions that were conducted in conjunction with those directly 

related to the •CsIr^.I^^* problem demonstrated that some alkali metal 

atoms could alternatively occupy the centers of the zirconium octahedra 

in such compounds as Zr^I^^K. Further reactions demonstrated that the 

material reported as is actually Zr^I^^gC. The isostruc

tural phase Zr^IiiB was also prepared. 

The number of isostructural phases that have been prepared and 

structurally characterized allows a careful examination of factors that 

have a pronounced effect on the degree of metal-metal bonding of these 

materials. It is hoped that the reader will gain scww appreciation of 

these factors, and that this work may provide some insight and guidance 

for further synthetic study. 
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EXPERIMENTAL 

Materials 

Zirconim tetraiodtde was prepared from the elements by combining 

(Baker, sublimed) with a 10-20% excess of zirconium metal in a 25 im o.d. 

fused silica tube 25 cm in length. The tube was then evacuated with a 

forepump and sealed. The reaction tube was placed at a slight incline In 

a two-zone furnace. The lower end of the furnace was maintained at 200*C 

and provides an iodine reservoir. The zirconium metal remained in the 

higher end of the tube that is heated to 500*C. The reddish-brown ZrU, 

as it formd, sublimed away frm the Zr metal and was deposited in the 

region between the two temperature zones. The reaction proceeded 

smoothly and was usually co#lete in 6 to 12 hours. Sow care must be 

exercised when conducting this reaction to prevent a plug of the product 

from totally blocking the reaction tube. Typically, 40 g of Zrl,* was 

obtained in a single reaction of this type. The crude product was 

purified by multiple sublimations under dynamic vacuum in a Pyre* tube 

equipped with a coarse frit. The vacum system should have a 

cooled trap attached between the sublimation and the pu#ing systm. The 

final product was stored In sealed glass ampoules until use and was not 

opened except in inert (Ng. Ar) atmospheres, because of Its hygroscopic 

nature. 

Analytical-reagent-grade alkali metal iodides (Csl, Rbl, KI, and 

Mai) were dried at low temperatures (lOO'C) under vacuum and then dis

tilled In a .'used silica tube before use. The Iodides were stored in 
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sealed glass ampoules outside the dry box, or in glass vials with tightly 

fitting plastic stoppers inside the nitroqen-fil led dry box where reac

tion vessels were usually loaded. 

Lithium iodide (anhydrous, reagent grade) was very carefully dehy

drated under vacuum by slow heating before being distilled in a fused 

silica jacket. Lit was stored In sealed glass ampoules, wrapped with 

aluminum foil for protection from light, until they were required in the 

dry box. 

Reactor grade zirconium metal, cold-rolled to between 12 and 20 

mil, was obtained from F. Schmidt of the Ames Laboratory. The metal 

was cut into strips suitable for reactions and was cleaned with a solu

tion of 45% conc. HNOj, 10% conc. HF, and 45% HgO. Some care must be 

exercised in cleaning strips to avoid too strong a reaction with the 

cleaning solution that tends to leave a dark coating on the n»tal. The 

strips were rinsed with distilled H^O immediately to remove the cleaning 

solution, and were subsequently rinsed with acetone and finally air 

dried. 

To prepare powdered zirconium, strips were carefully hydrogenated in 

a fused silica jacketed Mo boat at 750*C until hydrogen uptake ceased 

(Ph^ = 1 atm). The ZrH% which resulted was taken Into the dry box, 

then ground in a clean diamond mortar and pestle until It passed through 

a 100 mesh screen. The poWer was subsequently reloaded Into the Mo 

boat, placed In the silica jacket and slowly deh>orogenated by allowing 

the vacuum system to go below discharge before the temperature of the 

furnace was raised an additional 50*C. This stepwise process was 
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continued until the system was below discharge at 700*C« above which the 

nœta) pOMler sinters badly. The metal was then ground in the mortar 

until it passed through the 100 mesh screen. The lattice parameters of 

this metal powder obtained from Guinier diffraction patterns are within 

3c of the reported values of Zr metal,Indicating a fairly low level of 

Impurities, espcially carbon, nitrogen, oxygen, or hydrogen. 

Spectroscopic grade graphite powder (National brand. Union Carbide) 

obtained from E. OeKalb of Ames Laboratory and 99% enriched graphite 

(MSO ISOTOPES, Lot 664-1) wre degassed at 850*C for a few hours under 

dynamic vacuum. The graphite was then stored in tightly-stoppered vials 

In the dry box. 

National Bureau of Standards silicon (SRH-640) was used as received, 

both as an X-ray diffraction reference and for the small amounts of 

silicon required for syntheses. 

Alminum triIodide was prepared from the elements in a Pyrex con

tainer at 200*C and was sublimed twice under vacuum before use. Sealed 

glass mpoules were used to store the prmluct. 

Boron (Alpha, 95%, 325 mesh, amorphous) was surreptitiously obtained 

by R. Zlebarth's brother from a freshman chemistry lab at the University 

of Wisconsin. High purity boron was obtained from Dr. R. N. Shelton of 

Ames Laboratory. The lattice parameters of samples made from these two 

different sources did not differ significantly, though the amorphous 

boron gave more complete reactions, presumably because of its much higher 

suffice area. 
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Zirconium nitride iodide was prepared by passing ammonia over Zrl^ 

according to descriptions in the Mterature.^^ 

Zirconium dioxide was obtained from R. Ziebarth. It had been made 

by precipitating zirconium hydroxide by addition of aqueous ammonia to 

aqueous solutions of ZrOCi^'BH^O. The hydroxide was then rinsed with 

copious amounts of water to free it of any residual chloride before being 

dehydrated at 4Q0*C. The ZrOg was subsequently heated to 850*C under 

oxygen to ensure full oxidation. Atomic emission spectroscopy iAES) 

later showed that this ZrO^ was contaminated with about 2000 ppm silicon, 

which may have been present in the ZrOCIg'GH^O or may have come from the 

ammonia. 

Zirconium dilodide was prepared in large yield by reacting Zrl^ with 

excess lirconiwi metal strips at 750'C for a week.^^ The reaction prod

ucts were found to coat the surface of the strips and thus to limit the 

completion of the reaction. Hence, the prWuct was scraped from the 

strips and wa$ re-equiIibrated with fresh zirconium tw or three times at 

the conditions above until no Zria was found visually or in the poWer 

pattern of the product. 

General Synthetic Techniques 

The syntheses of reduced halides of early transition and rare earth 

metals are complicated by properties characteristic of the reactants, the 

products» or both. Foremost of these troublesome properties is their 

air-sensitive nature. The zirconium iodide system is no exception. Zrl^ 

is quite hygroscopic, liberating HI immediately after exposure to 
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moisture in the air and turning from reddish brown to white after only a 

few minutes. At elevated temperatures» oxygen reacts directly with Zrl^, 

resulting in ZrO^ and Zrl^ also reacts rather rapidly with moisture 

in the air, though not as rapidly as Zrli,. Other reduced zirconium 

Iodides react more slowly with components of the atmosphere and often 

hours or even days are required to observe changes in the appearance of 

the solid. For some time, it was thought^ that the black gems that are 

typical of the cluster-containing products synthesized here did not react 

with the atmosphere because no visible change was evident after they were 

left standing for days in open petri dishes on the bench. But crystals 

munted after such treatment give rather smeary X-ray diffraction pat

terns (spots, lines), probably the result of slow reaction with wisture 

in the air. 

In principle, the manner in which this sensitivity Is overcame is 

guite simple. Reactants and products are kept at all times in environ

ments free of misture and oxygen. In practice, many techniques have 

been developed by a ntwiber of contributors in an attempt to achieve, as 

far as possible, this Ideal. 

Reactants are prepared in Pyre* or fused silica containers in either 

inert atmospheres {He or Ar), or in vacuum. Dry boxes, previously 

described,^** have been devised for use in the preparation and purifica

tion of reactants, for loading reactions, and for the examination and 

characterization of products. The storage of materials under vacuum in 

sealed glass ampoules is routine. A myriad of technigues have been 

devised to allow for the characterization of air-sensitive materials. 
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The air sensitive nature of these materials Is only one of the 

synthetic problems facing the chemist. The remaining problems result 

primarily from the relatively high temperatures required to overcome 

kinetic barriers during reaction. Like all materials, the zirconium 

Iodides are subject to the primary law of high temperature chemistry: 

"At high temperatures everything reacts with everything else**.^^ At the 

temperatures typically used in the zirconium iodide system, this law is 

manifested in the deleterious reaction of Zr!^ with fused silica. The 

high temperatures also result in high pressures of gaseous Zrl^. To 

overcone these side reactions and high pressures, techniques have been 

developed for the use of tantalum as a reaction container. It is this 

development, nwre than any other, that is responsible for the synthesis 

and characterization of a multitude of reduced early transition metal and 

rare earth metal halides in the past two decades. A review of the use of 

tantalum reaction containers has appeared recently,^^ 

Typically, the steps taken to synthesize reduced zirconium iodides 

proceeded as follows: A tantalum tube 5 cm in length was cut from a 

piece of 9.5 mm o.d, stock using a plwAer^s tube cutter. The tubing was 

then placed in tantalum cleaning solution (55% conc. HgSO,,, 25% conc. 

HNO3, and 20% conc. HF, by voli^} for 30 seconds to a few minutes until 

the tubing was judged to be sufficiently cleaned. The tube was then 

rinsed with tap water a few times, followed by rinsing with distilled 

water and finally with acetone before being placed in an oven at lOO'C to 

dry. After drying, one end of the tube was crimped in a vise and was 

then welded closed in a specially designed helium arc welder.^** The tube 
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was then loaded with reactants in an nitrogen-filled dry box. It is 

important not to attempt 'recleaning* the once-crimped-and-weIded tube 

with tantalum cleaning solution as it is extremely difficult to reiwve 

resulting nonvolatile materials from the crimped portion of the tube» 

even after repeated rinsing. Acetone rinses in such acidic conditions 

may also leave a polymeric residue in the reaction tube. These Impuri

ties were largely ignored in the past, but the role of very small quan

tities of these impurities in the course of a reaction is remarkable and 

forms the basis frcm which this dissertation began. 

After the reactants were weighed in the dry box on an electronic 

balance (^1 m) and placed in the tantalum tube, the open end of the tube 

was crimped closed with a pair of Vice-Grip pliers. The tube was then 

placed in a large rubber-stoppered test tube and was transported to the 

welder. Brass heat sinks urnre clamped around the reaction tubes to hold 

them in place and to prevent the loss of more volatile reactants during 

welding. The tubes were placed in the welder, evacuated to 10 i», then 

backfilled with He. The total time the crin^ but unwelded reaction 

tube was exposed to air was <15 sec. After welding, the reaction tube 

was placed in a fused silica jacket to protect the tantalum from air 

oxidation at reaction temperatures. The jacket and tube were rinsed with 

tantalum cleaning solution, then distilled water and finally acetone 

before being evacuated. The evacuated jacket was then 'flamed out' under 

dynamic vacuum with a fairly hot gas/oxygen flame to remove traces of 

water absorbed on the surface of the fused silica and was then sealed. 
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The reaction tube was then placed in a furnace for between 2 and 6 weeks 

reaction time. 

A variety of furnaces were used. The simplest of these were ^tube* 

furnaces which were purchased as separate heating elements, wired 

together, and insulated. More refined furnaces included both Marshall 

and three-zone Lindberg furnaces. The temperature of reactions was moni

tored by attaching chromel-alumtl thermocouples on the outside of the 

fused silica jackets. The technique was convenient, but any measured 

gradient was undoubtedly an exaggeration of the actual gradient within 

the tantalwn tube. The temperature of the reaction was regulated by a 

temperature controller. Both on-off and proportional controllers were 

used. 

Reactions were generally 'air quenched' upon completion by simply 

removing them from the furnace onto the lab bench. When the reaction had 

cooled to room temperature (10-15 min) the fused silica jacttet was opened 

and the tantalum reaction tube was removed in air. AM reaction con

tainers were opened in a dry box^' equipped with a nearly horizontal 

window, k binocular microscope munted above the window a I (owed for 

careful optical examination of reaction products. When appropriate, 

single crystals for X-ray diffraction were picited up on a glass wand that 

had been dipped in either Vaseline or silicon grease. The crystals were 

then mounted in 0.3 mm o.d. glass capillaries. Samples of the products 

were ground {often directly on the tape) and mounted between layers of 

Scotch brand tape for Guinier diffraction, as previously described. 

Most reaction products were stored under vacuum in sealed glass ampoules. 
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Characterization 

Powder X-ray diffraction 

Guinier diffraction was used durinq this research to determine the 

identity, estimate relative yields» and to obtain precise lattice 

parameters of products. Patterns were photographically collected using 

an Enraf-Nonius (Delft) Guinier camera equipped with a silicon mono-

chromator to give clean Cu Ku^ radiation. Samples were mounted between 

layers of Scotch tape in a nitrogen-filled dry box as previously 

described.National Bureau of Standards silicon (SRM 640) was Included 

In samples as a diffraction reference. Initially, an oscillating sample 

holder with three rectangular slits for independent samples was used. 

Later, an accessory that rotated a circular sample holder was found to 

give sharper patterns and was nwre often used. Patterns were read using 

an Enraf-Nonius Guinier film reader. The reading from the film was con

verted to Zi> values by applying a quadratic equation obtained fran the 

Ieast-squares fit of the five silicon lines to known diffraction angles 

using the program The patterns were indexed and lattice parame

ters were obtained from the least-squares program LATT^' with a con

straint to the indicated crystal system. By using NBS diffraction stan

dard Al^O^, the lattice parameters obtained in this way were checked for 

their accuracy and found to be within 2o of the parameters reported by 

Typical lattice par alters of phases synthesized during this work 

and those of related materials are compiled in Table I. 

Calculated powder patterns of known or postulated structures were 

obtained fran the progrcwi POWD.^^ Selected patterns are given in 
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Tab te 1. Celt parameters and volumes of Zr-I-X cluster compounds^ 

Compound a b c V 

ZrJi.C 15.690(3) 14.218(3) 12.808(3) 2857(1) 

15.727(2) 14.278(3) 12.798(2) 2874(1) 

KZr(,I mC 15.757(2) 14.314(2) 12.807(2) 2889(1) 

RbZr^l mC 15.768(2) 14.296(2) 12.849(2) 2896(1) 

CsZr^ I ;i*C 15.803(2) 14.305(3) 12.934(1) 2924(1) 

14.508(1) 10.007(1) 1822(1) 

'CsZr^It/^ 15.83-94 14.29-33 12.94-99 2930-58 

ZrJtkK^ 15.933(3) 14.377(2) 12.952(2) 2967(1) 

ZrblmKy.i,^ 15.892(4) 14.288(4) 12.899(3) 2929(2) 

KZrbhwB 15,849(2) 14.277(2) 12.876(1) 2913(1) 

CsZr^l mB 15.939(2) 14.263(2) 12.974(1) 2950(1) 

14.534(1) 9.986 (1) 1825(1) 

jZr 6l|i«Si 15.997(1) 14.283(1) 12.996(1) 2969(1) 

GSu./ZrbIi,*AI 15.907(1) 14.284(1) 12.973(1) 2948(1) 

^A*ial lengths are reiwrted as a and cell volumes as 

phases crystal H^ed in the orthorhwAic space group Cmca and Zr^l^^X 

phases in the space group R3, reported here in the hexagonal setting. 

All values were obtained from Guinier powder diffraction, unless 

otherwise noted. 

^These lattice parameters represent a range of values found in 

previous investigations by 0. H. Guthrie, ref. 2. 

''Lattice parameters obtained from Ames Laboratory diffractometer 

data. 
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Appendix A. Calculated povKler patterns were automatically plotted on the 

scale of the Suinter camera by the program PPPLOT.'*'^ The powder patterns 

of many well-characterized materials were obtained from standard diffrac

tion files.**' 

Single crystal X-ray diffraction 

The importance of single crystal X-ray diffraction to the complete 

understanding of these materials cannot be overemphasized. Powder dif

fraction of the WZr^jI^X phases formed in the course of this research 

revealed a 3.5% variation from the largest to the smallest cell volume 

observed. White this was highly significant in a statistical sense, it 

could easily be dismissed as a nonstoichiwwtry of the alkali metal atom. 

Only by single crystal diffraction are the effects of interstitial atoms 

fully appreciated, for exmple, in the observation of a 8.5* variation of 

metal-nwtal distances in the sane materials noted above. Single crystal 

diffraction also provided accurate geometries and changes therein that 

were invaluable for a theoretical treatment of the bonding in these clus

ters by extended HOckel methods. 

Three automated four circle diffractometers were used in this 

research. The Ames Laboratory diffractOBWter**^*'*^ was equipped with a 

graphite monochromator to give Mo K« radiation (X * 0.70954 A) and was 

interfaced with PDP-15 computer. The DATEX diffractofl^ter'*" was also 

equipped with a graphite monochromator to give Mo K» (A = 0.71069 A). It 

was driven by a VAX 11/730 miniccM^uter interfaced to the diffractometer 

by a PW»-11 microcomputer. Both of these diffractometers used an 



www.manaraa.com

17 

extremely convenient interactive package of software ALICE developed in 

Ames lab by Dr. R. A. Jacobson and described elsewhere.The third 

diffractometer, a commercial SYNTEX P2j, was equipped with a Mo tube and 

used It filters to eliminate Mo K*. 

Crystals that had previously been mounted in capillaries in the dry 

box were examined under a Zeiss binocular microscope to sort from the 

remainder those whose singularity seemed most likely. The capillaries 

containing these crystals were secured with Apiezon W Wax in brass pins 

that could be clamped in goniometer heads. Initially, preliminary oscil

lation photos using Meissenberg cmeras were taken of these crystals to 

ensure their singularity. As the wrk proceeded, it becwie clear that 

visual sorting was adequate as about 90-95% of the gems mounted in the 

dry box were found to be single, and the preliminary oscillation photos 

were discontinued. The crystals were then mounted and optically centered 

on one of the diffractometers. The single crystals were automatically 

indexed by locating and tuning on 8 to 15 reflections obtained from 

either oscillation or rotation photos. On tt» AL and DATEX diffractome

ters this was accM#lished with the software ALICE.When working with 

the SYNTEX diffractometer, the SYNTEX software for locating ami tuning 

reflections was used, but it was found to be faster and mwre reliable to 

input the angles at which reflections were found into the program BLINDAS 

to determine the cell than to use the SYNTEX autoindexing program. The 

Miller indices obtained from BLIND could then be assigned to the correct 

reflections in SYNTEX reflection array to obtain the appropriate orienta

tion matrix before proceeding with standard selection. 
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After the correct cell was found, three standards were selected and 

tuned to obtain a better orientation matrix. The collection of data was 

then initiated. Reflection intensities were obtained with w-scans on the 

monochromator-equipped AL and DATEX diffractometers and with 20/o-scans 

on the SYNTEX. When data collection was complete, a reflection at about 

90' in ^ and with moderately strong intensity was chosen, and intensities 

were collected at 36 10* intervals in v for use in an empirical absorp

tion correction program ABSM.**^ On the AL and DATEX diffractometers 

these intervals were begun at 0* in * and ended at 350*. On the SYNTEX, 

it was most convenient to do a *-scan where $ was not necessarily evenly 

divisible by 10. Since ABSN was written to expect $ values evenly 

divisible by 10, intensities from the SYNTEX t-scans **re converted to 

values and intensities appropriate for ABSN by linear interpolation using 

the program PHIMUH,'*' Inspection of the standards monitored every 75 

reflections sho*#d no evidence for decay of any of the data crystals in 

the beam. After absorption correction, the data wre corrected for 

Lorentz-polarization effects and then reduced using the program REDDAT.'*® 

To be considered observed, observed reflection intensities (lobs^ 

and structure factor ^iitudes were both required to be 

three times their respective estimated standard deviations. The observed 

data were then averaged in their appropriate space group using the pro

gram FDATA,All calculations were carried out on a VAX 11-780 

computer. 

Since these phases are Isotypic with materials whose structures were 

previously determined. It was unnecessary to solve any phase problems. 
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Structure factor calculations and least-squares refinements were carried 

out using the block-diagonal, full-matrix program ALLS.^o and Fourier 

series calculations were done with the program Anisotropic ther

mal parameters of the form e%pl-l/4Btih%a** + + 

2Bi%hka*b* * 28{jhAa*c* + 2B^3kJtb*c*)] were used. The neutral 

atom scattering factors included corrections for the real and imaginary 

parts of anomalous dispersion for the heavier elements (Na or greater).^^ 

All drawings of the structures were produced using the program ORTEP,^^ 

with thermal ellipsoids drawn at the 75% probability level unless other

wise indicated. In all cases, refinement of the structures was begun by 

using the zirconium and iodine positions from a known structure. For 

Zr^ItaC, the structure reported for was used and for MZrtlitX 

clusters, the published positions In 'CsZrtl;*' were used.* The scale 

factor and positions of the heavy atoms were first refined, then the 

isotropic thermal parameters of these atoms were atlonwd to vary. 

Finally, the anisotropic thermal paraîters were allowed to vary. It was 

believed at this point, because of the large Increase In synthetic yield 

of reactions containing purposefully added Interstitial 'Impurities', 

that an atom was occupying the center of the cluster. The electron 

density maps generated, however, often showed no electron density at this 

position and attempts to refine an atom here led to an Increase In the 

residuals or very large thermal parameters. 

The observation at this point that F^ ^ J Ç  > FQ ^J , for all 

large F's, and that negative peaks appeared at atom positions In electron 

density difference maps Indicated the need for a secondary extinction 
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correction. Whether this was a result of the 'perfectmess' of the 

crystals or a problem of coincidence (saturation) at the X-ray detector 

Is uncertain. The secondary extinction correction was done using a 

previously described method.^** In most cases, the correction led to a 

decrease in R and R# of a few percent, the large ^calc'^ and 

^obs's agreed more closely, and the negative peaks in difference 

maps disappeared. But the most important effect of the correction was 

the appearance of a small peak in the center of the zirconium octahedron. 

It was initially thought that this peak might be the effect of one or two 

mismeasured reflections, but a careful analysis (RHMON^^) of the contri

bution that individual structure factors make to the electron density at 

the inversion point at the center of alt the clusters revealed that the 

large reflections contribute very strongly to the total density at this 

point. This is not the case for general points in the real cell, where 

the large reflections do not significantly contribute to the electron 

density disproportionately. Because the secondary extinction correction 

has the effect of increasing the magnitude of these large reflections to 

agree mre closely with those calculated, it is reasonable to expect that 

an increase in these ^obs*^ will cause an Increase in the electron 

density at the center of the cluster. Because the secondary extinction 

correction seems appropriate given the improved residuals, it was assumed 

that the model with the interstitial in the center was equally appropri

ate. It is interesting to note that without the extinction correction, 

the structures of CsZr^Ij,^B ami CsZrglj^C both appear to be 'CsZrj^Ij^' 

but with inexplicable differences in the Zr-Zr distances. A full 
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understanding of these structures depends on the presence of small inter

stitial atoms which are observed only after a secondary extinction 

correction. 

This, of course, serves to illustrate the main weakness of single 

crystal X-ray diffraction, the Inability to observe light atoms accu

rately where the scattering is dominated by very heavy atoms. For this 

reason, the appearance of interstitial atoms is not based solely on the 

presence of a peak in the center of the cluster, but also on the posi

tions the heavy atoms in the cell, the distances therebetween, on forma

tion of phases in large yield only in the presence of added inter-

stitials, and the use of complementary measurements such as magnetic 

susceptibility, PES, and solid state 

The occupancy and thermal parameters of the alkali mtal atoms and 

the heavier interstitial atoms were varied where possible. If the occu

pancy remained within 3o of unity, it was returned to unity and not 

varied further. In structures with lighter interstitial*, it was found 

that the occupancy and the isotropic B could not be varied simultane

ously. In these cases, the occupancy was held at unity and the isotropic 

B refined to slightly negative nw#ers (though not significantly differ

ent from zero), indicating an unreasonable occupancy greater than one. A 

statistical reweighting^^ of the data in 10 to 15 overlapping groups 

corrected these 'negative* B's and in all cases B's of the interstitial 

atom were positive. Although unit occupancy is not necessary in a 

crystallographic sense, there has been no observation of gross 

interstitial nonstoichiometry in the syntheses of these materials with 
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the exception of the unusual clusters Zr^^i^K*. That is to say, if a 

reaction mixture was deficient in graphite, for example, the yield of 

interstitial-containing product was correspondingly small instead of a 

large yield of presumably carbon deficient product and lattice parameters 

remained constant. 

Accurate distances and estimated standard deviations from refined 

single crystal structures were calculated using a standard program. 

Because of their higher accuracy, available lattice parameters obtained 

from Guinier powder diffraction of the sample from which the single crys

tal was taken were used in lieu of lattice parameters obtained from dif-

fractmeter data. 

Table n lists details for the single crystal X-ray diffraction 

studies completed. 

X-ray photoelectron spectroscopy 

During this research, XPS spectra were collected by J, Anderegg 

using an AEI 2006 spectrometer eguipped with AI Ka radiation. To ensure 

their integrity, samples sealed under vacuum in glass ampoules were 

introduced into a dry box (<1 ppm H^O, 0^) attached directly to the spec

trometer. After being ground in an agate mortar, the samples were 

mounted on double-sided adhesive tape to reduce the broadening effects of 

differential charging by electrically separating the sample from ground. 

The mounting also made the tape's carbon Is peak available as a 

convenient reference for calibrating the energy of sample peaks. Data 

were obtained by signal averaging using a Nicolet 1180 computer system. 
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Table 2. CrystaltograpNte data for single crystal investigations 

2rgIi4C K0.582r6ll4C CsZrgIj4C ^'*6^12^ 

Space group One a One a ûnca R3 

I 4 4 4 3 

Crystal dimensions 
(mm) 

0.20 
0.20 
0.16 

0.24 
0.18 
0.14 

0.30 
0.16 
0.20 

-

55 55 55 65 

Reflections 

measured 
observed* 
independent 

3776 
1785 

931 

3761 
1927 
1025 

3644 
1969 
1068 

4160 
2558 
883 

^ave 2.9 2.6 2.3 3.2 

R (%) 3.6 3.6 3.3 3.2 

Rw m 4.5 4.2 3.9 4.2 

2nd extinction 
coeff. (lO-**) 

1.2(2) 4.5(4) 2.7(3) 2.0(1) 

Absorption 
coeff. (l/c«) 

173 173 182 178 

Range of trans. 0.81-1.00 0.55-1.00 0.81-1.00 0.77-1.00 

# of parameters 90 101 101 46 

# of variables 52 54 56 30 

^Reflections with ^ ^obs ^ considered observed, 

unless indicated. 

''Reflections with 2 2®F ^obs ^ considered observed. 
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Z'eiidK 2^6*14*0.46 C*Zr6ll4* CS0.3Zf6ll4St ^*0.72^6114*1 

Cmca Cmca One a Cmca Cmca 

4 4 4 4 4 

0.26 0.20 • 0.15 0.22 
0.16 0.20 - 0.12 0.18 
0.14 0.08 - 0.08 0.12 

55 55 55 55 50 

3841 3291 4026 3847 1499^ 
2547 2547 1977 2026 596^ 
1228 1228 1057 1043 596 

4.6 4.8 3.1 5.2 -

4.5 5.8 4.0 5.7 3.6 

6.3 8.1 4.0 6.5 4.5 

- - 0.7(1) - 0.29(8) 

168 170 180 171 177 

0.52-0.99 0.25-0.99 0.79-1.00 0.39-0.99 0.60-1.00 

90 90 101 101 101 

54 53 55 57 57 
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Magnetic susceptlblHty 

Magnetic susceptibilities were measured from 95 to 298 K using the 

Faraday method. The sample was contained in a screw-top Teflon bucket 

suspended from a Cahn Rh electronic balance by a tungsten wire. The 

bucket and wire were calibrated at the temperature above to correct for 

their magnetic effects. A more complete description of the balance can 

be found elsewhere.*^ 

Electron spin resonance measurements 

ESR measurements were made on a Bruker ER 20W-SRC spectrometer 

with an Oxford ESR-900 flow-through cryostat, a DTC-2 digital temperature 

controller and a Hewlett-Packard 5342A microwave frequency counter. 

Electron microprobe analysis 

Microprobe analyses were conducted on some samples by F. Laabs using 

an Applied Research laboratories Model EMX electron microprobe, formerly 

available In Ames Laboratory. Samples were transferred by attaching a 

plastic glove bag flushed by dry nitrogen to the entry port of the 

spectrometer. 

nuclear magnetic resonance 

nuclear magnetic resonance spectra of two carbon-centered clus

ters were kindly obtained by C. Fry and B. Gerstein to provide informa

tion complementary to the X-ray results. The spectra were taken at 55.35 

Wz on a spectrometer built at Ames Laboratory.Typically, 32500 

accumulations were taken of the normal free-Induction decay (FID), with 



www.manaraa.com

26 

appropriate phase cycling done to minimize DC offset. Eight usecond 90* 

pulses at a repetition time of 0.2 second were used. Spin counting was 

used to confirm that the signals observed were originating from the 

samples. 

Extended HUckel calculations 

Extended MUckel calculations were conducted using programs that 

have been previously described.The atomic orbital energies not 

included in these programs were obtained elsewhere^' or were derived from 

spectroscopic data.^^ Double zeta expansions were used to describe the 

radial distribution functions of zirconium 4d orbltals,^^ and normal 

single zeta functions were used elsewhere.Geometries of clusters and 

atemic orbital parameters are given In Appendix B. 
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RESULTS 

Description of the Structures 

As noted earlier, zirconium iodide clusters have been found in two 

structure types, Zr^Ii^X and MZr^Ii^X. Both contain Zr^IjgX clusters, 

where the zirconium atoms form a slightly distorted octahedron the 12 

edges of which are bridged by iodine atoms. The center of the octahedron 

is occupied by an 'interstitial' atom. A convenient, and oft quoted, way 

of conceptualizing these clusters is based on a cube, as shown In Figure 

I. In the 'ideal' case, the Interstitial atom X occupies the body center 

of the cube, the si* zirconium atoms are centered on the faces of the 

cube, and the 12 iodines are located at the center of the 12 edges of the 

cube. In frost known metal halides containing the M&Xta clusters, the 

ffwtal atoms occupy positions slightly off the faces towards the center of 

the cube because of the opposing effects of metal-metal bonding and 

anion-anion repulsion. This so-called 'matrix effectis more pro

nounced for the iodide clusters of a given metal than for the other 

halides since the metal-metal bonding potential remains essentially 

constant while the minimum distance the halides can approach each other 

increases. This matrix effect is important because of the geometric 

constraints it places on the cluster, as will be discussed later in 

conjunction with cluster bonding. 

In addition to the 12 edge-bridging iodines associated with each 

cluster, each zirconium is also bonded to an additional iodine atom that 

occupies the terminal position on each apex of the octahedron, so that 
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Figure I. Idealized cluster. Open circles » halide (X); cross 
hatched circles = metal (M) and interstitial (Y) 
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the interstitial atom, the zirconium atom» and this terminal iodine are 

ideally colinear. To differentiate these two types of iodine function

alities, a convention^'* has been devised. The edge-bridginq iodines are 

denoted 'inner* iodines as I* and those occupying the terminal posi

tions are labeled '8wsser' (outer) iodines as Thus a cluster 

unit could be symbolized 

In this work, the stolchlometrles of the two structure types synthe

sized are a result of the manner that these clusters are Interconnected 

through the sharing of Iodines at terminal positions to achieve three-

dimensional networks of clusters. A full description of these intercon

nect Ivlties and the structures of phases with these Zr/1 compositions has 

appeared previously.* 

In Zr^Ii^X, the octahedra are stacked with a three-fold axis 

parallel to the c direction of the hexagonal setting of the unit cell 

as shown in Figure 2. The six atoms that bridge the edges around 

the waist of the antiprismatic cluster are also terminal iodines bonded 

to zirconium atoms of adjacent clusters. Likewise, the six I* of this 

cluster bridge edges around the waist of adjacent clusters. Since these 

iodines demonstrate both functionalities they are denoted as I*"* for 

the former and 1*"^ for the latter. The intercluster bridging of one 

cluster to six adjacent clusters is illustrated in Figure 3. A useful 

formulation for this interconnectivity is 

The cluster possesses point symmetry resulting from a three-fold 

axis that passes through an inversion point at the center of the cluster 

(X). 
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Figure 2. A tlîOj projection of the structure of Zr&IiaX" c perpendicular to the iodine (open 
circles) U^rs 
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Figure 3. Intercluster bridging in IrOnly the I ' and 
I*~' of the central cluster are shown (open circles). 
The t axis is perpendicular to the page 
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The ioterconnectivity accompanying the stoichiometry of the 

phases is more complex, and the symmetry of the cluster is accordingly 

reduced. In this cluster, 10 of the 12 octahedral edges are bridged by 

inner iodines that have no connection to adjacent clusters. As shown in 

Figure 4, the other two edges of the octahedron are bridged by inner 

iodines that are also terminal iodines bonded to zirconium atoms in 

adjacent clusters. The other four terminal iodines only bridge to simi

lar positions on adjacent clusters. The formulation of phases with this 

i n t e r c o n n e c t i v i t y  i s  t h u s  M Z r ^ l ' T h e  

clusters in MZr^IttX phases possess point symmetry resulting frm a 

two-fold axis passing through a center of inversion on the interstitial 

atom at the center of the cluster. The zirconium octahedra in the 6-14 

phases show a marked 'compression' along a pseWo four-fold axis, with 

the two zirconium atoms bound to the terminal I*"* atoms defining 

that axis. The isostructural nature of these MZr^IttX phases with 

and (excluding the alkali metal and interstitial atoms) 

has previously been noted.* 

Descriptions of both of these structures as well as other related 

examples in terms of close-packed layers of nonmetal (iodine) atoms have 

appeared previously.* The structure of consists of ccp layers of 

iodine with zirconium atoms occupying half the octahedral holes betwen 

these in triangular groups of three. These Zr^ units pair up about a 

'vacant' Iodine position In the Intervening iodine layer to form trigonal 

antiprismatic Zr^ clusters as seen In Figure 2. The 'vacant' Iodine 
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Figure 4. Interconnectivity of Zr^I^^X. Only the I*"*, I*"*, 
and of the central cluster are shown (open circles) 
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position about which this cluster is formed is occupied by the inter

stitial atom X. 

In MZr^IitX phases, the layering sequence perpendicular to the c 

axis is ABAC Lor (he)* ...] and again clustering occurs around 'missing' 

iodine sites in the c (or A) layers that are again occupied by inter

stitial atoms. These same layers also exhibit a second halide vacancy, 

apparently generated by requireiwnts of the iodine bridging. These 

vacancies can be occupied by alkali metal atoms (Cs, Rb, K, but evidently 

not Na or Li with iodide) to form MZr^lmX phases (seen in Figure 5), but 

they have also been found unoccupied giving Zr^l|t,X. 

Figure 6 shows the isolated clusters of the Zr^I^gX and MZr^l^X 

structures. The atoms are labeled as they are in parameter listings. 

Carbon-Containing Clusters 

Synthesis 

A series of clusters that contain carbon were mong the first of the 

interstitial clusters to be synthesized aiKl were the phases that have 

been best characterized. 

The first and most reduced of these clusters was found in low (10%) 

yield in binary Zrl^-Zr reactions run between 800 and 900*C in earlier 

studies of this system.2,* The highly crystalline nature of this mate

rial allowed the easy isolation of single crystals. The single crystal 

X-ray diffraction study was done and the material was reported as 

The present investigation establishes that this phase is in fact Zr^IigC. 

If a stoichiometric mount of graphite were included in reactions at 
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Figure 5. The close-packed MIX layer in MZr^Ii^X projected on Z » 1/2. 
Iodines are shown as open ellipsoids, atom in the 'Cs' 
sites are the largest crossed ellipsoids. The aoallest 
ellipsoids represent the interstitial X. Zirconium atoms 
above and below the Z = X/2 section are shorn forming 
octahedral clusters around the interstitial atom 
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Figure 6. (Top) Zr^I^gX» A center of inversion lying at % and a 3-fold axis along c give the 
c l u s t e r  D a d  P O * " *  s y m m e t r y ,  I I  =  I  1 2  «  l \  I j '  «  I  '  

(Bottom) Zr^Ii^X. A 2-fold axis passing through atoms 15 and X and a mirror plane 
containing atoms Ï4, X, and Zr2 give the cluster C^h pojnt symmetry. (A center of 
i n v e r s i o n  l i e s  . t  * .  1 1 .  U .  I S  =  l " .  1 3  •  l '  M  •  l ' " ' :  M "  =  l ' ' )  
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850'C of Zrl^ with excess zirconium metal in either the form of strips or 

powder, essentially quantitative yields of were obtained in two 

weeks. The product formed shiny black gems that grew on the surface of 

the zirconium strips and on the walls of the Ta reaction tube. Zr^Iii^C 

was also formed by reacting layered a,#-ZrI% with stoichiometric amounts 

of graphite at 850*C for two weeks. 

The material that was formed in earlier studies 2,?,* was 

reported as being unreactive in air, and the material that formd in some 

reactions conducted In this investigation behaved similarly. In other 

cases, however, the product reacted fairly rapidly with water, decom

posing to give a greenish-black suspension. No evolution of gas was 

visually observed, but the odor of acetylene was detected above the 

liquid. Ho difference In the poWer patterns of these materials was 

observed beforehand, and perhaps the stability seen in some batches of 

this material is attributable more to kinetic factors related to the 

'perfectness' of the crystals grown in one reaction co#ared with another 

than to therwidynamic considerations. 

The phases MZr^I^C (M » Cs, Rb, or K) are only slightly less 

reduced than Zr^IizC. CsZrtIt%C and RbZr&Ii^C were most easily prepared 

by reacting stoichiometric amounts of Csl or Rbl, Zrl^, and graphite with 

excess Zr strips at 850*C for two weeks. The products form in greater 

than 95% yield as beautiful, shiny, black, many-faceted gems up to 0,4 mm 

in diameter. The gems are not visibly different from Zr^I^^C, but give a 

distinctly different X-ray poWer diffraction pattern. The materials 

were also prepared in reactions containing stoichiometric amounts of Zr 
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powder, but obtaining complete reactions required a thorough grinding of 

the products formed after one week, followed by re-equilibration for an 

additional week at 850*C. A reaction that was loaded to stoichiometric-

ally form Cs^.^Zr^ImC and run for two weeks at 850*C resulted in a 

large yield of material whose lattice parameters were slightly smaller 

than those found for CsZrtltkC. 

When reactions stolchiometrically loaded to form HZr^I^C were run 

for two weeks at 850*C, the resulting product was a 90% yield of shiny, 

black gems. The single crystal X-ray diffraction study that ensued 

resulted in an X-ray composition of Kj^.^^Zr^ImC. Presumably fully 

stoichiometric product with a slightly larger cell volum* was obtained 

when a two-fold excess of KI was included in the reaction. 

Reactions to form 'NaZr^It^C' or 'LiZr^lmC* resulted instead In 

Zr^I^^C and unreacted alkali nwtal iodide. 

The least reduced of the carbon-containing clusters is Zr^I|i,C. 

This phase was prepared frcwi a stoichiometric reaction of ZrU, Zr pow

der, and graphite. After one week at 850*C, the reaction was opened and 

large #mwnts of Zrl^, Zrl^ and Zr^I^zC found. The reaction prod

ucts were ground and re-equilibrated for an additional week at 850*C. 

lAien the reaction was reopened some Zrlj remained, but the major product 

was ZrfcIij»C and no Zr^IigC was observed in the powder pattern. Zr^IitC 

has also been observed together with ZrC as the lone iodine-containing 

phase in reactions loaded to the stoichiometry Zr:I:C;:l:l;l and run for 

one week at tenqieratures between 650 and 750*C. 

# 
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Characterization 

Single crystal X-ray diffraction studies have been conducted on four 

of these carbon containing phases; Zr^Ij^Ct CsZr^Ij^C, 

and Zr^Ii^C. The details of these studies are compiled In Table 2. 

Final atomic positions and thermal parameters and esd's are given in 

Table 3 and bond distances and their esd's are listed in Table 4. 

Average bond distances and esd's are compiled in Table 5. 

The first of these structures completed was that of Zr^It^G. The 

'perfectness' of these crystals noted above is almost certainly responsi

ble for the secondary extinction problems that both the earlier and the 

present single crystal diffraction studies experienced. The failure to 

adequately correct this problem in the first study'** was probably the 

reason that no peak was observed in the center of the cluster. In fact, 

in the present study, no peak was observed until the secondary extinction 

correction was applied. The relationship between electron density in 

Fourier maps and secondary extinction for these clusters was noted 

earlier. Application of the correction reduced the residuals by a few 

percentage points and the final R and R* of the present study **re 3,2 

and 4.2%, compared to the fairly high values of 10,9 and 12,1% in the 

earlier work.* 

All bond distances and angles for Zr^IizC are within 3o of those 

reported earlier as 'Zr^Ij^'- The lattice parameters reported for 

'Zr^I^^' are slightly smaller than those found for Zr^^^gC, but they were 

determined by two different methWs. The earlier constants were found by 

tuning on 12 peaks using the AL diffractometer whose effective wavelength 
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Table 3. Atomic positions and thermal parameters for carbon-centered Zr-I clusters 

X y I 8^2 ®33 ®33 

ZrJ i.C 
U 0.12943(6) 0.09099(6) 0.24965(9) 1.21(4) 1.16(4) 1.16(3) 6.17(3) 0.47(4) 0.26(3) 
12 0.12541(5) 0.25704(7) 0.00898(8) 1.22(4) 0.92(4) 1.28(4) 0.34(3) -0.23(3) -0.18(3) 
13 1/4 0.34773(9) 1/4 1.05(6) 1.11(6) 1.34(5) 0 -0.40(5) 0 
14 0 0.1530(1) 0.7665(1) 1.00(6) 1.47(6) 1.16(5) 0 0 -0.45(5) 
15 0,24622(9) 0 0 0.65(5) 1.45(5) 1.14(5) 0 0 0.19(4) 
Zrl 0.39308(8) 0.0639(1) 0.8901(1) 0.66(5) 0.93(5) 0.69(4) 0.01(5) -0.07(4) -0.04(5) 
Zr2 0 0.3657(1) 0.9028(2) 0.75(7) 0.88(8) 0.75(7) 0 0 -0.03(7) 
C 1/2 1/2 1/2 0.8(5) 

Ku.seZr 
11 0.12498(4) 0.09064(5) 0.24860(7) 1.16(3) 1.02(4) 1.21(33) 0.15(2) 0.44(2) 0.29(2) 
12 0.12568(4) 0.25754(5) 0.0089(6) 1.14(3) 0.88(3) 1.29(3) 0.32(2) -0.22(2) -0.19(2) 
13 1/4 0.34852(8) 1/4 1.06(4) 1.08(5) 1.34(4) 0 -0.46(3) 0 
14 0 0.15407(7) 0.76624(9) 0.91(4) 1.26(5) 1.18(4) 0 0 -0.39(3) 
15 0.24644(6) 0 0 0.62(3) 1.46(4) 1.18(4) 0 0 0.30(4) 
K* 0 0 0 6.9(7) 
Zrl 0.39406(6) 0.06342(8) 0.89107(9) 0.69(3) 0.89(4) 0.74(4) 0.00(3) 0.04(3) 0.05(4) 
Zr2 0 0.3671(1) 0.9030(1) 0.75(5) 0.74(6) 0.81(6) 0 0 -0.07(5) 
C 1/2 1/2 1/2 0.5(3) 
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CsZrfclinC 
U 0.12536(4) 

12 0.12574(4) 

13 1/4 

14 0 

15 0.24756(6) 

Cs 0 

Zrl 0.39486(6) 

2r2 0 

C 1/2 

Zr bIiaC 

a 0.035525(4) 

12 0.12642(4) 

Zr 0.14301(6) 

C 0 

0.08999(4) 0.25040(5) 1.05(3) 

0.25739(4) 0.00594(5) 1.16(3) 

0.34908(6) 1/4 1.14(4) 

0.15832(6) 0.76052(7) 0.95(4) 

0 0 0.72(4) 

0 0 2.27(7) 

0.06363(7) 0.89269(7) 0.73(3) 

0.36805(9) 0.9031(1) 0.78(5) 

1/2 1/2 0.1(3) 

0.10257(4) 0.33250(6) 0.83(2) 

0.17766(4) 0.32488(6) 1.16(2) 

0.04066(6) 0.13012(8) 0.70(3) 

0 0 0.5(3) 

•Occupancy « 0.58(3). 

1.15(3) 1.04(2)) 0.12(2) 0.34(2) 0.22(2) 

0.99(2) 1.25(3) 0.30(2) -0.25(2) -0.12(2) 

1.21(4) 1.34(4) 0 -0.37(3) 0 

1.24(4) 1.04(4) 0 0 -0.36(3) 

1.71(4) 1.09(4) 0 0 0.23(3) 

3.61(7) 1.95(6) 0 0 0.54(6) 

0.91(3) 0.81(3) 0.01(3) -0.01(3) -0.01(3) 

0.88(5) 0.87(5) 0 0 -0.07(4) 

1.12(2) 1.53(2) 0.24(2) -0.13(2) 0.29(2) 

1.33(2) 1.28(2) 0.73(2) -0.30(2) -0.45(2) 

0.80(3) 0.94(3) 0.37(2) -0.03(2) 0.00(2) 
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Table 4» Bond distances in 2r-l clusters (A) 

2^6*14^ ^0.582*"6h4C CsZrgli^C ^**6'12^ 

Zr-Zr Intralayer* 
Zrl-Zri 
Zri-Zr2 

Zr-Zr Interlayet 
Zrl-Zrl 
Zrl-Zr2 
Zrl-Zrl 
Zr2-Zr2 

Zr-I* 
Zrl-IS 
Zrl-Il 
Zrl-12 
Zr2-ll 

Zrl-I4 

Zr.l*"* 
Zr2-14 

Zr-I*"* 
Zrl-I3 

Zr-tmterstittal 
Zrl-ir»t. 
Zr2-tnt. 

M-l 
W»î 1 
M-12 
M-I4 
M-IS 

(%2) 3.355(3) 
3.284(2) 

3.332(2) 
3.264(2) 

3.324(2) 
3.257(2) 

(x6) 

(%2) 
(%4) 
(x2) 
(xl) 

3.345(3) 
3.292(2) 
4.738(3) 
4.560(4) 

3.325(2) 
3.272(2) 
4.707(2) 
4.536(3) 

3.321(2) 
3.270(2) 
4.699(2) 
4.530(2) 

(x6) 

(x3) 

(x2) 
(x2) 
(%2) 
(%2) 
(x2) 

2.847(2) 
2.860(2) 
2.868(2) 
2.840(2) 
2.848(2) 

2.855(1) 
2.872(1) 
2.881(1) 
2.852(1) 
2.856(1) 

2.860(1) 
2.884(1) 
2.895(1) 
2.862(1) 
2.867(1) 

(x6) 
(x6) 

(x2) 2.908(2) 2.916(1) 2.920(1) (*6) 
(x6) 

(*2) 3.491(3) 3.509(2) 3.522(2) (x6) 

(x4) 3.138(2) 3.158(1) 3.195(1) 

(%2) 
(%2) 

2.369(2) 
2.280(1) 

2.354(1) 
2.268(1) 

2.349(1) 
2.265(1) 

(%6) 

(x4) 
(*4) 
(x2) 
(x2) 

3.957(1) 
4.176(1) 
3.713(1) 
3.876(1) 

4.010(1) 
4.185(1) 
3.837(1) 
3.914(1) 

^Intralayer refers to Zr-Zr distances roughly perpendicular to the 
c axis of the cell. Figure 6. 

^interlayer refers to Zr-Zr distances roughly parallel to the 
c axis of the cell. 

*^Zr-l| distances in Zr^I^gG are Zrl-I2 bonds. 
4zr-I*~3 distances in Zr^lnC are Zrl-Il bonds. 

,a'i ®Zr-I ' distances in Ir^lizC are Zrl-Il bonds. 
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Table 5. Average bond distances (a) in carbon-centered Zr-I clusters 

ZrellAC K0.58Zr6ll4C CsZrgIi4C Zr6fl2C 

3.309(3) 3.288(2) 3.283(2) 3.195(1) 

2.862(2) 2.872(2) 2.881(1) 2.897(1) 

d(Zr.I*"*) 3.491(3) 3.509(2) 3.522(2) 3.403(1) 

d(Zr.I*"*) 3.138(2) 3.158(1) 3.195(1) -

dave(Zr-C) 2.339(2) 2.325(1) 2.321(1) 2.259(1) 

re* 1.48 1.46 1.46 1.40 

^Crystal radius of the carbon. See text for explanation. 

is dependent on the setting of graphite monochomator and where no call-

brant Is readily available. The lattice paramters of Zr^It^C, as noted 

earlier, were determined on the basis of Gulnler powder diffraction using 

N8S silicon as a standard and are therefore more accurate. Similar dif

ferences have ben observed in other related systems, 

The structure of CsZrsIitC refined uneventfully to the residuals 

listed in Table 2. The occupancy and anisotropic thermal parameters of 

the cesium were varied simultaneously. The occupancy did not vary 

significantly from unity and so it was returned there and in the final 

refinement was not varied. It is very apparent from the bond distances 
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found in CsZrsIt^C, that It is not the material previously reported as 

CsZr^lm,** unlike the case of Zr^IixC and 'Zr^ljij'. This point will be 

discussed in sonw detail later in this work. 

Initially, the structure found to be Kg^^^Zr^Ii^G was thought to 

be Zr^Ii^G. It was believed that a potassium atom would be too small to 

occupy the 'cesim* position. At first, only one octant CMKl) was col

lected on the SYWTEX diffractometer. When the refinement was thought to 

be complete, a difference electron density map revealed a peak of Z * 4-5 

on the 'cesium' position at the origin of the cell. To eliminate doubts 

that this peak was the erroneous effect of one or two mismeasured reflec

tion intensities, a second octant (HKC) of data was collected. 

Unfortunately, some adjustments had been made on the SYNTEX diffrac-

tomwter in the intervening time. The result was a difference in intensi

ties betv«?en equivalent reflections. To correct this probim, the total 

counts and background counts of a group of 25 reflections of moderate 

intensity from the first data set wre compared with the equivalent 

reflections irm the second octant to obtain a scalar by which the raw 

data of the weaker wtant were multiplied. The two octants were then 

corrected for absorption, reduced, and averaged, resulting in an 

Rgyg of 2,6% with no reflections discarded. When the zirconium, 

iodine and carbon positions were refined with this averaged data set, the 

peak at the origin of the cell remained. A potassium atom was then 

included at this position, and refinement of both isotropic thermal 

paramater and occupancy of the potassium led to improved residuals and an 

X-ray composition of Ko.s*(2)Zr6li4C. 
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After It was found that the structure of what was thought to be 

'ZrtlitG' actually the potassium-deficient material above, a single 

crystal of a 6-14 phase from a reaction where no alkali metal was present 

was mounted for a diffraction study. Data were collected, reduced, and 

averaged. The refinement of the structure proceeded smoothly to the 

residuals In Table 2. A final difference electron density map showed no 

peaks at the alkali metal site. 

The paramagnetic behavior of CsZr&Ii^C has been confirmed by mag

netic susceptibility measurements. As shown in Figure 7, the material 

demonstrates Curie-Weiss behavior between lOO and 298 K, with a « 1.48 

and b * -6 K that is appropriate for one unpaired electron per formula. 

Odd electron Ta^Xta^* clusters have been shown to display similar behav

ior.CsZr^lmC, however, shows no esr signal even at 4 K between 0 and 

13 KG fields. Presumably this is due to very rapid electron spin-lattice 

relaxation, but a low temperature magnetic transition has not been ruled 

out. Similar behavior was observed for the cluster ccmpound that 

IS also paramagnetic but shows no low tmperature esr signal.t*'?* 

The Fourier transform spectrum of the free-induct ion decay of 

400 m of together with a least-squares fit of the data are 

shown in Figure 8. The shift scale has TUS at 0.0 ppm, and positive 

shifts are downfield. As expected, there is only one tensor in the 

spectrum. Within error, the tensor is axially symw»tric with 0| at 15 

ppm and at 54 ppm. 

The MR Fourier transform of the FID of 100 mg of Zr&Ii2C showed an 

extremely broad signal. Because of this breadth and the small sm^le 
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Figure 7. Magnetic susceptibility of CsZr^Ij^C, corrected for 
temperature-independent terms 
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Figure 8. Solid state NMR spectrum of CsIr^Ii^C. The chemical shift 
of TMS is at 0.00 ppm and shifts to positive values are down-
field. 0^ = 54, 0| = 15 (ppm). Crosses = experimental 
spectrum. Smoothed line = fit to an axially symmetric tensor 
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size, It was necessary to subtract background noise and an accurate 

tensor was not obtained. It seems clear, however, that the tensor lies 

between at least 28 to 480 ppm. (480 ppm is the highest shift value 

ever reported.)'? 

Interpretation of the spectra, especially the chemical shifts, is 

difficult. It seems clear that the carbon atms in the centers of the 

zirconium clusters are responsible for the signals observed, but the 

chemical shifts and the tensor shapes are very different considering the 

similarity predicted by the current understanding of bonding in these 

clusters. Further elucidation of the WR spectra awaits future study. 

Alkali Metal-Centered Clusters 

Synthesis 

The synthesis and characterization of alkali metal-centered clusters 

is the nwst surprising aspect of this research. This trark has been 

reported previously as a communication,^^ 

The compound Zr^Ij^K was prepared in reactions of stoichiometric 

amounts of tci, Zrl^, and excess Zr metal strips in a temperature gradient 

between 840 and 860*C for six weeks. A 10-20% yield of black, rectangu

lar gems were found growing on the metal strips. The remaining products 

were u.g-Zrlg, Zrl^, and unreacted KÏ in the cooler end of the reaction 

tube. Single crystals were mounted ami one was indexed on the Ames 

Laboratory diffractometer. Surprisingly, the lattice parameters of this 

single crystal were larger than those reported for CsZr^I^! Subsequent 

reactions showed that materials with slightly smaller lattice parameters 



www.manaraa.com

50 

could also be formed in 10-20% yields. The isolation of single crystals 

was again possible. 

Similar reactions have been run with Rbl, Nal, and Li I with less 

success. The reactions with Rbl resulted in 10-20% yields of gems with 

smaller lattice parameters than those found for the potassium-centered 

phases, suggesting that rubidium occupies the more normal 'cesium' 

position as in CsZr^I^C. The remaining products were a mixture of Zrlj, 

@,*-Zrl2, and RbaZrglg. Nal and lil reactions have resulted in small 

yields of materials that are similar in both habit and lattice constants 

to the gem-shaped products of the KI reactions. It has proven difficult 

to isolate these phases and their identification is based on the obser

vation and indexing of lines in powder patterns corresponding to 6-14 

type phases with cell volumes between 2920(2) and 2937(6) Remaining 

products were identified by powder pattern as Zrlj, o.g-ZrIg, a few well-

formed crystals of Zr^lj^C (carbon from undetermined source), and 

unreacted alkali metal iodide. 

Characterization 

The single crystal structures of two potassium-containing clusters 

were determined. The first of these was the material with the larger 

cell parameters. After the refinement of tte iodine and zirconium posi

tions and isotropic thermal parameters (R » 14%), a peak of Z » 18 was 

observed in the center of the cluster in an electron density map and 

although it was considered highly unusual, a potassium atom was inciWed 

in the mode) at this position. The refinement proceeded smoothly with 
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all atoms refined anisotropically to the residuals listed in Table 2. 

The occupancy of the potassium was allowed to vary and refined to a value 

of 1.05 (3) so it was returned to unity and not varied further. The 

cesium position in the cell within the iodine polyhedron was unoccupied. 

The second crystal structure studied was of a gem from a phase with 

a slightly smaller cell volume. Again, the iodine and zirconium posi

tions were refined and a peak was observed in the center of the zirconium 

cluster. This peak was somewhat smaller than that in the previous struc

ture. A potassium was included at this position and its occupancy and 

isotropic thermal parameter were varied while the remaining atoms were 

refined anisotropically. The occupancy of the potassium refined to a 

value of 0.46 {2) with the residuals listed in Table 2. While this peak 

might be interpreted as a combination of potassium and carbon atoms 

randomly distributed in the zirconium octahedra, the average Zr-Zr 

distance predicted for such a cluster by a linear combination of the 

distances found in Zr^l^K and Zr^Ii^G is O.l ^ shorter than the average 

Zr-Zr distance observed in Zrhlt^K^.^b. Linear extrapolation of the 

change in average Zr-Zr bond distance with potassium content results In 

an expected Zr-Zr bond distance of 3.42 A for the hypothetical 'Zr^Ii^'. 

The final refined atomic positions and thermal parameters of these 

two structures are given in Table 6 and bond distances found In these 

structures together with those for Zr^I^^C are given in Table 7. A com

pilation of average bond distances is given in Table 8. 

Because of the unusual nature of a potassium atom within a cluster, 

some additional measurements have been made. An electron microprobe 
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Table 6. Positional and thermal parameters for Zrali^Ki,* 
and Zr&IitKo,t& 

Atom X y 2 

ZrfclmKi,(j 

il 

12 

13 

14 

15 

Zrl 

2r2 

K« 

Zr^I 

11 

12 

13 

14 

15 

Zrl 

Zr2 

0.12513(6) 

0.12567(5) 

1/4 

0 

0.24601(8) 

0.39034(9) 

0 

1/2 

0.12518(6) 

0.12579(6) 

1/4 

0 

0.24686(9) 

0.3905(1) 

0 

1/2 

0.08981(6) 

0.25609(6) 

0.34728(9) 

0.15615(9) 

0 

0.06613(9) 

0.3612(1) 

1/2 

0.08942(9) 

0.25582(8) 

0.3459(1) 

0.1562(1) 

0 

0.0662(1) 

0.3610(2) 

1/2 

0.24784(7) 

0.00725(7) 

1/4 

0.7660(1) 

0 

0.8883(1) 

0.8980(1) 

1/2 

0.24741(9) 

0.00729(9) 

1/4 

0.7765(1) 

0 

0.8881(1) 

0.8977(2) 

1/2 

1.79(5) 

1.74(4) 

1.60(6) 

1.50(6) 

1.26(5) 

1.50(6) 

1.12(8) 

0.9(2) 

1.28(5) 

1.31(5) 

1.11(6) 

0.99(6) 

0.84(6) 

1.24(7) 

0.74(8) 

0.1(3) 

^Occupancy refined to 1.05(3). 
"Occupancy refined to 0.46(2). 
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»33 >12 B 13 

1.53(4) 

1.43(4) 

1.61(5) 

1.82(6) 

2.04(6) 

1.29(5) 

1.59(7) 

1.2(2) 

1.38(4) 

1.45(4) 

1.40(5) 

1.29(5) 

1.37(5) 

1.04(5) 

1.17(7) 

0.4(2) 

0.20(3) 

0.37(3) 

0 

0 

0 

0.16(4) 

0 

0 

0.48(3) 

0.31(3) 

•0.45(4) 

0 

0 

0.13(4) 

0 

0 

0.32(3) 

0.22(3) 

0 

•0.48(4) 

0.34(4) 

0.10(4) 

0.20(6) 

0.1(2) 

1.68(6) 

1.69(6) 

1.80(8) 

1.92(8) 

2.13(8) 

1.51(8) 

2.21(11) 

1.62(5) 

1.61(5) 

1.61(7) 

1.45(7) 

1.56(6) 

1.38(7) 

1.38(9) 

0.14(3) 

0.36(3) 

0 

0 

0 

-0.20(5) 

0 

0.45(3) 

0.31(3) 

0.47(5) 

0 

0 

0.28(5) 

0 

0.32(4) 

0.19(4) 

0 

0.45(5) 

0.26(6) 

-0.10(6) 

0.41(9) 
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Table 7. Bond distances in Zr-I-K clusters (A) 

2^6*14^ 2^6*14* 2^6*14*0.46 

Zr-Zr Intralayer 
Zrl-Zrl 
Zrl-ZrZ 

Zr-Zr Inter layer 
Zrl-Zrl 
Zrl-ZrZ 
Zrl-Zrl 
Zr2-Zr2 

Zr-I* 
Zrl.|5 
Zrl-ll 
Zrl-I2 
Zr2.fl 
2r2-I2 

Zr-I*-' 
2rl-I4 

(%2) 3.355(3) 
(*4) 3.284(2) 

(*2) 3.345(3) 
(*4) 3.292(2) 
(*2) 4.738(3) 
(%1) 4.560(4) 

(x2) 2.847(2) 
(x2) 2.860(2) 
(x2) 2.868(2) 
(x2) 2.840(2) 
(x2) 2.848(2) 

(x2) 2.908(2) 

3.494(3) 
3.427(2) 

3.462(3) 
3.436(3) 
4.920(3) 
4.785(4) 

2.880(2) 
2.896(2) 
2.903(2) 
2.874(1) 
2.881(2) 

2.953(4) 

3.478(3) 
3.408(3) 

3.447(3) 
3.424(3) 
4.897(3) 
4.765(5) 

2.858(2) 
2.878(2) 
2.888(2) 
2.864(2) 
2.871(2) 

2.941(2) 

Zr-1*'* 
Zr2-I4 

Zr-l'"' 
Zrl-I3 

Zr-interstitial 
Zrl-int. 
Zr2-int, 

(*2) 3.491(3) 

(x4) 3.138(2) 

(x2) 2.369(2) 
(x2) 2.280(1) 

3.408(2) 

3.124(2) 

2.460(1) 
2.393(2) 

3,377(2) 

3.118(2) 

2.448(2) 
2.382(2) 
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Table 8. Bond distances In Zr-I-K clusters (A) 

2^6:14* 2^6*14*0.46 

d,„(2r-Zf) 3.309(3) 3.448(3) 3.432(3) 

2.862(2) 2.898(2) 2.883(2) 

d(Zr.I*"t) 3.491(3) 3.408(2) 3.377(2) 

d(Zr.I*"*) 3.138(2) 3.124(2) 3.118(2) 

dave(Z'-*"t) 2.339(2) 2.437(2) 2.426(2) 

n:t 1.48 1.58 1.57 

^Crystal radius of interstitial as described in the text. 

analysis of single crystals of the X-ray s«nple showed only 

zirconium, iodine and potassium, excluding tl% possibility of a heavy 

nonmetal occupying the potassium position. The microprobe results of six 

individual crystals gave an average co^sition of very 

consistent with the X-ray formulation, especially since unreacted KI in 

the system is likely to be on the surface of the crystals. 

Magnetic susceptibilities of a phase with the smaller cell parme

ters measured on a Faraday balance yielded a Curie-Weiss behavior from 
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298 to 100 K, with Mgff » 0.82 (1) 0 » -2 K and « 

2.71 X 10"** emu/mole at 298 K a% shown in Figure 9. A term XQ that 

includes contributions from both temperature-independent paramagnetism 

and core dtamagnetism was obtained by fitting the susceptibility data to 

the Curie law of the form A. " C/T > This temperature independent 

term was subtracted from each data point prior fitting the data to Curie-

Weiss behavior. The molar susceptibility obtained is consistent with the 

presence of an average of approximately 0.5 unpaired electron per 

cluster. 

XPS measurements of a sample of a potassium-deficient phase 

(* ' 0.5), KI, and K^Zrl^ have also been conducted. The low 

XPS cross-section of the potassium required some 500 scans to be averaged 

so that the potassium peak in could be observed. The 

data of Kl arwl K%ZrIt were tfwre easily obtained because of the higher 

potassium content. The BE's were obtained by applying the following 

formula 

BE ' 1486.6 - KE - * 

where 1486.6 is the energy of the AI K« radiation used, KE is the 

observed kinetic energy of the electrons in question, and $ is a work 

function obtained by assigning the carbon Is peak of the adhesive tape 

(used for mounting) a measured value of 285 eV. Table 9 contains a 

compilation of the potassium, zirconium, and iodine core level binding 

energies (BE) obtained. 
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Figure 9, Magnetic susceptibility of Zr^I^^K*, corrected for 
temperature-independemt terns 
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Table 9. XPS data for ztrconlum, potassium, and Iodine core levels 

Binding Energy (eV) 

Zr 3d^/2 K ^ 3d^/^ û® 

Kl . 293.5 619.6 326.1 

K%Zrlt 183.5 294.0 620.6 326.6 

ZrtlikK* 180.6 294.4 620.6 326.2 

^Difference In binding energy of I Sd^^^ K core levels. 

Boron-Containing Clusters 

Synthesis 

Three boron-containing clusters have been synthesized to date and 

the single crystal X-ray structure of one of these has been investi

gated. 

The first of the clusters CsZrtli^B was initially synthesized using 

high purity boron chunks in a stoichiometric reaction of Zrl^, Csl, and 

Zr powder at 850*C for one week. A 10-20% yield of black gems were found 

growing on the surface of the boron in the reaction. Gems were mounted 

in capillaries for single crystal diffraction. Further reactions of 

amorphous boron, Zrl^, Csl, and Zr i^tal powder resulted in a >90% yield 

of black gems. The powder patterns of this material showed it to be a 
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6-14 type phase with larger lattice parameters than CsZr^I^^C. The 

lattice parameters obtained from the diffractometer on gems of the 

earlier tow yield reaction matched those of the Guinier pattern within 

3o. 

A reaction to form 'Zr^I^^B* with the same chunks of high purity 

boron, Zri^, and Zr powder had a similar result as the earlier reaction 

that fomrad CsZr^ImB. ^ small yield of black gems were found on the 

surface of the boron. These gems were too small to mount for single 

crystal X-ray diffraction, but a Guinier powder pattern demonstrated them 

to be a Zr^I^^-type phase with a slightly larger cell volume than 

Zr^IizC. Reactions with worphous boron, Zrl^, and Zr poWer »%re loaded 

to form Zr^lj^B and run for 2 weeks at 850*C. They resulted in a large 

yield of Zr^Ii^B, with the sa^ lattice parameters as the material fonwd 

using high purity boron. The presumd paramagnetic nature of these mate

rials has not been verified, 

Attmpts to synthesize 'NaZr^IigB', that would be isoelectronic with 

Zr^Ii^C and Isostructural with Sc^CligN,^* resulted In a large yield of 

black gems whose lattice parameters, as determined by Guinier poWer 

diffraction, wre within 2o of Zr^Ij^B, The strong lines of Hal nere 

faintly observed In the powder pattern. It has been concluded from this 

result that 'MaZr^Ij^B' does not exist. A similar reaction loaded with 

stoichiometric amount of KI to form 'KZr^I^gB' resulted in a 95% yield of 

black gems. A powder pattern of the bulk showed It consisted of a mix

ture of approximately 20% and 80% of a 6-14 type material with a 

cell volume smaller than that of CsZrtli^B. Interestingly, the 
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difference in the cell volumes of GsZr^It^C and KZr^jIj^C» 35 is the 

same as the difference between the cell volumes of the materials above. 

Based on this observation, the black qems have been tentatively identi

fied as KZrtli^B, but additional information is needed to confirm this 

assumpt ion. 

Characterization 

The refinement of the single crystal structure of CsZr^I^^B pro

ceeded smoothly to the residuals listed in Table 2. The occupancy and 

anisothermal parmeters of the cesium was allowed to vary simultaneously. 

The resulting occupancy of cesium did not vary significantly from unity 

and it was returned to one and not varied further. The occupancy of the 

boron was held at unity as well and only the isotropic thermal parameter 

was allowed to vary. As In the case of many of the carbon-centered clus

ters, the isotropic thermal parameter was near zero or slightly negative 

until the data were reweighted, after which it refined to its given 

value. The final refined atomic positions and thermal parawters are 

given in Table 10. The bond distances in CsIr^lt^B are compiled in Table 

U, together with those for CsZrfelmC and two compounds yet to be dis

cussed, and Gs%,yZr^I;^AI. Average bond distances are 

given in Table 12. 
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Tablé 10. Atomic positions and thermal parameters for CsZrtli^B 

* y % Bu 

n 0.035525(4) 0.10257(4) 0.33250(6) 0.83(2) 

12 0.12642(4) 0.17766(4) 0.32488(6) 1.16(2) 

13 1/4 0.34703(8) 1/4 1.43(4) 

14 0 0.16036(8) 0.76037(9) 1.33(4) 

15 0.24802(7) 0 0 1.03(4) 

Cs 0 0 0 2.65(8) 

2rl 0.39291(7) 0.06556(8) 0.89102(9) 1.16(4) 

lr2 0 0.3637(1) 0.9002(1) 1.20(6) 

B 1/2 1/2 1/2 0.3(3) 
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®22 *33 Bi2 Bu Bas 

1.12(2) 1.53(2) 0.24(2) -0.13(2) 0.29(2) 

1.33(2) 1.28(2) 0.73(2) -0.30(2) -0.45(2) 

1.69(5) 1.69(4) 0 -0.37(4) 0 

1.78(5) 1.36(4) 0 0 0.36(4) 

2.03(5) 1.57(4) 0 0 0.34(4) 

3.70(9) .247(8) 0 0 0.34(8) 

1.37(4) 1.12(3) 0.04(4) -0.06(4) 0.02(4) 

1.56(7) 1.21(6) 0 0 -0.03(6) 
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Table 11. Bond distances In Interstitial-centered Zr-I clusters 

Zrgli4C CsIrellA* CSQ^Zrgli^SI CsQyZrgli^AI 

Zr-Zr Intralajfer 
Zrl-Zrl (%2) 3.355(3) 
Zrl-Zr2 (x4) 3.284(2) 

Zr-Zr Interlayer 
Zrl-Zrl (x2) 3.345(3) 
Zrl-Zr2 
Zrl-Zrl 
Zr2-Zr2 

Zr-I* 
Zrl-IS 
Zrl-Il 
Zrl-I2 
Zr2-Il 
Zr2-I2 

(%4) 3.292(2) 
(%2) 4.738(3) 
(%1) 4.560(4) 

(%2) 
(%2) 
(*2) 
(%2) 
(%2) 

2.647(2) 
2.860(2) 
2.668(2) 
2.840(2) 
2.848(2) 

Zr-I i-a 

Zr-r 
Zr2-I4 

Zr-I a-a 

Zr-inter$tftfal 
Zrl-int. (%2) 2.369(2) 
Zr2-imt. (x2) 2.280(1) 

M-I 
M-Il 
M-I2 
H-I4 
M-I5 

(x4) 
(x4) 
(x2) 
(x2) 

3.414(2) 
3.349(2) 

3.390(2) 
3.357(2) 
4.811(2) 
4.671(3) 

2.865(1) 
2.886(1) 
2.895(1) 
2.840(2) 
2.876(1) 

Zrl-I4 (x2) 2.908(2) 2.933(1) 

I a- f 

(x2) 3.491(3) 3.421(1) 

Zrl-I3 (x4) 3.138(2) 3.177(1) 

2.406(1) 
2.335(2) 

4.011(1) 
4.163(1) 
3.860(1) 
3.953(1) 

3.632(4) 
3.562(3) 

3.574(4) 
3.574(3) 
5.096(4) 
4.996(6) 

2.861(3) 
2.887(2) 
2.898(3) 
2.875(2) 
2.881(2) 

2.957(3) 

3.256(4) 

3.068(2) 

2.548(2) 
2.498(3) 

3.998(1) 
4.149(1) 
3.808(2) 
3.948(2) 

3.462(5) 
3.408(4) 

3.444(5) 
3.391(4) 
4.833(5) 
4.730(8) 

2.866(4) 
2.880(3) 
2.891(3) 
2.862(4) 
2.872(3) 

2.932(3) 

3.405(5) 

3.137(3) 

2.442(3) 
2.356(4) 

4.007(2) 
4.168(2) 
3.826(3) 
3.932(3) 
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Table 12. Bond distances In Zr-I-X clusters (A) 

CsZrglj^B ^^0.3^''6h4^^ 

d(Zr-Zr) 3.309(3) 3.366(3) 3.580(3) 3.417(4) 

d(Zr.I*) 2.862(2) 2.889(1) 2.893(2) 2,884(3) 

Zr-I*-* 3.491(3) 3.421(1) 3.256(4) 3.405(5) 

Zr-l'-* 3.138(2) 3.177(1) 3.068(2) 3.137(3) 

d(Zr-X) 2.339(2) 2.382(1) 2.531(2) 2.416(3) 

1.48 1.52 1.67 1.56 

^Crystal radius of the (ntersttttal. See text for explanation. 

Silicon- and AIiwminim-Containing Clusters 

Synthesis 

The success of including second period normetals in the centers of 

zirconium clusters led to synthetic attempts to form clusters that 

included third period nonmKtals. 

The first such compound synthesized was found in a reaction loaded 

with Csl, Zrl^, Si, and excess Zr strips to form 'CsIrblj^Si*. The reac

tion was run for only three days at 850'C. When the reaction was opened, 

a 30% yield of black gems was founà growing on the metal strips together 
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with *,w-Zrl2, Cs3Zr2l9i and Zrlj. The Sulnier pattern of the gems 

demonstrated them to be a 6-14 type material with markedly Increased 

lattice paramters (see Table 1). Single crystals of this material were 

mounted for X-ray diffraction. The composition determined from the dif

fraction study that followed was CsQ,3o{i)2r&IitSi. Subsequent 

reactions that were loaded with stoichiometric amounts of Zrt^ and 

silicon and a two-fold excess of Csl and Zr powder and that were run at 

850*C for two weeks resulted in the formation of a 30-40% yield of black 

gems that gave an identical powder pattern. The remainder of the prod

ucts were a combination of Zrl| and CsjZr^I^. The lattice parawters of 

the 6-14 phases from the two preparations matched within 3o. 

Reactions were run in attempts to synthesize 'Zr&I*%Si' and 

'ZrtltkSi'. These reactions were run with stoichiometric amounts of 

Zrl^. Si, and Zr powder (or excess Zr for 'Zr^Ij^Si') at 850*C for two 

weeks. The products of these reactions were a combination of Zrl^, 

w.d-Zrlg, and unreacted metal. Faint lines were once observed that could 

be indexed on a large 6-12 cell, but the standard deviations were very 

high and the correctness of the indexing of these lines is in doubt. 

The discovery that silicon could successfully be incorporated in the 

octahedral zirconium clusters led to attempts to prepare the analogous 

aluminum compounds. Reactions were loaded with stoichiometric amounts of 

Csl, Zrl^, AII3, ami Zr (K)wder and were run at 850*C for two weeks. A 

50% yield of black gems and shiny black powder was found together with a 

mixture of Zrlg, Zrl^, and CsaZrglg. The powder pattern of the black 

gems and poWer showed them to be the same 6-14 type phase with sometrfiat 
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smaller lattice parameters than the silicon-containing material above. 

This difference In cell volumes was somewhat surprising considering the 

larger cell volume In CsZr^ImB compared with that of CsZr^ImC. There

fore, a single crystal diffraction study was Initiated to determine the 

exact nature of the structure of this material. 

Reactions that were loaded to form 'Zr^Ii^AI' with stoichiometric 

amounts of Zrl^ and AII3 and a two-fold excess of Zr powder and run for 

two weeks at 8S0*C resulted In a fibrous material giving a powder pattern 

that had not previously been observed. A similar result and product, 

though a second new pattern, was obtained when a reaction to form 

'CsZrtlitAI' was loaded with stoichiometric amounts of Zrl^ and Allg but 

two-fold excesses of Zr poster and Csl. Zrl^ was also found as a product 

In both of the above reactions. 

Characterization 

The single crystal structures of both the 6-14 phases containing 

silicon and aluminum Mre studied* 

The structural refinement of the silicon-containing cluster was 

begun using the cesium, zirconium, aiul iodine positions of CtZr^Ii^C and 

a silicon atom was Included at full occupancy with an isotropic B of 1.0 

at the center of the zirconium octahedron. After the atomic positions 

were refined, the isotropic thermal parameters of the iodines and cesium 

i#re allowed to vary. The thermal parameter of cesium 1mediately moved 

to the large value of 14.5(4) and showed no sign of refining. The cesium 

atom was removed from the model and the zirconium and iodine atoms *%re 
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refined dnisotropicaUy to residuals of 8.2 and 10.1%. At this point, an 

electron density map showed a peak of about one-third of a cesium in the 

'cesium' position. The cesium atom was reintroduced at this position and 

both the multiplier and isotropic 8 were allowed to vary. This model 

refined to the %-ray composition given above. The Isotropic B of silicon 

was then allowed to vary and refined to a value of 0.4 (2). A final 

reweighting resulted in somewhat lower esd's but did not result in other 

significant changes in the model. The final refined atomic positions and 

thermal parameters are given In Table 13 and bond distances have been 

compiled in Table 11 and 12. 

Because the structure of the 6-14 phase was welt established, only a 

single octant of data to a Zt'n^ax 50' was collected for the struc

ture of the aluminum-containing material. Since a small crystal had been 

mounted for data collection, a higher-than-normal ratio of reflections 

were unobserved. To help correct this problem, the cutoff for observed 

reflections was reduced to 2o| and 2op, After data reduction, the 

cesiwn, zirconium, and iodine positions frcwi CS{j,jZr|,I|^Si were used as 

à model from which to begin refinement. An altminm atom was included in 

the center of the lirconim octahedron. The refinement proceeded 

smoothly to the residuals listed in Table 2. The model at this point 

included anisotropic thermal parameters for zirconium, iodine and cesium, 

dfMj the multiplicity of cesium. The X-ray stoichiometry obtained was 

Cst,.tt,(i)ZrbIn»AI. Some questions of the thermal parameter of aluminim 

and its exact occupancy remain as they were highly coupled. If the B 

was held constant at 0.6 or 1.0, the occupancy obtained was 0.88 (3) or 
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Table 13. Atomic positions and thermal parameters for 
Cso,3o(i)Zf6%iwSi and CSo.&*(i)ZrbIitAI 

X y z BU 

Cso,3o( t)Zr^ImSi 

11 0.12550(6) 0.08897(8) 0.2475(1) 1.66(6) 

(2 0.12583(7) 0.2539(1) 0.0069(1) 1.70(5) 

13 1/4 0.3437(1) 1/4 1.40(7) 

14 0 0.1589(1) 0.7647(2) 1.32(8) 

15 0.2468(1) 0 0 1.22(7) 

C5« 0 0 0 3.3(5) 

Zrl 0.3865(1) 0.0691(2) 0.8853(2) 1.31(8) 

Zr2 0 0.3545(2) 0.8932(2) 1.1(1) 

Si 1/2 1/2 1/2 0.4(2) 

Cs*. 

11 0.1251(1) 0.08939(8) 0.2494(1) 1.59(10 

12 0.12566(9) 0.2560(1) 0.0064(1) 1.58(8) 

13 1/4 0.3469(2) 1/4 1.4(1) 

14 0 0.1587(2) 0.7624(2) 1.4(1)) 

15 0.2472(2) 0 0 1.2(1) 

C5P 0 0 0 3.1(3) 

Zrl 0.3912(2) 0.0662(2) 0.8892(2) 1.52(11) 

Zr2 0 0.3624(3) 0.8987(3) 1.3(2) 

ATC 1/2 1/2 1/2 1 

^Occupancy refined to 0.30(1). 
^Occupancy refined to 0,68(1). 
^The B was held arbitrarily at unity and the occupancy refined to 

0.92(3). See text for further discussion. 
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»33 'U B 13 »33 

1.67(6) 

1.45(5) 

1.65(8) 

1.90(9) 

2.20(8) 

2.3(5) 

1.50(8) 

1.6(1) 

1.53(5) 

1.74(5) 

1.73(7) 

1.84(7) 

1.49(6) 

2.1(4) 

1.19(8) 

1.3(1) 

0.18(4) 

0.32(5) 

0 

0 

0 

0 

0.01(8) 

0 

•0.45(5) 

•0.28(5) 

•0.48(6) 

0 

0 

0 

-0.05(7) 

0 

0.34(5) 

•0.10(4) 

0 

•0.56(7) 

0.27(7) 

0.3(4) 

0.21(8) 

0.1(1) 

1.33(7) 

1.13(6) 

1.2(1) 

1.6(1)) 

1.7(1) 

4.0(4) 

1.21(8) 

1.7(2) 

0.86(6) 

0.99(6) 

1.1(1) 

1.06(9) 

0.98(9) 

2.0(3) 

0.81(8) 

0.6(1) 

0.15(6) 

0.48(7) 

0 

0 

0 

0 

-0.2(1) 

0 

0.44(6) 

-0.28(6) 

•0.29(8) 

0 

0 

0 

0.19(9) 

0 

0.31(5) 

-0.18(4) 

0 

-0.39(8) 

0.26(8) 

0.4(2) 

-0.14(8) 

0.4(1) 
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0.93 (3). If the occupancy was held at 1.0» the B refined to 2.2 (2). 

The average 0 of the zirconiums was about 1.5 and the range of B's from 

other Interstitials where the occupancy was held at unity Is 0.2 to 1.4. 

An attempt to refine this position as fully occupied carbon led to a B of 

0.069* even after rewelghting, and this has been Interpreted as unreason

able, especially when the bond distances obtained from this structure 

were considered. Some of the problem of successful refinement experi

enced was attributed to the lack of sufficient high angle data that con

tributes much to the accurate determination of this Might' atom. A 

better resolution of this problem would probably be possible with further 

data collection or a larger crystal that is available. 

The final refined atomic positions ar^ thermal parameters of these 

structures are given in Table 13. A complete listing of bond distances 

are compiled in Table 11. A summary of average bond distances is 

included in Table 12. 

Other Attempted Syntheses 

During the course of this investigation, other attempts at synthe

sizing clusters containing other interstitials failed. These failures, 

however, provide some useful information concerning the electronic and 

steric restrictions limiting the syntheses of these clusters. 

Several reactions have been attempted at temperatures between 600 

and 850*C to form nitrogen-centered clusters from Zrli», Zr metal, ZrMI, 

and occasionally Csl. These reactions invariably resulted in the forma

tion of mixtures of ZrN%, Zrlg, «.g-Zr!?, and CssZr^Ig (Csl present). 
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This is contrary to the experience in both the scandium'* and zirconium'^ 

chloride systems, where nitroqen-centered clusters are known. 

Attempts to form oxygen-centered clusters from Zrl^, Zr metal, and 

either ZrO% or ZrO^.^, with and without Csf, resulted in the formation 

of very low (5%) yields of isolated black gems. When Csl was included, 

the gems were found to be a 'CsZrtli^* phase, with fairly large lattice 

parameters (V » 2950 typical of the materials previously produced by 

Guthrie.^ Gems found in reactions run without Csl, were invariably found 

to be Zr^lt^C. AES analysis of the ZrO% (used to synthesize the 

ZrOy showed a fairly substantial contamination by silicon. Although 

the source of this Impurity has not been verified, possibilities IncWe 

the unfiltered amnwnium hydroxide (used to precipitate zirconium hydrox

ide) or a silica gel colwm over which solutions of the hydrated ZrOCI;, 

had been passed in order to remove hafnium impurities/^ 

Sow effort has been made to synthesize 'BaZr&It^C' by including 

stoichiometric amounts of 8al% in reactions of Zrl^, zirconium and graph

ite. These reactions have invariably formed Zr^l^^C and unreacted Bal% 

as the products. At least two factors may contribute to the instability 

of 'BaZrfelmC. The first of these is the relatively large enthalpy of 

formation of Bal/ (-143.9 kcal/mole), compared with Csl (-82.8 kcal/mole) 

or KI (-78.4 kcal/mole). The second factor is the small size of the 

barium atom, the 12-coordinate radius" of which is 0.03 A less than that 

of potassium. As will be discussed later, the size of the cavity in the 

MZr^I^^C phases is too large for either potassium or barium. The for

mation of KZrbli^C is apparently allowed by the more energetically 
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forgiving nature of the lower charged potassium compared with the barit#. 

The inclusion of other alkaline or rare earth atoms in the 'cesium* site 

have not been attempted as the radii of these atoms are smaller than that 

of bariun. An attempt to synthesize 'Zr^I^Ca' was likewise unsuccess

ful, presumably because of the high enthalpy of formation of Galg wd the 

higher coulombic repulsion of zirconium and the divalent cation compared 

with the monovalent potassiwn. 

Prior to the discovery that interstitial atoms could be included at 

the centers of the zirconium octahedra» many attempts were made to syn-

thesize unoccupied clusters. With the exception of the partially-

occupied cluster in Zr^Ii^Kx, no empty clusters have been observed. 

Truly binary reactions led to the slow formation of either Zrlj, or o.is-

Zrlz and the addition of Csl apparently gives only CsjZr^l) as the sole 

reduced ternary phase in the Csl-Zrl^-Zr system. The formation of 

'CsZr&Iit' reported early was probably interstitially stabilized, as will 

be discussed later. 

The kinetic problems plaguing synthesis in the binary and ternary 

systws that have been reported previously were also observed in similar 

reactions in this study. The formation of Zrlj Is usually only complete 

in the presence of an excess of zirconium metal (strips or powder), For 

the complete reduction of Zrl^ to the layered diiodides, however, the 

presence of excess zirconium strips was not sufficient. As noted 

earlier, the reduced product must be removed from the metal strips and 

re-equilibrated at 75Q*C with fresh metal to achieve quantitative yield. 

Attempts to overcome blockage of the zirconium strips at higher 
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temperatures leads inevitably to the formation of sizeable quantities of 

Zrlj, but It Is unclear whether this Is the result of decomposition of 

lower Iodides or a worsening of the blockage problem. The kinetic dif

ficulties in the binary systems are In dramatic contrast to the ease of 

forming large yields of carbon-centered cluster-containing phases upon 

the addition of quite small amounts of graphite. This effect of added 

graphite will be discussed later in this wrk. 
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DISCUSSION 

Comparison of the Structures 

The number of phases that have been Investigated by single crystal 

X-ray diffraction allows the rather thorough examination of the effects 

on bond distances of the degree of reduction, gross structural changes, 

and the atom contained In the center of the cluster. In the course of 

this discussion, attention will Initially be focused on the series of 

carbon-containing clusters that have been studied: Zr^l^C, 

Ku.&kZr&IiVC, CsZr^lm,C, and Zr^IjgC and the effects of reduction and 

structural changes will be examined. After development of a model of 

bonding for the series of carbon-containing clusters, the model will be 

applied to gain an understanding of the bonding in clusters containing 

other post-transition nonmetals and metalloids. Since the potassiums 

containing clusters may be expected to exhibit somewhat different 

bonding, an extended Wckel treatment has also been applied to these 

clusters. 

There are no unusual iodine-iodine distances in any of these struc

tures, The nearest-neighbor distances range from about 3,9 to near 4,1 

A, typical of van der Waals contacts. In the 6-14 phases that contain 

cesium, the average Cs-I distances to 12 neighbors are between 4.008 and 

4.027 A, in good agree^nt with the sum of crystal radii?? for these 

atoms (3,94 A for 8-coordinate cesium and 4,08 A for the 12-coordinate 

sum). The s me alkali metal-iodine distances in the phase Ko.s&Zr^ImC 

are somewhat long for typical K-1 distances, averaging 3,976 A compared 
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with the sum of 12-coofdinate radli?^ at 3.80 A. This, however, is 

reflected in the rather large thermal parameter (6.9 associated with 

the potassium in this structure. Presumably, the size of this 'cesium' 

site is at least one reason that attempts to synthesize 'NaZr^Im,C' have 

been unsuccessful. 

The lengths of the Zr-!^ bond distances in all of these cluster-

containing compounds are also what might be expected from the sun of six-

coordinate crystal radii (2.92 A),?* ranging from an average of 2.862 (U 

A in Zr^linC to 2.898 (I) A in Zr^I^^K. The crystal radii above were 

derived from rather polar compounds, and some covalent shortening in 

these zirconium iodide clusters would be expected and is apparently 

observed. As seen in Table 5, a trend of increasing Zr-I* distances 

with increasing degree of reduction is observed for the series of carbon-

containing clusters and this trend will be discussed later. 

The bond distances that show the greatest contrast in these com

pounds are those most directly involved with the metal octahedra; Zr-Zr 

bonds» Zr-interstitial bonds, and the Zr-I® bonds. In the carbon-

containing 6-14 clusters, there is a small decrease in the length of the 

Zr-Zr and Zr-C bonds and a small increase in the Zr-I* bond lengths as 

the clusters are reduced by one electron from Zr^l^C to CsZr^Ij^C. On 

the transition to representing a further one-electron reduction, 

there is a marked decrease in the Zr-Zr and Zr-C bond lengths. The Zr-I* 

bonds are more difficult to compare as tte difference in structure type 

dictates changes in the Zr-I* bonding that is found. It is important 

to note that the four Zr-I*"* bonds that are found in the 6-14 
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clusters are replaced by four Zr-I*"^ bonds of significantly greater 

length in the 6-12 clusters. The effect of this difference will be dis

cussed in conjunction with the theoretical model developed. 

The Zr-Zr, Zr-interstitial, and Zr-I® bond lengths in the clusters 

containing atwns other than carbon vary widely. These changes in dis

tances, as well as the relatively constant Zr-I* distances, can be 

understood to a first approximation from simple geometry by assuming the 

iodine positions remain essentially fixed by matrix repulsions, while the 

octahedron of zirconium atoms varies to accommodate the interstitial atom 

included in the cluster center. The application of this model means that 

the changes in Zr-interstitiai distances and Zr-!* distances in two 

different clusters should be equal in magnitude and opposite in sign, 

i.e., d(interstitia|.|*) should be constant, (This distance only 

varies by -0.08 ^,) The ratio of the differences in Zr-Zr distances to 

Zr-interstitlal distances in an octahedron should ideally be The Zr-

î' distances should change by the product of the Zr-interstitial dif

ference and one-half the average sine of the I*-Zr-I* angles formed 

by P's that are trans across the square plane of inner iodines bonded 

to the zirconium atcwi (Figure 6). Since these angles are between 155 and 

170*, the Zr-I* distances change only slightly. 

Applying this model to the two extremes of Zr^Ij^C and 

one finds an average difference in Zr-Zr distances of 

0.271 A. Division of this number by root two gives an expected differ

ence in the Zr-interstitial distances of 0.192 A, comparing quite favor

ably with the 0.192 ^ difference observed. The difference in Zr-I^"^ 
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distances is -0.235 A, very nearly what is expected and the Zr-I^ 

distances vary by only 0.031 A. 

The only bond distances that do not follow this arqwnent are the Zr-

I*"* distances that are only shorter by 0,07 A in CSk^^Zr^It^Si 

than in Zr^Ii^C. This is not we 11-understood. The intercluster bridging 

of these terminal iodines may be affected by the inclusion of or changes 

in alkali metal atoms. The addition or increasing size of alkali metal 

atoms results in a considerable lengthening in the I and I axes 

of the cell, as seen in Table 1. Since these are the directions along 

which the Zr-I*"* bonds bridge clusters in the cell, it may he 

expected that the Zr-I*"* bonds are rather heavily influenced by 

changes in these axes. If one limits the geometric comparisons above to 

only cesiwm-containing phases, the geometric arguments more accurately 

predict the changes in Zr-I* bond lengths, 

Fromi another viewpoint, the smaller changes in these Zr-!*"* 

bonds may be related to the fact that they are already fairly short Zr-I 

distances. They range from 3,060 (2) to 3,195 (I) ^ in the clusters that 

have been structurally characterized and these are not very different 

from the Zr-I distance predicted by the siwi of crystal radii (2,92 A 

These distances are significantly shorter than those of the Zr-I*'' 

bonds that range from 3,256 (4) to 3,522 (2) A. A possible rational

ization for the smaller changes of Zr-I*'* bond distances compared 

with Zr-I^-i is that the fomwr are for the most part perfectly 

satisfactory Zr-I distances and expansion of the zirconium octahedron is 

simply matched by an expansion of these iodine positions. The latter 
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bonds, being significantly longer than typical Zr-I distances, have more 

leeway to 'soak' up the expansion of the zirconium cluster in the form of 

more reasonable Zr-I*"^ distances. 

Other comparisons between the distances of clusters occupied by 

different interstitial* fare equally well. Of course, the effects of 

the additional alkali metal atom (and the structural change for Zr^l^^C) 

perturb the geometry of the iodines somewhat and this simple argwnent 

does not hold rigorously. This model does serve very well to explain 

why the cell volumws of the 6-14 phases vary by only 3-4% (even when the 

effect on cell volume of the additional alkali metal atom is ignored) 

while the Zr-Zr distances change by nearly 8.5%, emphasizing the need for 

X-ray structural studies. 

Cluster Bonding 

While the argument illustrated above allows a simple rationalization 

of distance changes, it remains unsatisfying so far as an understanding 

of the rather remarkable range of the interstitial atoms successfully 

incorporated into these clusters. To gain a clearer understanding of the 

bonding in these systms, extended KOckel calculations on isolated 

clusters )#re conducted. 

Unoccupied clusters 

To understand the bonding of interstitial atoms in the center of the 

zirconium octahedra, it is first helpful to understand the bonding in the 

unoccupied octahedral cluster. Several theoretical studies of isolated 

(M = Mb or Ta; X » CI or Br; n = 2, 3, or 4) clusters have 
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previously been reported.**,13 As noted earlier, these group V metal 

halide clusters are isostructural with the 2^*1*12 portion of clusters 

found during this investigation. In two of the better known studies, a 

group theoretical treatment of the molecular orbitals led to two dif

ferent results.Both used identical coordinate systems. The 

local coordinate system of each individual metal atom In the octahedron 

was chosen so that the 2 axis was defined by a vector from the metal to 

the center of the cluster. The % and y axes were orthogonal to the z 

axis and were directed towards the four bridging (inner) halides coordi

nated to each mwtal. With this choice of coordinates, the d%2_y2 

orbital of each metal was plausibly assumed to be used for metal-halide 

bonding, leaving the d%2, d%y, d^j and d^% orbitals of each nwtal 

for metal-metal Interactions. So that the molecular orbitals constructed 

from these four d orbitals can be easily distinguished, these will 

henceforth be denoted as (z%), (xy), or (xz,yz). (The d%z and 

dyz orbitals form a de^nerate pair In % symmetry.) Although the 

calculations done in the present investigation used a different coordi

nate system because of limitations of the program, to avoid confusion the 

molecular orbitals arising from symmetry-equivalent atomic orbitals will 

be identified as if the earlier coordinate system was used. 

In the earlier calculations, two major assumptions **re made to 

simplify the problem. First, the terminal halides were not IncWed in 

the model because their effect on the bonding of the cluster was assumed 

to be unimportant. Secondly, the inner halogen p« Interactions with the 

various metal d orbitals were assumed to be equal. To the extent that 
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these assumptions are incorrect, the bonding schemes that arise from 

these models are also in error. 

To determine the effect that the addition of terminal iodides has on 

the molecular orbitals, extended Wckel calculations^^ were carried out 

on both Zr^Iia** and Zr^Iu,**' clusters isoelectronic with 'Zr^Im*. 

Since the zirconium iodide clusters in the materials synthesized in this 

work do not exist as isolated Zr^l^^ units* some approximation of the 

bridging between clusters was deemed important. To accomplish this, a 

basic Zr^ljjjX"" (X • interstitial atom, if present; n • 4 or 6) clus

ter was chosen to represent the clusters occurring In the Zr^I^i^X and 

Zr^ItzX phases, respectively. The additional six Iodides wre Included 

to sWIate the bridging Iodines of other clusters. The assumption was 

made, and later found to be Justified, that the valence levels of the 

terminal Iodides would be lower In energy than the cluster orbitals 

derived from the zirconium 4d orbitals and that they would be preferen-

tlally filled. To simplify the results, idealized octahedral clusters 

were used. The atomic coordinates and orbital parameters used for these 

calculations are given In Appemtlx B. 

The single electron energies resulting from these calculations are 

shorn in Figure 10. The molecular orbital diagram of the Zr^Iig^* clus

ter is shown on the left side of the figure. Although It would be desir-

able to isolate orbitals Involved in Zr-I bondli^ from those that are 

simply iodine lone pairs, the high degree of mixing between orbitals, 

especially those involving Iodine p contributions, makes this extremely 

difficult. When it is possible and of Interest, the major contribution 
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Figure 10. Molecular orbital diagrams from extended HOckel calcula
tions with important Zr-Zr bonding orbitals labeled by sym
metry. Idealized Zr^Iiz^^ with % symmetry (left); 
idealized Zrtlie**' with OhS>«metry (includes 6 terminal 
iodides) (center); distorted Zr^Ij»'*' with D^h symmetry 
(right). HOMO is the tiu set of Oh cluster with two 
electrons. HOMO of I^h cluster is indicated with an arrow 
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to molecular orbttals U given, but it should be remembered that there 

are other minor, possibly significant, contributions to these orbitals. 

There is a block of 12 molecular orbitals between -21 and -20 eV that are 

comprised of combinations of the 12 iodine 5s orbitals, with little or no 

zirconium contribution. The next higher energy block of 37 molecular 

orbitals, occurring between -13 and -10.5 eV, are composed primarily of 

Iodine 5p tone pairs and Zr-I* bonding combinations, but one orbital 

of âigfz^î symmetry is almost exclusively involved in Zr-Zr bonding. 

The next seven orbitals are also primarily involved in Zr-Zr bonding. 

Together with the low-lying a^g orbital, there are eight Zr-Zr bonding 

molecular orbitals that would be filled in a hypothetical 16 electron 

cluster like In order of increasing energy, these Zr-Zr 

orbitals correspond to the irreducible representations (0^ symmetry); 

a^gCz^). t^g(x2,yz), tju(xz,yz), and a^utxy). and these are labeled 

in Figure 10. These orbitals agree closely with those reported by Cotton 

and Haas,t% although the order of the orbitals is different and stated to 

be in error by Mingos.^"* An assignment of the aqueous electronic spectra 

of the niobium and tantalum 6-12 clusters above led Bobbins and Thomson 

to derive a somewhat different bonding scheme.The bonding orbitals 

assigned in their study are aig(z^), t^u(xz,yz), t%w(z2), and 

a%u(%y), in increasing energy. The axially directed egtz?) and 

tiutz^) are observed in the molecular orbital diagram of but 

at a slightly higher energy (-7.5 eV) than the eight bonding orbitals 

given, as seen in Figure 10. Without considering the effect of the ter

minal ligands. Bobbins and Thomson argued that crystal field interactions 
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tjq(*z*y2) and tiw(z%) orbital s may seem at least reasonable in the 

clusters, the effect of interactions with the six terminal 

ha)ides makes this highly improbable. 

As seen in the center of Figure 10, the inclusion of the six ter

minal iodides strongly affects the three Zr-Zr orbttals originating from 

the dg;( orbttals: atq{z%), eq(z^), and The six iodine 

orbitals that art constructed from the orbttals of the terminal 

iodines also transform as a^g, eq, and tjy. They interact quite 

strongly with the (z^) Zr-Zr set to form Zr-I® bonding orbitals below 

the primarily Zr-Zr bonding orbitals, and Zr-I* antlbondlng/Zr-Zr 

bonding combinations at higher energy. While the a^gtz^) Zr-I* antl-

bondlng/Zr-Zr bonding combination does move to higher energy. It remains 

as the lowest Zr-Zr bonding orbital at -9.96 eV, Because of similarly 

strong « Interactions, the other two Zr-I* antlbonding orbitals (that 

would also be Zr-Zr bonding) are found off scale at energies several eV 

above what they were In the cluster without the terminal Iodines, and It 

Is doubtful that they could be Involved In metal-metal bonding» Similar 

results have been previously reported for the antlbonding Interactions in 

the eg and t^y molecular orbitals of the metal (%%) set with the pz 

orbitals of terminal ligands In octahedral Mo^Bry**^ clusters,"* There 

are also slight increases in energies of the Zr-Zr t^gCxy.zy) and, to a 

lesser extent, in the t|u(xy,yz) orbital upon the Inclusion of the six 

terminal iodines because of soro * antlbonding interactions of these Zr-

Zr bonding orbitals with the terminal iodine Px»Py set. Similar 
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destabilizing effects on the Mo-Mo tzgfxz.yz) and tiu(xz,yz) orbitals 

are seen in the molybdenum cluster study cited above.?* The metal-metal 

bonding scheme resulting from the inclusion of the six terminal iodines 

is much more peripheral in nature than that proposed by Robbins and 

Thomson,as the t%g(%z,yz) orbitals are more or less centered on the 

faces of the octahedron in contrast to the axially directed t|y(z^) 

orbitals. 

While the symmetry of the unoccupied clusters used for the calcula

tions here are ideally octahedral, the symmetry found for the cluster in 

Zr^I^^C is actually 0%%. To simplify the calculation somewhat, the 

observed geometry was altered slightly to give the higher 0^^ symmetry. 

The distortion of the cluster from % to the appropriate symmetry 

results in a molecular orbital diagram for Zr^Ii**- (Dgh) that is shorn 

on the right side of Figure 10. The distortion has little effect, except 

that the degeneracy of many orbitals. Imposed by Oh symmetry, is 

removed. However, orbitals that belong to these previously degenerate 

sets differ in energy only slightly, in no case by more than 0.1 eV. 

This distortion to lower symmetry will be discussed later. The Zr-Zr 

bonding orbitals transform In O^h symmetry as a^g, big, bgg, b^g, 

b|u. bgu, bju» and biw, but to sWlify discussion of these orbitals 

they will continue to be referred to in their On-equivalent description 

unless otherwise noted. 

To check the effect of lo*«r zirconium 4d orbital energies on the 

results of the extended IQckel calculations, the zirconium 4d orbital 

energies were changed from -8,30 to -9.30 eV for a Zr^Iig*" (Dgh) 
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cluster. Although the charges on the atoms changed because of greater 

zircontum participation In bonding, the order of the resulting molecular 

orbitals did not vary. 

NonwetaI-centered clusters 

The compound chosen as a model for the initial extended HUckel 

calculations of nonmet a I-centered clusters was Zr^lit^C. The cluster used 

to represent an isolated unit in this confound, as described above, was 

Zrj^IThe coordinates of atoms in the clusters and the parameters 

used to describe the energy and radial extension of atomic orbitals are 

given in Appendix 8. 

The results of the calculations are shown In Figure 11» The molecu

lar orbital diagram of the distorted (0%%) but unoccupied 

cluster is shown on the left. The Inclusion of a carbon atom in the 

center of the Zr octahedron results In a considerable Interaction of the 

carbon 2s (a^g) and 2p (tjy) orbitals with Zr-Zr bonding orbitals of 

like symmetry, giving rise to four rather strongly bonding orbitals at 

lower energy and four antlbonding orbitals at higher energy. Not sur

prisingly, the three a^g orbitals that result from the Interaction of 

the carbon 2s and the tw Zr-I* a^g orbitals undergo consider

able rehybridlzatlon. The low-lying (-22,8 eV) a^g Is comprised mostly 

of carbon 2s with some zirconium dz^ contribution, but little or no 

terminal iodine Pz component. The a^g orbital that arises from the 

terminal Iodine p; orbitals no longer Interacts significantly with the 

zirconium dig(z^) orbital and is essentially a nonbonding set at 
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Figure U. Molecular orbital diagrams from extended HOckel calcu
lations, Zr&Ii*^- with Dgh sjirametry (left); atomic C 
(right); Zr^IjjjC^- with D^h sjimmetry (center). Orbital 
labels refer to reducible representations in % symmetry. 
The carbon 2s and 2p orbitals interact with the Zr-Zr a^g 
and tjy orbitals, respectively, resulting in four Zr-C 
bonding orbitals. The HOMO of Zr^Ii^C^* is the fully 
occupied t^g set 
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-11.5 eV. The other a^g combination of the three original orbitats is 

Zr-C antibonding and occurs at very high energy. The Zr-C interactions 

between the zirconium t|u(x2,yz) set and the carbon p orbitats is 

largely in character (though not entirely because of mixing that 

occurs) and again has little or no contribution from the terminal iodine 

orbitals. The result is, as shall be noted later, that changes in the 

Zr-!* distances have little or no direct effect on Zr-C bonding. 

The effect of the inclusion of the carbon atom is that the carbon 

'donates' its valence electrons to the bonding cluster Ws, affecting 

the energies but not the numAer of bonding orbitals. While this 

'donation' is useful in electron counting schemes, this should not be 

inferred as a charge transfer. Rather the bonding is quite covalent, 

with swiewhat more carbon 2s and Z p  contribution to the four new orbitals 

formed, so that the charge on the carbon derived from the extended 

HUckel calculations is about -1.8. Though this charge is probably an 

exaggeration, it most certainly is correct In sign. The stabilizing 

effect of the Interstitial carbon here then is the strong Interaction of 

the s and p orbitals with a subset of the Zr-Zr cluster orbitals. 

With the plausible assumption that the iodine valence band Is 

filled, there are 14 electrons In Zr^Ij^C, 15 In CsZr^Ij^C, and 16 In 

Zr^ItzC available from the carbon, zirconium, and alkali metal for 

cluster bonding. These cluster electrons fill the 7th (through t;jg in 

Figure II) and 8th (a^u) bonding cluster orbitals generated by the Zr-

Zr and Zr-C interactions. The effect of the reduction Is a decrease in 

the average Zr-Zr bond distances from 3.309(3) A in Zr^Ij^C to 3.283(2) A 
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in CsZfjjImC, and a slight increase in the Zr-I* distances in the same 

clusters. As noted earlier, there is a rather large decrease in the Zr-

Zr bond distances to 3.195(2) A upon the further reduction in Zr^Ii^C. 

The total number of electrons involved in the bonding of these carbide 

clusters are exactly the same as are involved in metal-metal bonding of 

Ihtt group V metal clusters where n * 4, 3, and 2. Trends in 

bond distances previously observed In isolated Nb^Glt*"' cluster 

anions'** are similar to those found in the carbon-containing zirconium 

clusters above. However, the changes in distances from the most oxidized 

to the most reduced niobium clusters are continuous, and the disconti

nuity in metal-iwtal distances between the IS- and 16-electron clusters 

(seen on comparing CiZr^ImC with Zr^li^C) is not observed. Presumably 

the a^u molecular orbitals that are being filled with the 15th and 16th 

electrons are correspondingly similar and the dramatic changes of Zr-Zr 

distances in the zirconium carbide clusters above are related to the 

change in structure. 

U is interesting to note that for Zr^l^^C all Zr-Zr bonding orbit

als derived for an ideal octahedron are filled and that indeed the clus

ter is very close to Oh sytmetry. This, hovmver, appears not to be 

solely the result of the nuR^er of electrons involved. The 16-electron 

clusters in Tabl^^^" and Nb^Cli^* show the same tetragonal 'compression' 

that is found in the 6-14 carbide clusters reported here that contain one 

or two fewer electrons, while the clusters in T^bCI 15,11 

Tab!lb,and K^Nb^Clib** (containing 14, 15, 15, and 16 cluster elec

trons, respectively and either symmetric or no bridging terminal halides) 
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all demonstrate close to octahedral symetry. Within the 14- to 16-

electron range, the number of electrons involved in meta I-meta I bonding 

has little effect on the distortions observed for some clusters. 

To determine the effect on metal-metal bonding of the rather aniso

tropic sharing of the in the 6-14 phases compared to that in the 

6-12, 6-15 or 4-6-18 type phases {where all terminal halides are 

%a-l, xa-a or X», respectively), extended Htickel calculations 

were done for both unoccupied and carbon-centered clusters similar in 

geometry to the Zr^I^b " (Oh) cluster discussed above. The 2r, C, and 

f' positions were left unchanged in the new clusters, but the four 

|d-d were replaced with I*"* at longer Zr-I* type distances to 

represent the bridging in Zr^I^^-type structures, or the two I*-i 

were replaced with H-a at shorter distances as in the and 

WbXjjj'*--type structures. Analysis of the atomic orbital contributions to 

molecular orbitals in the two calculations shows rather conclusively that 

these shorter Zr-Ia distances in the latter correspond to a greater Zr 

contribution to the Zr-ia bonding and a corresponding decrease in 

contribution to the Zr-Zr bonding, leading to the observed distortion. 

Conversely, longer Zr-ja distances represented a smaller zirconium 

contribution to orbitals involving Zr-ia bonding and correspondingly 

larger zirconium contributions to Zr-Zr bonding orbitals, as seen in the 

smaller Zr^I^^C cluster. In calculations of this sort for unoccupied 

clusters, the change in Zr-Zr bonding was found almost exclusively in the 

Zr-Zr a^gtz^) orbital. The inclusion of carbon in the clusters changes 

this scheme rather dramatically. The Zr-C a^g{z^) orbital (because 
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there K no contribution to this orbital) Is unaffected by differ

ences in Zr-ia bonding, and the changes in Zr-Zr bonding are more 

diffuse but still evidenced by the differences in reduced overlap popula

tions of Zr-Zr interactions. In Zr^ItaC, where the Zr-1®"^ bonds are 

ail the same length and significantly longer than the Zr-I*"* bonds 

In 6-14 clusters, not only is a more symmetric cluster observed, but also 

one that has stronger Zr-Zr and Zr-C bonding judging from the shorter 

distances there. While not explicitly predicted by the calculations, a 

synergistic increase in Zr-C interactions must result from the increase 

in Zr-Zr bond strength and the decrease of Zr-Zr distances. One may 

expect, then, that 14 to 16 electron clusters that have only one type of 

terminal ligand will have metal cores that are nearly octahedral. Clus

ters that have more asymmetric terminal ligands will show distortions 

because of differences in metal-terminal ligand and mtal-metal bonding. 

Such a distortion has previously been reported in the 6-8 cluster 

MOkBrtz'ZHaO.'k 

The observation that cluster geometry is strongly affected by Zr-

interstitial bonding led to consideration of other interstitial* that 

would allow between 14 and 16 bonding electrons and possess crystal 

radii that would allow for both good Zr-interstitial and Zr-I* bonding. 

The maximum crystal radii was approximated by using a typical 6-14 

cluster, expanding the zirconium positions outward to the center of the 

square plane of coordinated inner iodines and then calculating the 

resulting distance from the zirconium atom to the center of the cluster. 

By subtracting crystal radius of zirconium from this distance, an 
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approximate maximum interstitial crystal radius of 2.0 A was obtained. 

Another way of visualizing this process uses the layered description of 

these clusters. Since the cluster forms around a 'vacant' iodine posi

tion in à close-packed layer, one obtains the same result if the zir

conium atoms are returned to their ideal octahedral sites between the 

layers and an additional iodine atom is included in the center of the 

cluster! 

Three clusters with 'nonmetal' interstitials have been structurally 

characterized. CsZr^tj^B, Gs^^^Zr^I^^Si, and Cs^^/Zr^I^^AI. These 

clusters support the interstitiaily dominated model described above. The 

increased Zr-Zr bond distances for these clusters can be understood for 

the most part by the simple geometric requirements of the larger inter

stitial that are Imposed on the cluster, as noted earlier. 

Interesting observations can be made for these clusters concerning 

the crystal radii obtained for the Interstitial atoms. By subtracting 

the six-coordinate Zr^+ radius (0.86 A/?) from the Zr-C distances in the 

carbon-containing clusters, one obtains an effective crystal radius for 

the interstitial carbon. The carbon radius obtained in this way for the 

clusters synthesized here are found in Table 5. The radius for the 

interstitial carbon in the 6-14 clusters match very well the radius 

obtained as an average from a number of rock-salt transition metal car

bides"^ (1.46 A). Only in Zr^IizC is there much of a discrepancy between 

the observed crystal radius for the interstitial carbon (1.40 A) and that 

found in the rock-salt carbides, and as discussed above, this is probably 

because of the reduction in the Zr-I* bonding and the increase in Zr-Zr 
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and Zr-G bonding related to the crystal structure. (This would not occur 

in a NaCI-like arrangement.) 

In the boron-containing cluster, the average Zr-B distance is 2,382 

(1) A, compared with a similar value of 2.339 (2) A for the isoelectronic 

Zr^Ii^G. The crystal radius of the boron in CsZr 1,1^^8» as determined in 

the carbon-centered clusters, is 1.52 A. Difficulty in comparing this 

radius with that in other borides is encountered because of B-B bonding 

that is present In these phases. The changes in Zr-I* distances 

between Zr^It^G and CaZr^lt^B, however, do not conform to the previously 

described simple geonwtric arguments as well. The Zr-ia-t distances 

in the CsZr^lt^B cluster are 0,07 A less than those in the isoelectronic 

^r^lmC, a difference that is large compared to the change in inter

stitial sizes. On the other hand, the Zr-ia-a distances in the 

boride cluster are 0.039 (I) A longer than those in Zr^l^^C, contrary to 

the shortening expected by the geometric model. This may be because of 

the influence of the cesium atom that is bonded to the I*"* at a 

distance of 3.860 (l) a, and the lengthening of the a and c axes 

because of the added cesitan. These differences may also be caused by 

so(% undetermined electronic aspect of the Zr-B interactions compared to 

Zr-G bonding. 

The effect on the geometry of the cluster by the inclusion of a Si 

atom is very impressive indeed and fits quite well with the geometric 

arguments outlined earlier. The average Zr-Si distance of 2.531 (2) A 

results in a crystal radius for the interstitial silicon of 1.67 A. The 

crystal radius of isolated sil icon in the compound Ca^Si (anti-PbClz)*^ 
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is 1.89 The reason for the 0.22 A difference in crystal radii from 

these two compounds is not fully understood, but may be the result of 

increased covalency of the bonding in the cluster, compared with that in 

Ca^Si. The Zr-Zr bond distances now average 3.580 (3) A, and must be 

considered as fairly weak Interactions. The Zr-I*"^ distances are 

also markedly shorter here» and If one considers the layered nature of 

these structures, the zirconium atoms would now be much closer to the 

'Ideal' octahedral coordination. 

The expansion of the zirconium octahedron in Cs^./Zr^IitAI is 

somewhat smaller than had been expected on the basis of the silicon-

containing structure above, and the difference found between the carbon-

and boron-containing clusters discussed earlier. In this aluminum-

centered cluster, the average Zr-Al distance is only 2.416 (3) A, fully 

0.11 A less than the Zr-Si distance in the structure above. While this 

distance is slightly larger than that of the boron-centered cluster, the 

difference is almost negligible compared with the difference that occurs 

between the carbon- and silicon-centered clusters. 

To gain an understanding of the bonding in clusters containing 

interstitials other than carbon, extended HOckel calculations of the 

boron-, silicon-, and aluminum-centered clusters were conducted with the 

sane treatment of terminal iodines. Appendix B gives the coordinates of 

the atoms in these clusters and the orbital energies and exponents used. 

The bonding scheme that results from these calculations is very 

similar to that found for the carbon-containing clusters. The valence s 

and p orbitals of the nonmetal interact with the a^gCz^) and tiu(xz,yz) 
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bonding orbitals to give four Zr-interstitial bonding orbitats at 

energies below the remaining Zr-Zr bonding orbitals. However, some dif

ferences among the nonmetaI-centered clusters are observed. The molecu

lar orbitals that are primarily involved in Zr-Zr and Zr-interstitial 

bonding are shown in Figure 12. It is quite clear from the figure that 

as the nonmetal becomes increasingly electropositive, the energies of the 

molecular orbitals that have nonmetal contributions Increase. This rise 

in energy Is primarily caused by the higher energies of the valence 

orbitals of the nonmetals involved. The valence orbital energies of many 

post-transition elements are given in Table 14. As these valence 

energies Increase, the nonmetal contributions to the four Zr-interstitial 

bonding orbitals decreases and the zirconium contribution to these orbit

als increases. The results of these changes are quantified in Table 15. 

It is quite clear from an inspection of Table 14 that the valence s 

orbitals of carbon, boron, and silicon are at an energy considerably 

below the zirconium a^g orbital (-10 eV) in the empty cluster with 

which they interact. Because of this difference in energy, the resulting 

Zr-interstitial dig orbital Is primarily interstitial in character. 

Quantitatively, the degree of interstitial character of this molecular 

orbital can be assessed by the charge matrix element corresponding to the 

interstitial s orbital contribution to the a^g Zr-interstitial molecu

lar orbital. The charge matrix elements for Zr^I^C, CsZr^ImB, and 

Csu.jZrbli^Si show that the a^g molecular orbitals are between 70 and 

interstitial s in character. A similar treatment of the valence p 

orbitals of boron, carbon, and silicon shows that they are at energies 
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Figure 12. Molecular orbital diagram of Zr-Zr and Zr-interstitial 
bonding orbitals of fourteen electron Zr^IigX"' clusters 
with the interstitials noted. The orbital labels refer to 
irreducible representations in Oh s.^metry. In each 
cluster the W)MO is the fully occupied t^g set 
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Table 14. Valence orbital Ionization energies (eVj* 

B C H 0 

2s -15.2 -21.4 -26.0 -32.3 

2P - 8.5 -11.4 -13.4 -14.8 

Al SI P S 

3s -12.3 -17.3 -18.6 -20.0 

3p - 6.5 - 9.2 -14.0 -13.3 

6a 6e As Se 

4s -14.58 -18.6 -16.2 -20.5 

4p - 6.8 - 9.4 -12.2 -14.4 

In Sn Sb Te 

5s -12.6 -16.2 -18.8 -20.78 

5p - 6.2 - 8.3 -11.7 -14.8 

W. 61. 
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Table 15. Selected details from extended HUckel calculations of 14-electron clusters 

Charge on 

interstitial 

Average 
Zr-Zr 
distance 

Occupation of 
interstitial p 
orbital in Zr-
i n t e r s t i t i a !  t j y  

Occupation of 
interstitial s 
orbital in Zr-
interstitial a^g 

Zr-Zr reduced 
over 1ap 
population* 

-1.8 3.309 1.24 1.52 0.128 

CsZr^IiJB -1,2 3.366 0.85 1.39 0.144 

-0.6 3.580 0.81 1.46 0.107 

+0.1 3.417 0.53 1.14 0.163 

Zr^IitK* +0.3 3.448 0.06 0.11 0.174 

*The average sum of the overlap of atwnic orbitals on pairs of adjacent zirconium 

atoms for all occupied molecular orbitals. 

^11 cluster electrons. 
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roughly equal to that of tjy set (-9 eV) with which they interact. 

Analysis of the charge matrices from the extended HUcket calculations 

of clusters containing these atoms show that the resulting Zr-

interstitial tju set is 41, 42, and 61% interstitial p In character for 

CSy,jZr^Ij^Si, CsZr^Ij^B, and Zr^I^^C, respectively. The high degree 

of interstitial character in the four Zr-interstitial bonding orbitals 

results in calculated charges on carbon, boron, and silicon of -1.8, 

-1.2, and -0.6, respectively. Admittedly, these charges are probably 

somewhat exaggerated. 

For the cluster Cso./Zr&IitAI, the contribution of interstitial 

orbitals to the bonding is considerably less. For aluminum, the 3s and 

3p orbitals lie at -12.3 and -6.5 eV, respectively. Because the 3s 

orbital is at about the ssm energy as the Zr-Zr orbital (in con

trast to the interstitials discussed above), the resulting a^g Zr-AI 

orbital is only 57% aluminum in character. Similarly, the energy differ

ence between the aluminum 3p orbitals and the Zr-Zr t^y set results in 

an aluminum 3p contribution of only 27% to the bonding wiecular orbit

als.  As a result ,  the charge on the aluminum atom, as obtained f rom 

these calculations, is slightly positive, +0.1. Apparently, the lower 

mixing of aluminum orbitals into the bonding set Is responsible for the 

contraction of its orbitals, compared with the negatively charged inter

stitial atoms in other clusters, and accounts for the shorter-than-

expected Zr-AI bonds found for this cluster. To the degree that this is 

true, the crystal radius that is found for alminum in this cluster may 

be more appropriate for an Ali+ than a negatively charged aluninide! 
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The quantification provided by the extended HUcke) calculations of 

the nonmetat-containing clusters also demonstrates some interesting 

features concerning the degree to which Zr-interstitial bonding dominates 

the geometry of these clusters. In Table 15, the average Zr-Zr reduced 

overlap population per Zr-Zr bond is given for each of the 14-etectron 

clusters containing a nonmetal. The reduced overlap population is a 

measure of the bonding interaction between two atoms and was obtained by 

assuming that the highest occupied molecular orbital was the Zr-Zr 

t:g(*z,yz), i.e., 14-cluster electrons. 

The Zr-Zr reduced overlap populations are primarily affected by 

three factors. The reduced overlap population decreases with increasing 

Zr-Zr distances in the clusters, increasing degree of nonmetal con

tribution to the a^g and t*u Zr-interstitial bonding orbltals and 

increased interactions of the remaining Zr-Zr bonding orbltals with 

terminal Iodides, as previously discussed. As seen in Table 15, the 

cluster with the least remaining Zr-Zr bonding Is Csg^jZrg^I^SI. This 

is not unreasonable considering the very long Zr-Zr distances, the fairly 

short Zr-I* distances and the degree of Interaction between the silicon 

and the zirconiums. The relatively im# Zr-Zr overlap population of the 

Zr^Ii^G cluster may also be expected because of the high carbon character 

of the Zr-C bonding orbltals. While the Zr-Zr bond lengths are greater 

in CsZrfeljuB than in the isoelectronic carbon-centered cluster, the lower 

boron contribution to the Zr-8 orbltals results in an average Zr-Zr 

reduced overlap population that Is slightly greater than in Zr^IitC. Of 

the nonmetal-centered clusters studied, the one with the greatest amount 



www.manaraa.com

100 

of remaining Zr-Zr bonding is Cs^./Zr^Ij^Al, having an average Zr-Zr 

reduced overlap population of 0.163. 

To give some perspective of the degree to which Zr-Zr bonding is 

lost (in favor of Zr-interstitial bonding), the average Zr-Zr reduced 

overlap population of a hypothetical, unoccupied, 14-electron zirconium 

cluster (with Zr-Zr bond distances equal to those in Zr^I^C) is 0.311. 

Although this is a somewhat arbitrary standard, it is clear that, com

pared with unoccupied clusters, the Zr-Zr bonding is of secondary impor

tance in clusters containing interstitial atoms with s and p valence 

orbitals at energies conducive to strong Zr-interstltlal Interactions. 

Even in the 16-electron cluster of Zr^l|;^C, the Zr-Zr reduced overlap 

population Is only 0.166, again Indicating the extent to which Zr-Zr 

bonding Is lost. On the other hand, the cluster Is not held together 

only by Zr-interstitial bomiing either. 

The model of bonding that emerges from these calculations Is rather 

different than what has been presented earlier, especially the Impression 

gained from the ORTEP drawings shown In the previous figures. InsteW of 

these clusters being stabilized by very strong Zr-Zr bonds, the dominant 

bonding role seems to be that of Zr-interstitial and Zr-I Interactions 

that are augmented by rather weak Zr-Zr bonding. Figure 13 shows the 

same view of atomic positions that was shown earlier In Figure 6, but the 

bonds have been drawn differently to more closely conform to this inter

stitial ly dominated model. 

An Inspection of Table 14 demonstrates that most of the post-

transition elements have s and p orbital energies that are In the range 
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Figure 13. An ORTEP drawing of a Zr^I^gX cluster more accurately 
reflecting the strong Zr-interstitial bonding than clusters 
shown in Figure 6. Iodine (open ellipsoids); zirconium 
(larger crossed ellipsoids); interstitial (smaller crossed 
ellipsoids) 
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suftabfe for good cluster-interstitial bonding, but many as yet remain 

untried. Included in those that have been attempted are oxygen and 

nitrogen, as outlined in the RESULTS chapter. While the energies of the 

25 and 2p orbitals would be appropriate for strong Zr-interstitial inter

actions, the radii of these atoms is so small that the Zr-I interactions 

are apparently reduced to the point that the compounds are not stable. 

U Is interesting to note that nitrogen-centered clusters are known for 

the zirconium chloride and scandium chloride systems^^*'"**'^ (as are 

clusters that contain carbon and boron) where the matrix effect caused by 

the chloride is much smaller. Attempts to include the larger silicon and 

alwninum atms in the centers of zirconium chloride clusters have been 

thus far unsuccessful, '^ again presumably due to dominant Zr-interstitial 

requirements that combine unfavorably with the Zr-CI bonding. There is 

one reported nitrogen-centered cluster in the rare earth iwtal halide 

systems Bd^Clj».^'* But here the nitrogen is located in a smaller tetra-

hedral cluster of gadolinium. Similar size arguments can be invoked to 

account for the occurrence of dimeric carbon units instead of isolated 

carbon atoms in the much larger octahedral clusters that have been 

reported in the rare earth nwtal halides.^^.^** 

Thus far, no M^Xk^-type cluster has been synthesized in the group V 

halides or for these interstitial-containing zirconium clusters that 

contain interstitial atoms where more than l6-cluster electrons are found 

in the Ws derived frcwi M-M or M-interstitial interactions. While this 

16-eleetron upper limit may provide a guide for clusters that are likely 

to be synthesized, it is noted that the gap between the calculated iK)MO 
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and LUMO In the 16-e(ectron carbon-centered clusters studied here is 

small, about 0.5 eV. 

Alkali metal-centered clusters 

The bond distances in the alkali metal clusters Zr^l^K and 

ZfkitkKu.tt for which crystal structures have been refined also fit 

quite well into the simple geometric model noted earlier. The Zr-Zr 

bonds are markedly longer In both clusters than the isostructural carbide 

cluster. The interstitial crystal r«fius that is obtained for the potas

sium atom In the fully occupied crystal (1.58 A) ts very close to the 

crystal radius for a six-coordinate K* at 1.56 A.?? As might be expected 

from the simple geometric model above, the Zr-I* distances of these 

potassiwm-centered clusters are very close to those for the carbon-

centered clusters. The Zr-I*"* distances of the potassium-centered 

clusters are somewhat shorter thw the same bonds in the carbide clus

ters, again following simple geowtric arguments. Zr-I*"* bond dis

tances. however, are only marginally shorter than those in Zr^I^C, pos

sibly because of factors discussed earlier. 

There are some slight differences between tlw fully and partially 

occupied clusters potassium-centered that are noteworthy. First is the 

somewhat longer Zr-Zr distances in tlw fully occupied cluster. In con

junction with this difference, there is an observable elongation of the 

zirconium thermal ellipsoids along all tte K-Zr axes of the partially 

occupied cluster that is not seen in Zr^l^K. These differences may be 

thought of in terms of a relaxation of the Zr positions around unoccupied 
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clusters in Zr^l^K^.^^. The Zr-I* bond distances also show an 

unexpected change. The fully occupied cluster has significantly longer 

Zr-ia-f and Zr-I*-# distances than the partially occupied 

cluster, exactly opposite of what Is expected from simple geometric 

arguments. 

To describe the bonding in these clusters containing alkali metal 

atoms, the model derived above for nonmetaI-centered clusters cannot be 

applied directly because the s and p orbltals for the alkali metal atoms 

are at considerably higher energy than for any of the nonmetals discussed 

earlier. Thus, the formation of low-lying Zr-K bonding molecular orblt

als does not occur. 

To investigate the bonding in these materials, an additional 

extended HUckel calculation was initiated. In addition to the original 

program described,a second program was used that alloué for reitera

tive calculations in which the valence orbital energies of all atoms 

varied as a function of the calculated charge until self-consistency was 

attained.Results from the programs were very similar, except that the 

noniterative program shoim* slightly more interactions of the Zr-Zr 

orbitals with the atomic orbitals of potassium, presumably because of the 

better description of the radial distribution of zirconium d orbitals 

that was included. Three clusters were included in this study: Zr^I^j,^"* 

with tte coordinates of Zr^lj^C, with the coordinates of the 

larger Zr^^Ij^K, and Zr^Ii^K^". The geometries and atomic orbital 

energies and exponents are given in Appendix B. While the choice of the 

cluster with Zr-Zr distances appropriate for a carbon-centered cluster is 
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somewhat arbitrary, the observation that Zr-Zr distances decrease with 

decreasing potassium content indicates that at least the geometry changes 

are in the correct direction. The charges on the clusters were present 

because of the extra Iodides that were included to simulate the bridging 

between clusters that is present in the solid, as was previously 

described for the nonmetal-containing clusters. 

The molecular orbitals that are obtained from the unexpanded 

cluster are exactly the sane as those obtained from the previ

ously described calculations on the cluster. These molecular 

orbitals are shown on the left side of Figure 14. The results of the 

calculations on the expanded, but unoccupied, cluster are shown in the 

center of the figure. As expected from the longer Zr-Zr distances, the 

eight Zr-Zr bonding orbitals wve to higher energy upon the expansion. 

Even though only eleven electrons occupy the six lowest of these orbit

als. this expansion appears to be a highly unfavorable distortion, A 

second and subtler effect, however, offsets this loss of Zr-Zr bonding. 

The block of 54 orbitals that lie directly below the Zr-Zr orbitals 

includes approximately 30 molecular orbitals that are primarily involved 

in Zr-t* and Zr-I* bonding. As a result of the expansion of the 

zirconium atoms, these molecular orbitals drop in energy by up to 0.1 eV 

each, and this relatively small decrease in energy of this large block of 

orbitals nearly offsets the more dramatic increase of the fewer nunber of 

occupied Zr-Zr bonding orbitals. The total energy of the unexpanded 

cluster is -2090.7 eV, compared with -20%.0 eV for the expanded but 

unoccupied cluster. It should be noted that the decrease in energy of 
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Figure 14. Molecular orbital diagram from extended HOckel calcula
tions. with coordinates from Zr^IitC, d{Zr-Zr = 
3.30 A (left); Zr^Ij^^" with coordinates from Zr^Ii^K, dfZr-
Zr) = 3.45 A (center); Zr^lja**" with coordinates from Zr^I^^K 
(right). The orbital labels refer to irreducible represen
tations in % symmetry. All clusters have eleven electrons 
involved in Zr-Zr bonding. The HOMO of each cluster is indi
cated with a small arrow. The loss of Zr-Zr bonding upon 
expansion of the cluster is nearly offset by the subtle 
decrease in energy of many Zr-I orbital s 
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the Zr-1 bonding orbUals Is not solely the decrease in Zr-I* bond dis

tances. In fact, the Zr-I* inner distances are slightly longer In 

Zr^It^K than they are in GsZrtli^C, Instead, a portion of the decrease 

Is apparently the effect of better Zr-I* overlap that is facilitated by 

the expansion of the zirconium atoms toward the square planes of inner 

Iodines that surround them. In other words, the cluster receives a fair 

amount of stabilization through the relaxation of the 'matrix effect* 

described earlier. When the potassium atom Is included in the center of 

the cluster, the potassium 4s orbital interacts with the aiq Zr-2r 

bonding molecular orbital and with a lower lying iodine orbital, 

and the potassium 4p orbitals interact very slightly with the appropriate 

Ijy Zr-Zr molecular orbitals. These Interactions slightly decrease the 

overall energy of the cluster and make the potassium-centered cluster 

stable with respect to the unexpanded. unoccupied cluster (-2091.0 vs 

-2090.7 eV). 

The unexpected changes in Zr-I* distances with reduced potassium 

content can be understood from the molecular orbital diagram, as well. 

As derived from the calculation, the highest occupied orbital for Zr^I^K 

originates from the Zr-Zr t2g(xz,yz) set. This orbital is signifi

cantly antibonding with respect to the Zr-I® bonds. Thus, the partial 

removal of an electron from this orbital in the phase Zrhli^K^.^t leads 

to a shortening of Zr-I* bonds compared with those in the fully 

occupied cluster, even though the lengthening of these bonds as tte zir

conium atoms relax towards the center of unoccupied cluster would be 

expected from simple geometric arguments. 
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An inspection of the average Zr-Zr reduced overlap populations of 

the three clusters studied shows that the expanded cluster has only about 

64% of the Zr-Zr bonding of the unexpanded cluster. However, because of 

the small potassium contributions to the Zr-Zr bonding orbitals, 87% of 

the remaining Zr-Zr bonding is retained when the potassium is included. 

The potassium-centered cluster, and to some degree the alwminum-centered 

cluster discussed earlier, give the impression of a iwre loosely bound 

interstitial atom with the dominant bonding in the cluster contributed by 

Zr-I and Zr-Zr interactions. 

The charge on the potassium was estimated at +0.4 by application of 

the reiterative extended HOckel.^* The same calculations give charges 

of about +0.1 for the zirconium atoms, -0.1 for the inner iodine atoms, 

and charge of approximately -0.7 for the terminal iodides (the terminal 

iodides were given an average charge of -0.666 by the assumptions made to 

account for intercluster bridging). The atomic charges, that may be 

overestimated because of the nature of extended Wckel calculations, 

emphasize the covalent nature of these clusters. This covalent nature 

de-emphasizes the unfavorable coulombic effects between the potassium and 

zirconium atoms that would be expected to destabilize an ionic cluster of 

this type. Recent calculations of the Madelung part of the lattice 

energy, using the charges similar to those found in the extended HQckel 

calculations, show only a 10 kcal/mol difference favoring the more 

'normal* structure with the potassium occupying the 'cesium' site com

pared with the observed potassiim-centered cluster.Of course, the 

coulombic interactions that give rise to this difference in lattice 
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energy have been ignored In the extended HUckel calculation. It has 

been noted, however, that the presence of a positive point charge in the 

center of the cluster, while having unfavorable coulombic Interactions 

with the positively charged zirconiums, would also serve to lower the 

energies of the occupied Zr-Zr and Zr-K orbitals. 

Although the charge obtained for the potassium atom in this cluster 

is probably not of high numerical accuracy, it is lower than one might 

expect to find in an ionic salt of potassium. A significant shift of the 

core binding energy of potassium In such an electron-rich environment was 

first considered possible. An inspection of the XPS data collected for 

Table 9 shows an opposite shift of 0.4 eV In the 

potassium-centered cluster v: K^Zrl^ (relative to the internal iodine 

standard). Presumably, this is because of the unusual coulombic effect 

that a sow what positive zirconium cluster would have on ionization of 

the enclosed potassium compared with potassium surrounded by iodide ions 

in K%ZrIb. 

The stabilizing effect of relaxation of the zirconium into mwre 

ideal octahedral sites is, of course, not limited to clusters that con

tain alkali metal atoms at their centers. The clusters that contain the 

larger nonmetals also gain stability in this fashion, but the gains from 

this relaxation effect are much smaller than the stability that arises 

from the interaction of the nonmetal s and p orbitals with Zr-Zr bonding 

molecular orbitals. The offsetting effects of loss of Zr-Zr bonding and 

of the stability gained by 'matrix relaxation' must result in relatively 

shallow potential for total cluster energy vs Zr-Zr distance. This 
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shallow potential may, in part, be the reason such a variety of inter

stitial atoms are found in the zirconium iodide clusters. If, however, 

clusters with smaller matrix effects are considered (i.e., clusters 

or clusters with smaller bridging nonmetals), the potential 

described above may be much more restrictive. 

Relationship of Carbon-Containing Clusters to SCC 

The relationship between fission product Zrl^ and the stress-

corrosion-cracklng (SCC) of Zircaloy cladding^ in fission reactors led to 

the recent investigations of the nature of reduced zirconium iodides, as 

mentioned earlier. The role of interstitially stabilized clusters, espe

cially those containing carbon, in this process may also be important. 

For exmple, one of the techniques for reducing SCC involves coating the 

interior walls of the Zircaloy cladding with graphite.*' The graphite 

was believed to act as a physical lubricant In reducing stress between 

the fuel pellets and the cladding that occurs with the pressurization of 

the system as well as heating and cooling of the fuel elements. The 

discovery, during the course of this investigation, that zirconium clus

ters could be stabilized by carbon led to some lower temperature reac

tions that oK)re closely correspond to reactor conditions. 

As described earlier, graphite was included in reactions as the 

source of carbon. Reactions were typically run at 850*C, and there was 

much evidence for the vapor phase transport of the product. Since this 

temperature is far below the temperature where gaseous carbon is present 

in any detectible concentrations, the method by which carbon was being 
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transported was sought. The Instability of gaseous carbon iodides at 

these temperatures eliminates them as possible candidates in this 

process. Evidence presented by Schafer concerning transport mechanisms 

in other inorganic systems suggested the possibility that hydrogen may 

play an important role.** Hydrogen is virtually impossible to completely 

eliminate from reactions of this sort. It is present as water on the 

surface of the quartz jackets, arises from hydrolysis of reactants, and 

is present in small concentrations in graphite and pov^tered zirconium. 

It is possible that the hydrogen produced from these sources reacts with 

the graphite to give gaseous hydrocarbons at reaction temperatures used. 

These gaseous hydrocarbons, combined with gaseous Zrl^ and Zrl^, provide 

à mechanism for the gas phase transport of the cluster-containing 

product. 

Reactions of graphite, Zrl^, and Ir powder gave crystalline Zr^ItaC 

powder in fair yields at as low a temperature as 650*C, Reactions of 

Zrit and a two-fold excess of Zr powder (relative to Zrlg) were run for 

one week with paraffin to test the hypothesis that hydrocarbons acted as 

transport agents. These showed little or no reaction at 350*C, but 

resulted in black, poorly crystalline powders at 450'C. The X-ray dif

fraction patterns of this solid showed some Zrl^, but also included 

rather broad lines attributed to poorly crystalline Zr^IigC! Increasing 

the temperature to 550*C resulted in a higher yield (40%) of Zr^I^zC, and 

at 650*C the major products were a combination of Zr^Ii^G and poorly 

crystalline ZrC. Presumably the less reduced cluster phase forms because 

excess carbon in the system uses zirconium to form the carbide and 
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therefore acts as an oxidant. Reactions with the Identical Zrl^/Zr 

ratios but without the added paraffin that were run at 450 and 550*C 

resulted In the formation of only Zrl), The ability of added carbon to 

affect the reaction at low temperatures may have a relationship to the 

effect that graphite added as a 'lubricant' to the Zircaloy cladding 

produces on SCC. One possibility Is that the formation of the carbon-

containing phases reduces the vapor pressure of Zrl^ below the critical 

value** at which SCC occurs. Another hypothesis Is that the reduced 

phase that Is believed to be Involved with the formation of cracks across 

grains Is unstable with respect to the carbon-containing phases when 

graphite is present in the system. These hypotheses may warrant addi

tional study. 

Substitution and Nonstoichiowtry 

At the outset of this study* one of tlw hints of something amiss in 

the 'CsZr&Iit' phases was the range of lattice parameters found for the 

products from different reactions. The number and diversity of inter

stitial atoms that can be Included in the centers of the zirconium octa-

hedra in the phases synthesized during this work suggests the possibility 

of both substitution and nonstoichlometry for these materials. 

Although nonstoichlometry has been observed for the potassium-

centered clusters, no such nonstoichlometry has been observed for the 

nonmetaI-centered clusters. The lattice parameters that have been 

obtained from the products of a number of reactions producing CsZrtli^C, 

for example, match within a few standard deviations. The carbon-
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containing clusters are obtained in high yields if stoichiometric quanti

ties of graphite are added. When less than a stoichiometric quantity of 

carbon Is included in the reaction, a correspondingly smaller yield of 

product Is obtained with the lattice parameters of the fully stoichio

metric product. Because they were obtained in smaller yield, no such 

convincing comparison is available for the silicon or aluminum-containing 

cluster compounds, but the X-ray structures of these phases refined as 

being fully stoichiometric in the interstitial and no contradictory evi

dence is currently available. 

The alkali wtal that occupies the 'cesiwn' position, however, is 

clearly nonstoichiometric in the carbon-containing cluster phases. The 

cell volumes of Zr^IitC, Ko.bbZftlttC, and the material believed to be 

KZr&l|tC obey Vegard's law. In similar fashion, reactions that were 

stoichiometrically lolled to form Cso,%Zrb(|%C produced a large (80%) 

yield of material that gave a smaller cell volume than the fully stoi

chiometric CaZr^IitC. No similar data were collected for rubidium salts 

or for materials with other interstitials, but the cesium position was 

only partially occupied in both the silicon- and atuminun-centered 

clusters. 

Another factor in the variability of lattice parameters of the 

'CsZr|,Ij^' phases is isomorphic substitution of the interstitial atoms. 

Research by Soldschmidt^^ and others has established that the isomorphic 

substitution can occur in materials where the sizes of the unit cells and 

the coordinates of generally situated atoms differ but slightly. As 

noted earlier, the cell volume difference of the smallest to the largest 
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6-14 phases found In this research Is only between 3 and 4%, much less 

than the 10-15% upper limit established by Goldschmidt. 

The diversity of the interstitial atoms found in the centers of 

these clusters also raises the possibility of heterovalent as well as 

isovalent isomorphism in these materials. Although not exploited in this 

research, heterovalent isomorphism is an important technological process 

in the production of many materials. In these systems, it may be pos

sible to selectively form phases with a variable susceptibility, for 

example. 

This process of isomorphous substitutions presumably is also pos

sible for the alkali metal atoms that occupy the 'cesium* site in the 

cell, although this too has not been experimentally verified. 

In natural substances, isomorphic substitutions are c<mwnplace and 

give rise to the complexity of many minerals. In the synthesis of 6-14 

phases in reactions that contain unknown amounts of a number of probable 

impurities, substitutions are likely to have a similar effect, giving 

rise to the range of lattice parameters^ found for 'Cslr^lm'. 
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FUTURE WORK 

The Interstitlat-contalning halide clusters that have been found in 

the course of this investigation and other recent studies represent the 

Initial exanples of what is rapidly becoming a large class of materials. 

The emphasis of the current research has been primarily synthesis and 

structural characterization to concretely establish the presence of the 

Interstitial atoms In the centers of these clusters. In this, consider

able success has been attained. There are, hokwver, several areas where 

unanswered questions remain and new Questions have been raised. In this 

section, several suggestions for further stWy are offered, not as a 

comprehensive list, but rather as guide for what might be possible. 

Much work remains in the synthesis of interesting new interstitial-

containing clusters. As noted previously, many of the post-transition 

elements have orbital energies and radii conducive to inclusion in octa

hedral clusters, especially clusters that have some flexibility of mtà) 

atom positions. The post-transition elements that have not been tried 

but offer promise as interstitial atoms include Ga, In, Ge, Sn, Pb, P, 

As, Sb, Bi, S, Se, and Te. The inclusion of some of these atoms into 

6-14 phases should certainly be possible with the most likely candidate 

being phosphorous in the 15-electron Zr^Iji,? or the 16-election cluster 

in the similar phase with an additional cesium atom. 

It is somewhat surprising that no 6-15 phases have been fourni in the 

course of this research, but perhaps the use of other synthetic routes 

may give different results. The oxidation of CsIrali^C with liquid 
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iodine at low temperatures may give CsZr^Ii^C, as was found In the 

similar oxidation of Tatl**.** 

This research has established the existence of nonmetaI«centered 

clusters that contain 14, 15, or 16 cluster electrons, but the small (0.5 

eV) gap between the HWO and lUMO of the 16-electron clusters may not 

preclude the formation of clusters with more electrons. 

As noted earlier, two unidentified phases were obtained In attempts 

to form CsZr^l^AI and Zr^I^jAI and It may be possible to characterize 

and synthesize these materials in good yield. 

There remain several questions about the synthesis and characteriza

tion of CsZrtlitK or the isotypic sodium compound. Reactions have been 

conducted to give these prodwts and have resulted in a fair yield of 

gem-shaped cyrstals. However, at the time these crystals were obtained 

no clear understanding of the role of interstitial atoms was available, 

making an interpretation of a possible crystal structure difficult. With 

the completion of the current work, perhaps some study of these compounds 

would be fruitful. 

Very little attention has been given to the gross physical proper

ties of the clusters synthesized in this M>rk or the possible products 

that might result from their deco^sition. For exa^le, it may be pos

sible to obtain ZrC by some low temperature route that involves the 

formation of a carbon-containing zirconium iodide cluster followed by 

vacuum decomposition of the cluster. 

The solid state NMR results of carbon-containing clusters indicate 

that perhaps the bonding in these materials is not as simple as would be 
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indicated by the extended HUcke) calculations. The further W* study 

of interstitial-containing clusters is made possible by the synthesis of 

both CsZr^lmB and Zr^I^^B. It may be of interest to determine if the 

broad resonance seen for Zr^IijC is related to a previously reported 

broad resonance seen for Zr^CI^^ prepared in the presence of 

hydrogen.SI 

There is also a possibility that transition metals may also be 

included in zirconium clusters, bonded by the interaction of the t^g d 

orbital* on the metal and the t^g Zr-Zr cluster orbital*. While this 

may seem far-fetched, the inclusion of noranttal interstitial* in the*e 

cluster* was thought equally unlikely before it was demonstrated. 

The inclusion of carbon and dicarbon unit* in rare earth halide 

cluster* ha* been previou*iy cited. The larger *ize of the octahedral 

cluster* in rare earth halides, especially iodides, *uqge*t* the 

possibility of including larger nonmetal* in the center* of the*e 

cluster*. 

In the cour*e of thi* re*earch, a pha*e wa* prepared by the inter

action of Nb)^ and N5 at 850-950*0 in a Nb reaction container that had 

been contminated with cleaning solution. The phase appears a* extremely 

fine shiny black needle* that are difficult to isolate a* single crys

tals. Microprobe analysis of these crystal* gave a composition 

with only niobium and iodine a* elements with an atomic nwËier greater 

than ten, but further characterization ha* proven difficult. Judging 

from pa*t experience, it is likely that this phase is also impurity 

stabilized. Attempts to form the needles by purposeful addition of 
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water, Nb^O^, and graphite have instead all given the typical cluster 

Nbjjljj, but other possible interstitials have not been tried. Vtork to 

determine the nature of this material may be interesting. 
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APPENDIX A. CALCULATED PONDER PATTERNS OF CsIr^I^C, Zr^I^C. 

AND ZffelizC 
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STRONGER LINES IN THE 6UINIER POWDER PATTERNS FOR CsZr^It^C, Zr&Ii^C, 

AND ZrtliaC* 

CsZr^l^C Zr^l|,,C ZCfcljgC 

h k t 
*ca*c *ca(c h k i ^calc 

1 1 I 19 85 1 0 1 15 

3 I 2 n 13 1 1 0 6 

4 2 I 35 47 0 0 3 15 

0 0 4 35 36 1 3 I 45 

0 4 2«> 81 86 1 3 -2 100 

4 2 2 100 95 1 3 4 32 

0 4 3 30 34 5 2 0 32 

4 2 3 82 100 1 3 -5 11 

I 5 2 11 13 5 2 3 10 

1 1 5 13 9 2 6 -1 10 

4 2 4 17 14 2 6 2 15 

4 2 5 22 22 2 6 -4 11 

4 6 0 51 45 1 3 7 7 

8 0 0 27 25 2 6 5 6 

0 4 6 22 23 5 2 6 6 

4 2 6 29 24 9 1 2 6 

4 6 4 27 23 

a 0 4 13 11 

8 4 2 27 25 

0 0 8 12 9 

8 4 3 10 8 

®Cu Kttj radiation, Guinier geometry, 

^Interference from Si standard. 
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APPENDIX B. 1. VALENCE ORBITAL IONIZATION ENERGIES AND 2ETAS 

OF AT0»6 USED IN EXTENDED HDCKEL CALCULATIONS 

2. GEOMETRIES OF CLUSTERS USED FOR EXTENDED HDCKEL 

CALCULATIONS 
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1. VALENCE ORBITAL IONIZATION ENERGIES AND ZETAS OF ATOMS USED IN EXTENDED HOCKEL 
CALCULATIONS 

ATOM NS^ EXPS* COULS^ NP^ EXPP* COIKP^ NO® EXPD^ C2* cij EXPDA"^ COULD' 

Zr 5 1.82 -7.07 5 1.78 - 4.28 4 3.84 0.5798 0.6213 1.505 -8.30 
I S 2.68 -20.84 S 2.32 -11.21 
8 2 1.30 -IS.20 2 1.30 - 8.50 
AI 3 1.37 -12.30 3 1.37 » 6.50 
K 4 0.90 - 7.96 4 0.90 - 5.67 
C 2 1.625 -21.SO 2 1.62S -11.4 

*Principal quantum nwAer of the v«l<Hice s orbital. 
^Zeta of the valence s orbital. 

valence orbital ionization energy (eV). 
^Principal quantum nu#er of the valence p orbitals. 
^Zeta of the valence p orbitals. 
^p valence ortital ionization energy (eV). 
^Principal quantum number of the valence d orbitals. 
^First zeta of the valence d orbital double zeta expansion. 
^Coefficient of the first zeta. 
^Second zeta of the valence d orbital double zeta expansion. 
'^Coefficient of the second zeta. 
'd valence orbital ionization energy (eV). 
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2. GEOMETRIES OF CLUSTERS USED FOR EXTENDED HOCKEL CALCULATIONS 

CLUSTER ATOM 

Ir 
Zr 
I 
I 
I 

(dtZr-I#) « 
Zr 
Zr 
I 
I 
I 
I 
I 

3.10 A) 

1.600 
0.000 
0.000 
3.960 
1.973 

1.600 
0.000 
0.000 
3.960 
1.973 
0.000 
3.792 

1.600 
0.000 
3.960 
0.000 
1.973 

1.600 
0.000 
3.960 
0.000 
1.973 
0.000 
3.792 

0.000 
2.254 
0.000 
0.000 
2.843 

0.000 
2.254 
0.000 
0.000 
2.843 
5.363 
0.000 

Zrtli»4. (d(Zr.ia) • 3.30 k ) 
Zr 1.600 
Zr 0.000 
I 0.000 
I 3.960 
I 1.973 
I 0.000 
I 3.933 

1.600 
0.000 
3.960 
0.000 
1.973 
0.000 
3.933 

0.000 
2.254 
0.000 
0.000 
2.843 
5.563 
0.000 

Zr 
r 

O.MO 
1.646 
0.000 
3.900 
0.000 
4.050 
1.973 
0.000 

0.000 
1.648 
0.000 
3.900 
3.983 
0.000 
1.973 
0.000 

2.254 
0.000 
5.776 
0.000 
0.000 
0.000 
2.843 
0.000 
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2. Continued 

CLUSTER ATOM % y 2 

Zr.Ii.B*-
Zr 0.000 0.000 2.335 
Zr 1.701 1.701 0.000 
I 0.000 0.000 5.745 
I 3.946 3.946 0.000 
I 1.999 1.999 2.864 
Î 4.079 0.000 0.000 
I 0.000 4.016 0.000 
B 0.000 0.000 0.000 

Zr 0.000 0.000 2.499 
Zr 1.802 1.802 0.000 
1 0.000 0.000 5.767 
I 3.971 3.971 0.000 
I 2.023 2.023 2.877 
I 4.099 0.000 0.000 
I 0.000 4.052 0.000 
Si 0.000 0.000 0.000 

ZrtlitAI*-
Zr 0.000 0.000 2.337 
Zr 1.707 1.707 0.000 
I 0.000 0.000 5.707 
I 3.904 3.904 0.000 
I 1.972 1.972 2.836 
I 4.050 0.000 0.000 
I 0.000 3.980 0.000 
AI 0.000 0.000 0.000 

ZrtlitK*-
Zr 0.000 0.000 2.393 
Zr 1.740 1.740 0.000 
I 0.000 0.000 5.798 
I 3.950 3.950 0.000 
I 2.007 2.007 2.877 
I 4.116 0.000 0.000 
I 0.000 4.049 0.000 
K 0.000 0.000 0.000 
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APPENDIX C. CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES 

FOR Zr^Ij^K 
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APPENDIX 0. CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES 

FOR Zr^It^K* 
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APPENDIX E. CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES 

FOR CsZffelj^B 
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APPENDIX 6. CALCULATED AND OBSERVED STRUCTURE FACTOR AMPLITUDES 
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