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PART I. AN EXPERIMENTAL STUDY OF THE METAL-RICH 

TITANIUM SULFUR SYSTEM AT HIGH TEMPERATURE 
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I. INTRODUCTION 

A. Sample Preparation 

The general preparation techniques used in the study of 

the metal-rich titanium sulfur system were those commonly 

utilized by Pranzen and co-workers. Details and the 

advantages of these techniques have been outlined by Conard 

(1) and Smeggil (2). The various samples were prepared using 

as starting materials 99-95^ pure titanium metal obtained 

from the Chicago Development Corporation and 99-999% purity 

sulfur from the Gallard-Schlelsenger Chemical Manufacturing 

Corporation. Two slightly different techniques were used for 

the initial preparation of the titanium metal. Metal for 

those samples with Ti/S >_ 2.0 was filed from a titanium sheet 

in a glove bag under an inert argon atmosphere. The initial 

preparation of the titanium metal used for the samples with 

1,25 £ Ti/S ̂  1.75 was the technique suggested by Dr. A, Khan 

of the Ames Laboratory. Titanium metal was reacted with 

hydrogen gas at 300-400°C to form TIH^, 0.5 < x < 0.6. The 

brittle metal hydride was crushed into a fine powder and the 

hydrogen removed at 800°C to yield powdered titanium metal. 

Dr. Khan has shown that initial preparation of transition 

metals in this way provides closer control over the 

stoichiometry of the final product and more complete reaction 

of the titanium metal with sulfur during the initial heating 

of the sample. 
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For all of the titanium sulfide samples, the metal and 

nonmetal were placed in a Vycor reaction tube, the reaction 

tube evacuated to approximately 10~^ torr, and the tube 

sealed under vacuum. All samples were heated in a resistance 

furnace at 600 to 800°C for time periods from one to three 

weeks. The reaction tubes were opened, glass fragments 

removed, and the samples pressed into pellets at approxi-

2 
mately 30,000 lb/in using a hydraulic press. During the 

high temperature annealing process, a pellet of the sample 

was placed in a tungsten crucible that had previously been 

outgassed at 2000°C for one hour. The crucible and samples 

-6  
were heated under a vacuum of 1 x 10 torr using a Lepel 

Radio Frequency generator. Samples were normally annealed 

between 950 and 1750°C, the particular temperature and 

annealing time depending on the nature of the sample. 

Temperature measurements were made using a Leeds and Northrup 

uisaDuearine filament ODtieal Dvrometer, During annealing, 

the residual pressure was measured with a hot cathode 

ionization gauge. 

An attempt was made to anneal each sample at a tempera­

ture slightly below its melting point, and each sample was 

usually heated for several four to eight hour periods. The 

annealing process for a sample was terminated when the 

X-ray diffraction patterns taken prior and subsequent to a 

heating showed no noticeable change. X-ray powder 
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diffraction and single crystal techniques were used to 

identify the phases present in each sample. 

B. X-Ray Diffraction Techniques 

The X-ray diffraction techniques used in this study 

involved both single crystal and powder diffraction methods. 

The theory of X-ray diffraction and the practical application 

of its use are well-described in the books by Buerger (3), 

Crystal Structure Analysis, and Stout and Jensen (4), X-Ray 

Structure Determination. Both techniques were used to help 

characterize the phases present In the various samples that 

were prepared. Single crystal techniques were used to 

provide intensity data for the structural solution of TigS 

and TlgSg. 

1. Guinler diffraction techniques 

A Guinler X-ray camera with an approximate radius of 

80 mm. was used to obtain powder diffraction films for most 

samples. The Guinler camera provides some advantages over 

the more common Debye-Scherrer camera. For example, 

Guinler films provide better resolution of low angle lines 

characteristic of Ka^ radiation and the reflections are 

unshlfted by absorption and eccentricity, phenomena which 

Increase the errors in the Debye-Scherrer technique. 

Guinler films for each sample were obtained using copper Ka^ 

radiation and silicon (a = 5.4301 Â) as an Internal standard. 
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2 
The various films were read and sin 6 values were 

2 
calculated for comparison with sin 0 values for known phases 

within a particular system. As samples were annealed at 

different temperatures, the Guinier diffraction films were 

compared to those for previous samples to determine if a 

sample was undergoing phase change. When available, 

diffraction films were compared directly to films of known 

phases. 

2. Single crystal techniques 

Utilization of single crystal techniques to determine 

the reciprocal lattice and to provide intensity data for 

structural solution of a previously unknown phase have been 

described by Conard (1) and Smeggil (2). The techniques they 

describe were used in the intensity data collection for the 

structural solution of TigS and TigS^. Single crystal 

techniques were also used to identify phases which were 

present in various samples in a concentration too small to 

be observed in Guinier diffraction films. Often single 

crystal techniques were used to identify a second phase 

present in samples for which powder diffraction films 

indicated the presence of only a single phase. 

C. The Phase Problem 

The origin of the phase problem that must be solved 

during the structure determination of any crystalline solid 
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with a previously unknown structure type is easy to under­

stand, while the means of solving the phase problem are 

varied and complex. During collection of crystallographic 

data by single crystal techniques, the experimentally 

measured quantity is the intensity, for a particular 

reflection, h. The structure factor, corresponding to 

the same reflection is given by 

where the summation is over all of the j scattering centers. 

The intensity can be related to the structure factor by the 

expression 

which indicates that the phase of the structure factor, 

for a reflection is not directly obtained in the experimental 

measurement of I^. 

1. Patterson techniques 

Patterson techniques have traditionally provided one 

of the most successful methods for the solution of the 

crystallographic phase problem, i.e., for the determination 

of the phase angle associated with a given reflection. The 

theory and utility of the method have been thoroughly 

discussed by Buerger (5), while Lhe book by Stout and Jensen 

P, = ^ f. exp(2ïïi(h*r.)] 
n ^ J -i '  

I f.[2ïïi(hx. + ky, + Iz.)] (1 )  

( 2 )  
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(4) provides an excellent introduction to this method for 

chemists starting work on a crystallographic problem. 

Woolfson (6) expressed the Patterson function as 

P(r) = ^ Z |Pj^| ̂exp[-2iri(h*r) ] (3) 
h " 

where r = xa + yjb + zc (4) 

and h = ha* + kb* + Ig* (5) 

and shows that the Patterson function is the self-convolution 

of the electron density function. The relationship between 

the Patterson function and the electron density allows a 

physical interpretation of the Patterson function as the 

representation of the vector density between two 

infinitesimal regions of electron density separated by the 

given vector and summed over a unit cell. A Patterson map 

is thus a representation of all vectors between the 

Infinitesimal regions of electron density associated with 

the same or different atoms of the structure. 

The Integrated magnitude associated with a single 

interatomic vector is proportional to the sum of the products 

of the numbers of electrons in the atoms separated by the 

vector considered. If a structure contains n atoms, or 

2 
regions of electron density, there are n -n Patterson vectors 

(excluding vectors from one part of an atom to neighboring 

regions of the same atom (origin peak)). A Patterson map 

can be considered as n images of the structure all 
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superimposed on one unit cell. The complexity of a Patterson 

map is due to three contributing factors: 

i) The high density of n -n Patterson peaks within 

one unit cell (1260 for TigS) causes considerable overlap 

of individual peaks. 

ii) Since atoms are not point sources of electron 

density, Patterson peaks have a finite size which adds 

considerably to the overlap of such peaks. In fact, the 

size of a Patterson peak associated with each atom is twice 

the size of its corresponding electron density. 

iii) Because the Fourier expansion of the Patterson 

function includes only a finite number of terms, there can 

be a rippling effect for each Patterson peak. Overlap of 

such ripples for two atoms can further complicate a 

Patterson map by giving additional (false) peaks. 

One technique often used to resolve the images of the 

structure in the Patterson map is the superposition or 

vector-shift method (5). This method has its greatest 

utility when applied to layered structures. In this case 

all of the Patterson vectors lie in parallel planes, thus 

reducing the problem to one of two dimensions. This 

procedure uses two identical copies of the Patterson map, 

map A and map B. In principle, if a Patterson peak of map B 

corresponding to an atom position (i.e., from an atom at the 

origin to the atom position in question) is placed over the 
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origin of map A, those peaks that overlap in the two maps 

provide an image of the structure and its inverse. If this 

procedure is repeated for each peak in map B that corresponds 

to an atom position, repetition of the same structural image 

occurs. IdeallyJ comparison of several such superposition 

maps allows recognition of the structure. 

For the practical application of this method there are 

two basic problems to be overcome. First, the discussion 

above assumes that those Patterson peaks which actually 

correspond to atom positions are known. Although this 

information is not known, there are techniques that can be 

used to increase the probability that a chosen peak actually 

corresponds to an atom position. Even a complex map will 

often contain a few well resolved peaks with magnitude 

roughly equal to an expected vector between two heavy atoms. 

The probability of such a peak corresponding to an atom 

position is much larger than for a general peak. The space 

group symmetry and expected structural chemistry can also 

be used to help choose such peaks. ' The second problem is 

concerned with the question of actual peak location in the 

large positive areas of the Patterson map. Seldom can each 

of the component peaks of such an area be resolved, but a 

general area of the Patterson map, rather than a specific 

point, can often be associated with possible atom positions. 

There must be some flexibility in deciding whether two peaks 
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overlap in superposition maps. Comparison of several super­

position maps provides some possible atom positions that are 

well pinpointed, while others occur in larger, less well-

defined regions of the unit cells as Indicated in Figure 1 

in section II below. 

The following outline summarizes the general procedures 

which, were used to solve the TigS structure and which were 

used in the attempted solution of the TigSg structure: 

i) A starting set of peaks in the Patterson map 

that had a high probability of corresponding to atom 

positions was chosen. 

ii) Superposition maps were prepared for each of the 

peaks of the starting set. The superposition maps were then 

compared to find peaks and groups of peaks that recurred in 

the various maps. 

iii) If a particular superposition map did not contain 

the recurring features common to the majority of the maps, 

that superposition map was discarded and the corresponding 

origin peak removed from the starting set. 

iv) Additional superposition maps were made for 

those peaks that were absent in the starting set but which 

kept recurring in the various maps. 

v) The resulting group of peaks formed a trial 

structure which was continuously analyzed in terms of space 

group symmetry, packing of atoms, and the expected structural 

chemistry for the titanium sulfur system. Ideally, as the 
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various peaks are tested, more atoms are located, and the 

trial structure becomes the true structure. In the actual 

application of this procedure, a point was reached where a 

large part of the trial structure corresponded to the true 

structure while additional atom positions required testing 

by Fourier synthesis. 

2. MULTAN techniques 

Direct methods use definite mathematical relationships 

which are usually based on inequality and probability 

considerations to provide a phasing model. There are a 

large number of direct methods that can be used for phase 

determination. The MULTAN techniques will be considered in 

some detail since their application was successful in 

solving the structure of TigS^. 

Between 1968 and 1971» a series of papers by Germain, 

Main, and Woolfson (7,8.9) appeared. In this series they 

described a method and designed a computer program for 

the solution of the phase problem for both centrosymmetrlc 

and noncentrosymmetrlc structures. Their methods were an 

extension of the phase determining formulas of Karle and 

Karle (10) and provide solutions for the common problems 

associated with symbolic addition procedures. These 

techniques, called MULTAN, have been used widely in the 

past few years with notable success. The highly automated 
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MULTAN computer program has often provided rapid solution of 

complex crystallographlc problems. 

The MULTAN technique is based upon two basic results 

derived by Karle and Karle (10). The sigma 2 relationships 

indicate that the phase of a reflection, h, can be determined 

if the phases for the reflections h' and h-h' are already 

known. The accuracy of this relationship increases for 

larger values of the normalized structure factors, E^, 

associated with the various reflections. The second formula, 

called the tangent formula, is represented by 

where the summation is over all reflections of known phase 

which have relatively high values of , and E^^^, (normally 

only reflections with |E^| ̂ 1.50 are included). Both of 

the formulas in equations (6) and (7) are closely related 

and can be derived from both algebraic and probability 

considerations (10). 

The use of these expressions in determining the phase 

of a reflection requires a starting set of reflections of 

known phase. Ideally, the starting set can be used to 

continue the phase determining process until the phases are 

known for all of the strong reflections. As in the use of 

^h = "fh, + ( 6 )  

(7) 
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Sayre's triple product relations for centrosymmetric struc­

tures, however, an early mistake in phase determination causes 

the phases of a large number of reflections to be wrong, 

yielding an incorrect trial structure. Since Initially there 

are seldom enough phases known to allow complete phase assign­

ment, certain reflections are assigned symbols to represent 

their phases, and unknown phases are determined in terms of 

the symbols. 

One of the most important aspects of the MULTAN technique 

was the inclusion of a method for finding the best possible 

starting set of phases. The method depends upon the reliabil­

ity of a particular phase determination, which is given by 

the expression 

In this expression depends directly on the phase values 

which are not known when the starting set of reflections is 

chosen. It is possible, however, to estimate by the 

expression 

(I^ and I^ are Bessel functions) 
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Where: K • = 2 |Eh\'\-h'I > 
^ /V" ^ «v 

N 
a = I Z,^ (Z, is the atomic number of the J=th atom) 
* j=l J ^ 

In(K) 2 . 
Y^YKj- = 0.5658 K + 0.1304 YT + 0.0106 + ••• 

The estimated reliability, a^^e), for the phase determination 

of a reflection does not depend upon knowing the phases, but 

is proportional to the magnitude of the E^^s involved in any 

triple product as well as proportional to the number of 

triple product relationships for a particular reflection. 

The best starting set is determined by the step by step 

elimination of those reflections having low values for a^^Ce). 

The remaining reflections, those necessary to define the 

origin, to define the enantiomorph, and to specify a number 

of reflections requiring phase symbol assignment, are those 

which phases are known with high reliability and which 

are related by the sigma 2 relationships to a large number 

of other reflections. 

The specific application of these techniques is 

considered in the discussion of the TigS^ structure solution 

in section II below. 

(10) 

(11) 
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II. THE METAL-RICH TITANIUM SULFUR SYSTEM 

A. Introduction 

1. Survey of metal-rich titanium sulfides 

The investigation of the titanium sulfur system began 

with the 1937 work of Blitz, Ehrlich, and Meisel (11). Since 

that time there have been several investigators who have 

studied this system with varying degrees of thoroughness. 

With the advent of the techniques of high temperature 

chemistry, sample-container interactions, which had caused 

contradictory phase characterization among early investi­

gators, were minimized. Conard (1) summarized the work of 

the early investigators and discussed those cases where 

sample-container interactions had caused problems in phase 

characterIzat ion. 

During his investigation of the vaporization of TiS, 

Franzen (12) reported the presence of a new metal-rich 

titanium sulfide with nominal composition, TlgS. Using 

Franzen's sample, Stone (13) attempted the crystallographic 

characterization of this new solid phase. A least-squares 

fit of Gulnier powder diffraction lines for this sample,gave 

approximate lattice parameters of a = 11.35, b = l4.06, and 

Ç = 3.32 1. Stone also determined the space group symmetry 

to be either Pnn2 (noncentrosymmetrlc) or Pnnm (centro-

symmetric). Combustion analysis yielded S/Tl = 0.498, and 
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density measurements provided an average density of 

4.80 g cm~^. This density corresponded to 11.97 TlgS units 

per unit cell. 

In 1958, Bartram (14) Identified a new titanium sulfide 

phase of nominal composition, Tl^S, which he described as 

having a unit cell closely related to that of titanium metal. 

The TlgS unit cell was hexagonal with lattice parameters 

a = 2.9669 ± 0.0004 and c = 14.495 ± O.OO5 X where the a-axls 

Is slightly larger than the corresponding a-axls of the metal 

and the £-axls is approximately three times the c_-axls of the 

metal. Bartram confirmed the presence of sulfur In the 

sample and proposed at least partial ordering of sulfur In 

the titanium lattice to account for the approximate tripling 

of the c-axls. 

In 1 9 6 9 ,  Eremenko and Listovnichii (15) reported the 

preparation of TlgS and determined that the space group was 

tetragonal with lattice parameters of a = 9-952 and 

c = 4.89 X. Based on powder diffraction data, they suggested 

that TlgS was isostructural with Tl^P. 

2. Purpose of this investigation 

The purpose of the research described in this chapter 

was to determine the structure of TigS, to duplicate the 

reported work on Ti^S and Ti^S, and to systematically 

investigate the Tl-S system for the presence of other possi­

ble metal-rich phases which are stable at high temperature. 
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B. Experimental Investigation 

Three different sets of titanium sulfide samples were 

prepared using different experimental conditions. Table 1 

lists the set of samples which were prepared by arc-melting 

pellets of TiS and titanium metal combined in the mole ratio 

corresponding to the approximate stoichiometry indicated in 

the table. The arc-melted pellets were annealed for eight 

Table 1. Phases identified in arc-melted titanium sulfide 
. . . samples . . 

Nominal Sample Phases Identification 
Composition Present Method 

TigS TigSg, TigS a,b 

Ti^S Ti b 

TirS Ti b 
5 

TigS Tl b 

TiyS Ti b 

a corresponds to single crystal techniques, 

b corresponds to powder diffraction techniques. 

to ten hours at the relatively low temperature of 1125*0, 

since attempted annealing at higher temperatures resulted in 

melting of samples. Only the Ti^S sample yielded diffraction 
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patterns Indicating the presence of a phase other than 

titanium metal. Single crystal work on this particular sample 

confirmed the presence of TigS and indicated the presence of a 

new titanium sulfide phase which was subsequently identified 

as TlgSg. 

A second set of samples, listed in Table 2, was prepared 

from the elements in the manner discussed in the Introduction. 

Table 2. Phase identification and transformation of titanium 
sulfide samples annealed at high temperature 

Nominal Phases Identification Transformation 
Sample Present Method Observed During 

Composition Annealing 

T12.58 TigS b 

'^^2.67^ TigSg, TigS a,b TigS, ̂  TigS 

TigS TlgSg, TigS b 

T13.5S TlgSg, TigS a,b TigSg TigS 

T148 Ti; TlgS; TigSg a/D 

T14.5S Ti, TigSg a,b TlgS^ TigS 

TigS Ti, TigSg b 

Ti, TigSg b 

TigS Ti, TlgSg b 

Ti a,b 

a corresponds to single crystal techniques, 

b corresponds to powder diffraction techniques. 
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The phases present In each of these samples were identified 

by powder diffraction and single crystal techniques. For 

each of the different samples the total heating time at 

1150®C varied depending on the behavior of the individual 

samples. For example, after eight hours of annealing, 

Guinler diffraction films for the Tig sample indicated 

the presence of TigS and TigSg. After approximately 

200 hours of heating, the presence of only TigS was indicated 

by X-ray diffraction techniques. The decomposition of TlgS^ 

at 1150°C was also observed for the Tig and Tlj^ 

samples. Even after most of the TigSg had decomposed, 

Guinler diffraction films for the samples Tig and Tig 

gave no evidence for the presence of titanium metal. It is 

possible that titanium dissolved into the tungsten container. 

A thorough single-crystal examination was conducted on 

the TigS, Tl^i ^S, and Ti^S samples. No evidence was found 

to confirm the existence of the TlgS phase reported by 

Eremenko and Listovnlchil (15) or the TigS phase reported by 

Bart ram (14). The examination of the Ti^i sample gave no 

indication for the presence of a titanium sulfide phase 

corresponding; to the Zr^Si, phase recently characterized by 

Chen and Pranzen (16). The possible existence of these 

phases certainly cannot, be ruled out, but under the conditions 

of attempted preparation these particular phases do not appear 

to be stable. 
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A preliminary Investigation was conducted on samples of 

nominal composition Ti-ĵ  25^» Tl^ q̂S and Ti^ Each of 

these samples exhibited similar behavior at high temperature. 

Guinier diffraction films for the Tl^ sample heated at 

1500-l600°C indicated the presence of an unidentified phase, 

2 
Ti^S. The observed sin 0 values for this phase are listed 

in Table 3. Although the diffraction films gave no evidence 

for the presence of TiS, only single crystals of TiS were 

obtained from this sample. After annealing at 1750°C, 

diffraction films of the Ti^ ̂ ^8 sample confirmed the presence 

of both Ti^S and TiS. Characterization of the Tl^S phase 

will require further investigation. 

Table 3. Guinier X-ray powder diffraction data for Tl^S 

p 
Relative sin ( 0 )  observed 0 (observed) 
Intensity x 10% 

M 726.1 15.63 

W 877.2 17.23 

VW 1169.0 20.00 

VW 1202.0 20.29 

S 1309.0 21.21 

VW 2040.0 26 .85  

VW 2192.0 27.92 

VW 2308.0 28.72 

VW 3044.0 33.49 

¥ 3514.0 36.36 

W 4505.0 42.16 
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C. Structure Solution of TigS 

1. A c knowled gement 

The structural study of the TigS phase was the combined 

effort of the author and Dr. B. R. Conard, whose Ph.D. thesis 

contains a detailed discussion of the Ti^S structure 

determination. This section is a description of the author's 

contribution to the structural solution for TigS. 

2. Preparation and data collection 

A sample of initial composition TigS was prepared by 

annealing at 1590°K. The annealing was repeated until powder 

diffraction films indicated no further changes in the sample. 

The resulting product was extremely hard, brittle, and 

characterized by high metallic luster. Many of the small 

pieces of the sample chipped from the tungsten crucible were 

characterized by well-defined faces and sharp edges indicative 

of well formed single crystals. 

A single crystal was chosen from this sample and aligned 

with the crystallographic c_-axis coincident with the 

rotation axis of a Weissenberg camera. Rotation and 

Weissenberg films were taken for the first four layers using 

molybdenum radiation. Reciprocal lattice plots indicated 

that the lattice parameters were the same as those reported 

by Stone (13) and confirmed that the point group symmetry for 

the unit cell was orthorhombic. The conditions for reflection 
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were determined to be: 

hk&: no conditions 

Ok&: k+Jl = 2n 

hO&: h+& = 2n 

hkO: no conditions 

hOO: h = 2n 

OkO: k = 2n 

00&: & = 2n 

These reflection conditions were consistent with the two 

orthorhombic space groups Pnn2 and Pnnm. 

The assumption was made that the TigS structure corres­

ponded to the centrosymmetric space group Pnnm. The short 

£-axis of 3.328. and packing considerations for the atoms 

combined to limit the atom positions of the assumed Pnnm 

space group which could be occupied by titanium or sulfur. 

If the general atom positions, 8(h), were occupied, an atom 

in the (x,y,z) position would imply a second atom at (x,y,z^. 

The short £-axis implied that atoms occupying these two 

positions would be too close together for any value of z 

different from z=0 or z=l/2. These considerations indicated 

that the 4(g) atom positions (x,y,0; x,y,0; 1/2+x, 1/2-y; 1/2; 

1/2-x, 1/2+y, 1/2) of the Pnnm space group were the most 

general positions that could be occupied by titanium or 

sulfur. 

The intensities of the reflections were estimated using 

standard multiple film techniques. An Intensity scale was 

prepared from timed oscillations of the (400) reflection. 
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Visual comparison of each reflection with the Intensity scale 

allowed assignment of an uncorrected, relative Intensity, 

I ,, for most of the observed reflections. For each of the 
rel' 

Welssenberg layers, medium and strong reflections were read 

on all four films In order to determine a film absorption 

factor which could then be used to assign values of for 

the strong reflections too dark to be accurately estimated on 

the first film. Using this procedure, values of were 

assigned for the 535 reflections observed In the Welssenberg 

films. 

Comparison of the Intensity data for the hkO and hk2 

reflections showed that after correction for angle dependent 

effects Ipg^(hkO) = I^g^(hk2). This Implied that the atoms 

of the TlgS structure occur In two layers perpendicular to 

the c_-axls and confirmed the choice of the 4(g) atom positions 

Indicated above. 

For each reflection the magnitude of the relative 

structure factor, |Pyg^|, was calculated using the formula, 

|Frell'[K/Lp.S.A.Irgi]l/2 (12) 

The K/Lp term corresponds to the Lorentz-polarization 

correction and the correction required by changes In reflec­

tion spot size and shape. These corrections were estimated 

graphically from the International Tables (17). S corresponds 

to a linear correction factor which was applied to account for 
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the splitting of the K and K X-ray radiation components 
^1 "2 

for certain reflections. The absorption correction term A in 

equation (12) was not used due to the small size of the 

crystal used for data collection. The values of 

calculated in this way were used in the subsequent structure 

determination. 

3 .  Structure determination 

The Patterson techniques described above are particularly 

well-suited for application to a structure like TigS where the 

atom positions occur in two parallel planes. Patterson maps 

were calculated for various layers perpendicular to the 

c_-axis of the unit cell and contained maxima only in the 

layers c=0 and c=l/2. The resulting two dimensional maps 

were relatively complex. In order to limit the number of 

Patterson peaks used in the starting set for superposition 

maps and to increase the probability that a chosen peak would 

correspond to an actual atom position, the Barker ( I 8 )  

sections for the 4(g) atom positions of the Pnnm space group 

were used. 

Harker first showed that the relationship between a 

particular atom in a unit cell and its symmetry equivalent 

atoms implied certain restrictions on the Patterson map. 

For example, an atom in the Pnnm space group at (x,y,0) 

implies a second atom at (x,y,0), and the Patterson map will 

contain the vector between them. If an atom at (x,y,0) in 
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the structure appears In the Patterson map at (u,v,0), then 

there must be a second peak at (2u,2v,0) In the Patterson map. 

The symmetrically equivalent positions (1/2+x, 1/2-y, 1/2) 

and (1/2-x, 1/2+y, 1/2) imply the Harker sections (1/2, 

1/2-2V, 1/2) and (l/2-2u, 1/2, 1/2). The Pnnm symmetry thus 

provided three tests that could be applied to increase the 

probability that a Patterson peak corresponded to an atom 

position in the unit cell. 

Patterson superposition maps were made for only those 

peaks which obeyed the Harker symmetry conditions. The 

resulting maps gave structural images masked by spurious 

overlap, but repeated comparisons of the different maps 

provided the trial structure Illustrated in Figure 1. The 

six four-fold atom positions of the trial structure, 

represented by the solid circles labeled A through F, were 

those input into a Fourier synthesis calculation. The lines 

and circles connected by lines in Figure 1 correspond to 

regions in the superposition maps where the apparent overlap 

of peaks occurred in a general, less specific region than 

the overlap of the six atom positions of the trial structure. 

For comparison. Figure 1 also illustrates the refined 

atom positions of the Ti^S structure as represented by Ti 1 

through S 3. The agreement between the six trial atom 

positions and the refined atom positions can only be described 

as fair. It is interesting that the recurring areas of 

general overlap in the superposition technique both 
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Circles with letters represent well-defined atoms 
from superposition techniques. Lines correspond 
to the less well-defined- atom positions from 
superposition techniques. The refined atom 
positions are represented as Ti and S atoms. 

Figure 1. Comparison of Ti^S atom positions from super­

position techniques with the refined atom positions 
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corresponded closely to actual atom positions in the refined 

structure. Although only six of the final nine atom 

positions were Input in the Fourier synthesis, the calcula­

tion generated the three missing atom positions and provided 

the correct structure. 

4. Structure refinement and description 

At this point in the development of the solution to the 

structure of TigS, the author entered the military service, 

and the subsequent refinement of the structure was accom­

plished by Conard (1). The description and discussion of the 

TigS structure is presented in Part II of this thesis. 

D. Structure Solution of TigSg 

1. Preparation and data collection 

TigSg was first prepared by heating at 1125°C a 150 mg 

pelletized mixture of TiS and titanium metal with an overall 

Ti/S ratio of 3.0. The partially melted pellet appeared 

metallic and was quite brittle. A small portion of the 

pellet was chipped from the bulk sample and a Debye-Scherrer 

diffraction pattern taken. The extreme complexity of the 

powder film indicated the presence of a new phase. 

Microscopic examination of the sample showed the presence of 

well-formed, small, needle-like crystals. 

Rotation, zero-layer, and first-layer Weissenberg films 

indicated that the crystals corresponded to a C-centered 
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monoclinic space group with the crystal rotation axis 

coincident with the unique crystallographic b-axis of the 

unit cell. The approximate lattice parameters calculated 

from these films were: 

a = 32 .69 (1 )  I  

b = 3.327(2) I 

c = 19 .36 (2 )  I  

e = 139.9(5)° 

The conditions for reflection were: 

hk&: h+k = 2n 

hO&: h = 2n 

OkO: k = 2n 

C2j Cm, and C2/m were the only space groups consistent with 

these observations. 

Single crystal X-ray diffraction data were collected 

with a Hilger-Watts four-circle automated diffractometer 

coupled with an SDS 91O computer, as described by Dahm, 

Bensen, Nimrod, Pitzwater, and Jacobson (19). Peak-height 

intensities were measured. Zirconium-filtered Mo K radiation 
a 

was used to obtain data for nonextinguished reflections in the 

first two octants with 30°. Lorentz and polarisation 

corrections were applied, but owing to the small crystal size 

(10 y X 10 y x 50 li)3 no absorption correction was made. 

The fluctuation level of the counter was assumed to be 

proportional to the square root of the total counts, and the 
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statistical uncertainties of the intensity data were taken to 

1 / 2  
be (A+B) /(A-B), where A and B are peak and background 

counts, respectively. Of the 2351 intensity data collected, 

713 had uncertainties less than 33%. 

2. Structure solution via MULTAN 

Early attempts to solve the TlgSg structure were made 

utilizing Patterson techniques, Sayre's triple products, and 

Long's (20) reiterative application of Sayre's triple product 

relations. Each of these methods was designed to solve a 

centrosymmetric structure. A Howells, Phillips and Rogers 

plot (21) proved to be an Inconclusive test for a center of 

symmetry in TlgS^. It was decided to use MULTAN techniques 

to attempt the structure determination assuming that the 

TigSg space group was Cm (noncentrosymmetric). 

Normalized structure factors, E^, were calculated for 

all of the TlpS^ reflections. The 338 reflections with 

Ej^ ^ 1.50 were used in the MULTAN calculation. For each 

reflection the SIGMA 2 section of the program calculated all 

of the phase relationships, equation (6), and the values of 

e^^e), equation (9). This section of the program also used 

the Cm space group symmetry to determine the parity 

conditions necessary for origin definition. The CONVERGE 

section of the MULTAN program then used the =^(e) values to 

rank each of the reflections. In a step-by-step process, 

those reflections with lower values of «^^e) were eliminated. 
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The last reflections eliminated were those which gave strong 

phase relationships and quickly led to multiple phase 

Indications. The six reflections finally remaining included 

the two necessary for origin definition and four reflections 

chosen as the starting set for subsequent phase determination. 

Since the assumed space group was noncentrosymmetric, each of 

the four reflections of the starting set was assigned a phase 

corresponding to one of the four values ± n/4, ± Sir/^. For 

each different choice of for reflections in the starting 

set, a different set of phases could be calculated. 

The phases of the remaining reflections were calculated 

using the weighted tangent formula, 

^ ' Z,"&'"h-h'|Sh'Eh-h'|c°s(?h' + %-h') 

= Ï (13) 

-h 

where: w^ = tan h (1/2 (l4) 

and "h = + 8^2)1/2 (15) 

Only 33 of the 256 possible solution sets were calculated. 

MULTAN techniques provided three criteria by which to 

determine which of these 33 sets of phases had the highest 

probability of corresponding to the actual structure. Of the 

three different criteria, only the ̂ i^-test (22) was used, 

since it was designed specifically for space groups with no 



www.manaraa.com

31 

translatlonal symmetry other than C-centering. should be 

a minimum for the correct phasing model. 

fl-p_E^map_jwas calculated for the set of phases which gave 

the minimum value for ijj^. This E-map was devoid of spurious 

peaks and gave 44 well-resolved peaks which corresponded to 

chemically reasonable interatomic distances for the trial 

structure. Titanium and sulfur positions were distinguished 

by examination of the geometrical arrangement of neighboring 

peaks. The arrangement of peaks in the E-map suggested the 

presence of a center of symmetry in the structure. 

3. Structure refinement 

The atom positions suggested by the trial structure were 

refined by least-squares computation (23) and atomic scatter 

scattering factors by Hansen, Herman, Lea, and Skillman (24) 

assuming in the refinement the Cm space group. Isotropic 

temperature factors were assumed. After* five cycles of 

refinement, the unweighted R index, R = Z 

was 0.108. A test made for a center of symmetry indicated 

that one was present within the uncertainty of the atom 

positions. Assuming the space group C2/m, further refinement 

reduced the unweighted R index to O . O 8 O .  

The final positional parameters and isotropic temperature 

factors are given in Table 4. Table 5 lists the nearest 

neighbors and their interatomic distances for each atom in 

TigS^. The maximum standard deviations of the Interatomic 
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Table.4. Final atomic parameters for TlgS?. All atoms occupy 
. four-fold positions (1) x,o,z of space group C2/m 

Atom X Y z B(A^) 

Ti(l) 0.5795(4) 0.0 0 .5867(7) 1.0(2) 

Ti(2) 0.5943(4) 0.0 0 .7732(7) 1.1(2) 

Ti(3) 0.5890(4) 0.0 0.0804(7) 1.0(2) 

T1(H) 0.6223(4) 0.0 0 .3128(7) 1.0(2) 

Tl(5) 0.6712(4) 0.0 0.0034(7) 0.9(2) 

Ti(6) 0.6956(4) 0.0 0 . 6 4 1 9 ( 7 )  1 . 0 ( 2 )  

Tl(7) 0.7180(4) 0.0 0 .8292(7) 0 .9 (2 )  

Tl(8) 0.7033(4) 0.0 0.2776(7) 0.7(2) 

Tl(9) 0 . 8 0 0 1 ( 4 )  0.0 0 .0692 ( 7 )  1 . 2 ( 2 )  

Tl(lO) 0.7658(4) 0.0 0 . 5 7 2 9 ( 7 )  0 . 9 ( 2 )  

Tl(ll) 0 . 8 3 6 3 ( 4 )  0.0 0 .5171(7) 1.0(2) 

Ti(12) 0.8476(4) 0.0 0 . 8980 ( 7 )  0.9(2) 

Tl(13) 0.9410(4) 0.0 0.1633(7) 1 . 0 ( 2 )  

Tl(l4) 0.0105(4) 0 . 0  0.5945(7) 1.0(2) 

Ti(15) 0.9904(4) 0.0 0 .8926 ( 7 )  0 . 9 ( 2 )  

Ti(l6) 0.4485(4) 0.0 0.6199(7) 1 . 1 ( 2 )  

8 ( 1 )  0.5719(6) 0.0 0.9517(9) 0 . 9 ( 2 )  

8 ( 2 )  0 . 7 4 3 0 ( 6 )  0.0 0 .2061 (10 )  1 . 1 ( 2 )  

8 ( 3 )  0 . 8933 ( 6 )  0.0 0 .4711 (10 )  0 . 9 ( 2 )  

8 ( 4 )  0 .8722 (6 )  0.0 0.7755(10) 1.0(2) 

8 ( 5 )  0 .8710 (6 )  0.0 0.2704(10) 0 . 9 ( 2 )  

8 ( 6 )  0.9462(6) 0.0 0 .7152 (10 )  1.3(3) 
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Table 5. The nearest neighbors and their Interatomic distances In TlgS^. (Devia­

tions for Tl-8 and Tl-Tl distances are 0.050% and 0.035&, respectively) 

Central Type of 
Atom neighbors 

Tl(l) 

Tl(2) 

Tl(3) 

Tl(4) 

No. of Distances 
neighbors 

S(5) 
8 ( 3 )  

Tl(l4) 
T1(14) 
Tl(6) 
Tl(7) 

8 ( 5 )  
Tl(l4) 
Tl(13) 
Tl(9) 
Tl(5) 
T1(16) 

S(4) 
8(1) 
Tl(15) 
Tl(3) 
Tl(15) 
Tl(8) 
Tl(12) 

S(4) 
8(6) 
Tl(ll) 
Tl(lG) 
Tl(15) 
Ti(8) 

Central Type of No. of 
Atom neighbors neighbors 

Distances 

2 2.486 Tl(5) 8 ( 1 )  1 2.560 

2 2.513 8 ( 2 )  1 2.603 

2 2.820 Tl(9) 2 2.770 

2 2.901 Tl(7) 2 2.905 

1 3 . 0 4 9  Tl(13) 2 2.922 

1 3.159 Tl(12) 2 2.930 3.159 
Tl(2) 1 3.010 

2 2.497 
2.509 2 2.783 Tl(6) 8 ( 3 )  2 2.509 

2 2.793 8 ( 2 )  2 2.533 

2 2.803 Tl(8) 2 2.875 

1 3.010 Ti(ll) 2 2 . 9 0 3  
1 3.149 Tl(l) 1 3.049 3.149 

Tl(7) 1 3.097 
2 2.454 

2.489 1 2.586 Tl(7) 8 ( 2 )  2 2.489 

2 2.868 8 ( 5 )  2 2 . 5 2 0  
1 2.879 Tl(5) 2 2 . 9 0 5  
2 2.881 Tl(9) 2 2.955 

1 2.884 Tl(6) 1 3 . 0 9 7  
2 2.960 Tl(9) 1 3.124 2.960 

Tl(l) 1 3.159 

2 2.488 
2  2.490 
2 2 . 9 3 8  
2 2.943 
2 3.120 
1 3.196 

uo 
LjJ 
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Table 5. (Continued) 

Central Type of No. of Distances 
Atom neighbor» neighbors 

Ti(8) S(4) 2 2.460 
S(2) 1 2.529 

Ti(lO) 2 2.767 
Tl(6) 2 2.875 
Ti(3) 1 2.884 
Ti(12) 2 2.910 
Ti(ll) 1 3.091 
Ti(4) 1 3.196 

Ti(9) 8 ( 5 )  1 2.591 
Ti(9) 2  2 . 6 9 6  
Ti(5) 2 2.770 
Ti(2) 2 2.803 
Ti(7) 2 2.955 
Tl(7) 1 3.124 

Ti(lO) 8(4) 1 2.576 
Ti(lO) 2 2.710 
Tl( 8 )  2  2 . 7 6 7  
Tl(ll) 2 2.843 
Ti(4) 2 2.943 

Tl(ll) 8(6) 1 2.563 
8 ( 3 )  1 2.605 

Tl(lO) 2 2.843 
Ti(6) 2 2.903 
Tl(4) 2 2.938 
Ti(l6) 2 2.995 
Tl(8) 1  3 . 0 9 1  

Central Type of No. of Distances 
Atom neighbors neighbors 

Ti(12) 

Ti(13) 

Ti(l4) 

Ti(15) 

8 ( 1 )  2 2.535 
8 ( 2 )  2 2.544 

Ti(8) 2 2.910 
Ti(5) 2  2.930 
Ti(3) 2 2.960 

8 ( 6 )  1 2.418 
8 ( 1 )  2  2.541 

Ti(2) 2 2 . 7 9 3  
Ti(5) 2  2 . 9 2 2  
Ti(15) 1 3.145 
Ti(l6) 2 3 . 2 0 2  

8 ( 5 )  1 2 . 5 2 0  
8 ( 3 )  1 2 . 5 2 0  

Ti(2) 2  2 . 7 8 3  
Ti(l) 2  2 . 8 2 0  
Ti(l) 2 2 . 9 0 1  
Ti(l6) 2 2.942 
Ti(l4) 1 3 . 1 6 5  

8 ( 6 )  1 2 . 4 9 9  
8 ( 1 )  2  2.554 
8 ( 4 )  1 2.574 

Tl(3) 2 2.868 
Tl(3) 2 2 . 8 8 1  
Ti(4) 2 3 . 1 2 0  
Ti(13) 1 3.145 

00 
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Table 5. (Continued) 

Central Type of No. of Distanc 
Atom neighbors neighbors 

Tl(l6) 8 ( 3 )  2 2.521 
8 ( 6 )  2 2.532 

T1(14) 2 2.942 
Tl(ll) 2 2.995 
Tl(2) 1 3.149 
Tl(13) 2 3.202 

8 ( 1 )  Tl(12) 2 2.535 
T±(13) 2 2.541 
Tl(15) 2 2.554 
Ti(5) 1 2.560 
Tl(3) 1 2.586 

8 ( 2 )  Tl(7) 2 2.489 
Ti(8) 1 2.529 
Ti(6) 2 2.533 
Tl(12) 2 2.544 
Ti(5) 1 2.603 

8 ( 3 )  Tl(6) 2 2.509 
Tl(l) 2 2.513 
Tl(l4) 1 2.520 
Tl(l6) 2 2.521 
Tl(ll) 1 2.605 

Central Type of 
Atom neighbors 

No. of Distance 
neighbors 

8(4) 

S(5) 

S(6) 

Ti(3) 2 2.454 
Ti(8) 2 2.460 
Tl(4) 2 2.488 
Tl(15) 1 2.574 
Tl(lO) 1 2.576 
Ti(l2) 1 3.032 

Ti(l) 2 2.486 
Tl(2) 2 2.497 
Ti(l4) 1 2.520 
Ti(7) 2 2.520 
Tl(9) 1 2.591 

Ti(13) 1 2.418 
Ti(4) 2 2.490 
Tl(15) 1 2.499 
Ti(l6) 2 2.532 
Ti(ll) 1 2 . 5 6 3  

VJl 
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distances were 0.050 K for Ti-S distances and 0.035 & for 

Ti-Ti distances. 

4. Accuracy of the MULTAN technique 

The success of the MULTAN techniques in the structure 

solution of TigSg where other attempts had failed is deserving 

of comment. The failure of Sayre's triple product relations 

to provide a structure solution (even though TigSg was 

centrosymmetric) may be related to the arbitrary choice of 

reflections assigned symbols and used in a starting set for 

further phase determination. When the starting set of 

reflections chosen by MULTAN were used in Sayre's triple 

product relations, the phases (signs) for the 70 strongest 

reflections of TigSg were correctly determined. 

The close agreement between the 44 atom positions of the 

trial structure and the refined atom positions seemed 

remarkable. Table 6 compares the calculated phases with the 

final phase values after refinement for a random selection of 

reflections and illustrates their close agreement. This 

close agreement is true for all of the reflections. The 

accuracy of the calculated phase values may be the reason for 

both the lack of spurious peaks in the E-map and the accuracy 

of the trial structure. In the derivation of the formulas 

used in the MULTAN calculation, an assumption was made that 

the structure is composed only of equal atoms (10). The 

small difference between titanium and sulfur of six electrons 
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Table 6. Comparison of phase values calculated by MULTAN 
techniques with the refined phase values for TlgS,. 
(Phase. In degrees) 

Reflection Refined MULTAN Difference 
Phase Phase (Absolute Value) 

8  2  9  0  360 .2  0 .2  

20  2  4  180  164 .4  15 .6  

1  3  3  180  170 .4  9 .6  

10  2  10  

O
 

O
O
 1—

1 

1 86 .6  6 .6  

7  3  F  180  183 .6  3 .6  

42  0  15  

o
 

o
o

 1—
I 

1 85 .0  5 .0  

28  0  0  

o
 

o
o

 1—
! 

1 85 .5  5 .5  

29  1  IE 0  4 .8  4 .8  

8  0  2  

o
 

o
o

 1—
1 

2 16 .0  36 .0  

6  0  10  0  2 .2  2 .2  

16  2  0  0  351 .4  8 .6  

38  2  13  180  185 .1  5 .1  

6  0  2  0  348 .9  11 .1  

8  2  19  0  338 .4  21 .6  

4  2  5  0  354 .2  5 .8  

5  1  2  0  6 .8  6 .8  

30  0  2E 0  26 .2  26 .2  

0  0  16  180  195 .8  15 .8  

27  1  2Ï 0  358 .8  1 .2  

17  3  3  180  184 .0  4 .0  

33  1  Î9  0  359 .6  0 .4  

8  0  1  180  190 .9  10  = 9  
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provided a case where the equal atom approximation was closely 

approached, perhaps explaining the accuracy of the calculated 

phase determination. 
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PART II. STRUCTURAL CORRELATIONS AND CHEMICAL BONDING 
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I. INTRODUCTION 

The successful structural solution of the TigS and TigSg 

structure types led naturally to a comparison of their 

structural similarities and differences. The structural 

features of these two phases are features common to a large 

number of other structure types. A large portion of this 

work is devoted to a detailed comparison of the features 

common to a large number of structure types with features 

similar to those of TigS and TigS^. 

In studying the structural similarities and differences 

for the structure types under discussion here, a continuing 

attempt was made to understand the structural features in 

terms of qualitative bonding models. The complexity of the 

structures discussed here precluded any type of rigorous 

theoretical treatment (e.g^., band structure approach). 

Rather, the approach used throughout this study was to observe 

the structural similarities and differences and then to 

continually question the reasons why the similarities and 

differences occur. 

The recurring geometrical features found in these 

structure types, ̂ .e., trigonal prismatic nonmetal coordi­

nation and the metal coordination units, suggest that the 

structural features may be best understood in terms of a 

hybrid orbital model. Although it is certainly true that not 

all of the structural features can be understood within the 
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framework of a simple hybrid orbital model, such a model 

seemed to be fruitful approach in describing the sigma-

bonding contribution of the individual atoms making up the 

structures of the phases described here. It was felt that 

such an approach also allowed a framework within which a 

better understanding of the structural similarities and 

differences for the structure types under discussion was 

possible. 

The basic weakness of this type of approach is that any 

specific consideration of the possible ir-bonding Interactions 

between atoms is ignored. It is the point of view adopted 

here that the structure features under study depend primarily 

on the sigma-bonding contribution of the atoms involved. For 

comparison, the benzene molecular structure might be 

2 
considered in terms of the sp hybrid orbital combination 

bonding contribution of each carbon atom. It is this bonding 

contribution which, in effect, determines the molecular 

geometry. Obviously, the n-bonding contribution is important 

In understanding the chemical properties of benzene, but it 

is felt that the inclusion of ir-bonding interaction is not 

necessary in describing the basic molecular structure. 
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II. THE TigS AND TlgS^ STRUCTURES 

A. Introduction 

In Chapter II the methods used to solve the structure of 

TigS and TigSg were described. In the following description 

of the TigS and TigSg structures, particular emphasis will be 

placed on the discussion of those structural features which 

are common to a large number of other structure types, for 

the TigS and TigS^ structures are two of a variety of 

structures that form a structural class consisting of 

structures assumed by a large number of transition metal 

chalcogenide and pnictide phases. A major theme of this 

thesis will be that an analysis of the structural-chemical 

principles underlying the recurrent features in this class of 

compounds leads to information about the nature of the 

chemical interactions in the compounds in general, and in 

TigS and TigS^ in particular. 

B. Structure Descriptions 

The structure of TigS, which has already been described 

by Gonard (1) in his thesisj is illustrated in Figures 2 and 

3. The system used to represent the atoms in Figure 3 will 

be used throughout for depicting the structures of other 

phases of this structural class. Nonmetal atom positions 

will be represented by the symbols x or ® where the absence 

or presence of the circle is used to distinguish the nonmetal 
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Solid lines represent the coordination polyhedra of 
atom positions in the layer at a = 1/2. Broken 
lines represent the polyhedra of atom positions in 
the layer at z = 0. 

Figure 2. The TigS structure 
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\ 
X and @ oorreBpond to nonmetal atom positions 
while e and o represent metal atom positions in the 
two distinct layers of the structure, x and ® 
represent atoms in the same layer while ® and o 
represent atom positions in the same, but distinct, 
layer. The same symbolism will be used to represent 
other structures below. 

Figure 3. The TigS structure as the packing of titanium 

cubes and sulfur trigonal prisms 
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atom positions which occur in the two separate layers which 

characterize the structures. Similarly, the symbols @ and o 

represent metal atom positions in the two distinct layers. 

The symbols with circles, whether metal or nonmetal, represent 

atom positions in the same layer. 

The solid and dashed lines in Figure 2 illustrate the 

partial coordination polyhedra of titanium and sulfur atoms. 

Solid lines represent the partial coordination polyhedra 

(P.O.P.) about atoms centered at z = 1/2, while the dashed 

lines correspond to the P.O.P. for atoms centered at z = 0. 

A drawing of this type (Figure 2) emphasizes the partial 

coordination polyhedra present in the structure and 

Illustrates the face, edge, and corner sharing of the various 

polyhedra. The structure of TigS illustrates only one of the 

large number of possible ways that the observed P.C.P. are 

able to pack in forming a solid structure. 

Figure 4 illustrates the TlgS^ structure, emphasizing 

the different types of metal coordination polyhedra present. 

The first impression upon viewing this structure is one of 

the extreme complexity of this phase which is indicated by 

the presence of 88  atoms In a unit cell with axes 32 .69 (1 )  

and 19.36(2) 1. The TigS^ structure illustrates a second way 

in which the coordination polyhedra of titanium and sulfur 

can pack to form a stable phase. 

TlgS and TigS^ have a large number of common structural 

features which can be seen by comparing Figures 2 and 4. 
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The solid and broken lines illustrate the metal coordination polyhedra. 
Large circles represent titanium atom positions while small circles 
represent sulfur atom positions. Shaded and nonshaded circles are atom 
positions located in the two distinct layers. 

Figure 4. The TigS^ structure 
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Both structures are illustrated as projections of the atomic 

positions along the short crystallographic axis of each unit 

cell. All of the atom positions occur in one of two planes 

perpendicular to the short axis. Each plane of atom 

positions lies on a mirror plane, which is a symmetry 

element common to both the Pnnm space group of TigS and 

the C2/m space group of TigS^. Nonmetal atoms of both 

phases have capped-trigonal prismatic coordination poly-

hedra where the 3-fold axis of the trigonal prisms are 

either perpendicular to the plane of projection, as for 

8(1) and 8(2) of both phases, or parallel to the plane of 

projection, as for 3(3) of TigS and 8(6) of TigSg. For 

the two structures the metal coordination polyhedra are 

very similar and are characterized by high coordination 

numbers for titanium atoms. The atoms of both phases are 

well-packed in the sense that neither the TlpS nor Tl%Sq 

structure contains any region where an additional titanium 

or sulfur atom would fit without implying interatomic 

distances substantially shorter than what would be expected 

from chemical considerations. 

Tables 5 and 7 list the interatomic distances for 

TigSg and TigS, respectively. Reference to these tables 

shows a marked similarity in metal-metal and metal-nonmetal 

distances for the two phases. The similarity in interatomic 

distances is even more pronounced if one compares only the 
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Table 7. Interatomic distances for TlgS. All distances 

(Tl-Ti) less than 3.30 & are listed 

Central Neighbor Interatomic Number of 
Atom Atom Distance (A) . Bonds 

Ti(l) 

Ti(2) 

Ti(3) 

Ti(4) 

Ti(5) 

TiC6) 3.154 2 
S ( 3 )  2.488 2 
Ti(4) 2.843 2 
Ti(4) 2.952 2 

8 ( 2 )  2.525 2 
Ti(5) 3 . 2 4 1  1 

Ti(4) 2.953 2 
S ( 3 )  2.482 2 
Ti(5) 3.049 2 
Ti(3) 2 . 8 5 3  2 

8 ( 1 )  2.474 2 
8 ( 2 )  2.848 1 
Ti(5) 

8 ( 2 )  2.438 2 
Tl(2) 2 . 8 5 3  2 
Tl(6) 2 . 7 9 3  2 
Ti(6) 2.890 2 

8 ( 1 )  2.516 1 
T i ( 3 )  3 . 0 0 4  1 
Ti(5) 3 . 0 7 1  1 
Ti(l) 3.246 1 

T"i(l )  2 , 8 4 3  2 
Ti(l) 2.952 2 
Tl(2) 2 . 9 5 3  2 
Ti(5) 2.838 2 

8 ( 3 )  2.501 1 
8 ( 2 )  2.567 1 
8 ( 1 )  2.616 1 
Ti(4) 3.158 1 

8 ( 1 )  2.490 2 
Ti(4) 2.838 2 

8 ( 2 )  2.472 2 
Ti(2) 3.049 2 

8 ( 3 )  2.437 1 
Ti(3) 3.071 1 
Ti(6) 3.123 1 
Tl(2) 3.241 1 
Tl(l) 3.241 1 
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Table 7. . (Continued) 

Central Neighbor Interatomic Number of 
Atom Atom Distance (A) Bonds 

Tl(6) 8(1) 2 . 5 2 8  2 
Tl(3) 2.793 2 
Tl(3) 2.890 2 
TKl) 3.154 2 
8(3) 2.442 1 
8 ( 2 )  2 . 7 2 4  1 
Tl(5) 3.123 1  

8(1)  Tl(2) ' 2.474 2 
Tl(6) 2 . 5 2 8  2 
T l ( 5 )  2.490 2 
Tl(3) 2.516 1  
Tl(4) 2.616 1  

8 ( 2 )  Tl(l) 2.525 2 
Tl(5) 2.472 2 
Tl(3) 2.438 2 
Tl(4) 2.567 1  
Tl(6) 2.724 1 
Tl(2) 2.848 1 

8(3) Tl(l) 2.488 2 
Tl(2) 2.482 2 
Tl(5) 2.437 1  
Tl(6) 2.442 1 
Tl(4) 2 . 5 0 1  1 
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distances for those coordination polyhedra which are common 

to both TlgS and TlgS^. 

The general structural features discussed above which 

are common to TlgS and TlgS^ (capped trigonal prismatic 

coordination of sulfur and atom positions in mirror planes) 

also occur for a large number of other transition metal 

chalcogenlde and pnictide phases. The recurrence of similar 

structural features for a variety of different phases 

Indicates that TlgS and TigS^ are only two members of a 

larger structural class. 
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III. STRUCTURAL CLASS 

A. Introduction 

In the context of this discussion a structural class 

is defined as a set of structures with a number of common 

structural features which distinguish them from other phases 

formed with similar stoichiometry and from similar chemical 

components. A considerable portion of this chapter will be 

devoted to a detailed description of the structural features 

which define this class of compounds. In this and the 

following chapters the structural features, their frequency 

of occurrence, their correlation with stoichiometry and 

metallic element, etc., will provide the basis and limitations 

for qualitative bonding models that will be devised to help 

explain the structures of this class of compounds. 

B. Structures Forming this Structural Class 

The particular compounds with structures that belong to 

the structural class under consideration are the binary 

transition metal chalcogenldes and pnlctides. In particular, 

the nonmetal components of the known compounds with structures 

in the class are sulfur, selenium, phosphorous or arsenic. 

The metal-to-nonmetal ratios (Me/X) of the typically 

stoichiometric phases with structures In this class fall in 

the range given by 1.0 < Me/X < 3.0. For the phases formed 

from transition elements and the nonmetals discussed above 
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with Me/X <1.0, the structures contain separate metal and 

nonmetal layers, while the structures of this class are 

characterized by the presence of both metal and nonmetal 

atoms within the same layer. The structural class under 

consideration here will be referred to as a layered class, 

but it is important to note that the layering is not of the 

Me-X-Me-X»** variety found for the more nonmetal-rich 

compounds. 

Furthermore, the structures formed by the transition 

metal chalcogenides and pnictides under consideration where 

Me/X ̂  3.0, i.e., the more metal-rich phases (£.£., Ta^S, a-

and g-Vg8 and Zr^Sg) do not contain the unique, short 

crystallographic axis common to the layered class. In 

addition, the predominant metal coordination polyhedra for 

those phases where Me/X ^ 3.0 can be best described in terms 

of Kasper polyhedra (25). 

Transition metal atoms that form the phases of the 

layered class correspond to all three transition series except 

for the 8c, Cu and Zn families. Phases formed from metals in 

these families have structural features quite different than 

those of this layered class. Of the phases with structures 

that are members of this layered class, the majority contain 

metal atoms from the group IV and VB transition metals. 

Table 8 lists representative compounds with structures 

that are members of the layered structural class, an 

identification of the structure-type, space group, lattice 
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Table 8. Structural class 

Lattice Parameters 

structure Angstrom Units Degrees gpaoe References 
Type Phase a b c a B y Group 

TagP TagP 14.419 11.552 3.399 90 90 90 Pnnm 26 

TlgS 11.367 14.060 3.326 90 90 90 Pnnm 1,27 

TlgSe 11.77 14.57 3.515 90 90 90 Pnnm 28 

HfgP 15.031 12.258 3.5738 90 90 90 Pnnm 29 

TagAs 14.7680 11.8373 3.4696 90 90 90 Pnnm 30 

ZrgS 12.46 14.95 3.33 90 90 90 Pnnm 28 

ZrgSe 12.675 15.78 3.61 90 90 90 Pnnm 28 

TiaSs TlgSg 32.69 3.327 19.36 90 139. 9 90 C2/m 31 
This wo: 

^^21^8 Nb2iS8 16.794 16.794 3.359 90 90 90 14/m 32 

^14^5 
Tl^Te^ 

Nb^^S^ 

Tî Tej^ 

Nb^Se^ 

18.480 3.374 19.797 90 90 90 Pnma 33 
^14^5 
Tl^Te^ 

Nb^^S^ 

Tî Tej^ 

Nb^Se^ 

10.164 10.164 3.772 90 90 90 l4/m 34 
^14^5 
Tl^Te^ 

Nb^^S^ 

Tî Tej^ 

Nb^Se^ 9.871 9.871 3.4529 90 90 90 14/m 35 

NbgSe NbgSe 13.995 3.4298 9.306 90 90. 04 90 C2/m 36 

HfgPg 

NbyP^ 

HfgPg 

Nb yP^ 

NbyAs^ 

10.138 3.578 9.881 90 90 90 Pnma 37 HfgPg 

NbyP^ 

HfgPg 

Nb yP^ 

NbyAs^ 

14.950 3.440 13.848 90 104. 74 90 C2/m 38 
HfgPg 

NbyP^ 

HfgPg 

Nb yP^ 

NbyAs^ 15-3716 3.5242 14.1920 90 104. 74 90 C2/m 30 

Nb^Ps 

NbgPs 

Nb^Pg 

NtgPs 

25.384 

26.1998 

3.433 

9.4652 

11.483 

3.4641 

90 

90 

90 

90 

90 

90 

Pnma 

Pbam 

39 

40 
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MogPg MOgP^ 9. 399 3. 209 6 .  537 

^12^7 ^12^7 9. 299 9. 299 3. 2790 

FegP PegP 5. 865 5. 865 3. 456 

COgP COgP 5. 646 3. 513 6.  608 

RUgP 5. 902 3. 859 6. 896 

FeigAs FegAs 3. 627 3. 627 5. 973 

Nb^ASg Nb^ASg 3. 516 14. 660 18.  830 

a-V^ASg 3. 4139 13. 6798 18.  0598 

Cr^ASg Cr^ASg 13. 168 3. 542 9. 302 

6—V^Asg 13.  725 3. 393 9. 230 

M04P3 MOyP^ 12. 428 3. 158 20. 440 

^^4^3 
11. 662 3. 317 9. 994 

90 109.  .59 90 Pm 

90 90 120 P6g /m 

90 90 120 P^2m 

90 90 90 Prima 

90 90 90 Prima 

90 90 90 P4/nmm 

90 90 90 Cmcm 

90 90 90 Cmcm 

90 

O
J 0

 
H

 19 90 Cm 

90 100.  52 90 C2/m 

90 90 90 Prima 

90 90 90 Pnma 

41 

42 

43 

44 

44 

45 

46 

47 

48 

47 

49 

50 
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parameters, and a reference for the structural work. The only 

entries in this table are phases that have been structurally 

well-characterized, i.e., their structure was determined by 

single-crystal techniques or by powder diffraction techniques 

if their structure type had previously been determined. 

C. Physical Properties 

Many of the physical properties of this layered class 

have not been measured using the precise techniques that 

might be desired. However, they do have a rather unique 

combination of general physical characteristics that make 

them interesting to the physical scientist. These phases 

are refractory with melting points in the range of 1150 to 

approximately 1600°C. Conductivity measurements on arc-

melted pellets of certain compounds indicated that these 

phases have electrical conductivity similar to that of the 

corresponding metals. Single crystals of these materials are 

characterized by bright, shiny faces indicative of metallic 

luster. 

The single crystals of these materials are considerably 

more brittle than the corresponding metals. Under pressure 

crystals of these phases shatter into several smaller 

crystallites, while crystals of the corresponding metals 

exhibit malleability under the same conditions. Pellets of 

these materials seem to be quite hard. A recent measurement 
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of the hardness of Ta^S was made by Mr. H. Baker of the Ames 

Laboratory, and his measurement yielded a Rockwell C hardness 

of 75J Indicating that Ta^S has a hardness in the range of 

hardened steel. 

D. Common Structural Features 

1. Str uc t ur al c oiripl exit y 

The structural complexity of the phases which are 

members of the layered class of compounds may best be illus­

trated by comparison with the structures of the Me^ qX 

phases, where Me represents a transition metal and X 

represents one of the group V or VI elements under 

consideration. The typical structure types observed for the 

one-to-one compounds are the NaCl, NlAs or MnP structure 

types. Each of these is characterized by relatively small 

lattice parameters, high symmetry space groups, and high 

point symmetry for the metal atom positions in the structure. 

The metal coordination polyhedra correspond to octahedral or 

trigonal antiprismatic arrangements of near neighbors. 

In contrast, the structures such as TigS^, Nb^j^S^ or 

Nb^Pq have a much larger number of atoms in corresponding 

larger unit cells than the 1:1 phases. Space groups of the 

layered class of compounds are usually characterized by 

orthorhombic or lower symmetry. The polyhedra shown in 

Figures 2 and 4 indicate that the metal coordinations in 
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TlgS and TlgS^ differ substantially from those found in the 

one-to-one type compounds in both the number and arrangement 

of metal and nonmetal neighbors observed. Whereas the 

octahedral or trigonal antiprismatic arrangement of 

neighboring nonmetal atoms is predominant in the Me^ qX 

compounds, the layered class of compounds exhibits eight 

different metal coordination polyhedra. In the NaCl or NiAs 

structure type, the interatomic distances from a central 

metal atom to its six nearest neighbor nonmetal atoms are 

the same. Interatomic distances to near neighbors in the 

layered class of compounds are characterized by their 

variation in bond length. 

2. Two layers of atom positions 

The layered class of compounds is characterized by three 

closely related structural features. Table 8 illustrates 

that each phase is characterized by a crystallographic axis 

of approximately 3.4 By contrast, the other crystallo­

graphic axes are normally much larger, where the greatest 

difference in axial length occurs for the TigSg structure. 

For each of the structures in the layered class, all of 

the atoms occur in one of two planes which are perpendicular-

to the short axis. For most of the structures listed in 

Table 8, the arrangement of atoms in the two distinct layers 

is very closely related. Although a wide variety of symmetry 

elements are inherent in the space groups for the structures 
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listed, the most common is the presence of an inversion 

center midway between the layers of atoms (ignoring the 

mirror plane discussed above). A second, somewhat less common 

symmetry element that relates the atom positions of one plane 

with the second plane is a c-centering operation. The 

presence of symmetry elements such as c-centering or inversion 

in the space group mean that the positioning of atoms in the 

two layers are not independent, but rather, the relative 

positions of atoms in each distinct layer is the same, except 

for a change in orientation of the two layers. Of the known 

examples, only the NbgP^, MogP^ and FegP structure types do 

not exhibit this close relationship between the two layers. 

In each of the metal-rich layered structure types 

there is a mirror plane coincident with the two layers of 

atoms. The close relationship between these three structural 

features, a short axis, two distinct layers of atoms, and a 

mirror plane coincident with the layers of atoms can be seen 

in the following way. An axis perpendicular to the planes of 

atom positions and substantially longer than 3.4 A would imply 

the presence of at least a third layer of atoms and the loss 

of a mirror plane in at least one of the atom layers. 

Conversely, if a mirror plane were not coincident with a 

particular atom layer, the atom positions would no longer be 

confined to planes, and, furthermore, atom positions above 

and below an approximate layer, should one exist, would be 
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different. Implying a larger repeat distance for the unit 

cell in the direction perpendicular to the layers of atoms. 

In the discussion of the metal-rich layered structure types 

in terms of a qualitative bonding model that follows, an 

attempt will be made to use the presence of a mirror plane 

coincident with the atom layers as a restraint upon the 

symmetries of the interactions between neighboring atoms. 

3. Nonmetal coordination polyhedron 

The predominant structural feature of the phases which 

are members of this layered class is the presence of capped 

trigonal-prismatic coordination for the nonmetal atom. The 

description of the metal coordination polyhedra that follows 

will illustrate the strong contrast between the metal atom, 

with the ability to form several different coordination 

polyhedra, and the nonmetal, which normally exists only the 

capped trigonal-prismatic coordination polyhedron. This 

contrast has suggested to a number of investigators that the 

key to understanding the chemical bonding In the layered type 

of compounds centers on understanding the role of the 

trigonal prism in the structures. 

The significance of the trigonal prismatic coordination 

polyhedron has been discussed in several papers by Conard 

(1) and Pranzen (51). Their discussion offers an explanation 

for the observed high coordination number of the nonmetal 

(six to nine metal atoms as near neighbors) which is also 
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consistent with the observed physical properties of the 

corresponding phases. Other Investigators, such as Aronsson, 

Lundstrom and Rundqvlst (52), Hassler (39)» and Lundstrom 

(37), emphasized the importance of the trigonal prism as a 

structural feature by describing the different structures in 

terms of differences in interconnections among the trigonal 

prisms. For the NbgSe and Nb^Se^ structures the nonmetal 

coordination polyhedra, though not trigonal prismatic, are 

very closely related to trigonal prismatic coordination. For 

these two phases, the nonmetal coordination has been 

described by Conard, Norrby and Pranzen (36) as incomplete 

trigonal prismatic where six of the seven atoms of a mono-

capped trigonal prism are present. The Nb^As^ structure 

type is the only member of the layered class of compounds for 

which one nonmetal atom position exhibits a coordination 

polyhedron other than trigonal prismatic or a fragment 

thereof. 

The presence of the trigonal prismatic coordination 

polyhedra in these structure types is clearly important. 

Consideration of the trigonal prism places the emphasis on 

the contribution of the nonmetal atom to the formation of the 

Me-X bonds. The remainder of this thesis will be concerned 

with the same Me-X bonds, but the emphasis will be shifted to 

the role that the metal atom might play in their formation. 

The structures under consideration here all contain more 

or less capped trigonal prismatic partial coordination 
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polyhedra for the nonmetal atoms. The viewpoint adopted here 

is that it is the role of the metal bonding contribution that 

determines the physical packing of the nonmetal P.C.P. and 

thus, the differences in the different structure types under 

discussion. 

4. Metal coordination polyhedra 

Before considering the nature of the metal coordination 

polyhedra found in this class of compounds, it will be 

important to consider in some detail what is meant by a 

coordination polyhedron. Typically, the coordination poly­

hedron of an atom is a pure geometrical concept and is 

defined as the three-dimensional arrangement of neighboring 

atoms about a central atom. Ideally, a coordination poly­

hedron would Include those neighboring atoms which exhibit 

significant chemical interaction with the central atom of the 

polyhedron= For an isolated molecule, such as gaseous CCl^, 

the coordination polyhedron about the carbon atom is well-

defined. The tetrahedral arrangement of four chlorine atoms 

represents the strong sigma bonds of the molecule, and the 

chemist feels comfortable in thinking that the interaction 

between carbon and chlorine electrons takes the form of 

tetrahedrally arranged C-Cl chemical bonds. 

In the solid, however, a portion of the electron density 

is known to be delocalized over the entire crystal. The 

implication of this fact is that the chemical Interaction 
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between a central atom and its neighbors will not be limited 

to a small number of atoms. Intuitively, however, the degree 

of bonding or chemical interaction between two atoms is 

expected to depend upon the distance between a central atom 

and its neighbors. The identification of a certain group of 

atom positions as forming the coordination polyhedron for a 

particular central atom still requires that choices be made 

if one wishes to specify those atoms that form the strongest 

chemical bonds to the central atom. The choice of atoms 

forming a significant partial coordination polyhedron on the 

basis of an assumed interaction criterion will not imply that 

only the chosen atoms form chemical bonds to the central atom. 

Rather, it is the Intent to select the partial coordination 

polyhedron on the basis that evidence, principally 

structural, provides an indication that the degree of 

chemical interaction can be expected to be greater for these 

polyhedral atoms. 

Figure 5 represents a projection of the eight metal 

partial coordination polyhedra found in the layered class of 

compounds. Each partial polyhedron is labeled with a Roman 

numeral, I through VIII, which will be used throughout the 

subsequent discussion to identify the individual polyhedra. 

Table 9 represents the frequency of occurrence of each type 

of partial polyhedron in the structures of the metal=rich 

layered class and indicates the particular phases where each 

polyhedron occurs. 
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This numbering sequence will be used throughout 
the following discussion. 

Figure 5» The metal Partial Coordination Polyhedra (P.C.P.) 
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Table 9. Frequency of occurrence of metal Partial Coordination Polyhedra (P.C.P.) 
in the structures of the layered class 

Metal Number of Independent Atom Structure Types Where the Stoichiometry 
P.C.P. Positions with this Type P.C.P. Occur Range 

of P.C.P. 

), 1.25 < Me/X < 2.8 I 20 
(16. 5%) 

Cr^ASg, NbgSe, Tl2S(Ta 

*^^8^3' ^^8^5' 

^^5^3' ̂ ^2^8' 

Nb^ASg, Nb^Se^ 

II 

CM 
O

J 

0 % )  

Cr^ASg, Ti2S(Ta2P) T1 

NbyP̂ jj NbgP̂ j Nb̂ P̂ j 

^^21^8* Nb^iAs^ 

III 3 
(2. 5%) 

Nb^yS^ and MogP^ 

IV 

H
 H

 1 % )  

NbgSe, PegP, CO, 

PegAs, Tl2S(Ta2P), Tig: 

NbyP^, Nb^Pg, Nb2Sg, 

Nbi^jS^., MogP^ 

1.33 < Me/X < 2.80 

1.60 < Me/X < 2.80 

1.60.<: Me/X <2.80 
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V 8 
( 6 . 6 % )  

VigPy, TlgSg, Rh^P 4-3 1.33 < Me/X < 2.67 

VI 

VII 

22 
(18.2%) 

13 
(10.7%) 

Cr^jAs^j NbgSe, Hf^Pg, 

TlgSfTagP), Nb^P^, NbgP_, 

^̂ 3 g P ̂ » Nb ]_ ij ̂  ̂ 3 2| P 2 J 

Nb^As^i MogP^a Nb^Se^ 

NbgSe, HfgPg, TlgSfTagP), 

'^8^3^ ^^5^3' ̂ ^8^5* 

1.25 < Me/X < 2.80 

1.60 < Me/X < 2.80 

cr\ 
vn 

VIII 13 
(5. 

Cr^As^, Mo^jP^s Nb^As^ Me/X =1.33 

Other Partially filled NbgPp-(Nbn) and MonP?(Mo^) 
atom positions 

(1.7%) 

1.33 < Me/X <1.60 

Total 
Number: 121 
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Unit I represents the arrangement of eight metal atoms 

about a central atom and is often referred to as the cubic 

partial coordination polyhedron (P.C.P.) (partial because the 

atoms off the faces of the cube have not been included in 

Figure 5 — this exclusion of some capping atoms is 

continued throughout). 

Unit IV is closely related to unit I and can be described 

in terms of unit I as the replacement of a Me-Me edge of the 

cube by an X-X edge. 

Unit II is the most commonly occurring metal P.C.P. 

having been observed for 24% of the metal atoms in the 

layered phases. Unit II can be described in two different 

ways. The arrangement of ten metal and nonmetal neighbors 

can be approximated by a pentagonal prism. An alternate 

method of description involves separation of the metal and 

nonmetal neighbors. Six metal atoms are arranged in the form 

of a distorted trigonal prismatic P.C.P. while the nonmetal 

atoms occur in a distorted square planar or square pyramidal 

P.C.P. 

The arrangement of atoms in unit III is very similar 

to unit II where one of the X-X edges of P.C.P. II has been 

replaced by a Me-Me edge in unit III. This particular 

polyhedron has only been observed for the MogP^ and Nb^^S^ 

structure types. 

Unit V is also very similar to unit II in the arrange­

ment of neighboring atoms. In both units there is no 
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difference in the number or orientation of the nonmetal 

atoms of the polyhedron. In unit II the trigonal prismatic 

arrangement of six metal atoms occurs with the prism axis 

perpendicular to the plane of projection, while in unit V 

the trigonal prismatic arrangement, of metal atoms occurs with 

its prism axis parallel to the plane of the drawing. 

The predominant feature of unit VIII is the arrangement 

of six nonmetal atoms in the form of a distorted octahedron. 

There are also (not shown) two to four additional metal atoms 

which occur at distances corresponding to the metal-metal 

interatomic distances of the polyhedra already described. 

Since the arrangement of these metal atoms off the faces and 

edges of the octahedron varies for the different phases where 

unit VIII occurs, their position (as with some capping atoms 

in units I-VII) is not specified in Figure 5. So far, this 

particular unit has only been observed for some of the Me^Xg 

phases. 

The arrangement of nonmetal atoms in unit VI is very 

similar to the distorted octahedral arrangement of X atoms 

in VIII. One of the X corners in unit VIII has been replaced 

by an Me-Me edge in unit VI. The orientation of the five 

remaining X atoms in unit VI is the same as in unit VIII. 

The metal atom represented by a dot enclosed in a circle was 

included as part of the P.C.P. here, because its distance to 

the central atom is less than or equal to the interatomic 
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distances from the central atom to the other metal neighbors 

depicted in the figure. 

Unit VII can be described in terms of either unit IV or 

unit VI. Its similarity to unit VI can be expressed as the 

replacement of one X-X edge of unit VI by a Me-Me edge to 

form unit VII. The similarity to unit IV can be pictured as 

an expansion of one cube face formed by the X-X edge and 

adjacent Me-Me edge to allow closer approach to the central 

atom of the metal and nonmetal atom in the same plane as the 

central atom. 
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IV. STRUCTURAL ASPECTS OP THE 

METAL P.C.P. 

Thus far, the description of the metal P.C.P. and the 

earlier description of the TigS and TlgSg structures in terms 

of these P.O.P. have emphasized one of the key structural 

features of this layered class of compounds. The structure 

of any phase in this class is closely related to how the 

metal P.C.P. pack to fill space. Each of the structures 

under discussion here can be completely described in terms of 

face, corner, and edge sharing of the metal P.C.P. 

Alternately, each structure might be described in terms of 

networks of Interconnected trigonal prismatic P.C.P. of the 

nonmetal atoms if one also allows space filling by metal 

atoms between the various trigonal prisms. This is the basic 

approach used by Aronsson, Lundstrom and Rundqvlst (52) in 

discussing the structures of phosphides in this class= The 

approach of the Upsala school emphasizes the space filling 

observed for most of these structure types. 

The attempt to analyze the structures in the metal-rich 

layered class in terms of the metal P.C.P. rests upon the 

following assumptions; 1) that the capped trigonal-prismatic 

coordination polyhedra of the nonmetal atoms are in all cases 

compatible with the metal P.C.P. (observed to be the case for 

a wide variety of structures), and 2) that among the factors 

leading to the stability of an observed structure-type for a 
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given stoichiometry and metal element, the differences in the 

coordination polyhedra of the nonmetal atoms (principally in 

the number of capping atoms) are unimportant relative to the 

differences in the metal P.C.P. 

In viewing these structure types as the packing of metal 

partial coordination polyhedra, there are several aspects of 

the individual polyhedra that should be noted. Some of these 

aspects will be important, as they suggest certain limits 

for any qualitative description of the role that the metal 

may play in forming the Me-X bonds present in each structure. 

Other aspects are important for a better understanding of 

the structural similarities and differences between different 

structure types. 

A. A Relationship Between the 

Me and X P.C.P. 

There are certain metal P.C.P., illustrated in Figure 6, 

that occur in known structure types of the metal-rich layered 

class only in conjunction with a nonmetal trigonal prism 

P.C.P. of particular orientation. Figure 6 shows the 

orientations of the nonmetal atom trigonal prismatic P.C.P. 

in the cases of linkage to units VI, VII and IV. For units 

VI and VII, the two trigonal prisms of different orientation 

share edges. The remaining nonmetal atom of unit VI is 

trigonal prismatic but occurs with its axis either 
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a ) n  w m  

Figure 6. An illustration of the relationship between 
certain metal partial coordination polyhedra 
(broken lines) and the nonmetal trigonal prisms 
(solid lines) 
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perpendicular to the plane of the figure, as for Tl(5) of 

TlgS, or parallel to the plane of the figure, as for Hf(2) 

In the HfgPg structure. 

The relationship between the occurrence of units IV, VI 

and VII and the prism orientation is Important for several 

reasons. First, it emphasizes the partial structural 

determining nature of the metal coordination polyhedra and 

their linkages. That is, if the known structures are con­

sidered to provide all possible examples of interpenetrating 

P.C.P. linkages, the coordination polyhedra about an atom in 

one layer provides limits for the possible coordination 

polyhedra of atoms in the second layer. Second, the 

relationship between units VI and VII together with their 

interpenetrating trigonal prisms suggests a possible approach 

to solving an unknown structure which is believed to belong 

to the metal-rich layered class. This possibility is 

considered in greater detail in Chapter VI. 

The coordination polyhedra VI and VII have in common 

linkages to nonmetal trigonal prismatic P.C.P. with axes 

parallel to the plane of atomic positions, while unit IV 

occurs only with a prism having its axis perpendieular to 

the atom plane. The lack of occurrence of unit IV linked 

with a nonmetal P.C.P. of parallel axis suggests one possible 

effect of packing considerations on the choice of coordi­

nation polyhedra. Figure 6(c) indicates the hypothetical 
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case of a parallel prism interpenetrating unit IV. Arrows 

indicate two metal atoms which would have an interatomic 

distance corresponding to expected repulsive interaction 

between the two atoms. Any attempt to change the orientation 

of the trigonal prism relative to unit IV by a rotation, 

represented by the curved arrow in the drawing, would 

decrease the repulsive overlap of the metal atoms Indicated 

by the two arrows, but only at the expense of increasing the 

repulsive overlap between atoms I and 2. 

B. Packing of the Metal P.C.P. 

The drawings presented above In Figures 3 and 4 

representing the TigS and TigS^ structures illustrate two 

ways that the metal P.C.P. pack to form a stable structure. 

An obvious question that arises from considering the various 

structure types in terms of the packing of metal P.C.P. 

concerns the number of possible structures that can be formed 

by linking the coordination polyhedra in different ways. 

In the comparison of the Nb^||S^ and Nbg^Sg structures which 

follows their similarity will be emphasized by showing that 

they both have a common structural unit of appreciable size 

(24 P.C.P.), i.e., the structural unit consists of several 

Me and X P.C.P. sharing faces, edges, and corners in a 

particular manner. The significance of the recurrence of 

this particular structural unit in different structure types 
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can only be appreciated In light of the large number of 

different units that would be possible based solely on 

packing considerations. 

The number of possible structures implied by different 

linkings of the metal P.C.P. rapidly becomes very large, as 

can be seen by the following simple approach. A typical 

question to be answered is, "In the case of the most 

commonly occurring metal P.C.P., unit II, how many different 

ways can all eight of the polyhedra share faces with unit 

II?" Unit II has five faces, four of which contain both 

metal and nonmetal atoms and one face formed by four metal 

atoms. A second coordination polyhedron can share a face 

with unit II only if it has a face with a similar 

orientation of atoms as a face of unit II. For example, 

(Figure 5) units I and VIII cannot share a metal-nonmetal 

face with unit II since neither has a polyhedral face formed 

by two metal and two nonmetal atoms, Two P.C.P. of type II 

can share metal-nonmetal faces in only two different ways. 

Despite the fact that unit II has four faces of the same 

type, only two combinations of face sharing P.C.P. will 

yield distinct arrangements of atoms. Similar considerations 

were applied to all eight of the metal coordination polyhedra. 

There are ten possible ways that each of the four Me-X faces 

of unit II can share a face with the eight metal P.C.P., 

yielding a total of 40 different possibilities (ignoring 
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Interferences between the linked P.C.P.). Similarly, there 

are ten ways the P.C.P. can share the single Me-Me face of 

unit II, for a total of 50 different orientations of the 

eight P.C.P. for the five faces of unit II (again ignoring 

interferences). 

The same considerations can be extended to each of the 

five P.C.P. which share one of their faces with unit II. 

Assume that each of the five units has an average of three 

remaining faces not shared with unit II, which can in turn 

share faces with other metal P.C.P. For unit II both types 

of faces (all metal or metal and nonmetal) implied ten 

possible ways of sharing faces with the eight P.C.P. Similar 

consideration for the 15 faces to be shared now would 

indicate roughly 150 possible ways of orienting the 15 

metal P.C.P. Combining the 50 ways of orienting five metal 

P.C.P. about unit II with the 150 ways of orienting the next 

15 P.C.P. yields roughly 7,500 different possible structural 

units. 

Similar considerations for a different choice of the 

starting P.C.P., other than unit II, yield a similar number 

of different units which can be formed by 20 P.C.P. In 

effect, there are approximately 5000 different ways that 

20 P.C.P. could pack when only space filling restrictions 

are considered. The recurrence of large, identical 

structural units in two different structure types suggests 
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that some criteria other than space filling considerations 

are needed to explain the recurrence of large structural 

units in different structures. It is the point of view 

adopted here that the recurrence of such units is not only 

related to the nearest neighbor chemical bonding inter­

actions, but that differences in packing of these larger 

units and differences between similar units illustrate the 

similarities and differences in chemical interactions for 

different chemical systems. 

It should be emphasized that by specifying the nature 

of the P.C.P. that share faces with one of the eight 

coordination polyhedra, the polyhedra of a large number of 

atoms centered in the second layer of atoms have also been 

specified. In the TigS and TigS^ structures there are a 

total of six metal positions that have polyhedra of type I. 

Reference to Figure 7 indicates that the arrangement of poly­

hedra that share faces, edges, and corners with unit I is 

different for each of the six atom positions with P.C.P. of 

type I. Once these polyhedra are specified (solid lines), 

the polyhedra of those metal atoms which form the cubic 

arrangement of atoms in unit I are also specified (broken 

lines). It is the interdependence of the packing of the 

P.C.P. in the two layers of atoms that emphasizes the three 

dimensional nature of the compounds in this structural 

class. 
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In viewing the structures of this class in terms of the 

packing of metal and nonmetal P.C.P. it is important to keep 

in mind the interdependence of the P.C.P. of any atom 

position with the type of P.C.P. of its neighboring atom 

positions. In a larger sense, it is this interdependence 

that emphasizes the long range Interaction between atoms in 

the structures of the layered class. If the occurrence of a 

particular P.C.P. is in part dependent upon the nature of the 

P.C.P. of its near neighbors, then the P.C.P. of these near 

neighbors is in turn dependent upon the P.C.P. of their near 

neighbors, some of which will be second near neighbors for the 

original atom. This type of approach Is obviously not 

limited to second near neighbor interaction but qualitatively 

extends throughout the entire structure. The long range 

interaction between atoms can thus be thought of in terms of 

the interdependence between the various P.C.P. forming a 

particular structure type. 

C. Me-X Bonds in P.C.P. I through VIII 

If the metal partial coordination polyhedra illustrated 

in Figure 5 above are separated into their Me-Me and î-îe-X 

components, the P.C.P. can be classified in terms of the 

number and orientation of nonmetal neighbors. Figure 8 

illustrates the position of the nonmetal atoms for all eight 

of the metal P.C.P. except unit I. In each of the figures 

the solid lines represent the number of Me-X interatomic 
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vectors where two lines from the central atom to a nonmetal 

(X) represents two separate vectors to nonmetal atoms above 

and below the plane of the central metal atom. For four Me-X 

vectors, units II and V have the same orientation of the four 

vectors despite a difference In orientation of metal 

neighbors. Units III and IV differ In both the number and 

orientation of metal atoms In the P.C.P., as can be seen In 

Figure 5 above. 

Figure 8 Illustrates that the number and orientation of 

the Me-X vectors for P.C.P. II through VII can be described 

In terms of the arrangement of Me-X vectors of the octa­

hedral coordination polyhedron, unit VIII. This drawing 

Illustrates two Interesting points. If a metal P.C.P, 

contains less than six metal-nonmetal vectors, then the 

corresponding orientation of Me-X bonds for the central atom 

can be described as part of the octahedral orientation of 

vectors seen in unit VIII. The second point concerns the 

fact that for 19 different structure types which have 99 

independent metal atoms whose polyhedra contain nonmetal 

atoms, never does the arrangement of X atoms differ from 

those shown in Figure 8 (unless capping atoms are included). 

There are certainly other possible arrangements of vectors 

from metal to nonmetal atoms with between five and two non-

metal neighbors that would be compatible with the features 

of this structural class, but they have not yet been 

observed. 
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The similarity between the orientation of the Me-X 

vectors for P.C.P. II through VII and the Me-X vectors of 

unit VIII raises questions concerning a possible relationship 

between the bonding in unit VIII and the bonding in the other 

P.C.P. In the discussion that follows, a possible bonding 

scheme will be presented to account for the octahedral 

arrangement of X atoms in P.C.P. VIII, and this scheme will 

later be applied to the Me-X bonds of the other partial 

coordination polyhedra. 

D. The Same P.C.P. for Different Metals 

Table 9 lists the various structure types for which each 

of the individual coordination polyhedra occurs. Units I, 

II, IV, VI, and VII all occur for several different structure 

types with a wide range of stoichiometry and for a wide 

variety of metal-nonmetal systems. For example, unit II 

occurs for the Cr^As^, TagP, TigS^, Nb^P^, NbgP^, Nb^Pg, 

Nbg^Sg, Nb^i^S^, Nb^ASg, HfgPg, V^gPy, PSgP, COgP, PegAs, 

Mo^Pg and MogP^ structure types. The viewpoint adopted here 

is that a qualitative bonding model that is developed with 

the purpose of enhanced understanding of the structures of 

this class should account in some way for the recurrence of 

the specific coordination polyhedra, despite differences in 

the nature of the various metal atoms, J^.e., differences in 

size, number of electrons, electronic configuration, etc. 
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Prom a slightly different point of view, each particular 

type of polyhedron can be thought of as requiring a certain 

arrangement of effective bonding directions before the unit 

can occur. The chemist normally would associate a specific 

arrangement of atoms or bonds with some particular bond 

character of the central atom. Since several different 

metals form the same arrangement of bonds to neighbor atoms, 

the question to be considered is what is the bond character 

or tendency of forming chemical bonds that is common to the 

different metals. 

E. Different P.C.P. for the Same Metal 

Most of the transition metals that combine to form 

binary phases which belong to the layered structural class 

are capable of forming a wide variety of metal P.C.P. for a 

given structure type. For example, the P.C.P. of titanium 

in the TigS^ structure can be represented by units 1(5), 

11(3), IV(3), V(3), and VII(2), where the numbers in 

parentheses represent the number of different independent 

titanium positions that have the corresponding type of 

P.C.P, Using the same notation; niobium positions in 

Nb^l^S^ can be represented by 1(4), 11(2), III(l), IV(3), 

VI(1), and VII(3). The listing of structure types and the 

polyhedra in Tables 8 and 9 further substantiates the fact 

that many of the metals are capable of forming several 

different metal coordination polyhedra. 
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A metal atom that forms P.C.P. as different as units I 

and VIII shows considerable flexibility in the formation of 

its chemical bonds. One question raised here concerns the 

nature of the metal atom that allows this flexibility in 

the formation of its bonds. 

F. Occurrence of the Me P.O.P. 

and the Me/X Ratio 

As emphasized above, the comparison of the structures 

of the layered class under consideration Involves the 

comparison of the various building blocks or polyhedra that 

combine to form the structures. Since the various P.O.P. 

differ in the number of their metal and nonmetal atoms, it 

is natural to ask if there is a correlation between the 

stolchiometry of a particular phase and the ratio of the 

number of metal and nonmetal atoms of the various coordi­

nation polyhedra observed for the phase. Table 9 indicates 

the stolchiometry range over which the various metal 

coordination polyhedra occur. There is certainly a not 

unexpected general trend that those polyhedra containing a 

relatively large number of metal atoms often occur in the 

more metal rich phases, such as Nbg^Sg, Nb^^S^, and TigS^, 

while P.C.P., such as VIII and VI, are found in phases with 

relatively low Me/X ratios, such as MogP^, NbgP^ and the 

Me^Xg phases. What is interesting is the occurrence of 
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unit I In the structures of the compounds Me^X^, Nb^Se^, etc. 

with low Me/X ratios, and the occurrence of unit VI (with 

five nonmetal neighbors) In the structure. These 

cases Indicate that the occurrence of the different Me P.C.P. 

In a compound depends on other factors rather than solely 

on the Me/X ratio. 
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V. PARTIAL COORDINATION POLYHEDRA 

AND INTERATOMIC DISTANCES 

A. Introduction 

In the discussion of the polyhedra that occur for phases 

in the layered class of compounds reference was made to a 

very important characteristic of the polyhedra which requires 

expansion here. This characteristic is the variation in the 

interatomic distances between a central atom and the atoms 

forming the coordination polyhedron. This variation in 

interatomic distances will be illustrated for units II, IV 

and the trigonal prisms which occur for phases in the Nb-S, 

Nb-P and Ti-S systems. These systems will illustrate trends 

that are true for all of the phases in the layered class. 

The large number of structure types precludes listing the 

interatomic distances for all of the individual phases 

forming this layered structural class. 

There are certain trends based on differences in the 

interatomic distances that hold despite changes in structure 

type, Me/X ratio and nature of the Me-X system. These trends 

suggest possible differences in the chemical bonds involved, 

and an attempt will be made in Section VII.E., below, to 

correlate suggested chemical differences.with a qualitative 

bonding model. 

It should be noted that differences in bond angles for 

the various P.C.P. were never directly compared. It was noted 
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In superimposing drawings of different structure types that 

the geometries of given polyhedra did vary, but the reasons 

for such variations will not be pursued further. 

B. Variation in Interatomic Distances 

1. Metal partial coordination polyhedra 

Tables 10 and 11 list the interatomic distances for the 

two metal P.O.P. which are illustrated in Figure 9. The 

numbering of atoms in this figure corresponds to the column 

headings of Tables 10 and 11. For unit IV the only comparison 

that will be made is between the three metal-metal inter­

atomic distances listed in the last three columns of Table 

10. For unit II the Me-X interatomic distances listed in the 

columns corresponding to atom 1 and 2 of Table 11 should be 

compared and the Me-Me distances in the columns headed by 

atom 3» 4, and 5 should be compared. 

The comparison of interatomic distances such as those 

listed in these two tables is subject to certain limitations. 

In the discussion that follows, the Me-Me bond lengths and 

Me-X bond lengths will not be compared, and bond lengths 

will not be compared for the different metal-nonmetal 

systems. 

The second entry for each of the columns in Tables 10 

and 11 is the Pauling bond order corresponding to the inter­

atomic distance listed in the same column. These bond orders 
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Table 10. Variability of interatomic distances for P.C.P. IV 

Atom Number 
Phase Number of 

Central Atom 

TlgS 

TlgSg 

TlgSg 

T l g S g  

Nb^P, 

NbyP^ 

Ti(3) 

Tl(2) 

Tl(3) 

Ti(8) 

mean Ti-S 

a 

Nb ( 8 ) 

Nb(4) 

mean Nb-P 

o 

2.4387.75 

2.497/.60 

2.454/.71 

2.460/.69 

2.474 

0 . 0 2 0  

2.502/.79 

2.461/.93 

2.482 

0.029 

2.853/.46 

2.803/.55 

2.868/.43 

2.910/.37 

2.967/.33 

2.980/.32 

2.793/.57 

2.793/.57 

2.881/.41 

2.875/.42 

2 , 8 9 0 / . 4 0  

2 . 7 8 3 / . 6 0  

2 . 9 6 0 / . 3 0  

2.767/.63 

mean Ti-Ti = 2.848 

a  =  0 . 0 6 0  

3 . 0 1 5 / . 2 2  2.848/.53 

2.916/.41 2.894/.44 

mean Nb-Nb = 2.947 

a = 0.079 

00 
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Table 11. Variability of interatomic distances (&) for P.C.P. II 

Phase Number of 
Central Atom 1  2  

Atom Number 

3 4 5 

T i g S  Tl(l) 2 .525/. 54 2 .  4 8 8 / .  62 3.154/.14 2 . 8 4 3 / . 4 7  2 . 9 5 2 / .  31 

T l g S  Ti(2) 2 .47V. 6 6  2. 482/. 64 2 . 9 5 3 / . 3 1  3 . 0 4 9 / . 2 2  2 .853/. 46 

T l g S g  Tl(4) 2 .490/. 6 2  2. 4 8 8 / .  62 3 . 1 2 0 / . 1 6  2.943/.32 2 . 9 3 8 / .  33 

T l g S g  Tl(12) 2 .535/. 52 2. 5 4 4 / .  50 2 . 9 3 0 / . 3 4  2 . 9 1 0 / .37 2 . 9 6 0 / .  30 

T l g S g  Ti(l6) 2 .532/. 52 2. 521/. 55 2 . 9 9 5 / .2 6  2.942/.32 3 . 2 0 2 / .  12 T l g S g  
mean T l - S  .508 mean Ti-Ti = 2.983 

a = 0 .026 a = 0.104 

N b g P  Nb ( 2 ) 2 .520/. 74 2. 519/. 74 3 . 1 8 1 / . 1 5  2 . 9 9 0 / . 3 1  3 .144/. 17 

MbsP Nb ( 3 ) 2 .495/. 8 2  2. 503/. 79 3 .067/.23 3 . 0 4 4 / . 2 5  3 . 1 8 8 / .  14 

NbgPg Nb(2) 2 .628/. 49 2. 574/. 49 2 .934/.3 8  3.243/.12 2 .848/. 53 

N b g P g  Nb ( 5 ) 2 .600/. 54 2. 5 3 0 / .  71 3 . 0 2 2 / .27 3 . 1 1 8 / . 1 9  3 .114/. 19 

Nb ( 9 ) 2  .551/. 6 6  2. 5 9 6 / .  55 3 . 2 0 5 / .13 2 . 9 6 7 / . 3 3  3 . 1 5 8 / .  1 6  

NbgPg Nb(lO) 2 .555/. 65 2. 6 5 6 / .  44 3 .075/.2 2  3 . 1 0 9 / . 1 9  3 . 0 2 0 / .  2 7  

N b y P ^  Nb(3) 2 .611/. 52 2 .  579/. 59 2 . 9 1 8 / . 4 0  3.2 1 5 / .13 2 .894/. 44 

N b y P %  Nb ( 6 )i 2 .601/. 54 2. 5 6 6 / .  62 3.078/.22 3.063/.2 3  3 . 1 6 0 / .  1 6  

N b y P ^  Nb ( 8 ) 2 .581/. 59 2. 632/. 48 3 . 0 6 1 / .2 3  2 . 9 8 0 / . 3 2  3 . 2 4 3 / .  12 

mean Nb-P =  2  .572 mean Nb-Nb = 3.076 

a = 0 .046 a = 0.108 

oo 
oo 
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3 2 
P C P  I V  

3 

5" 4 
P C P  I I  

Figure 9. Atom numbering for P.C.P. II and IV in Table 10 
and Table 11, respectively 
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were calculated using Pauling's empirical bond order-bond 

distance formula (53) 

D(n) = D(l) - 0 . 6 0 0  log n ( I 6 )  

In this equation, n corresponds to the bond order, D(n) is 

the interatomic distance, and D(l) = RCl)^^ + R(l)^g or X* 

The values used for R(l) were Pauling's single bond radii. 

The Pauling bond orders are included in the tables to 

accentuate the approximately exponential dependence of bond 

strength on the difference in bond length. The actual 

numbers for the various bond orders will not be considered 

to have significance in the following discussion. 

In considering the interatomic distances of Tables 10 

and 11, a question can be raised concerning how large a 

difference in interatomic distances must be before it 

corresponds to a chemically significant difference in bond 

strength; Chemical intuition suggests that, given a 

particular configuration of atoms, the bonding interaction 

between two atoms should be dependent upon the interatomic 

distance between those atoms. Similarly, the larger the 

difference in two interatomic distances, the greater the 

likelihood that the two distances will correspond to a 

difference in the strength of the chemical bond. 

In Table 10 the three independent metal atom positions 

in unit IV for the Ti-S system have a minimum Ti-Ti inter­

atomic distance of 2.767 & and a maximum of 2.960 %. The 
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0 
difference between these values of 0.193 A suggests that 

there may be significant differences in the strength of these 

two chemical bonds. A general survey of Table 10 indicates 

that the various Me-Me bond lengths for unit IV in TigS and 

TigSg exhibit considerable variability between the two 

extreme values. The difference in standard deviation, 

0.060 X for Ti-Ti and 0.020 % for Ti~S interatomic distances, 

accentuates the larger variation in Ti-Ti bond lengths of 

P.O.P. IV. Similar variation in the Me-Me bond distances for 

P.O.P. II can be seen in Table 11, For both the Ti-S and 

Nb-P system the standard deviation of the Me-Me bond 

distances is substantially greater than the standard deviation 

of the Me-X bonds. Comparison of 0 values for Me-Me distances 

in unit II and IV indicates that the variability in Me-Me 

bonds in substantially greater in unit II than in unit IV. 

The trends illustrated by P.C.P. II and IV in the Ti-S 

and Nb-P systems, i.e., the greater variability of Me-Me 

bond distances relative to the Me-X distances and differences 

in Me-Me bond variability for different types of P.C.P., are 

characteristics that are common to each type of P.O.P. and 

common for the different metal-nonmetal systems which form 

structures in the layered class. It is the greater 

variability in Me-Me bond lengths relative to the Me-X bond 

lengths in a metal P.C.P. which suggests the separation of 

metal bonding contribution between Me-X and Me-Me bonds 
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discussed above. This separation Is based upon the contention 

that the relatively fixed Me-X bonding contribution of the 

metal Is more Important than the relatively variable Me-Me 

bonding contribution. 

2. Trigonal prismatic partial coordination polyhedra 

Figure 10 Indicates the numbering system for the 

Independent atom positions for both the parallel and perpen­

dicular orientations of the trigonal prism. This numbering 

system is used to Identify each of the X-Me bonds in Table 12. 

For the trigonal prism with axis perpendicular to the plane of 

projection in Figure 10(a), atoms 1, 2, and 3 represent the 

six atoms forming the prism, while atoms 4 and 5 represent the 

two capping atoms off the faces of the prism which have the 

shortest interatomic distance to the central nonmetal atom. 

Atoms 1, 2, 3, and 4 correspond to the six atoms that form 

the trigonal prism with axis parallel to the projections plane 

of the figure, while atom 5 corresponds to the single capping 

atom found for prisms with this orientation. 

The data in the table indicate that the variation in 

bond distances found for unit II and IV is also evident for 

the trigonal prism. Here the differences in Me-X bond lengths 

are larger than observed for the Me-X bond lengths of unit II 

above. The mean interatomic distances in the table indicate 

that the distance to capping atoms of the perpendicular prism 

often differ substantially from the distance to the six atoms 
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a) 
@ — 

b) 

/ 
/ 

/ 

/ 
/ ^.x 

\ 
\ 
\ 
\ 
\ 

3 2 

Figure 10. Atom numbering sequence for parallel and 
perpendicular prisms In Table 12 
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Table 12. Me-X interatomic, .distances, for the trigonal prism 

Interatomic distance (A) and bond order to: 

Phase Prism Central Atom Atom Atom Atom Atom Atom 
Orientation Atom 12 3 4 5 6 

T1_ S  perpendicular 8 ( 1 )  2  .474 2 .  490 2 .  5 2 8  perpendicular 
. 6 6  0 .  6 2  0 .  5 3  

TI3S perpendicular S ( 2 )  2  . 4 3 8  2 .  472 2 .  5 2 5  perpendicular 
0  . 7 5  0 .  6 6  0 .  5 4  

T l g S j  perpendicular 8 ( 1 )  2  . 5 3 5  2 .  5 4 1  2 .  5 5 4  T l g S j  perpendicular 
0  . 5 2  0 .  5 1  0 .  4 8  

T l g S j  perpendicular 8 ( 2 )  2  . 4 8 9  2 .  5 3 3  2 .  5 4 4  T l g S j  perpendicular 
0  . 6 2  0 .  5 2  0 .  5 0  

T l g S s  perpendicular 8 ( 3 )  2  . 5 0 9  2 .  5 1 3  2 .  5 2 1  T l g S s  perpendicular 
0  . 5 7  0 .  5 6  0  .  5 5  

T l g S j  perpendicular 8 ( 4 )  2  . 4 5 4  2 .  4 6 0  2 .  4 8 8  T l g S j  perpendicular 
0  . 7 1  0 .  6 9  0 .  6 2  

T l g S j  perpendicular 8 ( 5 )  2  . 4 8 6  2 .  497 2 .  5 2 0  T l g S j  perpendicular 
0  .  6 3  0 .  6 0  0 .  5 5  

TlgSg 

TigS 

parallel 

parallel 

mean Ti-S 

S ( 6 )  

S(3) 

2.418 
0.81 
2.437 
0 . 7 6  

2.503 

2.499 
0 .  6 o  
2.442 
0.74 

2.490 
0 . 6 2  
2.482 
0.64 

2 .516  
0 . 5 6  
2 . 5 6 7  
0.46 
2 . 5 6 0  
0 . 4 7  
2 . 5 2 9  
0.53 
2 . 5 2 0  
0.55 
2.574 
0 . 4 5  
2 . 5 2 0  
0.55 

2.532 
0 . 5 2  
2.488 
0 . 6 2  

2 . 6 1 6  
0 . 3 8  
2.724 
0 . 2 5  
2 . 5 8 6  
0 . 4 3  
2 . 6 0 3  
0.40 
2 . 6 0 5  
0.40 
2.574 
0.44 
2.591 
0.42 

2.623 

2 . 5 6 3  
0.47 
2 . 5 6 1  
0.59 

2.848 
. 1 5 6  

3 . 0 3 2  
. 0 8  

mean Ti-S 2.449 2.520 
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NbyP^ perpendicular P(l) 

NbyPy perpendicular P(2) 

NbyP^ perpendicular P(3) 

Nb^Pg perpendicular P(2) 

Nb^P, perpendicular P(3) 

Nb^Pg perpendicular P(5) 

Mb^P, perpendicular P ( 6 )  

NbgPs perpendicular P(l) 

N t g P s  perpendicular P(2) 

N t g P s  perpendicular P(3) 

mean Nb 

NbyPy parallel P(4) 

Nb^Pg parallel P(l) 

NbrP. 
5 j 

parallel P(4) 

NbgPs parallel P(4) 

parallel P(5) 

2.523 
0.73 
2.461 
0.93 
2.567 
G. 62 
2 . 5 0 2  
0.79 
2.519 
0.74 
2.538 
0.69 
2.534 
0 . 7 0  
2.543 
0 . 6 8  
2.529 
0 . 7 2  
2.525 
0.73 

2.448 
0 . 9 8  
2.460 
0.93 
2.426 
1.06 
2.415 
1.92 
2.485 
0.85 

mean Nb-P 

2.566 2.611 2.671 2.699 2 .969 
0.62 0.52 0.42 0.37 0 .13 
2.572 2.581 2.634 2.837 3 .007 
0.61 0.59 0.48 0.19 0 .11 
2.603 2.632 2.541 2.592 
0.54 0. 48 0.68 0 . 5 6  
2.551 2.554 2.834 2 . 8 9 0  2 .964 
0.66 0.65 0 . 2 2  0  . 1 8  0 .14 
2.530 2,603 2.664 2.748 
0.71 0.54 0.43 0 . 3 1  
2.547 2.634 2.669 2 . 7 3 8  
0.67 0.48 0.42 0 . 3 2  
2.555 2.628 2.670 2 . 6 9 1  2 .835 
0.65 0.49 0.42 0 . 3 8  0 .22 
2.548 2.651 2.611 2.834 
0.67 0.45 0.52 0.22 
2.593 2.594 2.704 2.955 
0.56 0.56 0.37 0.14 
2.566 2.594 2.683 2 . 8 2 6  2 . 8 8 2  
0.62 0.56 0.40 0.20 0  . 1 8  

2.565 2 . 7 6 6  

2.474 2.579 2.601 2 . 5 0 5  
0.88 0.59 0.54 0 . 7 8  
2.497 2.596 2.656 2.485 
0.81 0.55 0.44 0 . 8 5  
2.466 2.574 2.600 2.504 
0.91 0.60 0.54 0.79 
2.526 2.503 2.520 2 . 6 5 6  
0.72 0.79 0.74 0.44 
2.513 2.495 2.519 2 . 6 7 2  
0.76 0.82 0.74 0.41 

2.476 2.564 
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forming the prism. This suggests that perhaps only the 

distances to the six atoms forming the trigonal prism should 

be compared between the prisms of different orientation. 

Because the interatomic distances vary over a large 

range, it is difficult to determine if there are any observ­

able trends based on the differences in interatomic distances. 

For example, the distances to the capping atoms of the 

perpendicular prism in the Nb-P system yield the observation 

that one of the interatomic distances is noticeably larger 

for most of the nonmetal atoms. Even though this generali­

zation may have some validity, there are always exceptions 

that occur, e.£., P(3) of Nb^Pij, which cast doubt on any 

general conclusion. 

One trend, however, that does seem significant concerns 

a possible difference in Interatomic distances for the 

parallel orientation of the trigonal prism. If the distances 

to atoms 1 and 2 in the parallel-axis prism are compared with 

the distances to atoms 3> and 5 of the same prism or atoms 

1, 2, and 3 of the perpendicular-axis prism, there is a 

strong indication that the distances to atoms 1 and 2 of the 

parallel-axis prism are significantly shorter. It is the 

difference in mean values and the greater variation for X-Me 

distances to atoms 3, 4, and 5 that combine to suggest a 

difference in the nature of the nonmetal bonding contribution 

to the different metal atoms forming the parallel-axis 

trigonal prism. 
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Since the variation in bond length is an integral 

feature of the coordination polyhedra, these polyhedra are 

in fact less regular in geometry than may have been suggested 

by the original description. In the qualitative bonding 

description that follows, the polyhedra will be treated as 

if their geometry were regular as a first approximation, 

and an attempt will be made to justify, in a qualitative 

way, the variations in interatomic distances. 

C. Nonmetal Capping Atoms for 

P.C.P. II and IV 

A comparison of interatomic distances for certain P.C.P. 

In different metal-nonmetal systems provides valuable 

information concerning differences in chemical interaction. 

One question often encountered in studying structures of the 

layered class concerns the degree of bonding interaction 

between a central metal atom in a given P.C.P. and those 

atoms which are capping atoms located off the faces of the 

coordination polyhedra. It is the point of view adopted 

here that the relative degree of bonding interaction to such 

capping atoms can be qualitatively evaluated by comparing 

the interatomic distances to the capping atoms with the 

distances to the same type of atom which are part of the 

P.C.P. 

Figure 9 above illustrates the metal P.C.P. II and IV. 

The two polyhedral faces of unit IV formed by atoms 2 and 3 
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and by atoms 3 and 4 often have a nonmetal capping atom In 

the structures of the layered class. Similarly, unit II In 

this figure often has a nonmetal capping atom off the face 

formed by atoms 4 and 5. Since both P.C.P. IV and II also 

contain nonmetal atoms as part of the P.C.P. (atom 1 for 

unit IV and atoms 1 and 2 for unit II), there Is a question 

whether the nonmetal capping atoms should also be considered 

as part of the P.C.P. of the central atom. 

Table 13 compares the Interatomic distances to the 

capping atoms with the interatomic distances to the nonmetal 

atoms which are part of the P.C.P. The values listed for 

the Tl-S and Nb-P systems are the mean interatomic distances 

for the TigS, TigS^, NbyP^^, Nb^Pg and NbgP^ phases. It is 

the large difference in Interatomic distances to capping 

nonmetal atoms relative to the nonmetal atoms forming the 

P.C.P. which suggests that the bonding Interactions to the 

capping nonmetal atoms can be Ignored in a crude first 

approximation approach to the consideration of bonding in 

the Ti-S and Nb-P systems. 

In contrast, the relative interatomic distances to the 

nonmetal canDlng atoms for P.C.P. II and IV in the Pe^P - -, - ^ 

and COgP structures are actually equal to or less than the 

distances to nonmetal atoms in the P.C.P. The implication 

is that for PegP and CogP the bonding interaction to the 

capping atoms is actually equal in strength to or stronger 
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than the Interaction with nonmetal atoms forming the P.C.P. 

This difference also suggests a difference in the nature of 

the metal bonding contribution of Fe and Co when compared 

to the bonding contribution of Ti or Nb. 

Table 1 3 .  Relative interatomic distances to polyhedral and 
.capping, nonmetal atoms, of. P.C..P.. II and .IV 

Interatomic Distances (Me-X) 

.Sy.st.em/Pha.se Polyhedral X Capping X P.C.P. 

Ti-S 2 . 5 0 8  2.940 II 

Ti-S 2.462 2.544 IV 

Nb-P 2 . 5 7 2  2.841 II 

Nb-P 2.482 2.599 IV 

FegP 2.484 2 . 3 8 1  II 

PegP 2.484 II 

PegP 2 . 2 8 9  2 . 2 1 9  IV 

FSgP 2 . 2 1 9  IV 

COgP 2.399 2.294 II 

COgP 2.543 II 

COgP 2 . 2 3 3  2.143 IV 

COgP 2 . 2 3 8  IV 
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D. Differences in Me-X Bond Distances 

for Units VI and VII 

A survey of the various structures in the layered class 

indicates that there is a close relationship between the 

presence of a trigonal prism with parallel axis and the metal 

coordination polyhedra of type VI and VII. The relationship 

between these coordination polyhedra is illustrated in 

Figure 11. Pour coordination polyhedra formed from twelve 

atoms are represented in this drawing, and the metal atoms 

important to the following discussion are numbered, while 

the nonmetal atoms are represented by a letter. The two 

trigonal prisms about atoms a and b are outlined by solid 

lines. The prism about atom b shares an edge with each of 

two prisms about atom a. Broken lines represent the 

coordination polyhedra about metal atoms 1 and 2. Position 

c of the metal polyhedra can be either a metal or a non-

metal atom; a metal atom at position c implies that unit VII 

is the coordination polyhedra of atom 1 or 2, while a non-

metal at position c corresponds to a coordination polyhedra 

of type VI. 

The particular arrangement of atoms depicted in this 

drawing occurs for all of the structures of this class which 

have a trigonal prism with axis parallel to the two planes 

of atoms (certain Me^X^ structure types contain an additional 

feature). The following Chapter (VI) considers the possible 
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Figure 11. A structural unit as a combination of metal 
and nonmetal P.C.P. 
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use of this unit In helping to solve an unknown structure 

for a phase that Is expected to be a member of this layered 

class. 

The numbers and letters in the column headings for 

columns 3, 6, 7, and 8 in Table 14 correspond to the atom 

designations in Figure 11. The first two columns indicate 

the compound and particular nonmetal atom of that compound 

with the parallel trigonal prism as its partial coordination 

polyhedron. Columns 3» 4, and 5 identify the two metal 

atoms and their type of P.C.P. which correspond to metal 

atoms 1 and 2 in Figure 11. Interatomic distances from 

each of these metal atoms to the various nonmetal atoms of 

their coordination polyhedra are given in the last three 

columns of the table. As a specific example, consider the 

first two rows of the table. For TigS, 8(3) corresponds 

to atom a while Ti(6) and Ti(5) correspond to atoms 1 and 

2, respectively, in Figure 11. The three interatomic 

distances associated with Tl(6) are the distances from Tl(6) 

to the nonmetal atom positions of its partial coordination 

polyhedron. Since the P.C.P. of Ti(6) is unit VII, which 

has only two independent nonmetal atom positions, the entry 

is made in the last column. 

If a comparison is made of the Interatomic distances 

listed in the column represented by atom a with the distances 

in columns b and c, the entries in column a indicate signifi­

cantly shorter bond distances. At the bottom of the table 
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the average values of each of the Me-X interatomic distances 

are listed separately for the Ti-S and Nb-P systems. The 

difference in bond distances indicated by this table is 

large enough to suggest that there may be a difference in 

the bonding contribution from the central metal atom of 

P.C.P. VI and VII to the different nonmetal atoms in the 

coordination polyhedron. The qualitative bonding 

considerations which follow will offer a possible explan­

ation for this difference in bond length. 
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Table 14. Differences in Me-X interatomic distances, for P...C..P.. .VI and VII 

Parallel 
Phase . Prism . 

Metal 
Atom . 

Atom Type 
Interatomic Distance to 

No.. P .C .P.. Atom a Atom b. Atom c 

TigS 

NbyPy 

mbgP^ 

NbgP^ 

NbrPo o 3 

8 ( 3 )  1 Ti ( 6 ) VII 2.437 2.490 Metal 8 ( 3 )  
2 Ti(5) VI 2.442 2 . 5 2 8  2.472 

S(6) 1 Ti(13) VII 2.418 2.541 Metal S(6) 
2 Ti(15) VII 2.499 2.554 Metal 

Mean 2.449 2.517 

P(4) 1 Nb(5) VI 2.448 2.603 2.523 P(4) 
2 N b ( 7 )  VI 2.474 2.567 2.572 

P(4) 1 Nb(7) VI®- 2.526 2.548 2.529 P(4) 
2 Nb(6) VI 2.465 2.651 2 . 5 9 4  

P(5) 1 Nb(9) VI 2.513 2 . 5 9 3  2.525 P(5) 
2 Nb ( 8 ) VII 2 . 4 8 5  2.594 Metal 

P(l) 1 Nb(3) VII 2.497 2.538 Metal P(l) 
2 Nb(l) VI 2.460 2.634 2.534 

P(4) 1 Nb ( 4 ) VI 2.426 2.603 2.547 P(4) 
2 Nb(7) VI 2.466 2.519 2.554 

Mean 2.476 2 . 5 6 8  

^Nb(7) atom position is only partially filled. 
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VI. STRUCTURAL IMPLICATIONS OF THE PARALLEL 

TRIGONAL PRISM 

At the end of the last chapter, a larger structural 

unit was described in terms of a specific combination of 

two metal and two nonmetal coordination polyhedra. A 

structural unit of this type occurs in l4 of the 19 struc­

ture types in the layered class. The arrangement of atoms 

in this unit suggests certain limitations on the types of 

P.C.P. that can be linked with this unit. If the presence 

of this unit can be assumed for any unknown structure of 

the layered class, it can be used as a guide in structure 

solution. The five remaining structure types of this class 

(Pe^P, COgP, PegAs, V^gPy, Rh^Rg) have structural features 

which are surprisingly similar, but which distinguish them 

from the other members of the layered class. 

A. Structural Limitations 

Pigure 11 above illustrates a structural unit formed 

by four P.O.P. for which the polyhedra of atoms 1 and 2 

could be of either type VI or VII, The possible combi­

nations of P.C.P. for atoms 1 and 2 indicate that there 

are only three different structural units formed by the 

four P.C.P. The case where both 1 and 2 have P.C.P. of 

type VII will be represented by the symbolism Vll-ll-prism-

VII, while the case where both atoms have P.C.P. VI will be 
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represented by VI-(ll)prlsin-VI. If atom 1 and atom 2 have 

different coordination polyhedra, the unit will be 

represented by VI-(11)prism-VII. 

For each of these three cases the arrangement of atoms 

provides a severe limitation on the possible coordination 

polyhedra of atoms 3 and 4 in Figure 11. The coordination 

polyhedra of atom 3 must contain the atoms designated as 1, 

a, and 5 in the figure. Of the eight metal coordination 

polyhedra, only units II, III, and VI have an arrangement 

of atoms similar to atoms 1, a, and 5» indicating that the 

partial coordination polyhedron of atom 3 will have to be 

II, III, or VI. Similar considerations apply to atom 2, 

Indicating it also will have either unit II, III, or VI as 

its P.O.P. Thus, the arrangement of atoms forming the 

structural unit decreases the number of possible P.O.P. for 

atoms 3 and 4 from eight to three. 

Figure 12 (a through f) illustrates some of the 

possible orientations of units II and VI (for atoms 3 and 4) 

for the particular case VI-(11)prism-VI. Combining all 

three cases and ignoring any other structural limitations, 

there are 45 distinct orientations of P.C.P. for atoms 3 

and 4. Figure 12(c) illustrates one of the 45 possible 

units, but it also illustrates a second structural 

limitation inherent in the nature of the structures of the 

layered class. At the left side of this figure the 
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Figure 12. Examples of some of the different possible 
combinait Ions of metal P.C. P. for atoms 3 and 4 
in the VI-(11)prism—VI structural unit. The 
orientait Ion of P.C. P. In part c) and d) of the 
figure have not been observed for structures 
in the layered class 
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orientation of unit II for atom 3 would place a nonmetal of 

unit II In close proximity of the nonmetal at atom c. The 

close proximity of these two nonmetal atoms implies that 

each will be part of the coordination polyhedron of the 

other nonmetal, thus implying that neither would have a 

trigonal prismatic partial coordination polyhedron since 

such X-X bonds are incompatible with the observed trigonal 

prismatic coordination in the structures of this class. 

Since the orientation of P.C.P. II in the unit of Figure 12 

(c) Implies X-X bonds. It can be eliminated as a possible 

unit. Although similar considerations applied to the other 

possible units reduce, the number of possibilities from 

45 to 33, the real significance of the treatment is the 

Illustration of the restrictive Influence implied by the 

requirement that nonmetal atoms have trigonal prismatic 

P.C.P. on the nature of the P.C.P. for atoms near the four 

nonmetal atoms in these units. 

As a further illustration, consider the unit pictured 

in Figure 12(d) and the possible coordination polyhedra for 

atom 5. Atoms 3 and 4 indicate that the coordination poly­

hedron of atom 5 will have to contain a face formed by four 

metal atoms so that units VI and VIII can be eliminated as 

possible P.O.P. for atom 5. The positions of the two non-

metal atoms d and e indicate that there cannot be a nonmetal 

atom as part of the coordination polyhedron of atom 5 which 

will be close to either of the two faces represented by the 
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two pairs of atoms d and 5 and e and 5 .  A nonmetal close to 

either of these faces would require that the polyhedron for 

nonmetal atoms d or e is not trigonal prismatic. These 

considerations eliminate all but units I, III, and VII as 

possible P.C.P. for atom 5. 

B. A Possible Method for Structural Solution 

The recurrence of the large structural unit described 

above for l4 of the 19 structure types of the layered class 

suggests that it may be of use in the solution of an unknown 

crystal structure of any new phase that might be expected to 

be a member of this layered structural class. All three of 

the units considered above are formed from twelve atoms, 

indicating that the units have appreciable size relative to 

the dimensions of the unit cells in which they have been 

observed. For many of these structures the structural unit 

accounts for a large percentage of the independent atom 

positions in the appropriate structure. 

Although the Me^jX^ phases were excluded in the earlier 

discussion of this structural unit, all but the Rh^Pg phase 

are included in the l4 phases containing this structural 

unit. The Me^jX^ structure types form a special case due to 

the presence of the metal partial coordination polyhedron 

of type VIII for metal atoms 1 and 2 (Figure 11). The 

utility of the structural unit in structure solution is 

applicable whether or not P.C.P. VIII is considered, but 
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unless the stolchlometry is known to be Me^^Xg, unit VIII need 

not be directly considered. The Nb^Se^^ and NbgSe phases are 

included in this group of structures even though their 

trigonal prisms are incomplete, because they are of the 

correct orientation and contain units VI (Nb^Se^) and VII 

(NbgSe). 

In attempting to solve an unknown crystal structure of 

the type under consideration, the structural chemist usually 

has available detailed knowledge of the space group, lattice 

parameters, and stoichiometry of the phase. All of this 

information is useful in limiting the structural units used 

and in determining the orientation of a particular unit 

within the unit cell. As an example of the utility of this 

approach, assume that Ti^S contains a general structural 

unit (i.e., the choice of P.C.P. for atoms 1 and 2 have not 

been specified as VI or VII), assume that only the lattice 

parameters, space group, density, and stoichiometry of 

TigS are known, and then consider the number of trial 

structures that are consistent with the packing of the 

general structural unit under the limitations of the known 

crystallographic data= 

Full appreciation of this technique requires the use 

of two dimensional models for the general structural unit, 

but the main considerations underlying this approach can be 

illustrated in the following example; 
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1) The experimental density of TlgS Indicated twelve 

TlgS units or 36 atoms in the unit cell. 

ii) The structural units under consideration all 

contain twelve atoms. 

iii) Early in the structure determination of Ti^S, it 

was suggested that the occupied atom positions corresponded 

to the 4(g) positions of the Pnnm space group, indicating 

that the structural unit would have to be repeated four 

times within the unit cell. Four-fold repetition of the 

general structural unit would imply 48 atoms in the unit 

cell in contradiction to the 32 atoms indicated experi­

mentally unless some atoms of one structural unit were also 

common to neighboring units. 

iv) Figure 13a) illustrates the inversion centers and 

n-glide planes present in the Pnnm space group of TigS. 

The dimensions of the drawing reflect the ratio of the known 

lattice parameters. Since the structural unit does not 

contain an inversion center, each of the four units (one 

structural unit repeated three times) would have to be 

fairly well-confined to one of the four rectangular sub­

divisions of the unit cell formed by the inversion centers. 

v) The n=glide planes of the space group provide 

severe limitations on the orientation of the assumed struc­

tural unit within each of the rectangular regions» The 

nature of the limitations can be seen by considering the 
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orientation of the structural unit In the actual TigS struc­

ture, Figure 13b), and trying to change the orientation of 

the structural unit slightly as represented In Figure 13c). 

Comparison of the unit In the upper left corner of Figure 

13b) with the unit in the left corner of Figure 13c) shows 

that they differ only slightly in orientation. The right 

half of part c) indicates a second unit related to the 

first by the n-gllde plane represented in the figure. The 

numbers Identify atoms in the two units which would have 

interatomic distances implying repulsive interaction 

between each pair of atoms. Any attempt to reduce the 

repulsive interactions by translating one unit relative to 

the second in a direction parallel to the a-axis would 

imply an Increase in the magnitude of the a-axis. (A 

translation with a component parallel to the b-axis is not 

possible because of the n-glide plane.) The same type of 

considerations can be applied to the unit in the lower left 

region of the unit cell with similar results. Work with 

simple models suggests that the orientation of units in 

Figure 13b) is the only possible orientation consistent 

with the symmetry and lattice parameters. 

vi) In the considerations so far there has been no 

reference to the known stolchiometry of a specific struc­

tural unit. The actual structural unit was represented in 

Figure 13b), and any other choice of a structural unit 
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c) 

a) illustrates the symmetry operations of the Pnnm space group of Ti^S 

b) illustrates the actual orientation of the structural unit in Ti^S 

c) shows the effect of a slight movement of the unit from the observed 
orientation 

Figure 13. The occurrence of the VII-(ll)prism-VI structural unit in the Ti-S 
structure 
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(Vl-(ll)prlsm-VI or Vll-(ll)prlsm-VII) would not correspond 

to the experimentally determined stolchlometry. 

C. The PegP, COgP, FOgAs, and 

Rh^Pg Structure Types 

The arbitrary separation of the structure types of the 

layered class Into two different groups presented In the 

last section was based In part on whether or not the struc­

tures contained a trigonal prism with axis parallel to the 

planes of atoms forming the structure. The division of the 

structure types based on the presence of a parallel trigonal 

prism Is certainly not exclusive. For example, the Rh^Pg 

structure type contains P(3) with a parallel trigonal prism, 

yet this phase has structural similarities to PegP, COgP, 

FegAs, and V^gPy, none of which contain a trigonal prism 

with axis parallel to the layered atom positions. 

Similarly, the grouping of the three trigonal prisms about 

S(2), S(3), and S(5) with perpendicular axes In TlgS^ has 

structural features similar to FegP, COgP, etc., but overall 

the structural features of TigS^ correspond more closely 

with the structural features of the remaining phases of the 

layered structural class. 

The structural similarities of the FegP, COgP, FegAs, 

V^gPy, and Rh^Pg structures can best be seen by considering 

a projection of the two layers of atom positions that form 

the structures. In projection, the nonmetal atoms form the 
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regular hexagonal rings illustrated in Figure l4. It should 

be noted that the hexagonal rings in this drawing do not 

represent closely packed layers of nonmetal atoms, since the 

various atoms are not all in the same layer. The difference 

in the layering of atoms for each hexagonal ring is 

indicated in the figure. 

Each of the hexagonal rings formed by the projection 

of the atoms can be divided into six triangular segments. 

In projection the metal atom positions of each structure 

all fall within the triangular segments. In each of the 

structures represented in Figure 14, a metal atom projected 

into one triangular section is always from a different 

layer of the structure than the metal atoms projected into 

the two adjacent triangular segments. 

It is interesting that the hexagonal network formed by 

the projection of the nonmetal atoms very closely approxi­

mates a network formed by regular hexagons. This regularity 

is even more striking when one considers the low space group 

symmetry for the CogP, Rh^Pg, FegAs, and structures. 

It is the presence of the regular hexagonal networks which 

emphasizes the similarity between these different structure 

types. In contrast, the projected metal atom positions do 

not fall at the center of the triangular segments but 

rather exhibit variations in the different structure types. 
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Figure l4. Hexagonal rings formed by the projections of 
nonmetal atom positions in the two layers of 
each structure 
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The variation of the projected metal atom positions 

within the triangular segments is due in part to atom 

packing considerations. For example, the hexagonal rings 

in Figure l4e), f), and g) each contain a triangular 

segment formed by a projection of three nonmetal atoms 

which are located in the same layer. Any attempt to place 

a metal atom within these triangular segments would cause 

repulsive interaction between the metal atom and at least 

one of the three nonmetal atoms. The three triangular 

segments of this type are all empty for the phases where 

they are observed. The occurrence of other triangular 

segments that are also empty, even though the nonmetal 

atoms defining the triangular segment are not all in the 

same layer, indicate that it is not solely packing consider­

ations that determine the presence or absence of a metal 

atom in each segment. 

Figure 15a) and b) illustrate the FegP and COgP struc­

tures, emphasizing the presence of these hexagonal rings. 

Each of the structure types under considerations here can 

be described in terms of a different packing arrangement 

of the various hexagonal rings. The underlying reasons for 

the occurrence of different units for the different phases 

is not understood and will not be pursued at this time. 
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Figure 15. The stacking of the hexagonal rings in the 
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VII. QUALITATIVE BONDING CONSIDERATIONS 

A. Review of Qualitative Bonding Considerations 

Conard (1) and Smeggll (2) reviewed the early ideas of 

Slater, Pauling, and Rundle concerning the nature of chemical 

bonding in solid materials. Slater (54) suggested that it is 

possible, even in the case of KCl, to Interpret the bonding 

of solids in terms of covalent interactions. The interpre­

tation of solids in terms of covalent bonding is basic to the 

understanding of the bonding In this class of compounds. 

For example, the concept of the delocallzation of 

electrons in the chemical bonds of the solid is essential to 

the understanding of the physical properties of solids. 

Pauling introduced the resonance concept as an interpretation 

of the delocallzation of bonding electrons in metals and 

alloys (53). The directional nature of the chemical bonds. 

Implicit In the structures of the metals, suggested to 

Pauling the use of a hybrid orbital bonding scheme to account 

for the observed structures and properties. Rundle applied 

many of the same basic concepts to formulate a bonding 

scheme that would account for the observed properties of the 

transition metal nitrides and oxides (55). He associated the 

electrical conductivity of these phases with the delocallza­

tion of the bonding electrons and associated the brlttleness 

of these phases with the directional nature of the bonds. 
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describing the bonding orbitals in terms of a hybrid orbital 

model. 

Pranzen (51) applied the same ideas to the transition 

metal monochalcogenides, accounting for the observed metallic 

conductivity and brittleness in terms of a delocalized, 

directional, covalent bonding description. In order to 

account for the high coordination number observed for the 

nonmetal in these phases, Pranzen proposed that the sulfur 

d-orbitals contribute significantly in the formation of the 

nonmetal-metal bonds. With these ideas as a guide, Conard 

and Smeggil discussed the predominant structural features of 

the metal-rich chalcogenide and pnictide phases known at the 

time. 

In the bonding descriptions of Bundle, Pauling, and 

Pranzen, there is a critical dependence of the bonding 

interpretation on the physical properties of the solids 

considered. The properties of this layered class of com­

pounds outlined above suggest that the same basic concepts 

can be applied in the attempt to interpret the chemical 

bonding of the solids In this class. The following 

discussion can be viewed as an extension of these bonding 

ideas in an attempt to discover the role that the metal atoms 

might play in the chemical bonding. The approach is based 

upon the assumption that it is the nature of the metal 

partial coordination polyhedra which offers an insight into 
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the contribution of the metal atoms to the metal-nonmetal 

bonds. 

The early work of Engel ( 5 6 )  and the later development 

by Brewer (57) of Engel's observations led to the correlation 

of metal structure with the number of s_ and 2 electrons 

available for bonding in metals and alloys. If n represents 

the number of £ + £_ electrons available in the metal, the 

correlation can be expressed by the following inequalities: 

1.0 <_ n 5. 1.5 bcc metal structure 

1.7 1 n £ 2.1 hep metal structure 

2.5 £ n <_ 3.0 fee metal structure 

According to Hume-Rothery, Brewer has had a remarkable degree 

of success in using this correlation to predict the struc­

tures and phase diagrams for alloys of the transition metals 

( 5 8 ) .  

In the qualitative bonding description that follows, 

there is no direct dependence on the Brewer-Engel 

Correlation as expressed above, but the bonding description 

rests on two basic assumptions of the Brewer-Engle Corre­

lation as discussed by Brewer. First, that the structure of 

a transition metal compound is correlated with the electronic 

configuration of the ground state and low lying excited 

states for the gaseous metal atom. The second assumption of 

the Brewer treatment concerns the significance of the 

promotion energy of a gaseous metal atom from its ground 
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state to an excited state. When the ground state does not 

correlate with the observed structure for the metal while the 

excited state provides a correlation with the observed 

structure, a promotion is considered possible if the elec­

tronic configuration of the excited state can compensate for 

the required promotion energy by providing an increase In the 

bond energy. That is, the promotion energy is thought to be 

compensated by the increase in bond energy provided by an 

increase in the number of bonding electrons available in the 

excited state. 

B. Altmann, Coulson, and Hume-Rothery 

Altmann, Coulson, and Hume-Rothery (59) attempted to 

correlate the structures of the transition metals with the 

weight of d-orbital character available in valence orbitals 

centered on the metal atom. Since the different observed 

transition metal structures (fee, bee, and hep) correspond 

to different arrangements of first and second near neighbors 

about a central metal atom, Altmann, e;t al. 'proposed a 

particular combination of hybrid orbitals for each of the 

structure types. Each of these combinations of hybrid 

orbitals was characterized by a different weight of d-orbital 

contribution. By using the different weights of d-orbltal 

contribution corresponding to the different transition metal 

structure types, they were able to correlate the occurrence 
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of the metal structures with the known behavior of the 

d-electrons In each of the three transition series. 

There are several aspects of the Altmann e^ §1. approach 

to the chemical bonding In the transition metals that will 

have direct application in the qualitative bonding consider­

ations for the structures of the layered class. A detailed 

description of the important aspects of the Altmann ̂  aJ. 

approach will be the subject of this section, and the 

following section will consist of the specific application 

of these ideas to the contribution of the transition metal 

orbltals to the Me-X bonds in the layered class of compounds. 

In the valence bond approach of Pauling, Rundle, Brewer, 

and Altmann e-^ al^. j the bonding contribution of particular 

metal atoms in a solid structure is considered to be 

correlated with the geometrical arrangement of neighboring 

atoms about the central atom. The recurrence of certain 

arrangements of atoms about a central atom (the P.C.P.) 

suggests that there is efficient bonding possible in the 

region of space between a central atom and the polyhedral 

configuration of atoms. Since hybrid orbltals centered on 

the central atom of a polyhedron can be chosen that provide 

a corresponding Increase in the electron density in the 

direction of the neighboring atoms, the bonding contribution 

from a central atom will be approximated in terms of these 

ho's. Although the conduction electrons in the solid are 
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known to be delocallzed over the entire crystal, a distinc­

tion can be made between the conduction electron behavior and 

the behavior of the electrons In the region of space near the 

central atom of a polyhedron (e.g.. In the muffln-tln sphere 

In the APW approach), and In this region the electrons will 

be referred to as bonding electrons. The symbol will 

be Introduced as an approximate wave function of the 

electrons in this region of space, where in « Z 

and the terms will represent the various ho's directed 

towards the atoms of the P.C.P. The coefficients will 

represent the relative contribution of each ho in ̂ ^ond" The 

particular considerations used to choose the appropriate 

terms will be considered as expressions are Introduced 

for the different partial coordination polyhedra. 

1. Symmetry considerations for b.c.c. metals 

In the b.c.c. metal structure a central metal atom has 

a cubic arrangement of eight first nearest neighbors and an 

octahedral arrangement of six second nearest neighbors. The 

particular ho's that will be used to approximate the bonding 

contribution from a central metal atom to the fourteen 

neighboring atoms are those suggested by Altmann e^ al. (59). 

Their approach will be considered in detail, as it is 

critical for understanding the symmetry considerations applied 

In limiting the ho's that may contribute to for the 

P.C.P. of the layered class of compounds. 
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In order to account for the bond formation to the cubic 

arrangement of eight nearest neighbors, Altmann e^ a2. argue 

9 il 
that either the sd or d ho's can be used. The gerade 

nature of the ho's (and thus the combined ho's) is used to 

provide eight bonding directions with cubic symmetry, where 

each direction corresponds to the eight lobes of the four 

il 9 i| 
d or d s_ho's. That is, the electrons occupying the d or 

•3 
d 2 ho's are considered to be shared with eight atoms forming 

at most 1/2-order bonds. 

Simple group theoretical considerations can be applied 

to the sd ho's to see that they are consistent with the 

point symmetry of the metal atoms in the b.c.c. metal. In 
O O 

the T, point group either the or sd^ (sd^ d^„d„„) ho d — — xy xz yz 

combinations can be used to describe a tetrahedral bonding 

arrangement, but only the sd ho combination is capable of 

forming eight equivalent 1/2-bonds in a cubic arrangement. 

The distinction between the ho's depends on their different 

behavior under the inversion operation of the 0^ point 

group. In 0^ the s-orbltal belongs to the totally symmetric 

representation, the three degenerate £^-orbitals form a 

basis set for the T-,^^ Irreducible representation, and the 

d^ d^„d„„ orbitals form a basis set for the T^„ irrep. xy xz yz 2g 

Since the and three d-orbitals are symmetric with respect 

to the Inversion operation of 0^, the sd ho combination 

can provide eight equivalent bonding directions with full 
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cubic symmetry. The three ^-orbltals, on the other hand, are 

antisymmetric with respect to the Inversion operation in 0^, 

indicating that the sp ho's do not have the proper symmetry 

to form eight cubic bonds. 

Altraann ̂  used similar arguments to show that the 

d^(d ,d ) ho's can also form eight 1/2-bonds of 
z xy xz yz 

cubic symmetry and the d ho's can form six 1/2-bonds of 

octahedral symmetry. 

2. General symmetry considerations 

•3 
The considerations for the sd ho's suggest that this 

treatment may be generalized for other hybrid orbitals with 

different symmetry properties. It appears that if a general 

hybrid combination, s^p^d™, forms a reducible representation, 

^red' symmetry group 6, then the s^p^d"^ ho's are 

appropriate for two ligand per orbital bonding with the 

symmetry of the semldirect product group GAC^ or GAC^ when 

the ho's are either symmetric or antisymmetric with respect 

to or Cgs i.e., when all of the basis functions are 

symmetric or antisymmetric under the operation 1 or a. 

•3 
Treatment of the sd ho's above considered the particular 

case where GAC^ corresponded to the 0^ point group. 

These symmetry considerations can be applied to the 

Me-Me bond arrangement of P.C.P. II to illustrate the treat­

ment when the product group is of the form GAC^. The six 

metal neighbors of the central atom in unit II form a 
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trigonal prism with point group (For the considerations 

here, the deviations from ideal symmetry implied by the 

differences in bond length are Ignored.) The point group 

is the semldlrect product group and the 

point group describes the symmetry for the trigonal pyramidal 

arrangement of bonds for one-half of a trigonal prism. The 

arrangement of the remaining three bonds is related to this 

trigonal pyramid by the mirror plane perpendicular to the 

Cg-axls of the trigonal prism. The basis functions in 

corresponding to the reducible representation, = A^+E, 

are listed in the first two columns of Table 1 5 .  The signs 

of the characters of the two basis sets of atomic orbltals 

for the 0^ operation of are indicated in the next two 

columns. A ho combination having the same sign in both 

columns has the proper symmetry to form six 1/2-bonds in the 

form of a trigonal prism. This can be conceptualized for 

the bonding in the trigonal prism by picturing the three 

positive lobes of a hybrid combination such as d p(d„ d p ) 
xy J ^ Ù 

forming bonds to three atoms of the prism, while the 

corresponding negative lobes form bonds to the remaining 

2 2 
three atoms of the prism. Although the ̂  and ̂  ho's 

in Table 15 obey the symmetry conditions, they probably do 

not provide enough of a bonding contribution in the 

z-direction to account for bonding in the trigonal prism. 
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Table 15. Symmetry relationship between the C- and D 
point groups 3h 

Hybrid 
Orbital 

E + 

Basis Sets 
(Cgv) 

Sign of E 

irrep. for 

% 

Sign of A^ 

irrep. for 

^h 

Same 
Sign 

p3 (P^=Py) + P, + - No 

d^p + - No 

^z 
~ - Yes 

ap3 (P^.Py) + d^2 + + Yes 

a3 + + Yes 

d3 ("xz'^z) + V - + No 

sp^ (Px'Py) + 5 + + Yes 

Sd: («x2-y2'-lxy) + = + + Yes 

Sd: (dxz'dys) + s - + No 

2 • *bond for the b.c.c. metal 

As an approximation for the bonding contribution of a 

metal atom in the b.c.c. metal, will be written 

as ^bond^^cc) n^(sd^)^ + ngfd^)^ + n^(d^)^ + •••. Since 
o 

symmetry considerations cannot distinguish whether the sd 

or d^ ho's might make the larger contribution to ^bond^^^^^* 
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both combinations will be retained. In this expression for 

'''bond' in all similar expressions that will be 

considered, the presence of a subscript 1 or m with a 

contributing ho signifies two llgand per orbital bonding for 

the hybrid-orbital. The specific use of the subscript 1 

Identifies precisely which lobes of a ho are considered to 

be used In bond formation, the 1 signifying that the bonding 

lobes are related by an Inversion operation. A subscript m 

2 
will Identify those hybrid combinations such as d where 

the bonding lobes are related by a mirror plane. If no sub­

script is indicated for a ho in ^^ond' hybrid combination 

is considered to form one ligand per orbital bond. 

The coefficients in 4^o%^(bcc) above represent the 

relative contribution of each of the ho's. Although the 

number of electrons in a particular ho is unknown, the number 

contributing to the bonds represented by a ho will be con­

sidered to be related to the coefficient in a general way. 

If could accurately be written with only one term, 
O 

such as n^(8d the value of n^ would be 1,0 and the four 

or less electrons implicit in writing sd would all be 

considered to be involved in bond formation to the eight 

cubic atoms. However, will always contain a number of 

terms, and the division of electrons among the various terms 

is unknown. 
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For example. If could be written with only 

n]_(sd^)^ + making a bonding contribution, symmetry 

considerations do not specify whether n^ or is larger. 

However, in the b.c.c. metals the difference in interatomic 

distances to first and second near neighbors suggest that n^ 

is larger than ng. In Section D below, simple energy 

considerations will be presented which suggest additional 

limitations for the n^. 

Altmann et al. (59) emphasized that although the 

particular choice of he's in depends primarily on the 

geometrical arrangement of neighbors about a central atom, 

the choice of does not mean that there are no other terms 

that may contribute to the description of the electrons 'in 

the region near the central atom. The other terms that 

contribute to the wave function are, however, assumed- to have 

no effect on the geometrical arrangement of neighboring 

atoms. Brewer (57) considers this same point and emphasizes 

that the contribution from other terms can be substantial. 

Since these additional terms will not be stated explicitly, 

their presence will be indicated by writing as an open 

sum. 

In writing expressions for the P.C.P., the large 

number of possible terms with their corresponding uncertainty 

in the value of n^ suggests that the coefficients may be 

p 
relatively small. If « n^(d )^ + ngfd) + ••• were 
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written to account for bonding to part of a P.C.P., the 

expression should in no way be construed to indicate a 

valence on the order of two. Rather, it must be kept in mind 

that this approach emphasizes the directional nature of the 

bonding contribution of a central atom. 

C. Application to the Metal P.C.P. 

The application of the bonding considerations presented 

in the last section to the metal P.C.P. of the layered class 

involves an extension of the symmetry arguments presented by 

Altmann et al. In any consideration of ^^ond' ̂  choice has 

to be made concerning which of the ho's might be expected to 

make a substantial contribution. Such a choice must 

necessarily be based on energy considerations. For the 

structures of this class information about the bond energies, 

enthalpy of formation, entropy, etc. are not available, so 

only indirect consideration can be given to the complex 

energetic factors that may be involved in determining phase 

stability. The structural features of this class of 

compounds, when combined with simple chemical considerations, 

Indicate that certain of the he's may be expected to make a 

greater contribution in than others. There remains, 

of course, a degree of arbitrariness in any choice of the 

^i *bond' 
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1. Application to P.C.P. II 

In applying the bonding considerations of Altmann e;^ aJ. 

to a particular metal partial coordination polyhedron, the 

possible hybrid orbitals that are consistent with the 

arrangement of atoms about the central atom are listed. Even 

if the various P.C.P. are approximated by geometrically 

regular units, there are still a relatively large number of 

ho's that are consistent with the point symmetry for the 

central atom of a particular P.C.P. For example, for 

unit II in equation 17 contains a large number of ho 

combinations which are all consistent with the symmetry 

considerations. 

n_(dp3) + np(d^p) + n_(d^p^) + n^(d^) 
P Me-X 

+ n^(dsp ) + ng(d^s) 

+ n^(d^sp^) + ng(d^sp) + n^Cd^p^) + n^^fd^p) Me-Me 

+ n^ij(d^)^ + n^^(sd)^ + ••• Me-X 

(17) 

There are several points to be made concerning this 

expression for il;^^^^(II). The various 'fj, are listed in four 

separate lines which are distinguished by a symbol to the 

right of each line which corresponds to the nature of the 

bonding interaction. The first line of equation 17 simply 

indicates the ho combinations which could account for bond 

formation to the four nonmetal neighbors in P.C.P. II where 
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their arrangement is approximated by a square pyramid with 

symmetry. The second line lists the four ho combinations 

consistent with the arrangement of six metal neighbors in the 

form of a trigonal prism, The ho's in line three can 

also be used to account for the trigonal prismatic bond 

arrangement to metal neighbors, and these terms correspond 

to those listed in Table 17 and discussed above. The last 

line represents a possible choice of ho combinations that 

could account for bond formation to the four nonmetal 

neighbors in unit II by utilizing the gerade nature of the 

specified ho combination to form two ligand per orbital 

bonds. 

2. Simple energy considerations to limit 

The Brewer-Engel correlation emphasizes the dependence 

of metal structure on the electronic configuration of the low 

lying electronic states of the various metals. The high 

degree of success of the Brewer-Engel correlation suggests 

that similar considerations might be applied to the metal 

P.C.P. in an attempt to determine which of the might be 

expected to make stronger contributions to Any such 

consideration of the electronic states requires specification 

of the particular transition metal, since the electronic 

configurations vary for different metal atoms. For titanium 

atoms the low lying electronic configurations can be repre-

2 2 Q 
sented as s d (ground state), sd (19 kcal/mole). 
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d^sp (45 kcal/mole, d^p (75 kcal/mole), etc., where the 

energy associated with the various configurations is the 

promotion energy for gaseous titanium atoms from the ground 

state to the lowest energy term for each configuration. The 

various terms and energies are obtained from Moore's Tables 

( 6 0 ) .  

In the approach used here, an assumption is made that 

the ho combinations that make substantial contributions to 

il^bond correspond to a low lying electronic configuration 

of the gaseous metal atom, and if more than one ho combi­

nation corresponds to the low lying electronic states, their 

relative contribution depends on the energy differences 

between the electronic states. 

For example, the ho combinations in the first two lines 

of equation 17 correspond to electronic configurations whose 

promotion energy is unknown or expected to be higher than the 

energies for the low lying electronic states of titanium 

listed above. Of the six ho combinations listed in line one 

of equation 17, all but the d s term would be expected to 

have promotion energies greater than approximately 70 kcal/ 

mole. Since each of these six ho combinations contains the 

same number of electrons, none of them might in a first 

approximation be expected to provide substantially more bond 

energy than the others (6l). The consideration of promotion 

energy and approximate bond energies suggests that the sd-" ho 
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combination might be expected to make a substantially larger 

contribution to than the other terms In the first line 

of equation 17. 

Similar consideration for the terms In line three of 

equation 17 suggests that the bonding contribution from the 

2 2 
dp , and perhaps the d p, ho combinations may not be as 

important as the contribution from the d combinations. In 

this case, the d ho Is considered to make a larger bonding 

2 2 contribution than the d p combination, since the d p 

combination corresponds to the dp electronic state with a 

75 kcal/mole promotion energy, while the d ho combination 

corresponds to the d s excited state having a promotion 

energy of only 19 kcal/mole. 

Using these simple energy considerations to limit the 

contribution of the ho's in ^bond^^^^ suggests that 

equation 17 may be rewritten to correspond to the particular 

case of titanium metal. 

^bond^II) n^(d^s) + ngfd^)^ + n^(sd)^ 

+ n^(d3)^ + ... (18) 

The procedure given here to limit the contributions to 

^bond^^^) titanium metal can also be applied for the 

other transition metals. A difference in the low lying 

electronic states for the different metals would lead to an 

expression similar to equation 18 but differing In the 

particular listed; the choice of depending on the 
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particular electronic configurations for each metal. This 

entire procedure can be applied to each of the different 

metal P.C.P., resulting in a set of expressions for 

corresponding to each of the different P.C.P. where each 

member of a set represents a different transition metal. To 

list each individual would require a prohibitive amount 

of space; so instead, consideration will be given to the 

structural features of the phases in this class which may 

suggest additional limitations on 

3. Implication of the occurrence of the same P.C.P. for 

different metals 

In the earlier discussions of the metal P.C.P., the 

occurrence of the same P.C.P. for different metals in a 

variety of different phases with different stoichiometry 

suggested that there is a strong similarity in the nature of 

the bonding contribution of the different transition metals 

despite differences in their electronic configurations. 

Comparison of the different expressions for a metal 

P.C.P. where different transition metals are involved 

indicates that the common terms in each expression are the 

2 O 3 
ho combinations, such as (d )^, (ds)^, (d), (d )^, (d )^, 

etc. 

q 
Occasionally, a such as (d s) in equation 17 which 

was proposed as an appropriate combination for Me-X bonding 

in unit II, occurs for the majority, but not all, of the 
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transition metals. For example, unit V, which has the same 

arrangement of Me-X bonds as unit II, is the predominant 

metal P.C.P. in the Rh^P^ phase. However, the low lying 

0 q 1 0  Q 
electronic states for rhodium metal (d s, d , d s , dp, 

o 
etc.) do not provide a d s term which might have been 

proposed as yielding ho's appropriate to the Me-X bonds. 

Within the framework of this model, it is the use of terms 

such as (d )(d^)^, etc. that can account for the Me-X 

bond formation in Rh^P^. It is these ho combinations that 

are available for use in bond formation by all of the 

transition metal atoms in the sense that they correspond to 

a low lying electronic state for all of the metal atoms, 

2 ? 
The use of these ho combinations (d^, d^, d, etc.) by the 

different metals provides one explanation of why the 

different metal atoms are observed to form the same P.C.P. 

4, Occurrence of different P.C.P, for the same metal 

The occurrence of different types of partial coordi­

nation polyhedra for the same metal within the same phase 

indicates a flexibility of the metal in the formation of its 

bonds. In TigS, the metal has P.C.P. of types I, II, IV, 

VI, and VII, which differ markedly in both the type and 

geometrical arrangements of bonds to neighboring atoms. The 

differences in the metal bonding contribution for different 

P.C.P. can be thought of within the framework of this model 
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as the utilization of different hybrid orbital combinations 

in bond formation. 

As an example, consider the different expressions 

for units I and II for titanium metal 

•bond^I' ' (19) 

The two different expressions represent different divisions 

of electron concentration among different ho combinations. 

In the majority of the bonding electron concen-

tration is considered to occupy the sd ho's, while for 

^bond^^^) the electron contribution from the metal atom can 

2 Q 
be thought to be shared between the (d and (d terms. 

For P.C.P. II, the division of electrons does not have to be 

made equally between the two terms. (The differences in 

Ti-Ti and Ti-S bond orders suggests that m^ is significantly 

larger than m^ even though both terms are considered to be 

important. ) 

The explanation of the flexibility of the metal in bond 

formation in terms of the use of different d-orbital combi­

nations depends on the availability of partially filled 

d-orbitals for a particular metal. The metals forming 

structures of the layered class all have In common partially 

filled d-orbitals. It is for the metals of the Ni, Cu, and 

Zn families where the d-orbital orbital filling approaches 
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completion, that the metals form structures of a different 

class. Within the framework of this model, the change in 

structure type for these families is thought to be dependent 

upon the nonavailability of d-orbitals for use in bond 

formation. 

The basic question as to why one metal atom in a 

structure forms one P.C.P. while a second forms a different 

P.C.P. is far from totally understood, but is expected to 

show a strong dependence on the nature of the Me-X inter­

action. Such an interaction depends in part on the 

individual contribution of each atom to the bond, but the 

interaction might also be expected to depend on some as yet 

undefined compatibility relationship between the two 

individual atom contributions. For example, it may be 

expected that the metal bonding contribution is itself 

dependent on the bonding contribution of the neighboring 

atoms. It is the nature of this interdependence which 

remains undefined. 

It is hoped that any future study of the bonding in the 

structures of the layered class will center on defining the 

nature of this interaction. The importance of atom point 

symmetry discussed here suggests that the interdependence of 

any atom with its neighboring atoms may be defined, or at 

least limited, by symmetry correlation rules applicable to 

the atom point groups involved. 
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D. Qualitative Bonding Considerations and 

Structural Features 

There Is a strong interdependence between the qualitative 

bonding considerations and the structural features observed 

for the layered class of compounds. In this section, an 

attempt will be made to discuss certain of the structural 

features in terms of the qualitative model presented above. 

This approach will suggest some additional limitations on 

ij^bond will provide a possible explanation of certain 

other structural features. 

1. and the octahedral P.O.P. 

In dividing the metal P.C.P. in terms of their number 

and orientation of Me-X bonds, it was suggested that the 

qualitative bonding description should account for the 

similarity among the Me-X bond arrangements in the various 

P.C.P. and the octahedral Me-X bond arrangements in unit VIII. 

Such a comparison, however, is dependent upon the bonding 

scheme used to describe unit VIII. 

The distorted octahedral bond arrangement in unit VIII 

2 1 might be described in terms of d sp" ho combinations (or 

alternately in terms of d^p^ ho combinations if the bond 

arrangement is approximated as a trigonal anti-prism). 

Simple energy arguments were used above to suggest that the 

use of the d sp or d^p^ ho combinations might not be the 
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best way to account for the distorted octahedral arrangement 

of bonds in unit VIII. By arguing that the promotion energy 

2 1 
for a metal such as niobium or vanadium to a d sp state was 

very large, an assumption was made that there would be six 

electrons involved in bond formation and that the sixth 

electron would require promotion from a filled subshell. 

This assumption is certainly not necessarily valid. 

Arguments can be made that there may be less than six 

2 ? 
electrons occupying the six d sp ho's with a large decrease 

in the required promotion energy, since the partial occupancy 

of the ho combinations might no longer require promotion of 

an electron from a filled subshell. If the number of bonding 

electrons is considered to decrease in this way, then there 

will also be a corresponding decrease in the bond energy, 

but there will certainly be cases where the decrease in 

promotion energy exceeds the decrease in bond energy and a 

specific configuration will become more important in bond 

formation than first expected. 

As a specific example, an approximation can be made for 

the promotion energy required for niobium metal to undergo a 

hypothetical transformation from sd^ to (d^sp^)^^^j where 

the electronic state represented by Cd^sp^)^/^ corresponds to 

2 1 
five electrons occupying the six d sp ho's. This particular 

transformation would require promotion of approximatly 2-1/2 

electrons from a d to 'a 2. orbital. The energy required for 
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the promotion of one electron from a d to a 2. orbital might 

be estimated as 44 kcal/mole where this value corresponds to 

the promotion energy for the transformation of gaseous niobium 

4 3 
atoms from the d s ground state to the d sp excited state. 

Based on these considerations, a reasonable estimation of the 

promotion energy required for the transformation 

sd^ (d^8p3)5/G would be on the order of 100 kcal/mole. 

In considering the bond energies for the various 

transition metals. Brewer (57,61) and Altmann e^ §2. (59) 

both argue that the bond energy depends much more on the 

number of bonding electrons than their orbital character. 

The d^s configuration with five electrons and the (d^sp^)^/^ 

configuration, also with five electrons, can be expected to 

have approximately the same bond energy but with the latter 

favored because of the more effective overlap of p relative 

to d orbitals (57,62). For niobium the bonding contribution 

1} 
from the d s configuration may be expected to be more 

important than the contribution from (d^sp^)^^^ because of 
h  

the difference in promotion energy, and because the d s 

configuration can also account for the octahedral arrangement 

Q 2  
of nonmetal atoms in unit VIII by using the d or d s ho's 

to form two ligand per orbital bonds. 

Equation 20a describes the metal bonding contribution 

utilizing the d ho combination and two ligand per orbital 

bonding. Equations 20a through 2Ge illustrate the similarity 
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In the Me-X bond arrangements for units II through VII with 

each other as well as with the distorted octahedral bond 

arrangement in unit VIII. 

^Me-x(^I^I) + ••• (20a) 

^Me-x(^^) " n^(d^)^ + ngfd) + ••• (20b) 

*Me_x(II, V) cc + ... (20c) 

*Me-x(VII) « n^(d^)^ + ngOa) + ... (20d) 

4,Me_x(III, IV) Gc n^(d)^ + ... (20e) 

In equation 20a, the distorted octahedral arrangement 

of Me-X bonds in unit VIII can be described in terms of bond 

formation by six lobes of the d"^ ho's. For unit VI only 

five of the six lobes are used to form Me-X bonds, and the 

nature of the bonding contribution differs for the two terms 

in equation 20b. The expression in equation 20c indicates 

that for units II and V only four of the six lobes of the 

d ho's are utilized in formation of Me-X bonds. For unit 

VII the description becomes more complicated and the 

arbitrary division of into Me-Me and Me-X components 

less accurate. The description of unit VII in terms of 

unit VI above indicated that the only difference was replace­

ment of two nonmetal atoms in unit VI by metal atoms in unit 

VII. This relationship can be expressed by writing 

^bond^^^^) exactly the same as equation 20b, if it 

is kept in mind that the (d )^ term now accounts for bonding 
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two metal and two nonmetal atoms Instead of bonding to four 

nonmetal neighbors as In ' 

The description for the bonding electrons of the central 

atom in units VI and VII illustrates that the electrons 

associated with the n^(d term are delocalized over four 

nonmetal atoms, while the electrons corresponding to the 

ngfd) term are not delocalized in two ligand per orbital 

bonds. Thus, the electron concentration associated with the 

o 2 
ngfd) term can be greater than for (d )^, (d )^, etc., since 

there is no longer a limitation to formation of two 1/2 order 

bonds. This approach provides one possible explanation for 

the observed difference in the Me-X bond lengths in units 

VI and VII. 

2. Differences in interatomic distances 

In any covalent bonding model such as the one considered 

here; an Interatomic distance is expected to be related in 

some way to the electron concentration contributed to the 

bond from both of the atoms that form that chemical bond. 

In the layered class of compounds, the interatomic distances 

for each of the metal P.O.P. can be expected to depend on the 

contribution of electrons from the central atom as well as 

the contribution from each of the neighboring atoms to the 

bonds. Earlier it was illustrated that for each of the 

different P.C.P., both the interatomic distances from a 

central atom to the polyhedral atoms and the type of P.C.P. 
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of the polyhedral atoms vary in the structures of the layered 

class. Figure 16 illustrates the difference in the types of 

P.C.P. for those atoms which are polyhedral atoms for unit I 

in the TigS and TigS^ structures. A question can be raised 

concerning a possible correlation between the difference in 

interatomic distances observed for unit I and the type of 

P.C.P. observed for the polyhedral atoms of unit I. 

Since the number of polyhedral atoms varies for 

different types of metal P.C.P., it might be expected that 

the average number of electrons contributed to bonds by the 

central atoms depends on the number of neighbors. For 

example, the Me-Me bond lengths in unit I with eight neighbor 

atoms and unit II with ten neighbors might vary because of a 

difference in the average contribution of electrons from a 

central atom to the bonds. for titanium, written 
q g 

as n^(sd + RgCd + •••, suggests that the contribution 

of electrons from the central atom to its neighbors might, 

as a first approximation, be considered to be shared equally 

among the eight polyhedral atoms. If this assumption is 

valid, and the contribution of electrons from the eight 

polyhedral atoms to the central atom of unit I does depend 

on the number of atoms in the P.C.P. of the polyhedral atoms, 

the interatomic distances in unit I should show variation 

with the type of P.C.P. found for the polyhedral atoms. 



www.manaraa.com

148 

The six titanium atoms in the P.C.P. of type I in TigS 

and TigSg exhibit six different types of Partial Coordination 

Polyhedra as illustrated in Figure l6. The different types 

of P.C.P. contain different numbers of near neighbors; eight 

for P.C.P. I and IV, nine or ten for P.C.P. II, V, VI and 

VII. Interatomic distances from the central atom of unit I 

to the polyhedra atoms are divided in Table 16 based on the 

number of near neighbors for each polyhedral atom. Units I 

and IV with only eight atoms in their P.C.P. exhibit 

substantially shorter Me-Me interatomic distances than 

observed for the other units with nine or ten atoms in their 

P.C.P. Thus, the inclusion of the bonding contribution from 

polyhedral atoms as well as the central atom provide one 

possible explanation of the variance in interatomic distances 

for unit I in TigS and TigS^ and suggest application to other 

Me-X systems. 

Since the qualitative bonding considerations presented 

here do not quantitatively account for differences in inter­

atomic distances, the question might be asked, "Do the 

observed differences in interatomic distances for a P.C.P. 

suggest further limits on the and n^^ in The 

answer to this question has not been considered to the 

degree to which it might. The difficulty in answering this 

question is related to the tremendous amount of data for 

interatomic distances that would have to be tabulated and 
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Figure 16. An Illustration of the differences in the types 
of P.C„.P. (broken lines) for those atoms 
(solid circles) which are the polyhedral atoms 
for P.O.P. I (solid lines) in the TigS and TigSg 
structure types 
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Table 16. Difference In interatomic distances for atoms with a different number 
of near neighbors (Reference Figure 16) 

Polyhedral Atoms with 
Eight Near Neighbors 

Polyhedral Atoms with 
Nine or Ten Near Neighbors 

Phase 
Central 
Atom Atom Interatomic Distance Atom Interatomic Distance 

TI883 Ti(5) Ti(9) 2.770 Tl(7) 
Ti(12) 
Ti(13) 

2.905 
2.930 
2.922 

TlgSs Tl(9) Ti(5) 
Ti(9) 
Ti(2) 

2.770 
2 . 6 9 6  
2 . 8 0 3  

Ti(7) 2.955 

TigSs Ti(lO) Ti(lO) 
Ti(ll) 
Ti(8) 

2 . 7 1 0  
2.843 
2.767 

Ti(4) 2.943 

TlgSs Ti(ll) Ti(lO) 2.843 Ti(6) 
Ti(l6) 
Ti(4) 

2.903 
2.995 
2.938 

TlgSs Ti(l4) Tl(2) 2.783 Ti(l6) 
Ti(l) 
Ti(l) 

2.942 
2 . 9 0 1  
2 . 8 2 0  

TijS Tl(4) Ti(l) 
Ti(l) 
Ti(2) 
Ti(5) 

2.843 
2.952 
2.953 
2 . 8 3 8  

Mean: 2.776 Mean: 2 . 9 1 6  
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compared In the proper way. Another difficulty is that this 

approach may place too much emphasis on the Importance of 

relatively small differences in bond lengths. On the other 

hand, there are Indications suggesting that the application 

of this approach may provide some interesting insights about 

the nature of the metal contribution to its chemical bonds. 

For several of the phases there are trends in interatomic 

distances that might be correlated with a particular choice 

of in but the trends in bond distance are not as 

striking as the difference in the Me-X bond distances for 

units VI and VII. 

E. Qualitative Model and Point Group Symmetry 

.In the structures of the layered class, the mirror plane 

is the only symmetry element present in the point group for 

every atom position of each structure type. It was the 

presence of this symmetry element that suggested that the 

qualitative bonding considerations presented here should in 

some way utilize the mirror plane. The discussion of the 

Me-Me bonds in P.O.P. II utilizes the (d p)^ term to account 

for the trigonal prismatic arrangement of metal atoms. 

Similar bonding contributions could also have been used to 

describe the bonding in other types of P.C.P. This general 

approach of relating the bonding contribution of a central 

atom to its point symmetry suggests application of these 
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same Ideas to structures which are not members of the layered 

class and which have atom positions with different point 

symmetry. 

1. The TagP and HfgS structure types 

Both Conard (1) and Smeggil (2) consider the differences 

in the TigS (Tag? structure type) and HfgS structure type to 

be related to the differences in promotion energies for 

2 2 
hafnium and titanium metal from their d s ground state to 

•3 
their d s first excited state. They argue that the occur­

rence of unit I as a metal P.C.P. in TigS but not HfgS is 

related to the greater accessibility of the d s state for 

titanium metal than for hafnium because of the difference in 

promotion energies. 

TigS and HfgS might be compared from the point of view 

that their structural differences are related to differences 

in the bonding contributions of titanium and hafnium metal. 

The hafnium P.C.P. in HfgS can be described as a trigonal 

anti-prism formed by a triangular arrangement of three sulfur 

atoms above the central atom and a triangular arrangement of 

three hafnium atoms below the central atom (63). This 

polyhedron differs substantially from the metal P.C.P. 

observed for titanium atoms in the TlgS structure. The 

sulfur P.C.P. also differ in that although sulfur Is trigonal 

prismatically coordinated in HfgS, the prisms do not have any 

of the metal capping atoms off the prism faces which is 
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characteristic of the trigonal prisms in the TigS phase. The 

lack of capping atoms in HfgS indicates that the bonding 

electrons of sulfur atoms are concentrated in bonds to the 

six hafnium atoms forming the trigonal prism, rather than to 

seven to nine atoms, as for the prisms of the TigS structure. 

Perhaps the greater concentration of electrons from sulfur 

in the six Hf-S trigonal prismatic bonds in HfgS would 

require a smaller electron contribution from the metal atom 

for the same Hf-S bonds. If, indeed, hafnium does contribute 

less electron density than titanium to its Me-X bonds, the 

difference should be expressible in terms of 'P^^ond the 

two metals. 

o 2 
^^ond^Hf) might be expressed as n^(d^)^ + ngfd )i_3_foid' 

O 
where the (d term accounts for bond formation to the 

trigonal anti-prismatic arrangement of neighbor atoms and its 

availability requires promotion to the sd excited state. 

The second term also accounts for the bonding in the P.C.P. 

where the four d-orbital lobes of the (d )orbitals, which 

would point to four of the six atoms of the anti-prism, are 

shared equally over all six atoms by the 3-fold symmetry 

axis of the anti-prism. Since the (d ). term corresponds to 

the ground state configuration while the (d term requires 

promotion to the sd state, it might be expected that the 

•3 2 P 
sd contribution relative to the d s contribution is smaller 

in the bonding description for hafnium than in the bonding 
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description for titanium in TigS. This difference in relative 

contribution would be consistent with the difference in 

promotion energy and the implication of the last paragraph 

that a smaller electron contribution from hafnium may be 

required in HfgS than would be required if the structure type 

corresponded to TigS. 

The HfgP structure is isotypic with TigS, and its 

occurrence might be considered in the following way. A 

hypothetical HfgP phase occurring with the HfgS structure 

type is not known and might be considered to be less stable 

than the known structure type because the phosphorus atom 

with one less electron than a sulfur atom would require that 

the metal atom make a larger contribution of electron 

density in the Hf-P bonds. The increase in electron contri­

bution from the metal was related to an increase in the 

9 2 2 
contribution from the sd state relative to the d s 

contribution. Hafnium in HfgS can provide the required 

electron concentration for its Hf-S bonds without requiring 

•3 
complete promotion to the sd excited state. In HfgP the 

smaller number of electrons available for bonding from 

phosphorous, in effect, forces an increased degree of 

promotion to the sd excited state to provide the needed 

electron density relative to that for HfgS indicating that 

the HfgP structure type (TigS) is more stable. 
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2. The Cr^ASg and Nb^^ASg structure types 

Of the 19 different structure types of the layered class 

the Cr^ASg and Nb^As^ structures are the most similar. Their 

structural similarity was observed independently but was also 

described by Berger (47) in his paper on the structure 

determination of 6-V^As^ (Nb^ASg structure type). The 

structures can be described in terms of a common unit formed 

by metal and arsenic atoms which pack in the same way for 

both phases. 

Figures 17 and 18 Illustrate the two different packing 

sequences for this structural unit in the Cr^As^ and Nb^As^ 

structure types. The predominant structural differences 

between the two phases occur along the solid horizontal lines 

in Figure 17 and the broken horizontal lines in Figure l8. 

It is only for atom positions in proximity to these lines 

where differences in the nature of the metal and nonmetal 

P.C.P. occur. All other atom positions of the two structures 

are basically Identical. 

Figure 19 Illustrates the differences in the nature of 

the P.C.P. occurring along the horizontal lines of connection 

of the structural unit. Although the P.C.P. of Nb(5) and 

Cr(l) are both of type VIII, there is a marked difference in 

the geometry of the two P.O.P. Differences in the types of 

P.C.P. for the two phases occur only for the arsenic atom 

positions. Although the As(3) atom position of both phases 
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Is trigonal prismatic, the two phases differ In the orienta­

tion of the prism. As(4) of Cr^As^ Is also trigonal 

prismatic, while As(4) of Nb^As^ Is the only nonmetal atom 

position In the structures of the layered class which Is not 

trigonal prismatic. The coordination polyhedra of As{k) can 

be described as a highly distorted bl-capped tetrahedron. 

Within the framework of this bonding model, the occur­

rence of a P.C.P. for the As(4) atom which Is not trigonal 

prismatic Is thought to be related to the mm-polnt symmetry of 

the atomic coordination. The mm-polnt symmetry differs from 

the m-polnt symmetry found for roost of the atom positions In 

the structures of this class. The presence of mm-polnt sym­

metry at As(4) Is not Incompatible with the occurrence of 

trigonal prismatic coordination, since As(3) In Nb^ASg has mm-

polnt symmetry and a trigonal prismatic P.C.P. Rather, It Is 

felt the mm-polnt symmetry restriction combined with the 

seeming stability of the large grouping of metal P.C.P. which 

provides the framework within which the nature of the bonding 

of As(4) must be understood. It is difficult to envision any 

way in which As(4) could have trigonal prismatic coordination 

without changing the nature of the metal coordination poly­

hedra or the packing relationship between them. 

The weakness of the structural model introduced here 

lies in the emphasis on the metal contribution to the Me-X 

bonds. Although the contribution of the metal atom in bond 
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formation Is certainly Important, it is the interaction 

between the metal and nonmetal atoms which is critical to the 

understanding of the structures discussed here. One of the 

important questions concerning the nature of the Me-X bond 

interaction concerns the effect of the X bonding contribution 

on the metal bonding contribution and, of course, the effect 

of the metal bonding contribution on the nonmetal bonding 

contribution. 

The discussion to this point has assumed that the non-

metal P.C.P. was trigonal prismatic. By assuming that the 

nonmetal P.C.P. was the same, the assumption was made that 

to a first approximation, the X bonding contribution was 

insensitive to changes in the Me bonding contribution. 

Comparison of the Nb^As^ and Cr^ASg structure types indicate 

that a change in metal can influence the nonmetal P.C.P. 

even though the metal P.C.P. is not radically altered. The 

specific nature of this Influence has not been determined. 
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VIII. STRUCTURAL COMPARISONS 

A. Introduction 

Since each different structure type of the layered class 

can be viewed as a unique combination of several P.C.P., it 

will be the combination of P.C.P. that is the main topic of 

discussion in this section. By comparing two different 

structure types in a particular way, it becomes evident that 

certain arrangements of large numbers of atoms are common to 

different structures. Such a group of atoms will be referred 

to as a structural unit throughout the following discussion 

and will be described in terms of a unique combination of 

metal and nonmetal P.C.P. sharing faces and edges in the same 

way. 

The purpose of comparing structures in terms of struc­

tural units is to help gain a better insight into how the 

similarities and differences between two structures might 

be related to similarities and differences in the chemical 

interactions between the various atoms that form the 

structures. Since the structures change dramatically with 

changing metal, nonmetal, Me/X ratio, etc., the comparisons 

made here attempt to limit some of the variables that effect 

the stability of a structure type. The comparison of 

different structures of stable compounds in the same Me-X 

system, e.g^., TigS and TigS^ or Nbg^Sg and Nb^^S^, suggests 
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Insight concerning the effect of changing Me/X ratio on 

structural stability within a particular Me/X system. 

Different systems exhibit different structural changes for 

a change in Me/X ratio. By comparing two different phases 

with the same stolchlometry and nonmetal component but 

different metal component, the structural differences suggest 

information about the difference in chemical interaction 

between different metal atoms and a particular nonmetal. An 

attempt will be made to correlate some of the structural 

differences for phases in the Nb-S and Ti-S systems with the 

qualitative bonding considerations discussed previously. 

B. TlgS and TigSg 

The earlier discussion of the TigS and TlgS^ structures 

emphasized the P.C.P. present in each. The prominent struc­

tural feature of the two phases is the presence of the metal 

P.O.P. of type I, which share faces and edges with the 

trigonal prisms about sulfur atoms. Figure 20a illustrates 

a structural unit for the TigS structure which can be 

described as two P.C.P. of type I which share a common face, 

while each of the six remaining faces of the two fused cubes 

is shared with a face of a trigonal prism (ignoring faces 

parallel to the plane of the drawing). In Figure 21, the 

stacking of this structural unit is illustrated for the TigS 

structure. Repetition of the unit in this fashion accounts 
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Figure 21. The TigS structure as the packing of the 

structural unit in part a) of Figure 20. 
Solid lines Illustrate P.C.P. centered 
about atoms in one layer of atom positions 
while broken lines correspond to P.O.P. 
for atom positions in the second layer 
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for all atoms of the TlgS structure. In Figure 21, the Ti-Ti 

edge of the 8(3) trigonal prism formed by Ti(6) and Ti(5) in 

one structural unit is also an edge of the trigonal prism 

about S(l) in a neighboring structural unit. Edge sharing 

in this way illustrates the connections between the struc­

tural units as they pack to form the TigS structure. 

Figure 20b and 20c illustrate the two structural units 

of TigSg which are similar to the structural unit of TigS. 

Both of the TigS^ units are formed from two P.C.P. of type I 

with a common face, but only three of the remaining six cube 

faces are shared with sulfur trigonal prisms. The presence 

of an inversion center in each of the two structural units 

relates the two halves of each structural unit, thus 

completing their description. The two units differ in the 

orientation of the prism axis for one of the three trigonal 

prisms. The unit in Figure 20c has all three prism axes 

perpendicular to the plane of projection, while the unit in 

part b) of the figure contains 8(6) with a parallel prism 

axis. Figure 22 Illustrates the repetition of the two 

structural units in forming the TigS^ structure. The unit 

in part b) of Figure 20 is outlined by solid lines, while 

the other unit is represented by broken lines. The same 

connection between units described for Ti28 in terms of the 

sharing of a trigonal prism edge between neighboring struc­

tural units also occurs in TigS^. Tl(13) and Ti(15) form an 
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edge common to both the prism of S(6) In one structural unit 

and the prism of 2(1) in the second unit. The repetition of 

these structural units as indicated in Figure 22 leaves a 

cubic hole which is filled by Ti(l4), completing the struc­

tural description of TigS^. 

Viewing the TigSg structure in terms of the stacking of 

structural units similar to the structural unit in TigS pro­

vides the simplification in the description of this complex 

phase. In comparing the TigS and TigS^ structures with the 

other more metal-rich phases in this layered class, the 

structural units introduced here provide a basis for 

discussing the structural similarities and differences 

between the various structure types. Many of the structures 

in this class are characterized by the presence of P.C.P. of 

type I and the trigonal prisms of metal atoms about central 

nonmetal atoms. The structural units used to describe the 

TigS and TigS^ structures Illustrate only one of the possible 

stacking arrangements of the metal cubes and trigonal prisms 

(metal cubes sharing faces with trigonal prisms). The 

structures of other phases are characterized by different 

stacking arrangements of cubes and prisms (e.g., Nb^nSo and 
dJ- V 

Nb^^S^ to follow). 

Each of the structural units in Figure 20 illustrates 

the face sharing of the metal cubes and trigonal prisms. 

The arrangement of sulfur atoms off the faces of the metal 
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cubes Is dependent upon, and can be related to, the type of 

P.C.P. found for those atoms which form the metal cubes 

(P.C.P. I). That this is necessarily true can be seen by 

realizing that the sulfur atoms off the face of the cubes 

are part of the P.C.P. of those atoms which form the cube 

faces. This suggests a relationship between the P.C.P. for 

those atoms which form the edges of the cubes and the 

particular manner in which the cubes and prisms share faces 

in TigS and TigS^. Figure 20 indicates that these metal 

atoms have P.C.P. which are predominantly of type II and V. 

This suggests that it is the occurrence of P.C.P. II and V, 

2 
which was previously associated with the use of d^ bonding 

contribution, that is related to the particular arrangement 

of cubes and prisms in both TigS and TigS^. 

Figure 20 also indicates the type of P.C.P. for those 

metal atoms which are part of the structural units but which 

are not polyhedral atoms of the cubes. The complete P.C.P. 

of many of the atoms of the structural unit are not specified 

until the stacking of the structural units is known. Figure 

21 indicates the spacial relationship between the structural 

unit in Figure 20a and its neighboring units, illustrating 

that the incomplete P.C.P. for the atoms at the extremities 

of the structural unit are completed by atoms in neighboring 

units. Similar considerations apply for the structural units 

of TigSg. There is obviously a very important interdepen­

dence between the stacking of the structural units and the 
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type of P.O.P. of the atoms at the edge of the structural 

units. The similarity in stacking of the structural units 

can thus be related (Figure 20) to the similarity in the 

types of P.C.P. for atoms at the extremity of the various 

structural units. 

In the comparison of TigS and TigS^, it is the type of 

P.C.P. for those atoms forming the extremities of the struc­

tural units that changes very little between the two phases 

(exemplified by similar packing of structural units in TigS 

and TigSg). Rather, it is the difference in the nature of 

the structural units themselves which illustrates the 

difference in the TigS and TigS^ structures. The difference 

in stoichiometry can be related to an increase in the number 

of P.C.P. of type I and IV in TigS^ relative to Ti^S. The 

occurrence of both P.C.P. has been related to the use of d s 

hybrid orbital contribution in which for titanium 

requires promotion to the d^s (19 kcal/mole) excited state. 

In contrast, the occurrence of P.C.P. II and V for the atoms 

forming the cube edges in both structures (corresponding to 

the same basic arrangement of cubes and prisms in the two 

structures) was related to a strong d^ bonding contribution 

in ̂ bond^^^)* which for titanium corresponds to a larger 

2 2 
relative bonding contribution from the d s ground state. 

In the comparison of the TigSg and Nbg^Sg structures to 

follow, an attempt will be made to relate the structural 

differences, expressed as differences in structural units 
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and stacking of structural units, to differences In 

for the different metals. The differences In will In 

turn be related to differences In the low lying electronic 

states of the metals. 

C. Nbg^Sg and Nb^^S^ 

The comparison of the Nb^^S^ and Nbg^Sg structures Is 

difficult because of the relative complexity of both phases 

as can be seen In Figures 24 and 26. Details of the struc­

tural comparison will be given, since the same simple 

procedures can be applied in the comparisons of other 

structure types in the layered class. For the 19 different 

structure types in this class 210 such comparisons would be 

possible. 

Figure 23 Illustrates the two orientations of the 

structural unit that will be used to describe the structure 

of both Nbg-j^Sg and Nb^^S^. The structure units were found 

by simply superimposing scaled drawings of the two 

structures and finding the largest group of atoms that were 

common to both phases. The two orientations of the unit 

are identical in their relative placement of atoms and are 

related by the mirror plane represented by the broken line 

separating part a) and part b) of the drawing. This 

structural unit, formed by a unique combination of cubes and 

trigonal prisms, can be used to describe the two structures 

emphasizing their structural similarities. 



www.manaraa.com

Figure 23. The structural units common to the and 

structure types. Atoms in the two structural units 
which have different P.C.P. are identified by Roman 
numerals corresponding to the type of P.C.P. for the 
appropriate atoms 



www.manaraa.com

Q 

H 

a 'O. 

o-f-o 
—  x-0--

o—Pv 
I Xs X I #—*—# 1% 

/ s ' I I 
\ •« / X. / r-v 

/ ^la iOk X^--V---Q 

-o-| "O 

H 

/ \ O 

• A I 
—'""Q-j--0-| —( 

0 
@ 

P 

I 

e 

0 

t i l l  



www.manaraa.com

175 

The repetition of the structural unit with the orien­

tation indicated in part a) of Figure 23 by the translation 

vectors of the unit cells of Nbg^Sg and Nb^^S^ is indicated 

in Figures 24 and 25, respectively. The relative orientation 

of each of the unit cells as well as all the atoms within 

each unit cell are indicated in the drawings. Obviously, 

not all of the atoms for either phase are accounted for by 

the axial translations of the structural unit. The number 

of atoms between thq units drawn is noticeably larger for 

Nb^l|S^ than for Nb^-j^Sg corresponding to the larger unit cell 

of Nb^^S^. Most of these atoms are accounted for by a 

second repetition of the same structural unit in the two 

respective unit cells. 

Figure 25 Illustrates the manner in which the structural 

unit is repeated in forming the Nbg^Sg structure. The struc­

tural units which were indicated in Figure 24 are also 

represented in Figure 25 and are outlined with broken lines. 

The drawing illustrates that there are a number of atoms 

which are common to the two structural units. In Figure 27 

the same type of drawing is given, but it is the orientation 

of the structural unit in Figure 23b which is indicated by 

the solid lines. For Nb^||S^ the overlap of the structural 

units is less than the overlap in Nbg^Sg. Repetition of the 

structural unit for Nb^^jS^ does not account for all of the 

atoms in the unit cell. The two independent niobium 
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Figure 24. Nbp.Sg structure type illustrating the structure 

unit of part a) in Figure 23. The unit cell is 
Indicated 
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The location of the structure unit in Figure 24 
shown by the broken lines while the solid lines 
represent the repetition of the structure unit 
(part a) of Figure 23. 

Figure 25. Nbg^Sg structure type 
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positions that are not part of the structural unit have P.C.P. 

of type I and IV as indicated in Figure 27. The metal 

contribution to the bonds for both of these P.C.P. was 

previously described in terms of a (sd ho combination 

which is available in the sd^ niobium ground state. 

Comparing Nbg^Sg and Nb^^S^ in terms of this large 

structural unit indicates that their similarity transcends 

the earlier description of the structures in terms of their 

similar P.O.P. Not only are the P.C.P. similar in both 

phases, but the unit of 44 atoms corresponds to a large 

number (24) of P.C.P. which share faces and edges in exactly 

the same way. Recalling the large number of possible ways 

that the various P.C.P. can stack to fill space and noting 

the recurrence of the large unit in both structures suggests 

that the structural unit is a particularly stable entity in 

the Nb-S system. 

The difference in the stacking of this structural unit 

in Nb^^S^ and Nbg^Sg is closely related to the differences 

in the P.C.P. at the edges of the structural units in the 

two phases. Figure 23 indicates which type of P.C.P. is 

found for the atoms along the edge of the units which exhibit 

different P.C.P. in the two structures. It is interesting 

that while the P.C.P. at the edge of the units change, the 

basic identity of the unit is not altered. This is in 

contrast to the comparison of TlgS and TigS^ where it was 
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The structural unit in Figure 26 is represented by 
broken lines. Solid lines illustrate the location 
with Nb^ijS^ of the structural unit in part b) of 

Figure 23. Atom positions of the structure which 
are not part of either structural unit are 
identified by their P.C.P. 

Figure 27. Nb^^S^ 
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pointed out that the P.C.P. at the edges of the structural 

units changed very little while the units themselves 

differed. 

D. ^^21^8 TlgS^ 

A comparison of the and TlgS^ structures provides 

an ideal case for considering a possible relationship between 

their structural differences and the different metal bonding 

contribution of the niobium and titanium atoms. The Me/X 

ratio of 2.667 for TlgS^ and 2.625 for Nbg^Sg are very nearly 

equal, which is Important considering the structural 

differences (lattice parameter, space group symmetry, number 

of each type of P.C.P., etc.) between Nbg^Sg and Nb^^S^ 

despite a relatively small difference in stoichiometry. The 

presence of the same nonmetal component in both phases Is 

also Important, since structures often vary considerably with 

a change in the nonmetal, e.g_., HfgP and HfgS, PegP and 

Pe^As, TagP and TagS, etc. It might be expected that the 

structural differences between Nbg^Sg and TigS^ are related 

more to the difference in the metal contribution to the Nb-S 

and Ti-S bonds than to any other variable. 

The structures of both phases were discussed above, and 

emphasis was placed on the occurrence of metal cubes and 

prisms in Illustrating the common features of the two 

structures. The structural differences can be related to 
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differences in the particular arrangement of cubes and prisms 

in the two structures. Differences in the arrangement of 

cubes and prisms can in turn be related to the observed 

differences in the types of P.C.P. for those atoms which are 

in the polyhedral positions of the metal cubes. 

Figure 28 Illustrates two similar structural units for 

^^21^8 TigS^. Each unit is formed by four metal P.C.P. 

of type I and four trigonal prisms. The two units differ 

in the relative orientation of the cubes and prisms. The 

figure also illustrates the nature of the P.C.P. of those 

atoms which form the cubes and prisms indicating the 

differences in the relative number of P.C.P. V and VII 

between the two phases. 

Although the different structural units were used to 

compare TigS with TigS^ and Nbg^Sg with Nb^j^S^, the units 

in Figure 27 could also have been used to describe the TigS^ 

and Nbp^Sg structures. The choice of a particular struc­

tural unit is certainly not unique, but is dependent upon 

the particular comparison being made. The choice of units 

in this comparison emphasizes the differences in cube and 

prism orientation while identifying which particular metal 

atoms have different P.C.P. in the two structures. 

A comparison of the total number of each type of P.C.P. 

present in the two phases accentuates the structural simi­

larities and differences between Nbg^Sg and Tig8_. The 
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number of P.C.P. calculated corresponds to the integral, 

number of unit cells of each phase that contains the same 

number of sulfur atoms. The numbers listed in Table 17 

correspond to three unit cells of and two unit cells 

of TigSg. The difference of two in the total number of metal 

atoms for the two phases accentuates the small difference in 

stoichiometry. The Nbg^Sg structure contains 32 more P.C.P. 

of type VII than TigS^, while TigS^ contains ten more P.C.P. 

of type I and 24 more of type V. (The number of all other 

types of P.C.P. are the same.) 

Table 17. Numerical comparison of the types of P.C.P. in 
TigSg and ^21^8 

Number of Atoms with P.C.P. 
Total Total 

Phase I II IV V VII Metal Sulfur 

TigS_ 40 24 24 24 I6 128 48 

Nbg^Sg 30 24 24 0 48 126 48 

A simple calculation indicates that 25% of the poly-

hedra atoms for the cubes in Nbg^Sg are of type II or V and 

25% are of type VII. For TigS^, 46.7% of the polyhedral 

atoms are of type II or V, while only 6.67% are of type VII. 
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The difference in the relative number of P.C.P. VII and V 

for the two phases can be related to the type of P.C.P. 

found for the atoms which are polyhedral atoms for the cubic 

units of metal atoms. 

Understanding of the structural difference between 

TigS^ and Nbg^Sg depends on understanding why the tendency 

to form P.O.P. of type VII is greater for niobium metal in 

NbgiSg than for titanium in TigS^. The occurrence of unit V 

2 
was related to the (d contribution of the central atom in 

forming its Me-X bonds. In discussing the Me-X bond 

formation in unit VI and VII, the contribution of the 

central metal atoms represented by the ho's of n^(d + 

ngCd) was introduced and related to the use of three 

d-orbitals by the central metal atom in bond formation. 

Within this bonding model, the seeming preference for unit 

VII in Nbg^Sg and unit V in TigS^ can be related to the 

o 2 
utilization of the d s (3 kcal/mole) excited state of 

2 2 
niobium atoms and d s (ground state) of titanium. 

This particular approach to the bonding in the struc­

tures of the layered class suggests that the metal bonding 

contribution in forming Me-X bonds is directly related to 

the low lying electronic configuration of the gaseous metal 

atoms. In writing for a particular metal in a 

specific phase as a combination of symmetry adapted linear 

combinations of atomic orbltals, the relative contribution 
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of each term in the combination is related to the electronic 

configuration and is expressible in terms of the n^. Within 

2 2 
this bonding model, the d s ground state implies that the 

coefficient (n) for the (d term is larger in for 

some titanium atoms than for niobium atoms in Nb^^Sg, etc. 

For niobium the d^s^ excited state (3 kcal/mole) is of low 

energy and the relative contribution of terms such as 

p 
n^(d + ngCd) are larger than for the similar titanium-

sulfide phases. In effect, similar structural units are 

formed from cubes and trigonal prisms for both TigS^ and 

^^21^8' the structural differences (differences in 

arrangement of the cubes and prisms) are related to the 

P.O.P. found for atoms which are the atoms forming the cubes 

(P.C.P. I) and prisms. It is precisely the types of P.C.P. 

for these atoms that correspond to the differences in units 

and stacking of units that can be directly related to the 

electronic configuration of the metal atoms involved. 

This interpretation of the structural differences in 

^^21^8 TigSg suggests an experiment that might be 

conducted to help support the qualitative bonding consider­

ations presented above= If the occurrence of unit VII in 

3 2 
^^21^8 related to the d s state for niobium metal, then 

niobium might be expected to show a preference for occupying 

atom position of both the TigS^ and NbgiSg structure types 

which correspond to metal P.C.P. of type VII. Attempts 
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could be made to prepare the two ternary phases Tl^^NbgSg 

(Nbg^Sg-structure type) and Ti^NbS^ (TigS^-structure type) 

to see if these phases are stable and if niobium does indeed 

occupy the predicted atom positions. 
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IX. FUTURE WORK 

1. The Ideas and concepts discussed here need to be 

tested for other structure types of the layered class. For 

example, comparison of the structural similarities and 

differences between NbyP^, Nb^P^ and NbgP^ would provide a 

better understanding of the effect of changing Nb/P ratio 

on the chemical factors influencing the formation of each 

particular structure type. There are a number of similar 

comparisons which can be made for the structure types within 

the layered class. 

2. Similar applications of the concepts discussed here 

should be applied to other classes of structure types. Some 

systems of particular interest might be the transition metal 

structures, the MeX structures and the MeX. phases. 

3. Of particular interest would be an investigation 

of possible point symmetry limitations on the bonding 

interactions between two atoms. For example, the occurrence 

of the nonmetal trigonal prism with both parallel and 

perpendicular axis has been associated with certain metal 

P.C.P. This raises a question concerning possible symmetry 

correlations between the point symmetry of one atom and the 

point symmetry of its neighboring atoms. 
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