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ABSTRACT' 

Previous research into the alkali-mtal-gallium systems has revealed a large variety of 

networked gallium deltahedra. The clusters are analogues to borane clusters and follow the 

same electronic requirements of 2n+2 skeletal electrons for closo-deltahedra. This work has 

focused on compounds that do not follow the typical electron counting rules. 

The first isolated gallium cluster was found in Cs,Ga,,. The geometry of the Gal:- 

unit is not deltahedral but can be described as a penta-capped trigonal prism. The reduction of 

the charge from a closo-Ga,,'* to Gal:- is believed to be the driving force of the distortion. 

The compound is paramagnetic because of an extra electron but incorporation of a halide 

atom into the structure "captures" the unpaired electron and forms a diamagnetic compound. 

A second isolated cluster has been found in Na,,Ga,$Ji where the tetra-capped trigonal 

prismatic gallium is centered by nickeL Stabilization of the cluster occurs through Ni-Ga 

bonding. 

A simple two-dimensional network occurs in the binary K2Ga3. Octahedra are 

connected through four waist atoms to form a layered structure with the potassium atoms 

sitting between the layers. N%5GkxAgx is nonstoichiometric and needs only a small  amount 

of silver to form (x - 2-6). The structure is composed of three different clusters which are 

interconnected to form a three-dimensional structure. The RbGa&i\ system is also 

nonstoichiometric with a three-dimensional structure composed of Ga, dodecahedra and four- 

bonded gallium atoms. Unlike Na30.5GhxAgx, the RbGa, binary is also stable. The binary is 

'This work was performed at Ames Laboratory under Contract No. W-7405-Eng-82 with the 
U.S. Department of Energy. The United States government has assigned the DOE Report 
number IS-T 1840 to this thesis. 
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formally a Zintl phase but the ternary is not. Some chemistry in the alkali-metaLindium 

system also has been explored. A new potassium-indium binary is discussed but the structure 

has not been completely characterized. 
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INTRODUCTION 

Exploration of the alkali-metabgallium systems has revealed a vast array of new 

chemistry and interesting structure types. The structures and properties of these new 

materials have been studied in an attempt to understand the chemistry of this and other related 

systems. On first glance, these "alloys" display a dull metallic luster which would imply an 

intermetallic compound but further analysis typically reveals a closed electronic shell along 

with the corresponding semiconducting and diamagnetic properties. The properties are 

typically more consistent with valence (saltlike) compounds and therefore these materials can 

be viewed as a link between intermetallic and valence structures. These types of materials 

have become known as Zintl phases' and have traditionally been formed between the elements 

of type A, where A = alkali, alkaline-earth, or rare-earth metals, and of type B, where B = 

group 14,15, or 16 elements. This work has not only expanded the range of known Zintl 

phases but has also contributed to our understanding of the structure/property relationships in 

the alkali-metacgallium system. 

Until relatively recently, the range of main-group elements that formed Zintl phases 

was believed to stop at the "Zintl border."2 This was an imaginary line between groups 13 and 

14. Zintl phases were originally viewed as compounds that have discrete isolated anions or 

anionic frameworks and regular 2-center-2-electron bonding. The anions also followed 

regular octet rules and, with a modification by Klern~n,~ frequently formed pseudo elements 

from later groups. The elements of group 13 have only three valence electrons and were not 

considered good candidates for Zintl phases, one exception being N a p  and related 

compounds which form a stuffed diamond framework. 
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The electron-poor valence configuration of the group 13 elements allows for the 

formation of new compounds with an abundance of orbitals but only a few electrons to fill 

them. The borane clusters were the fist thoroughly explored group 13 compounds in which 

the resulting delocalized bonding was understood. This work lead to the development of 

Wade's rules' to correlate the observed electron counts with the various deltahedral 

geometries. This type of cluster chemistry was considered unique to the boranes BnK2- 

(carboranes, etc.) because the poor bonding of the hydrogen atoms with the heavier triels 

precluded any chance of forming similar clusters. Clusters formed without any exo-bonds 

would require a formal electron pair on each vertex and an unreasonably high formal charge, 

e.g. Gal;c. 

Exploration of the alkali-metal-gallium binaries lead to the discovery of deltahedral 

clusters in the solid state.6 The high formal charge on the clusters was usually alleviated by 

the formation of 2-center-2-electron bonds between clusters or via one, two, or three atom 

spacers. This produced structures with two-dimensional or three-dimensional anionic 

networks with the cations effectively filling the holes between the clusters and formally 

donating their valence electrons to the framework. The properties (magnetic and conduction) 

and electron counts were consistent with closed electronic shells and these materials were 

fittingly described as Zntl phases. This was in contrast to the earlier Zntl phases which had 

formal two-electron bonds throughout the structure and obeyed the octet rule. The 

combination of different cluster types, connectivity, and atom s h s  allows for a large variety 

of structures to form even as binary phases. 
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This trend continues with the introduction of late transition metals into the gallium 

systems. Several new compounds have been reported, but many of the structures are quite 

complex owing to nonstoichiometry, condensed polyhedra, and partially occupied positions. 

Even with these considerations, the electron counts tend to be nearly closed shell, but only a 

few property measurements have been performed to confirm this. Another factor that makes 

these materials difficult to understand is when the third element substitutes for a gallium atom 

in the structure. This makes it difficult to completely characterize the compound and to 

perform electronic structure calculations which are frequently used to deduce 

structure/property relationships. 

This research project has focused on finding new compounds in the alkali- 

metal-gallium systems with a goal of trying to understand the complex chemistry of this area 

of the periodic table. The discovery of the first isolated gallium clusters is an exciting result 

considering the tendency of gallium to form network structures. Even though the formation 

of network structures is the dominant method of reducing the high formal charge on the 

gallium clusters, other methods have been found. A distortion of the cluster away from the 

regular deltahedral geometry has been observed in &Trll and &Tr,,X phases (A = K, Rb, and 

Cs; Tr = Ga, In, and X = Cl, Br, and I). The resulting isolated TrIl7- unit requires six fewer 

electrons than a closo-Trl,’” cluster. A second way that isolated gallium clusters can be 

stabiIized is to insert an atom into the center of the cluster. This has been observed in 

Na,,Ga,@Ii. The centering atom contributes its valence electrons without adding additional 

orbitals. 
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In the search for new materials, several nonstoichiometric network structures have 

been identified in some ternary phases containing late transition metals. Since these materials 

are in between classical valence structures and intemtallic phases, it should not be surprising 

to find compounds that are open shell and have a more fnetallic character. 

Experimental Techniques 

Starting Materials 

Most compounds were prepared from an appropriate mixture of the elements but a 

few situations required binaries such as CsCL The elements were used as received from the 

manufacturer except for sodium which required the surface be cleaned with a scalpeL The 

sodium is in the form of a large block (5 x 5 x 10 cm) which is stored in an air-tight mason jar 

inside the dry box. The surface of the block is oxidized slightly so pieces that are removed 

need to have the oxidized part cut off. The other allcali-metals were obtained in small  ampules 

which were used up before significant surface contamination occurred. The small ampules 

could also be stored inside mason jars which had excess alkali metal present to act as a getter. 

The manufacturer and purity levels for all starting materials are reported in each chapter 

where appropriate. 

Inert Atmospheres 

The air-sensitive nature of both the products and some of the starting materials 

required the use of several specialized procedures and modified sample holders. The first line 
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of defense was the use of either nitrogen or helium-filled dry boxes. Reactions were loaded in 

a nitrogen-filled dry-box from Vacuum Atmospheres Co., model PC-1. The products of the 

reactions were handled in either a Blickman nitrogen-filled dry box with a microscope 

attached or a Vacuum Atmospheres helium-filled dry box,-model DLX-001-S-P. The 

environment was maintained in all three units by a Vacuum Atmospheres DRI-TRAIN 

regeneration system, model HE-493. Both moisture and oxygen were removed by the 

circulation of the inert gas through an activated Wmolecular sieve catalyst. The moisture 

levels were continuously monitored to ensure a suitable working environment. All starting 

materials and products were handled in either glass petri dishes or in molybdenum weighing 

pans while inside the dry boxes. 

Reaction Containers 

The reactivity of the materials also required the use of 3/8" tantalum tubing as a 

reaction vesseL The tubing was cleaned beforehand in an acid mixture containing (by volume) 

55% sulfuric (95% w), 25% nitric (70% w), and 20% hydrofluoric (49% w) and subsequently 

rinsed in distilled water. Lengths of 1.25" tubing (3/8") were first crimped on one end and 

sealed in an arc welder. The air-cooled welder was evacuated with a rough pump and back 

fitled with an argon atmosphere before the tubes were welded. 

Inside the glove box, the starting materiaIs were placed into the clean tantalum tubing 

which had one end welded shut. The open end of the tube was then crimped and placed into a 

sealed glass jar for transportation out of the glove box and into the welder. The time outside 

the inert environment of the dry box was minimized (< 5 min.) to reduce the possibility of 
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contamination. The sample tubes were welded as before. To protect the tantalum tube from 

oxidation at the high reaction temperatures, the sample tubes were cleaned in a weak acid 

solution again and encapsulated into an evacuated silica jacket. A mercury diffusion pump 

was used to evacuate the silica tube. Before the silica jacket was removed from the vacuum 

line, the tube was heated with a natural gadoxygen torch to remove any moisture from the 

silica and sealed off. 

Furnaces 

All reactions were carried out in simple tube furnaces (<800" C) or Marshall tube 

furnaces which could reach temperatures up to 1200" C. The temperatures were monitored 

by J-type thermocouples and adjusted by programable Eurotherm temperature controllers. A 

variety of temperatures and heating cycles were used to achieve the desired phases. Most 

reactions were heated above the highest melting point in the allcali-metal-galliurn phase 

diagram and held at that temperature for 24 hours to ensure homogeneity. At this point the 

sample was allowed to slow cool (1-5" C/hr) to encourage crystal growth. If the phase 

melted incongruently, then the sample would first be quenched from the melt and then 

annealed at lower temperatures to achieve the desired product. To obtain a more complete 

reaction, the tube furnaces were tilted approximately 25" to collect all materials at one end of 

the tantalum tube. 
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Product Identification 

Completed reactions were opened inside a nitrogen-filled dry box with a microscope 

attached. The tantalum tubing was opened by cutting off one or both of the welded ends with 

a tubing cutter. A spatula was used to remove as much material as possible from the tube 

walls and from the welded ends. At this point, visual observations were made. This included 

color, crystallinity, shape of crystals, brittleness, and whether the sample was sticky from 

excess alkali-metal being present. If crystals were present that appeared to be suitable for 

single crystal x-ray crystallography, they were sealed into 0.3 mm diameter capillary tubes and 

saved for further analysis. The remaining sample was then ground in a mortar and pestle and 

a small amount was mixed with NIST (NBS) standard silicon to be used for Guinier powder 

pattern analysis. The bulk part of the ground sample was saved in a Pyrex tube with a 

stopcock attached and later sealed with a natural gadoxygen torch after being evacuated. 

Initial characterization of the reaction products was obtained through the use of 

Guinier X-ray powder diffraction patterns. The samples were fixed between two pieces of 

cellophane tape in order to protect the sample from the environment during transfer from the 

glove box to the camera. In addition to the cellophane, the samples were carried in a closed 

container. The sample chambers of the Enraf-Nonius cameras, model FR552, with 

monochromated Cu Kcc, radiation (A. = 1.54056 A), were under continuous rough pump 

evacuation (-150 mTorr). The powder patterns were recorded on photographic film 

Ided Guinier powder patterns of known structures were obtained through the use of 

the program POWDERV8 on the VAX computer system. These were used for phase 

identification and yield estimates. Lattice parameters were obtained by first digitizing the 
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powder pattern on a LS20 Line Scanner, KEJ Instruments, Sweden. After identifying the 

diffraction lines of the internal silicon standard, the SCANPI8 program adjusted the data to 

account for film shrinkage, poor film cassette holder positioning, or any other factor that may 

have affected the diffraction lines. The least squares program LATT was used to obtain the 

final lattice parameters. 

Single Crystal X-ray Analysis 

Crystallites sealed into 0.3 mm capillaries were checked for singularity through h u e  

photographs on either a Weissenburg or precession camera with Cu Ka, radiation. Suitable 

crystals were then transferred to one of two single crystal x-ray diffractometers, a four circle 

Rigaku AFC6R with rotating anode or an Enraf-Nonius CAD4 instrument with a sealed tube. 

Each diffractometer used graphite-monochromated Mo Ka radiation, A. = 0.71069 A. 

Twenty-five reflections, obtained through a random search, were used to determine the cell 

type and lattice parameters. Additional information from previous work was also used to 

select the appropriate celL Axial photographs obtained on the diffractometer were used to 

check axis lengths. All data sets were collected at room temperature with redundant 

information. After the data collection was complete, 3-6 psi-scans were measured to correct 

for absorption. The refinement and data manipulation was performed with the TEXSAN 

software package, Molecular Structures Corp., on a VAX workstation. In cases where the 

unit cell or space group information was difficult to determine, the single crystals were studied 

in greater detail through Weissenburg or precession film techniques. 
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Magnetic Susceptibility Measurements 

Molar susceptibilities were measured with respect to temperature on a SQUID 

magnetometer from Quantum Design. The &-sensitive nature of the samples required the use 

of a special container. The powdered samples were held between two fused silica rods (3 mm 

0.d.) with a fused silica tube (3 mm id. and -17 cm long) encapsulating the rods and the 

sample. All samples were loaded in a helium-filled dry box The raw data obtained from the 

magne.tometer was corrected for the sample holder and for the diamagnetic cores. 

Electrical Resistivity Measurements 

The electrical resistivities of powdered samples were determined with respect to 

temperature by the electrodeless Q-method. This technique relies on a change in the quality 

factor of a coil in response to the skin effect of the sample. Samples with a known grain size 

are required for this experiment so a sieve was used to obtain particles with diameters 

between 250 and 425 gm Contact between particles had to be minimized so the samples 

were mixed with dry chromatographic A&03 to ensure isolation (total volume -1 cm3). The 

sample/&O, mixture was sealed into an evacuated Pyrex tube (10 mm 0.d.) for the 

experiment. To masure the resistivity, the sample was placed inside a copper coil operating 

at 34 MHz and the quality factor (Q) of the coil was measured with a Hewlett-Packard model 

4342A Q meter. The sample was then removed from the coil and the quality factor (Q) was 

measured again. The electrical resistivity (p) could be determined from the A Q  by: 
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where B is a constant for the coil and equals 4.84 x lo5, V is the velum= of the sample, a is 

the average radius of the particles, and A(l/Q) is equal to l/Q-l/Q. This procedure was 

repeated at several temperatures ranging from 100 K to room temperature. 

Electronic Structure Calculations 

Extended Hiickel band calculations were performed using the EHMACC program 

running on a PC and with the program provided by Gordon Miller which is available on the 

Unix workstation at Iowa State University. This approach uses the tight-binding 

approximation to calculate the energy density of states (DOS) and crystal orbital overlap 

populations (COOP). The molecular orbital diagrams of networked clusters were determined 

by placing dummy atoms at all of the exo-bonding positions of the cluster. The dummy atoms 

were given a Slater type s orbitals with an energy equivalent to a gallium 4p orbital. 

Dissertation Organization 

The dissertation has been arranged in the form of papers suitable for publication. Each 

chapter, except for the introduction and conclusion, corresponds to one paper. The appendix 

discusses a research project which is not complete but still contains valuable results. The fist 

paper has been published whereas the remaining papers are ready for submission. 
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APPENDIX 

A MEW BINARY COMPOUND IN THE 

POTASSIUM-INDIUM SYSTEM. A PARTIAL SOLUTION. 

Robert W. Henning and John D. Corbett* 

Introduction 

The phase diagram for the binary potassiumindium system has been investigated 

previously by thermal analysis, and two phases were shown to be present. These were later 

identified as KInl and &,,In,,,,? Both of these compounds contain extended network 

structures which is common for this system The former is isostructural to B a 3  and the 

latter is related to NbGa,,.4 In 1991, Sevov and Corbett found &In,: which contains a 

unique isolated cluster, In,:-, but the most recent compound to be reported in the binary 

system is K,&,,.6* ’ This compound has a large cubic unit cell composed of indium icosahedra 

and indium-centered In,, deltahedra 

Further exploration of the potassium-indium binary system has led to the discovery of 

a new compound with the approximate stoichiomtry of KIn. This composition is based on 

loaded stoichiometries and yields because the complete crystal structure has not been solved. 

The compound has been prepared directly from the elemnts and the partial structure 

determined by single crystal x-ray diffraction ( h m ~  (No. 74), a = 17.445(8), b = 17.444(4), 

and c = 24.658(6) A). The three-dimensional structure contains well deked indium 
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icosahedra that form exo-bonds to adjacent icosahedra. The potassium atoms coordinate the 

surface of the clusters at typical bond distances. Although the basic framework appears to be 

well defined, a large peak of electron density appears in the Fourier electron density map 

which is not reasonable for either potassium or indium A.second unusual characteristic of 

this structure is that it has a large hole (radius -6.6 A) which is uncommon for these materials. 

The alkali-metal-group 13 compounds typically form efficiently packed structures. 

The characterization of this compound is not complete. In particular, the space group 

assignment is probably incorrect, but the proper symmetry could not be determined. This 

appendix describes what is known about the synthesis, characterization, and the 

crystallographic problems of "KIn" for future reference of others seeking to finish the 

structural characterization. 

Experimental Section 

All materials were handled in a nitrogen-filled dry box due to the air sensitive nature of 

the starting materials and products. A 1:l ratio of elemental potassium (99.9596, Alfa) and 

indium (99.998, Cerac) were sealed into welded tantalum tubing which was used as the 

reaction vesseL The tantalum was then sealed into an evacuated fused silica jacket to protect 

it from oxidation during the reaction cycle. The samples were heated to 600 "C for 1 hour and 

quenched in water. Annealing at 150 "C for 1 month or more produced the highest yields 

(-100%) according to Guinier powder patterns with no excess potassium in the sample. 

Products that were pure "KIn" according to Guinier powder patterns always occurred as dark 

grey powders. If other binaries (KIn,, K1,Iql, &331n39.67, or &Inll) were present in the 
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powder pattern then the sample contained shiny, brittle particles. Greater amounts of 

potassium also generated the desired phase but the excess potassium was Visible in the 

samples. Reactions loaded with lower potassium content generated the other binary phases 

depending on the loaded stoichiometry. Even though the well refined atoms give a 

composition of Kl7InU (41.5% K, discussed later), reactions loaded near this stoichiometry 

f o m d  &331n39.67 (36.0% K) and &Inll (42.1% K). Reactions loaded as &Inll produced 

mainly the 8: 11 phase but "W did form in -10% yield. The phase can only be prepared in 

high yield from reactions loaded with greater amounts of potassium such as Kzn (50% K). 

Annealing the sample at temperatures greater than 150 "C yielded mainly the other well 

established compounds but slow cooling from the melt produced some (20%) of the new 

product. Rough melting point determinations indicated that the sample melted (or 

decomposed) between 150 and 200 "C. 

Single crystal x-ray data collections have been performed on several crystals from 

different reactions, but all of them generated the same structural problems. The highest 

quality crystals came from reactions loaded with an excess of potassium (K,In) and annealed 

at 150 "C for three months so these wiU be discussed more thoroughly. Crystallites were 

sealed into 0.3 rmn thin-walled capillary tubes and checked for singularity by h u e  

photographs. A crystal suitable for single crystal x-ray analysis was selected for data 

collection on a Enraf-Nonius CAD4 four-circle diffractometer with the aid of Mo Ka 

radiation. Twenty-five reflections were collected at random over a range of 28 and centered. 

Omga-theta scans of each reflection indicated the peaks were well defined with no sign of 

splitting. All 25 reflections could be indexed to three Werent unit cells; F-cubic (a = 24.63 
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A, V = 14,946 A3), I-orthorhombic (a = 17.42 A, c = 24.63 A, V = 7474 A3), and C- 3 

monoclinic (a = 30.10 A, b = 17.42 A, c = 17.42 A, p = 125.25", V = 7476 A3). The standard 

deviations for the lattice parameters were within the expected range. Axial photographs taken 

on the diffractometer for each of the possible settings did not indicate problems with any of 

the cell choices. Indexing only the weaker reflections also suggested these three unit cells. 

Weissenburg photographs of the hk0, hkl, and hk2 layers were taken previously and 

suggested that the orthorhombic setting was correct. Mirror planes, an a-glide along c, and 

the body-centering condition were also confirmed. Since no violations of the orthorhombic 

symmetry could be detected, and the cubic symmetry could not be confirmed from the film 

data, the orthorhombic setting was chosen for the data collection. Two octants of data (4, k, 

were collected at room temperature up to 55" in 20. The I-centering condition was 

confirmed by collecting on the primitive cell for the first 1500 reflections. The r e d d e r  of 

the data collection had the I-centering condition imposed. Absorption corrections were 

applied with the aid of six $-scans which were collected at different 28 angles. The data were 

also corrected for Lorentz and polarization effects. 

Systematic absences and the N(2) distribution strongly suggested the centrosymmetric 

space group Imma (no. 74) but the acentric space group ImQ2 (no. 46) was also possible. 

Immn was chosen for the initial refinement but the acentric space group and other lower 

synrmetry settings (with the same unit cell) also gave the same difficulties (discussed later) 

observed in the higher symmetry setting. The starting model, obtained through direct 

methods: produced eight peaks which had contacts consistent with In-In bond distances and 

seven appropriate for potassium atoms. These peaks were inserted into the starting model and 
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the positional and isotropic thermal parameters were refined to convergence (RF = 14.5 %). A 

Fourier Merence electron density calculation produced two large peaks (-40 e-/A3) whereas 

the rest of the map was relatively flat (-5 e-/A3). The size and location of the extra peaks did 

not correspond to typical indium or potassium positions. Each peak was located near an 

inversion center so a symmetry equivalent position was -2.5 8, away. This is too close for 

In-In (-3.0 A), In-K (-3.5 A), or K-K (-4.0 A) contacts. All other atoms surrounding these 

positions were potassium -4.0 A away. Averaging the data (Ravg (I 2 303 = 3.3 9%) reduced 

the RF to 14.1 5% but did not change the Fourier map. Anisotropic refinement of all positions 

improved the R, (14.0%) only marginally. The same extra peaks appeared in a Fourier 

difference density map. Rekemnt in other space groups ( Imk ,  Iba2, , Ibam, Ibca, 1222, 

I2,2,2,, P2,2,2,, C2/m, Cm, C2, P2/m, Pm, P2, P1) produced the same problem. Since the 

approximate stoichiometry is IUn and the refined composition of the well defined atoms is 

K , , b ,  the extra peaks (labeled K8 and K9) were treated as fully occupied potassium atom 

even though the contact between them was too short to be reasonable. This reduced the R, to 

7.3% and gave a final composition of hII% (46.7% K). After placing the extra peaks (K8 

and K9) into the refinement, the largest positive and negative peaks in the difference map 

were 7.0 e-/A3 (0.52 8, from K9) and -2.5 e-/A-3. All structure refinements were carried out 

with the TEXSAN package on a VAX 

Since the crystal structure for this compound has been difficult to solve, several data 

sets have been collected on diff'erent crystals and for each of the three unit cells. A data set 

was even cokcted for the C-monclinic setting but the refinement produced the same effective 

structure with similar R-factors, thermal parameters, and extra peaks as the higher symmetry 
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cells. Attempts to determine the appropriate symmetry through indexed Guinier powder 

patterns could not distinguish between the Merent unit cells. The standard deviations 

obtained €tom the least squares refinements for all three settings indicated that all of them 

were reasonable and no violations were observed. 

It is possible that the crystals could be twinned so several models were attempted with 

the use of the Shek93 package. Inversion twinning was suspected since the extra peaks (K8 

and K9) and their symmetry equivalent positions are related by an inversion center, but all 

refinements failed to resolve the structural problem. Reflection and rotation twinning models 

also failed. If the crystal is twinned then this could be confirmed by investigations with a 

transmission electron microscope. 

The data collection parameters, atomic positions, and anisotropic thermal data are 

listed in Tables 1,2, and 3, respectively. Bond distance data are listed in Table 4. 

Results and Discussion 

Even though the structure could not be completely characterized, the basic framework 

is well defined and is believed to be substantially correct. The predominate structural feature 

of "KIn" is indium icosahedra Wed through intercluster bonds to form a three-dimensional 

network (Figure 1 and 2). The clusters have the same arrangement as Cu in the MgCu, 

structure type but the corresponding Mg position is an open void with a radius of -4.1 A to 

the extra peaks (4x) and -6.6 A to the potassium atoms (24x1. Two types of icosahedral 

clusters occur in a 1:l ratio but both have 2/m symmetry. Each cluster has six exo-bonds to 

adjacent icosahedra with the remaining vertices on the cluster pointing towards the void 
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(Figure 3). Bonding between the clusters occurs through the Inl-Inl, W-In3, and In4-In4 

bonds (d = 3.082(7)-3.086(7) A). In5, In6, In7, and In8 do not form exo-bonds to adjacent 

clusters. The In-In contacts within the cluster range from 3.004(5)-3.233(3) A. The 

potassium atoms coordinate the triang& faces of the cluster with distances between 

3.543(7)-3.83( 1) A. The thermal parameters for the first three potassium atoms are normal 

(-2) because they coordinate the triangular faces on either three or four clusters. The other 

potassium atoms coordinate only two clusters with one side open to the void, and these atoms 

have larger thermal parameters. All contacts between the atoms (except the extra peaks K8 

and K9) are at distances that are typical for these systems. 

Two large peaks (labeled K8 and K9) appear in the electron density map and are 

difficult to interpret. Both are located near the inversion centers (0, 0,0.5 and 0.25,0.25, 

0.25) and have symmetry equivalent positions -2.5 A away (Figure 4). They are surrounded 

by six potassium atoms at -4.1 A with alI of these potassium atoms on one side of the peak. 

A plot of the Fd electron density map (Figure 5 )  shows a large peak at the K8 position. The 

0, 0,O.S position is at the center of the map with the c-axis vertical and the b-axis horizontal. 

The symmetry eqUivalent peak (-2.5 A away) is also present along with two potassium 

cations. The position labeled K9 has the same problems as K8. Electron density maps of this 

same position but in lower s-try unit cek  produce similar results. This position refines 

to 7 1 % of an indium atom and could be modeled as an indium with 50% occupancy. This 

wouki take care of the short contact but the coordination environment is still not reasonable. 

Also, more potassium would be expected in the structure considering the loaded 

stoichiometry. Without the extra peaks in the refinement, the stoichiometry is but if 
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the extra peaks were treated as potassium, the stoichiometry would be GI& (46.7% K). 

This is stiU unreasonable because of the short contact but is more consistent with the loaded 

composition Reactions loaded at this composition and annealed for three months at 150 "C 

generated mainly &Inll (80%) but "KIn" did form in -20% yield. This indicates that even 

more potassium is in the structure. 

The coordination around this position is very unusual and indicates that something is 

wrong with the current structural solution. The symmetry of the indium positions and the 

potassium atoms are probably correct but the electron density in the hole can not be modeled. 

Refinements in other space groups were attempted but produced the same symmetry 

equivalent peaks as in the orthorhombic setting. Film data did not reveal any "extra" 

reflections that would suggest an alternate setting. The reflections associated with the 

unresolved electron density in the hole and the correct cell are probably very weak. The use 

of an area detector may be useful in determining the correct symmetry of the system. 

The aikali-meta€-trkl compounds usually form structures that fill space very efficiently 

so this open framework is unusual. The AsTrll compounds (A = K, Rb, and Cs; Tr = Ga," 

In,5 TI1', Chap. 1) also have a hole in the structure but this is comparably small (-3.5 A). 

Since the loaded compositions suggest that more potassium is expected in the structure, the 

"voidsff probably contain the extra alkali metal. It is not clear where the extra potassium 

would reside within this void considering that almost all contacts would be with other 

potassium atoms and that the hole is quite large. Although most of the missing structure is 

probably potassium, a small amount of indium may be present in the "voids" as well. 
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Related structures 

The well defined atoms in "W are closely related to the K17h41 and N~,,G~&I,, '~ 

structures. K17In41 has a large cubic unit cell (Fd3m, 24.241(5) a vs. 24.618(6) A for "IUn") 

but with the same icosahedral framework as "KIn". Even though "W has been refined in an 

orthorhombic setting, it can be refined with a face-centered cubic setting with approximately 

the same cell parameters (24.658(6) A) as K17In41. This was first evident in the unit cell 

choices proposed at the beginning of the data collection. Both compounds have the same 

icosahedral fimework and potassium atom coordination around the cluster. The main 

difference is that the voids in "KIn" are fdled with indium-centered, tetracapped truncated 

indium tetrahedra in K17h41 (Figure 6). These can also be described at indium-centered In,, 

icosioctahedron. This accounts for the additional 17 indium atoms in the formula unit for 

Kl,kl. Na17GaJ1112 has the same symmetry as K&41 but the icosahedra and part of the 

truncated tetrahedra has been replaced by gallium. An additional similarity exists between the 

extra peaks of electron density in "&" and the indium atom capping the hexagonal faces of 

the tetrahedral unit in &&1. They are roughly in the same position except that in K17h41 the 

symmetry equivalent peaks are 3.7 A apart. Since K&41 and "IUn" have such similar 

structures, it might be possible that they are the same and that one of the refinements is 

incorrect but both of these compounds have been identified in Guinier powder patterns 

(Figure 7). 
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Conclusions 

Although the characterization of "KIn" is not complete, some of the basic indium 

framework is believed to be correct. In addition, the potassium atoms coordinating the 

surface of the clusters also appear to be right. The difficulty in modeling the atoms within the 

voids lies in the inability to determine the proper symmetry of the crystal. The use of an area 

detector may help resolve some weak peaks that are present or it may also reveal some split 

peaks that were not evident in the film work. The possibility that the compound always forms 

twinned crystals has been investigated but a suitable twinning model could not be attained. 
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Refinement Parameters for "KIn" 

crystal size, mm 
Space group, 2 
Lattice parameters? 

a, A 
b, A 
c, A 
v, A3 

4 & 7  dcm3 
Radiation; 20, 
Scan method 
Temperature, "C 
Transmission range 

p, cm-' (Mo Ka) 
Number of reflections: 

maswed 
observed (I 2 3a(I)) 

0.13 x 0.16 x 0.20 
Imma (No. 74), 4 

17.445(8) 
17.444(4) 
24.658(6) 
7504(3) 
3.027 

Mo &; 55" 
0 

23 
0.8 188- 1.0000 
80.577 

9793 
497 1 

unique observed (I 2 3 a 0 )  268 1 

Number of variables 26 

R,, (I 2 3afI)), 9% 
Residuals R; R,," 9% 

3.6 
7.3; 11.4 

Goodness of fit 3.425 

'Guinier data with Si as an internal standard, A = 1.540 562 A, 23" C. 

bR = mFJ-FJlDfFJ; R, = [~o(lF,I-v;,l)2Do(F~2I1n? 0 = 1/u: 
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Table 2: Positional and isotropic thermal parameters for "KIn" 

Atoms Wykoff X Y . z  B 

In1 8i 0.0883(2) 3/4 0.2579( 1) 1.4( 1) 

In2 16j 0.1771(1) 0.6613(1) 0.16909(9) .1.3(1) 

In3 16j 0.0886( 1) 0.5729( 1) 0.08066(9) 1.4( 1) 

In4 8h 0 0.66 16(2) -0.0079 1.4( 1) 

In5 8h 0 0.4246(2) 0.1134( 1) 1.5( 1) 

In6 16j 0.1742( 1) 0.5990( 1) 0.2875( 1) 1.4( 1) 

In7 8i 0.1746(2) 3/4 0.3635( 1) 1.5( 1) 

In8 16j 0.15 11( 1) 0.4243( 1) 0.0376( 1) 1.5( 1) 

K1 8h 0 0.5659(8) 0.2174(5) 2.7(5) 

K2 4 f ? o  3/4 0.1242(6) 1.5(6) 

K3 8i 0.1853(7) 3/4 0.0323(5) 2.6(5) 

K4 16j 0.1816(6) 0.4438(6) 0.1876(4) 3.9(5) 

K!5 8h 0 0.8735(9) 0.3691(6) 3.6(6) 

K6 16j 0.3062(5) 0.5682(6) 0.0627(4) 3.7(4) 

K7 8i -0.124(1) 3/4 -0.1 192(6) 4.0(7) 

€3' 8h 0 0.0585(5) 0.4714(4) 0.7(1) 

KY 8i 0.3089(6) 1/4 0.2210(4) 0.7/1) 
'Short contact between symmetry equivalent peaks for each position. 
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Table 3: Anisotropic thermal parameters for "Kin" 

Atom U11 u22 u33 u12 U13 U23 

In1 

In2 

In3 

In4 

In5 

In6 

In7 

In8 

K1 

K2 

K3 

K4 

K5 

K6 

K7 

K8' 

Iw 

0.015(2) 

0.014( 1) 

0.017( 1) 

0.022(2) 

0.018(2) 

0.017( 1) 

0.0 19(2) 

0.018( 1) 

0.0 19(6) 

0.021(8) 

0.039(7) 

0.065(7) 

0.030(7) 

0.035(5) 

0*06( 1) 

0.009(2) 

0.02 1 (2) 

0.019( 1) 

0.0 17( 1) 

0.016(2) 

0.021 (2) 

0.019( 1) 

0.019(2) 

0.019( 1) 

0.05 1 (8) 

0.022(8) 

0.024(6) 

0.037(5) 

0.06( 1) 

0.059(6) 

0.038(8) 

0.0 17(2) 

0.018( 1) 

0.019( 1) 

0.017(2) 

0.0 18(2) 

0.019( 1) 

0.019( 1) 

0.019( 1) 

0.032(6) 

0.0 14(7) 

0.036(7) 

0.047(6) 

0.050(8) 

0.046(5) 

0.053(9) 

0 

0.001( 1) 

O.OOO( 1) 

0 

0 

-0.001( 1) 

0 

0.002( 1) 

0 

0 

0 

-0.007(5) 

0 

-0.003(5) 

0 

-0.001( 1) 

-0.003( 1) 

-0.001( 1) 

0 

0 

O.OOO( 1) 

O.OOO( 1) 

O.OOO( 1) 

0 

0 

-0.008(6) 

-0.024( 5 )  

0 

0.000(4) 

-0.014(8) 

0 

-O.OOO( 1) 

-0.002( 1) 

-0.001( 1) 

0.001 

O.OOO( 1) 

0 

0.001 (1) 

-0.009(6) 

0 

0 

-0.004(4) 

-0.009(7) 

-0.0 16(5) 

0 

' 0.009(2) 
'Short contact between symmetry equivalent peaks for each position. 
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Table 4 Bond Distances in "KIn" (d e 4.2 A) 
Inl- In7 3.009(5) Id- In2 3.010(3) K4- In6 3.66(1) 

In1 
In2 
In6 
K2 
Kl  
K5 

&In6 
In3 
Ia2 
In1 
In6 
In7 
K2 
K l  
K3 
K4 
K6 

Inz- In8 
In2 
In4 
In3 
In8 
In5 
K2 
Kl  
K3 
K6 
K4 

I n 4 - I n 5  
In4 
Ill3 
In8 
K2 
K3 
K7 

I n S - I n 4  
In3 
In8 
K1 
K4 
K7 

3.0820 
2x 3.096(4) 
2x 3.117(3) 

3.64(1) 
2x 3.70(1) 
2x 3.81(1) 

3.010(3) 
3.085(3) 
3.0940 
3.096(4) 
3.1170) 
3.120(4) 
3.6280 
3.706(8) 
3.71fl) 
3.82(1) 
3.82(1) 

3.006(3) 
3.085(3) 
3.090(4) 
3.091(5) 
3.1 14(3) 
3.119(4) 
3.618(5) 
3.71(1) 
3.716(8) 
3.82(1) 
3.83(1) 

3.0040 
3.0860 

2x 3.09q4) 
2x 3.118(3) 

2x 3.72(1) 
2x 3.81(1) 

3 . ~ 1 )  

3.0040 

2x 3230(3) 
356(1) 

2x 3.67(1) 
Zx 3.740) 

2x 3.119(4) 

In1 
In2 
In6 
In7 
K1 
K4 
K5 
K4 
K6 

In7- In1 
I n 2 2 x  
I n 6 2 x  
K3 
K5 2x 
K6 2x 

Ins- In3 
In3 
In4 
In8 
In5 
K3 
K6 
K7 
K6 
K4 

Kl- In6 2~ 
w 
In1 2x 
In2 2x 
I n 3 2 x  
K4 2x 
K5 
K2 

K2- In4 2x 
In3 4x 
In2 4x 
In1 2x 
K1 2x 
K3 2x 

K3- Ins 2x 
In7 
In4 2x 
In2 2x 
I n 3 2 x  
K6 2x 
K7 
K2 

3.1 17(3) 
3.1 17(3) 
3.2290 
3.233(3) 
35430 
3.66(1) 
3.676(9) 
3.75(1) 
3.75(1) 

3.0090 
3.120(4) 
3.2330) 
355(1) 
3.733(9) 
3.67(1) 

3.006(3) 
3.1 14(3) 
3.118(3) 
3 . m 0  
3.2300) 
35450 
3.67(1) 
3.670(9) 
3.74(1) 
3.75(1) 

35430 
3.56(1) 
3.70(1) 
3.706(8) 
3.7 l(1) 
3.89(1) 
3.8%) 
3.950 

3 . ~ 1 )  
3.6180 
3.6280 
3.64(1) 
3.95(2) 
3.950 

3.5450 
355(1) 
3.WU 
3.71(1) 
3.716(8) 
3.88(1) 
3.88(2) 
3.95(2) 

In5 
In8 
In2 
In3 
K1 
K4 
K7 
K9 2x 
K9 2x 

K5- In6 2x 
In7 2x 
In1 2x 
K1 

. K6 2x 
K8 2x 
K8 2x 

K6- In7 
In8 
In8 
In2 
In3 
K3 
K6 
K5 
K8 2x 
Ks 2x 

K7- In8 2x 
w 2x 
In4 2x 
K3 
K4 2x 
K9 
K9 

K& K8 
K6 2x 
K5 
K5 
K6 2x 

WK9 
K4 2x 
K7 
K7 
K4 2x 

3.67(1) 
3.75(1) 
3.82(1) 
3.83( 1) 
3.89(1) 
3.8W 
3.92(1) 
4.07(1) 
4.13(1) 

3.676(9) 
3.733(9) 
3.8 l(1) 
3.89(1) 
3.91 (1) 

4.11(2) 

3.67(1) 
3.67(1) 
3.74(1) 
3.82(1) 
3.82( 1) 
3.88(1) 
3 . W )  
3.91(1) 
4.06(1) 
4.13(3) 

3.670(9) 
3.74(1) 
3.8 l(1) 
3.88(2) 
3.92(1) 

4.12(2) 

248(2) 
4.06(1) 
4.10(2) 
4.11(2) 
4.13(1) 

2.500 
4.07(1) 
4.1W) 
4.12(2) 
4.13(1) 

4.100 

4.100 
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0 
0 

0 

0 

0 

Figure 1. View down [ 1001 of "KIn" with c-axis vertical. Shaded polyhedra are In,, 
clusters and open circles are potassium atoms. Black dimers represent the K8 
and K!3 peaks of extra electron density. 
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0 

0 

Figure 2. View down [OlO] of "KIn" with c-axis vertical. Shaded polyhedra are In,, 
clusters and open ckcles are potassium atoms. Black dimers represent the K8 
and K9 peaks of extra electron density. 
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Figure 3. One of the In,, icosahedra with the six exo-bonds to adjacent clusters. 
Potassium atoms coordinate the triangular faces of the cluster and form a 
pentagonal dodecahedron. Thermal ellipsoids drawn at 75% probability. 
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Figure 4. Extra peak of electron density (labeled K8) in "KIn" refinement. K S K 8  
distance (-2.5 A) is unreasonable for either a potassium or indium atom and 
the coordination environment is also unusual. All six potassium atoms are on 
one side of the peak and the open void is on the other side. The distance 
between the potassium atoms and the extra peak is -4.1 A. 
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Figure 5. Electron density plot (F&) of the K8 position in "KIn". The c-axis is vertical 
and the b-axis is horizontal. Each contour line represents 3 electrons. 
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Figure 6. Truncated tetrahedron (In5) in K 1 7 ~ 4 1 .  In4 centers the clusters and In3 caps 
each of the hexagonal faces. 



0 
03 

0 
b 

0 
\D 

0 In 

0 
Tf 

0 m 

0 
cI1 

0 
Y 

154 

a 
9 



155 

ACKNOWLEDGMENTS 

I could not have finished this work without the help of several people who have 

guided me throughout the course of this research. I would like to thank Dr. John D. Corbett 

for his support and understanding and for allowing me to pursue new areas of solid state 

chemistry. His hard work and pursuit of knowledge is an example for me to follow. Dr. 

Gordon m e r  provided some of the extended Huckel programs that were used but I will 

remember him more for our conversations about chemistry and life in general. I would also 

like to thank the rest of the inorganic faculty members at Iowa State. Their guidance during 

my classes and helpful suggestions about my research will be remembered for a life time. 

Other people that helped me include Jerome E. Ostenson with magnetic susceptibility 

measurements, Warren Straszheim with EDS experiments, and L ~ M Y  Thomas with advice on 

the dif&actometers. 

I am also grateful for the support from Shirley Standley and all past and present group 

members of Dr. Corbett's and Dr. Franzen's groups. Our discussions about chemistry and life 

were very beneficial. 

The support of my parents, family, and fr-iends has given me the strength that I needed 

to continue my education. This is especially true of the one person who has continuously 

stood by my side and provided the support and understanding when I needed it most, my wife 

Heather. She encourages me to push myself to become the best person I can. Thank you. 


