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1. 

1. I N T R 0 D U C T I 0 N 

1.1 SUBSTITUTED METAL CARBONYL COMPLEXES. 

A characteristic feature of the d-group transition metals is their 

ab i I i ty to form comp I exes wi-t-h a var i oty of neutra I mo I ecu I es such as 

carbon monoxide, isocyanides, substituted phosphines, arsines, sulphides 

and other I igands. The complexes formed are diverse, ranging from 

mo I ecu I ar compounds such as [ Cr (CO) 
6
], through mixed species such as 

[co (C0> 3 U..JO)] to complex ions such as [!Vln (CNR> 6]+. In many of these 

complexes the metal atoms carry elther smal I positive, zero or smal I 

negative charge and the I igands can stabi I iso low oxidation states because 

the donor atoms of the I igands possess vacant orbitals in addition to 

lone pairs of electrons. The stoichiometry of most of the complexes 

formed can be predicted in terms of the ninert-gas rule", which can be 

used to design new compounds. 

The most important TI-bonding I igand is carbon monoxide. The 

interest in metal carbonyls over the last twenty years has arisen as a 

result of many novel organometal I ic compounds in which a metal carbonyl 

system forms an integral part of the structure. 

cations i I lustrate their remarkable variety 1• 

Several recent pub! i-

In general deductions about molecular structure may be made by 

v~rious methods. The most importunt methods yielding indi'rect evidence 

of molecular structure are spectroscopic: infar red, nuclear magnetic 

resonance and electron spin resonance spectroscopy are the most commonly 

used. Other methods depend on the physical properties of substances, 
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such as refractive index and dielectric constant. In particular, studies 

of electric polarization yield vnlues for dipole moments. The most 

powerful toot for the study of the structure of compounds, however~ is 

X-ray crystallography. 

Using the latter method, a large number of structures of inorganic 

coordination compounds have been elucidated. For example X-ray diffrac~ 

tion hus enabled the study of closed metal carbonyl clusters2 leading to 

a study of metal-metal bonds of varying bond order. The structures of 

many substituted metal carbonyl compounds such as the tricyclic complex 

[SFe <C0> 3] 2
3 and the Hieber-Gruber4 compounds x2Fe3 (C0> 9 (X= S, Se} 

have recently been publ ished 5 In fact the interest in inorganic com-

plex compounds and their structural elucidation by X-ray methods has 

mushroomed in the last five years6 • 
I 

Little was known about dinuclear transition metal complexes having 

carbon, sulphur or halogens as bridging atoms until the development of 

facile preparations of tetra-alkyl- and tetra~aryldiphosphines. The 

subject has been summarised by Hayter7 who also described a series of 

8 diphenylphosphido-bridged compounds of palladium. Chatt and Thornton 

described the reactions of a number of diphosphines [R2P-PR2 ; R = Me, 

Et or Ph] and some analogous diarsines with the carbonyls of zerovalent 

iron, chromium, molybdenum and tungsten. These reactions yield a 

variety of phosphorus- and arsenic-bridged dinuclear carbonyls of two· 

types, designated type A and type B which can be formulated on the basis 

of the Inert gas rule: Type A as phosphide- and arsenide-bridged 
' 

carbonyls. Type B as diphosphine- and diarsine-bridged carbonyls. 
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does not give rise to 

Therefore although no direct evidence was available, structure IV was 

considero3d to be an appropriate formulation for the diphosphlne-bridged 

carbon y I ( M = C r, ~1o or W) • The structure was also reasonable in 

terms of vibrational spectra which are discussed. 

14 8 Chatt and Thomson extended the work of Chatt and Thornton in 

preparing dinuclear phosphorus- and arsonic-bridged carbonyl compounds 

by synthesizing many of the compounds excluded from the earlier study. 

They showed moreover that type B compounds may be converted to type A 

by thermal decomposition. This suggests that type B compounds may be 

Intermediates in the formation of type A complexes. Thomson 15 carried 

out very interesting photochemical experiments with compounds of type A 

which led to the proposal of tentative structures. Irradiation of a 

benzene solution of 

bls(~-dimethylphosphido)bis(tetracarbony[molybdenum) 

and triphenyl phosphine with visible I ight produced the insoluble com-

pound IX (Fig. 3). Even In the presence of large excess of 

triphenylphosphine, compound IX was the only product and there was 
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no evidence of further substitution. The experiment was also carried 

out with triethylphosphine, with fo~mation of the analogous ethyl com-

pound. Since the starting complex in the reaction is diamagnetic it 

·.,tas considered to have iJ mota I-to-meta I (M-M) bond. Furthermore 

Thomson showed -t-hat, after irradiation, the (~1-M) bond remained intact. 

The struc-t-ures predicted by Thomson for the compounds of type A are 

shown in Figs. 4 and 5. These wi II now be discussed. 

Structure X In which the (M-M) bond is bent and occupies the vacant 

16 octahedral positions of the Iron atoms was proposed by Hayter • This 

structure is based on that established by X-ray crystallography by 

Dahl and Wei 17 for the similar compound [Fe2 cco> 6 CSEt> 2J. 
In structure X there are tivO carbony I £lroups s t tuated tran.s~ to 

the (M-M) bond and four trans- to the phosphine groups. Thomson's 

photochemical experiments Indicated that two carbonyl groups are re-

placed by phosphine much more readily than the remaining four. He thus 

proposed that the two carbony I groups tran-s- to the <M-f,1) bond were the 

unique I y repl!acoab1G groups and -t-hat under the i nf I uence of vis i b I e I i ght 

no other groups were replaced. The other possibil lty put forward was 

that the two carbonyls trans- to the phosphines were replaced and that 

the product was deactivated towards further attacl<. by the presence of 

the additional phosphlnes. This posslbll ity was subsequently dis-

t d . Th 15 th b . f f h . t I . d coun e by omson on e asts o urt er oxpertmen a evt ence. 

As shewn In Fig. 3, in the case of the molybdenum compound the 

photochemical experiments also show the probabll ity of one carbonyl group 

occupying a unique position. This is not expected from structure XI but 
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there now arise the possibilities of structures XII, XIII and XIV. 

Structure XI I Is an~logous with that proposed by Nigam, Nyholm and 

Stiddard 18 for ~o (diarsine) (C0> 3r 2], Both structures XII and 

6, 

XI I I are similar to structure X in their possession of unique carbonyl 

groups trans- to the (~~-M) bond. Structure XIVi the typical 'folded 

textbook' structure, also fulfi Is this condition and is not centro-

symmetric~ which would explain the dipo.le measurements, a discussion of 

which is deferred to the following section. 

1. 2 STRUCTURAL EVIDENCE FROM INFRA RED SPECTRA, PROTON MAGNETIC RESONANCE 

SPECTRA, AND DIPOLE MOMENTS. 

1.2 (a) Infra-Red Spectra. 

The carbonyl stretching frequencies <vc
0

> in chloroform for 

various compounds corresponding to structures I and IV are I istod in 

Table 1. These show that the carbonyl groups are In terminal positions. 

The carbonyl absorption patterns of the compounds containing Group VI 

metals are similar to those normally observed for compounds of the type 

r. J 19 ,~ J 20 ais- LM (CO) 4 L2 (type A) and ]'1 (C0> 5 L (type B) (L = monodentate 

phosphine) which are In accordance with the suggested structures. 

The carbonyl stretching frequencies of the Iron compounds 

[Fe2 <C0> 6L2] yielded a different pattern from that usually exhibited 

by the tricarbonyl iron group, showing the posslbll lty of coupling be-

tween the two Fe (C0) 3 groups. This suggests that there is a 

difference between structures I and I I, which wll I be discussed in more 

detail later~ 



T A B L E 

-1 
Infrared carbonyl stretching frequencies <em ) in chloroform and dipole 

moments in benzene (25°C) in Jl(D) of compounds· of general formula 

Type Structure 

A II 

A II 

A II 

A II 

A II 

A II 

A 11 

A I I 

A. II 

A 

A 

A 

B Ill 

B IV 

B IV 

B IV 

B IV 

B IV 

B IV 

Formu I a 

[cr2 cco> 8 <PMe2 >2] 2011s 

[cr2 <co>
8

<PEt2 >2] 2003s 

[Mo2cco> 8 <PEt2 >2] 2019s 

[w2 <co> 8 <PEt 2 > 2] 2024s 

[Mo
2 

(CO) 
8 

(AsMe
2

) 
2
] 2026s 

[w2 <CO> 8 <AsMe2 > 2] 20 18s 

~1o(C0> 8 <PPh 2 >z] 2035s 

[w2<C0> 8 <PPh 2 >2j 2034s 

[Mo
2 

(CO) 
8 

( /\sPh
2

) 
2
] 2033s 

[Fe
2 

(CO) 
6 

<PMe
2

>2] 2047s 

[Fe2 <CO) 6 <PEt 2 ) 2J 2045s 

l}e2 <C0> 6 <As~1o2 >z] 2037s 

[Fe2 <C0> 8 <Ptv1e2 >2J 2059sh 

vco 

1952vs 1 b 

1942vs,b 

1948vs,b 

1946vs,b 

1960vs,b 

1946vs,b 

1969vs,b 

1961vs,b 

1965vs~b 

2009vs 

2007vs 

2024vw 

2049s 

0·1o2 < CO) 
10 

( PfVle 2> ;I 2079w ,sh 2069m 

[w 2 <CO) 10 < PMe2 > 2] 2079w, sh 2068m 

Qvlo2 (co) 10 (PEt 2) 2] 2076w Ish 2068m 

[w2 <co> 10 <PEt2 >2] 2075w,sh 2067m 

[Mo2 (CO) 
1 
O ( AsMe2 ) 2] 2077w, sh 2069m 

I}J2 <CO> 10 <AsMe2 >2] 2079w,sh 2070m 

1976s 1963s 

1972s 1962s 

]..10 

1 • 4 

0.9 

0,6 

0,9 

t.t 

1.1 

3.6 

3.8 

1998vs 1965s 4.2 

1982w-m 1947vs,b 

1990w 1954vs,b 3.7 

1981w 1946vs,b 3.9 

1988w 1950vs,b 3.7 

1980w 1944vs~b 3.6 

1985w 1947vs,b 3.1 

s, strong. m, medium. w, weak. b, broad, sh, shoulder. 
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The spectra of the complexes containing the (PMe2 >2 bridging 

group are sufficiently simple to allow them to be divided, on infrared 

evidence alone; into the two types A and B <Table 2). The spectra of 

type 8 are simpler. In them the symmetric deformation of the methyl 

groups appears as a sharp doublet, whereas the Cr ~ypo M compound yields 

two bands of unequal intensity and the tricarbonyl Fe compound ~ype A) 

shows three bands. Also the type 8 compounds show P-CH 3 stretching 

bands \1 P-C(as) and \1 P-C(s) of equal intensities at nearly identical 

frequencies whereas in type A compounds those bands are close together, 

broader and of differing intensities. Finally, the methyl rocking 

frequencies pMe found near 940 cm- 1 and 890 cm- 1 show a slight split­

ting in type A compounds but no splitting in the type B compounds. 

These features indicate some dissymetry in the structure of the chromium 

and tricarbonyl iron compounds which is also apparent from their dipole 

moments. 

1.2 (b) Proton Magnetic Resonance Spectra. 

21 Chatt and Thomson obtained proton magnetic resonance spectra for 

the type A compounds: 

and for the type 8 compounds: 

<OC> 5M <- P~1e2 - PMe2 -> M<C0> 5 

M = Cr, Mo, W. 

Their results are shown in Table 3. 

(Structure II) 

(Structure IV) 



T A B L E 2 

-1 Phosphorus-methyl stretching frequencies (em ) in chloroform of 

compounds containing <PMe2>i-bridging group. 

Type Structure Formu I a \) P-C(as) vP-C( s) 

f\ [Fe2 (CO) 6 (PMe2) 2J 722s 705s 

A II [cr2<co> 8 <PMe2>;J 731m 712vs 

B Ill [Fe2 (CO) 8 ( PMe2) 2] 745m 693m 

B II l}lo2 (CO) 8 ( PMe2 ) 2] 735m 684m 

B II [w 2 <co > 8 < PMe2 > 2] 736m 684m 

s~ strongo mi medium. w, weak. b, broad. sh, shoulder. 



T A 8 L E 3. 

Chemical shifts (T) and phosphorus-hydrogen coup! ing constants 

~(PH>J for CDC£3 solutions of dinuclear phosphorus-bridged 

carbonyl complexes. 

ComEound 

type A M = Cr 

type A M = Mo 

type A M = vJ 

type 8 M ;: Cr 

type 8 M = Mo 

type 8 M = W 

T -

7.68 

7.68 

7.56 

8.28 

8.31 

8. 15 

Mu It i pI i city 

Doublet 

Doublet 

Doublet 

Triplet 

Triplet 

Triplet 

J <PH) 
(c/sec) 

10.6 

9.4 

9.8 

4.2 

5.3 

4.3 
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Deutereochloroform solutions of the type 8 complexes gave rise to 

a triplet in which the central bond is a weak one with sharper peaks on 

either side of it. Type f1 compounds gave rise to a sharp doub I et, the 

splitting being ca 10c/sec at both 60 and 100 Me/sec. Chatt and 

Thomson 1 s interpretation of these spectra was that the splitting patterns 

vwre dependent on tho environmen-t- of the diethylphosphido-groups. The 

doublets obtainod from the type A compounds were attributed to the spin­

spin coup! ing of six identical hydrogen nuclei with their adjacent 

phosphorus nucleus. The spectra from the typo 8 compounds may arise 

from a balance between proton-phosphorus coup! ing and a simple proton 

resonance. 

1.2 (c) Dipole moments- (Table 1). 

The Group VI metal compounds can be classified into two categories -

type A, with dipole moments of about 10 and type 8 with dipole moments 

of about 40. The iron compounds show the opposite pattern, type A 

having dipole moments of approximately 40 and type 0 (only one compound 

is I isted) vlith dipole moment of 2.50. 

With tho exception of the latter moment, tho other values can be 

explained on the basis of tho structures I + IV. 

As discussed above we may expect the type A compounds with 

Cr, Moor W <structure II), to have the configuration shown in 

structures XI, XI I, XI I I and XIV. 

Structures XI and XIII are flat, which would imply a zero dipole 

moment. 
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Structure XIV has folding about the P-P I ine, and since the 

phosphorus atoms must carry a positive charge relative tc the rest of 

the moleculop this would give rise to a dipole momont. The magnitude 

of the dipolo moment would depend on the degree of folding. This 

folding would also bring the motol atoms closer, faci I it~ting the 

formation of a motal-metal bond, but would be counteracted by the steric 

effect of tho carbonyl groups perpendicular to the plane containing the 

phosphorus atoms. The low values of the dipole moments would indicate 

a compromise between the folding and the steric hindrance forces. 

In the iron compounds of -typo r'. there is no steric hindrcmce 

(structure X) to hinder folding about tho P-P I ine, so that the molecule 

can fold unti I each iron atom fi lis approximutely the sixth coordination 

posit ion of the other, cf This would account for 

the high dipole moment. 

Typo 8 compounds, with proposed structures I I I, IV; have free 

rotation about the P-P bond and the observed dipole moments of the 

Cr, Mo, W compounds are consistent with this. The moment of the corres-

pending Fe compound 2.50 is lower than expected but the difference 

is probably not significant. 
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10 

OBJECT OF RESEARCH 

The foregoing introduction shows that the reaction between substi­

tuted diphosphines and dlarsines with various metal carbonyls produce 

a series of interesting compounds. 

Structural evidence based on infrared proton magnetic resonance, 

dipole moment data and microanalyses allo1vs the classification of these 

compounds into two distinct types A and B (Fig. 1). The assigment of 

structures to the type A compounds corresponding to the general structure 

I I presents an interesting problem in that there arise several possibi-

1 itles (XI~ XI I, XI I I and XIV). Photochemical experiments favour 

structures XII, XIII or XIV,all of which possess unique CO groups 

trans- to the <rv1-M) bond. A dipole moment of approximately 10 would 

suggest a folded molecule (XIV). Since the dipole moments depend on 

several other measurements (den~ity, refractivity, dielectric constant) 

there is the possibi I ity that the smal I dipole moments obtained (<1.50) 

are not significant, but are simply due to additive errors. If the 

dipole moment evidence is discounted this leaves structure XI as a 

possibi I ityp although this has no unique CO-groups. 

Type B compounds were unknown, but the evidence from infrared 

spectra, proton magnetic resonance and dipole moments suggested structure 

IV (Fig. 1). 

It was thus decided to employ X-ray diffraction methods to resolve 

the structural problem posed by the type A\compounds and to elucidate 

the structure of the type 8 compounds whcse structures were unknown. 
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Several compounds could have been chosen from the series as being 

characteristic of the two types A and B. The molybdenum compounds 

were selected because it was thought that molybdenum would be suffici-

ently heavy to faci'l itate the solving of vector maps arising from 

three-dimensional Patterson syntheses without giving serious compl lea-

tions in the refinement due to thermal motion. The compounds chosen 

are products of the same reaction: 

240°C 

Et2~P-P-Et2 + Mo(C0) 6 
1

---> 

Et Et 

""' I p 

/~ 
<OC) Mo ·· - ·· Mo (CO) 

4\ I 4 
p 
/\ 

Et Et 

Et Et 

compound 1 

<OC) 5Mo - P - P - Mo (CO) 5 
Et Et 

compound 2 

Compound <Type A) di-~-diethylphosphido-bis-(tetracarbonylmolybdenum). 

Compound 2 (Type B) ~-Tetraethyldiphosphine-bis(pentacarbonylmolybdenum). 
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3. PREPARATION OF THE COMPOUNDS 

3.1 PREPARATION OF TETRAETHYLDJPHOSPHINE. 

3.1 (a) Preparation of thiophosphoryl chloride (PSCX-~ · 

The thiophosphoryl chloride was prepared by the Knotz method 23 • 

SuJphur (36g) and phosphorous trichloride (150g) were heated on a 

water bath in a 500 ml round bottom flask. Aluminium chloride (6g) 

was added and the mixture heated to boi I ing. After approximately 

10 minutes the boi I ing ceased, indicating that the reaction had ter-

minated. The mixture was cooled and transferred to a separating 

tunnel and water (400 mf) was added. The lower layer (PSC£3> 

was removed, dried over calcium chloride and filtered. The 

thiophosphoryl chloride was disti I led and the fraction boiling be­

hieen 125 - 127°C/760 mm was collected. 

PCi3 + S + PSC23 (yield of product 81%>. 

3. 1(b) Preparation of dry ether. 

A I'll nchester quart of ether was f i I I ed to a depth of 1 n with 

granular calcium chloride and allowed to stand for 24 hours with 

occasional shaking. The ether was filtered and placed in a clean 

dry bott I e and sodium wire \vas pressed into it. The container was 

gently stoppered and allowed to stand for 24 hours. 

3~1(c) Preparation of tetrahydrofuran (T.H.F.). 

The T.H.F. was allowed to stand overnight with some KOH pellets 

in a greased glass stoppered 5£ round bottom flask. This was then 
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disti lied and sodium wire pressed into the flask. Under an atmos-

phere of nitrogen, the T.H.F. was then refluxed for 24 hours.., re-

disti I led, and more sodium wire was added to the bottle. 5g of 

benzophenone ~ere added and the T.H.F. refluxed unti I a blue colour 

appeared, i nd i cati ng that the I i quid was now perfect I y dry. It was 

then disti I led under nitrogen into a clean dry flask and kept under 

nitrogen. 

3. l(d) Preparation of tetraethyldiphosphine disulphide. 

Magnesium turnings (36.4g) were placed in a flask and just 

covered in dry ether. Ethyl bromide (164g) was dissolved in ether 

(300 ml) and placed in a dropping funnel. The ethyl bromide was 

slowly added to the magnesium turnings and the reaction was started 

with a smal I crystal of iodine. The solution was stirred and the 

rate of addition of the ethyl bromide adjusted so that the ether 

was kept gently refluxing. The mixture was cooled and the dropping 

funnel replaced with one containing thiophosphoryl chloride (79.5g). 

The latter was added dropwise and with constant stirrlng. When the 

mixture became too viscous to stir, dry T.H.F. was added. When 

the addition of the thiophosphoryl chloride was complete, the flask 

was warmed to 45°C and the mixture stirred for 2 hours. The mixture 

was allowed to cool and H2so4 (2.5N; 500 ml) carefully added with 

stirring. The T.H.F.-ether layer was separated from the aqueous 

layer, and the tetraethyldiphosphine disu1phide, which is solid, 

was filtered from the T.H.F.-ether mixture and dried in a vacuum 

desiccator. 



3,2 PREPARATION OF Di-~-diathylphosphido-bis-(tetracarbonylmolybdenum) 
(compound 1) 

+ 4CO 

The product was recrystal lised 10 times from I ight petroleum ether 

15. 

(b.p.60-80°) giving smal I orange crystals. There was no sharp melting 

point, the crystals slowly decomposing above 130°C. 

analysis* gave the following results: 

Carbon-hydrogen 

Found C 32,3%, H = 3.3% 

Calculated for c16H20Mo2o8P2 C 32.3%, H 3.4% 

3.3 PREPARATION OF ~-Tetraethyldiphosphine-bis-Cpentacarbonylmolybdenum) 
(compound 2) • 

C2H5 C2H5 
I I 

<OC> 5Mo- P - P -Mo(C0> 5 I I 
C2H5 C2H5 

+2 co 

The reaction was carried out in a sealed tube at 170°C for 24 hours. 

The product was recrystal I ised 10 times from benzene giving smal I 

colourless crystals. The melting point was 156-157°C with some decem-

position. Carbon-hydrogen analysis* gave th(; foiiO\'Iing results: 

*Analysis was carried out by F. Pascher and E. Pascher at the 
Microanalytisches Laboratorium, Bonn. 
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Found 

3.4 INFRARED SPECTRA. 

The infrared spectra of the two compounds are shown in Fig. 6 and 

Fig. 7. 

The infrared spectrum of compound 1 <type A) shown in Fig. 6 exhibits 

bands at 2028; 1963, 1930 cm- 1 which are due to vco of the terminal 

carbonyl groups. If these were bridging carbonyl groups, these bands 

-1 1 would be expected at 1900-1700 em • Tho bands at 768 and 735 em ·· 1 

8 wou I d 1 fo I I owing Adams 1 be assigned to 

respectively. 

rv is the phosphorus-carbon asymmetric 
1 P-C(as) 

stretching frequency: 

and vP-C(s) is the phosphorus-carbon 

symmetric stretching frequency: 

The infrared spectrum of compound 2 <type 8) 

exhibits bands at 2072, 1963, 1930 and 1920 em -1 

buted to vco of the terminal carbony I groups. 

at 762 and 723 em -1 respectively. vP-C(s) occur 

and 

c c 
\: I 

p 

c c 
\I 

p J 
shovm in Fig. 7 

which are again attri-

The \) P-C(as) and 

In both spectra the C-H frequencies are masked by the mul I ing 

agent (nujol). 
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4. APPARATUS 

4.1 THE X-RAY GENERATORS AND ACCESSORIES. 

The generators usr::Jd in tho project 1vere 

(a) A Hilger and \iJatts Microfocus Generator, with an X-ray tube which 

is continuously evacuated by an oi I dif-fusion pump backed by a 

rotary o i I pump. The generator was operated at 50kv and 3mA and 

a demountable copper target was used. 

(b) Phi I ips P\~1009 and P1010 generators, employing sealed X-ray tubes 

with copper targets. The generators were operated at 40kv and 

20mA. 

The Laue camera und the rotation and Weissenberg goniometors used 

were made by Unicam. Tho integrating Weissenberg was mado by 

Stoe (Heidelberg). The goniometer heads on the instruments are 

interchangeable and the rotation camera has an optical goniometer. 

The film used was Kodak 11 Kodirex11 ; which was developed in D19b 

develop<?lr for 5 minutes a-r 20°C, immersed for 5 seconds in a stop 

bath of 3% scetic Gcid, and fixed for 5 minutes with agitation in 

Kodak X-ray fixer. This was followed by a 10 minute suspension in 

the fixer. The films were then washed in running water for 30 

minutes and subsequently dried in a furnG cupboard in ordor to 

avoid dust. 

Kodak 1 1ndustrex D7 fi Imp which has no detectable shrinkagr3 on 

devolopment and fixing, \'las used in the determination of accurato 

ce II parameters. 
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4.2 THE DENSITOMETER. 

A modif~ed Steinhei I densitometer was used to measure the intensities 

of the diffraction spots. The instrument is shown in Fig. 8. The 

I ight source consisted of a Phi I ips cold lamp rated at 50 watts and was 

cooled by a stream of compressed air. A potential difference of 8 volts 

vias maintained across the I amp, the vo I tage being kept constant by means 

of a variable resistance in the circuit. 

The light transmission was measured by a photo-emissive search head 

connected to an electronic photometers both manufactured by the Photovolt 

Corporation of New York. 

adjustable aperture. 

The photocel I was covered by a head having an 

Although the system is stable and gives reproducible results, the 

response of the densitometer is not I i near-. Thus a calibration curve 

of spot density versus relative exposure time was drawn up? (Fig. 9). 

This shows that the densitometer only reads I inearly in the density 

range: 0-0.575, and a correction curve derived from the calibration 

curve is shown in Fig. 10. This shows the correction factor that must 

be applied to diffraction spots having u density ranging from 0.575 to 

1.2. 
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5. COf,1PUT I NG 

The majority of the computing was carried out on the University of 

CopeTmm 1s I.C.T. 1301 computer. This has an 800 word Immediate 

Access Store ( 1./\,S.) ond a 16000 word capacity in two storage drums. 

Since the I .C.T. computer does not have a sufficiently large storage 

capacity$ the final least squares refinement calculations were carried 

out on the C.S.I.R. I.B.M. 360/40 and 360/65 computers using the 

ORFLSRED least squares programme. 

The sequence of programmes used on the I .C.T. 1301 is shown 

schematically (Fig. 11 ), The programmes are now out! ined individually. 

5.1 THE SCATTERING FACTOR PROGR/\rv1tv1E. 

This programme converts the uncorrected intensity data to F 
0 

or F2 and computes tho scattering factors of each atomic species for 
0 

every reflection. It requires the following input data: 

(i) The reciprocal eel I dimensions and the X-ray wavelength. 

(i i) The Weissanberg inc! inntion angle. 

(iii) Tho scattering factor tables of every eleMent in the structure. 

(iv) Tho absorption correction table. 

(v) The fvli ller Indices and uncorrected intensity of each reflection. 

The program then computes any or 31 I of the following for each reflection: 

( ) . 2 I 2 
a Sin 8 A 

(b) Lorentz-Polarisation correction (Lp) 

(c) Absorption correction 

(d) F or F2 
0 0 

(e) The scattering factors f 1:f2if3 , ... Pfn for n different elements 
in the structure. 



I t d f th t . 24 va ues are compu e· rom e equa 1on 

· . 2 I 2 _ 1 (h2a*2 k2b*2 0 2 t2 s1n e ~ - 1 + + N c + 

where * * * * * * a ,b , c ,a ,B ,y are the rec i p roc a I I att ice parameters, 

h,k,! are the Mi I ler indices, e is the Bragg angle and 

A the X-ray w~velength. 

The polarization factor is a simple function of 

p = t + t cos22e 

by substituting the trigonometric identity cos28 = 

the polarization factor reduces to 

p = 1 - 2 sin28 + 2 sin48 

Th L t f t L . . b th t• 26 e oren z ac or . IS g1ven y e aqua ton 

1 T = cos~ cosv sinT 

8 
25 

20. 

5.1 

5.2 

5.3 

5.4 

where ~ is the complement of the angle between the incident b2arn and 

the osci I lation axis, 

v is the complement of the semi angle of the cone of reflected 

X-rays , 

T is the angle which is proportional to the distance of the re-

flection from the centre of the cyl indricol film. 

d . t 27 coor 1na e • 

28 It can bo shown that 

cos 28 = 1-2 sin 2e = sin~ sinv + cos~ cosv cosT 

For the Equi-lncl ination Cc1Se, where ~ m•V 

1 2 . 22 . 2 2 m - Sin 8 = -Sin ~ + COS ~ COS1 

T is thus a film 

5.5 

5.6 



Hence 

cosT==· 

sin 

1 2 . 22 . 2 
- Sill 8 + Sill ~ 

2 cos ~ 

1 
T 

2 cos ~ sinT 

1 I 4 [1 2 . 2 . 2 l2 T cos ~ - - s1n S+sin ~ 

For the purpose of computation, the polarization 

....... 

• e • • • • • 

....... 
and Lorentz 

are treated together~ and the equctioh takes on the form:~ 

I 4 r1 . 2 . 2 e . 2 J i · cos ~- !c ·~ s 1 n +s 1 n ~ . 
2LD l . 2--4s i n2

e+4s in 4e 

21. 

5.7 

5.8 

5.9 

5. 10 

factors 

5. 11 

The absorption correction for a given reflection is calculated by 

readihg into the computer a t(lble of values for A*, the. absorption 

correction,, at various values of sin2e!A 2
• The required value of /\* 

for a given reflection is then calculated by using tho I inear inter-

polation formula 

y ;:: 5. 12 

where in this case 

and y1,y2,y3, • • .,yn are the tabulated values of at 

the corresponding values x1,x2:x3, .•. ,x
11 

values of sin2e/A
2

• 

The scattering f<Jctors of ths d i fforent scattering atoms are ca I cuI ated 

in the same way, the A* correction being substituted by tho appropriate 

scattering factor table. 

Since both the scattorino factor and the absorption corr·ection fall 

off rapidly with e at low e values, the intervals of were 



... -

h k l I 

,. 
Scattering Factor 

Programme 

+ 
Patterson 

Programme 

,, 
Structure Factor 

Programme 

+ 
h k l ~ ~ ~~~ 

~. 

Residual 
Programme 

• 
Fourier and 

Difference Fourier 
Programmes 

• Bond lengths 
and angles 
Programme 

Fig. 11 
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carefully chosen to obtain a good I inoar interpolation. The table has 

26 valuos of sin2e!A 2 ranging from 0 to 0.46, but increasing in 

steps of 0.01 for the first twelve steps. 

The output is obtained both as a print output and as punched cards 

which are used in subsequent programmes. 

There is a punched card for each reflection, containing the follow-

ing informution: 

( 1 ) 1000 + I h I 

(2) 1000 + I kl 

( 3) 1000 + I !1,( 

(4) p ~"here p for hkQ, 

2 H hk9, 

3 If hk£ 

4 !! Fik£ 

5 II hk9, 

6 H hk~ 

7 !I Fi ki 

8 11 hk2 

(5) 1 F QOO ~ 000 + F (or F
2

> corrected for Lp and A* factors 
e> 0 

( 6) 1 ;000 s 000 + 104 sin2e/J.. 2 

(7) 100f1P 100f2, 1 OOf 3 , •.. , 1 OOf n, 1vhere f n is the scattering 

factor of the th element. n 

The reason for adding 1000 to the Mi I ler indices and 1000000 to F and 
0 

sin2e/A 2 is that there is no facility for field definition on the I.C.T. 

1301 computer using the Manchester Auto Code CMAC) language, and this was 
a suitable method of punching the data in appropiate columns on the cards 
which could then be sorted as required. 
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5. 2 THE STRUCTURE FACTOR PROGRt'\f'·iME. 

This programme is written for the most general case of a tric! inic 

unit eel I and can take up to 35 atoms, with individual temperature 

factors. 

The formu I a used in the computation is: 

F = L f. L c( hkQ.) . 1 • 
I I n I -B.sin 2

eiA
2 

cos2TI(hx .. a+ky .. b+x,z .. c)e J 
I J I J I J 

I J 

where j number of atoms of each element in the unit eel I 

different number of elements 

B. is the isotropic temperature factor of the jth atom. 
J 

The programme has the faci I ity of treating any given atoM as 

vibrating anisotropically, in which case 

B . 2 I 2 [ I ( h2 *2 B k2b*2 2 *2 j stn e A = _-4 s11 a + 22 . + s332 c 

* * * * * * + 2s
12

hka b cosy + 2 s
13

hta c cosB 

* * * J + 2s23 kib c cosa ) 

The six B parameters servo to describe the elI ipsoidal electron 

distribution of the anisotropical ly vibrating atom29
• 

5. 13 

5. 14 

The programme can be modified for u particular space group so that 

only the position of the atoms in the asymmetric unit need be read thus 

shortening tho time of computation. The F
0 

values are scal3d to the 

Fe values by multiplication by a suitable scale foetor k, so that 

~kF 
0 

-= 1 
~F 

c 
The punched cards obtained as output from the scattering factor 

programme aro used as input data. Tho output is again in two forms: 
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(a) A print output giving the values of h1 ks ~~ F
0

, Fe and F
0

/Fc. 

(b) A punch output containing the following information on the card 

( 1 ) 1000 + I h I 

( 2) 1000 + I k I 

( 3) 1000 + IX. I 

(4) Pr the designation number described in the previous programme 

( 5) 1 , 000,000 + 1 OF 
0 

(6) 1 sOOO,OOO + 10F • 
0 

This output is also suitable for sorting the reflection in any reqtiired 

order, 

5.3 THE FOURIER PROGRAM~~1E. 

The structure factor FhkQ. may be expressed in exponential form 

by the formula: 

Fhkt IJ fje2ni(hxj+kyj+izj) 

'J' f i cp • 
L je J 

It is a complex quantity, the real' and imaginary parts being Ahk.Q. 

and 8hkt respectively: 

Ahkt 
\· f.cos2TI(hx.+ky.+£z.) LJ J J J J 

IJ f.cos¢. . ..... 
J J 

8hkx. IJ f.sin2TI(hx.+ky.+tz.) 
J J J J 

IJ f /in¢ j ...... 
¢. is defined by: <Pj = 2TI ( hx . + ky . + 9. z . ) • 
J J J J 

The phase angle cthk£ can be obtained from: 
8hk2. tan cthkt =-
AhkQ. ...... 

5. 15 

5. 16 

5.17 

5. 18 
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From 15p 16 and 17 it follows that 

Ahk.•'i, =I FhkX- lcoso.hk;~ 
8hkt =I Fhk.C!. Is i no.hkQ, 5. 19 

Method of Summation 

The electron density in the unit eel I at a point determined by the 

fractional coordinates Xp Yp Z is given by: 

+oo +oo +oo 
p(XYZ) = l ~h ~k ~£ F e-2ni(hX+kY+£Z) 

- L L L hkt V ·-oo -oo -oo 

If we define B by : e = 2TI(hX+kY+£Z) and use the r~lations 

Fh--k; = A--- + IB--- = A - IBhk" , we find 
~ hk1 hk~ hk£ -~ 

p(XYZ) 

where AhkQ, = Ij f.cos2TI(hx.+ky.+£z.) 
J J J J 

8hkY. = Ij f.sin2TI(hx.+ky.+Q,z.) 
J J J J 

e 2IT(hX+kY+Q,Z). 

For convenience we wil I henceforth write e = (hx+ky+~z). 

5.20 

To faci I itate computation it is useful to write cose and sine as the 

sum of a set of triple products: 

cose = cos(hx•ky+£z) 

= cos hx cos(ky+Q.z) - sin hx sin(ky+Q.z) 

(cos hx cos ky cos Q.z 

- cos hx sin ky sin ii-Z 
- sin hx cos ky sin Q.z 
+ sin hx sin ky cos Y~z); 



sine = sin(hx+ky+~z) 

=sin hx cos(ky+J,z) + cos'hX sinCky+U) 

= (-sin hx sin ky sin zz 
+sin hx cos ky cos ~z 

+ cos hx sin ky cos ~z 

+cos hx cos ky sin zz). 

26. 

Substituting for cose and sine in equation 5.201 we get 

p (XYZ) 

Now AhkR- = 

A~k£ 

Ah~x, = 

A-- = hk2 

p ( XYZ) 

+oo 
1 -

= v IhikitjAhk~( cos hx ky Q.z 

1 =-v 

A---hk9, 

Ahkz 

A~ki 

A -hk9. 

cos cos 
-oo - -·cos hx sin ky sin x,z 

-sin hx cos ky sin e.z 
+sin hx sin ky cos X-z) 

+Bhki (-s ~ n hx sin ky sin .Q.z 
+stn hx cos ky cos .ii,z 
+cos hx sin ky cos Q.z 
+cos hx cos l<y sin tz)J 

+"" 
Ihir<I.Q, cos hx cos ky cos £z(Ahk2+A~k~+Ah~Q. 

0 

+A-~ +A -+A- -+A --+A---) hk2 hkt hkl hk~ hkt 

+cos hx sin ky sin Q.z (-Ahk£-A~k2 +Ah~£ 

+A-- +A -+A- --A ---A---) hki hk2 hkt hk£ hk£ 

+ simi I ar terms. 

B- = -8 --· hk.v, hk.~. 

B - = -B- -hkr,:. hl<.9.. 

8·-- - -8· -· so thP. express"ton br=lcom::,s·. hk·(, - hk£ : - - ~-

. 000000 

= ~ Ihikit[ A
1
cos hx cos ky cos 2.z 

o o o A2 + cos hx sin ky sin X-z 

A3 . + sin hx cos ky sin .Q,z 

+A4sin hx sin ky cos Q,z 

B 1 . + sin hx sin ky sin 9.z 

+B2sin hx cos ky cos Q,z 

+B3cos hx sin ky cos .Q,z 

4 hx ky sin Q,zJ +B cos cos 



27. 

where A1 
Ahkl. + ''h'ks~ + Ahk~ + Ahh 

A2 -Ahk£ -Ahk.~ + Ahk£ + Ahk.Q, 

A3 -Ahk£ + Ahk£- f\ln + Ahk9, Kx, 

A4 -Ahk.£. + A- + AhkJi, - Ahkt hkQ, 

81 = -8 + 8-· + 8hk£ - 8Fih hkX.. hk£ 

82 =- +B - 8- + 8hk£ ·- 8Fik9, hk£ hk9, 
83 = +8hk£ + 8hkJl,- 8hk£ - 8fik2 
84 +8hk9v + 8hki!.+ 0hkPv 

+ 8Fik9. 5.21 ....... 
If the unit eel I contains symmetry elements, the expressions 

can be simplified. 

The Fourier Programme has the possibility of arranging the output 

of the electron density function in various formats. By reading in 

appropriate constants, the unit eel I axes can be arranged in various 

combinations. The output is in the form X L3 

! 
so that if the required format then the appropriate 

> 

order constants would be x1 

the programme as 3, 1,2. 

Z, x2 Xp x3 Y, which are read into 

The print output on the computer page can be altered to approximate 



28. 

the unit eel I lengths and angles. Thus It Is possible to havo the x1 

and X 2 axes inc! ined to each other at various angles 

anglo >90° 

and the length of x1 can be Increased by skipping a given number of 

I ines In the output. 

A three dimensional Fourier is obtained by dividing the unit eel I 

into two dimensional sections perpendicular to x3, tho spacing between 

these can be chosen at wi I I. Thus x3 may have values of 0, 1/100, 

2/100, 3/100 

As an example, the codeword for the space group Pbca, which was used 

in the calculation of the Fourier summation of compound 2, is derived. 
X 

x~. 3 Suppose the axial setting is chosen as ~ _ 

1 
Y > x2 

z 

x1 

then the appropriate order constants are 3,2,1 I.e. we carry out an 

1 £kh 1 summation. 

Since the space group Pbca is centrosymmetric, the 8 values in 

equation 5.21 are at I zero. 

For this space group there are four sets of relations tor Ahk~ 

depending on the Mi I lor Indices: 



even-even 

2 odd-even 

3 even-odd 

4 odd-odd 

[: : : " :: 
[:: : 2n+1 

2n 

[: : : : ::.1 
[: : : " 

2n+1 

2n+1 

29. 

Tha programme is able to test vJhich of these four conditions is applicable 

to any one reflection. In this case four codewords must be calculated, 

i.e. one for each condition. 

First codeword: 'oven-even' case. 

For an 1 2kh 9 summation tho coefficients in eqn. 5.21 may be written 

A1 
A£kh + A-£.kh + A.Q.kh + Aikh 

Ahk.Q, + Ahki + Ahi<.£ + '\i<.9: 
= Ahk£ + '"'h ki + '\k.Q, + Ahk1 (Friedel's Law) 

For the space group Pbca the foil owing rotation holds: 

Ahk9, = A- = Ahk.r. = Ahk'Q: hkQ. 

and the first codo\I!Ord is therefore 

A1 = Ahk.Q, + Ahk.Q, + /\hk.Q, + jl'hk.Q,. 4Ahk.Q, 

A2 = -AhkX.- '\k.Q, + Ahk.£. + 1\k£ 0 

A3 -Ahk£ + 
A 

'~hkJI. - Ahk.Q, + '\k£ = 0 

A4 = -f\hk.Q, + Ahk.Q. + Ahk£. - AhkJI. = 0 
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Only values of Ahk£' ard not the values of Afik~' Ah~l and Ahki 

are read into the computer; however, and consequently the computer 

memory holds the following values 

Al = A 
hkf~ 

A2 = -Ahk9, 

A3 = -1\k.o, 

A4 = ·-Ahk2 

Thus to obtain the correct vnluos the coefficients 

must be zeroed 

Hence A1 

A2 A
2 

X 0 

A
3 

A
3 

X 0 

,1',4 = A4 
X 0 

codeword 1000 

The ful I codeword, including the coefficients 

therefore : 10000000. 

is 

The codewords for the other three cases : 1odd-evenv; 'even-oddv 

and 'odd-odd' may be similarly derived and the ful I four part codeword is: 

10000000 00100000 00010000 01000000. 
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5.4 THE PATTERSON PROGRAMME. 

uses 

The Patterson programme is similar to the Fourier programme but 

F2 as coofficients and uses the formula 
0 

00 

P(u,v,w) = I I I F2 cos 2IT(hu + kv + !w) 
h k 't 

0 
-oo 

5.22 
f 

where u9 V; w are the fractional coordinates of the unit eel I parameters. 

Since the Patterson function is controsymmetric, the codeword is 

restricted to evaluating tho coefficients of A1
1 A2, A

3
, A4 , the 

corresponding B values being zero. 

In this case equation 5.19 modifies to 

5. 5 THE RES I DU/\L PROGRf1MME. 

2 F o(hkO 

This programme ca I cuI ates the residua I index R 

R = IIIF0 1-1Fcll 
- ·-

IIF I 0 

5.23 

from properly scaled F
0 

and Fe valuesp and expresses the answer as 

a percentage. 

5. 6 THE BOND LENGTHS AND ANGLES PROGRI',~~~~E. 

This programme requires as input the unit eel I parameters: 

* a, b, c, c , a, 8, y and the fractional coordinates of each atom. 

It can then calculate 

(a) Interatomic distances 
(b) Interatomic angles 
(c) The best plano (by least squares) through any number of points 
(d) The angles between any givon plane 
(e) The perpendicular distance between atoms and planes. 



The fractional coordinDtes (xi) measured in tricl inic system 

are converted to Cartesian coordinates (Xi) by the contravariant 

transformation30 

<Xi)= <xi)(B~) 
J 

where (Xi) cx 1,x2,x3
> (X,Y,Z) <Cartesian coordinates) 

1 2 3 (x ,x ,x ) {x/a,y/b,z/c) <Fractional coordinates) 

a 0 0 

b siny 0 ( B i_) b cosy 
J 

-c cosBcosy-cosa 
siny * c 

c cosB 

(a) Interatomic distances are calculated from the formula: 

rAB = [<xo-·XAl+ (YB-YA)2+ (ZB-z~j! 

(b) Interatomic ang I es are ca I cuI ated from the formu I a: 

"t-AB '1-BC = lrABI lrscl cos <!>ABC 

whence <!>ABC= Arc cosi<XA-XB)(XB-XC)+(YA~YB)(YE3-YC)+(ZA-ZB)(ZB-Zc>l 

lrABI-IrBC! 

(c) The best plane through any number of points. 

Equations of a plane are: ~X + mY + nZ - p 0 

and 22 + m2 
+ n2 

32. 

this then means then ~~ m, n are the direction cosines of the plane. 

Let eq. of the plane be Y = m'X + niZ + c 

If I ies off the plane then m1X. + n'Z. + c 
I I 

then Y.
1 

- Y = Y. - (m'X. + n'Z. + c) 
I I I 

y I y .• 
I 

then by principles of least Sq. which states that the sum of the square 

of these differences = min. for the best plane. 



Let thoro be nN" points then 

N 
ya2 u = I [m'X. + n1 Z. + c -

i = 1 - I I 

then au au au 
0 amv - an' = "- = 

dC 

which gives rise to the equations. 

N 
I 

i = 1 

N 

I 
i = 1 

N 

I 
j = 1 

then 

n' 

m' 

c = 

N N 
Y. m' I X. + n v I z. + Nc 

I i =1 I i = 1 
I 

N 
X~ 

N N 
X.Y. m' I + n' I x.z. + c I X. 

I I i=1 I i = 1 I I i = 1 I 

N N 
z~ 

N 
Z.Y. mv I x.z. + n' I + c I z. 

t I i = 1 I I i = 1 I i= 1 I 

solving for m' n v and c. 

IYi = ml I xi + n v Izi + Nc 

Ixiyi = m' Ix~ + n v Ixizi + c Ixi 

Iz.Y. m' Ixizi + n v Iz~ + c Izi I I 

CIXIY-NEXY)(EXIZ-NIXZ)-(EZIY-NEYZ){EXEX-NEX2l 

(IZEX-NEXZlCIXEZ-NIXZ)-(EXEX-NEX2><EZIZ-NEZ2> 

( IXIY-NEXY) ( EZEZ-NIZ2 )- ( EZEX-~~EXZ) ( EZIY-NEZY) 

(EXEX-NEX2 ><EZIZ-NEZ2l-(IZIX-NEXZ)(EXIZ-NEXZ) 

EY-m 1 IX--n 1 IZ 
N 

From these values of m' n' and c 

_Q, = -m'/ /,+(m')2 + ( ' ) 2 n· 

/,+(m' )2 
'/ 

m = 1/ + ( n v ) .:.. 

n = -n'/ /,+(m' )2 + ( n v ) 2 

p c/ /,+(m' )2 + ( n v) 2 

33. 



(d) The angle between two plano~. 

If the two planes have the equations 

~,x + m1Y + n,z-p, 0 and ~2 2 
x, 1 + m1 

and ~ 2x + m2Y + n2z-p2 = C and 02 2 + m2 ~2 

then the angle between them, e, has the value. 
31 

8 = Arc cos <~ 1 £ 2 + m1m2 + n1n2) 

2 + n 1 = 

+ 2 
n2 

(e) The perpendicular distance between a point and a plane. 

Let the point concerned have the coordinates <x 1,v 1,z1) 

and let the plane concerned have the equation 

~X + mY + nZ-p = 0 with 2 2 2 Q.+m+n=1 

34. 

then the (perpendicular)dlstance D from the point to the plane is 

o tx 1 + mv 1 + nz 1 - p 

Where D is positive if the point (Xl' Yp Z1) is on the side of the 

plane opposite to that containing the origin. 



6. THE CRYSTAL STRUCTURE OF 
Di-~-diethylphosphido-bis-(tetracarbonylmolybdenum)(compound 1). 

6. 1 OPT I CAL GON I Otv1ETR I C STUDY. 

35. 

A drawing of the crystal and a stereographic projection are shown 

in Fig. 12. A goniometric study was carried out using a two circle 

optical goniometer. The readings obtai ned are on I y accurate to vvi thin 

20 minutes of a degree because the crystals were very .smal I and the re­

f I ect ions obtai ned vJe re not a I ways good. 

Severa I crysta Is vJere examined and the quoted ang I es are the means 

of measurements independently carried out on five different crystals. 

6.1 (a) Procedure. The crystal was mounted with the large face b (Fig. 12) 

in a horizontal position. Interfacial angles were measured in 

the following zones 

Zone A a b c d e f 

Zone B g b h e k 

( 1 n) A ( 1 00) A ( 111) A (i 11 ) A (Too) A ( TTT) 

I nterfac i a I ang I es betv1een simi I ar· faces were found to be 

( 100) ( 111) 

and the obtuse angle between zone A and B was measured and found 

to be 1 00 ° 43' • 

6.1 (b) Determination of the angle B. 

In determining the angle B between the X and Z axes It 



z (100) 

FORMS PRESENT: 

(100) ORTHOPI NACOID 

(Ill) -ve HEMI- BIPYRAMID 

(Til) +Ve HEMI- BIPYRAMID 

Fig. 12 
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was assumed that the face which is cozonal with (111,111) and 

( 100 i 001 ) Is the negative hem I ··orthodome ( 101 ) • This Is the 

hypothetical fuce t label led on the stereogram (Fig. 12), By 

considering the face (100) together with the hypothetical face 

(101)i the following equations may be derived:-

sin 

sin 

( i ) 
lTIT 

c 

c 

c 
180-(a+B) 

sin(a+B) 

c 

t· t ( 10 1) 

!a J· . 
... ~./ 

-~ 
I a 

180-S~-
/ 

/ ___ __.. .... 

~"\ 7 u<101> 
~ 

a c 
sin a sin(a+S) 

c sin a 
a 

a 
180-l < 1so-s > +a I sin 0 

sin<S-o) c sin 0 
= 

a 

sin(a+B) sin a 
sin(S-6) sin 0 

sin a cos B + cos a sin B 
sin B cos 0 - cos B sin 0 

.............. ( i ) 

.............. ( i i ) 

sin a 
sin 0 

. ' • s i n a cos 13 s i n 6 + cos a s i n B s i n o = s i n a s i n B cos o - s in a cos B s i n 6 

• • . cos 13 ( s i n a s i n o + s i n a s i n o ) = s I n B ( s i n a cos o cos a s i n o ) 

sin B 2 sin asin 6 
----::- = -••••••••••••••• (iii) cos B si~(a-6) 
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To determine the angIe a., vlh i ch is the angIe between ( 100) 

and the hypothetical face (101), consider the following Napierian 

triangle 
( ,., 1) 

/ ) 

''\ ····--------- ..... ·-- .... __ ·-
\ -- ( 101) 

\ 
56°30 9 \ 

\\ 

~!· 
·------~)1 00) 

By goniometry, the angle (100) A C1T1> 56°30', and the angle 

between the zone (100,101) and (100,1l1> is half the angle 

100°43 1 = 50°21'3011 

hence 

tan 90-56°30 1 • tan ( 100) "' ( 101) 

tan (100) "' (101) =sin 39o38t' 
tan 33030' 

Cl. =. (100) A (101): 43°57 1 • 

To determine the angle o, which is the angle between the face 

(100) and the hypothetical face ClOT> consider the following 

Napierian triangle _ 

c 1 H > ~-- __ ___.--f/1 
< ~ o 1 > 

\ 1 

\ ! 
68°51 ~~ I . I 

\1/0021!:'1. 

\"<! , I 
'·,c!· 
( 100) 
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By goniometry the angle (100) ~ (1ll) = 68°51' and the angle 

between the zone (100, 10l) and (100, 111) is half the angle 

100°43 1 = 50°21 13011 

sin 90-50°21t' =tan 90-68°51 1 tan (100) ~ (10l) 

sin 39°38t' 
= -=-~---=--

tan 2109 1 
tan ( 1 00 ) A ( 1 0 T ) 

hence o 

tan s 

( 100) A ( 10 T) = 58 ° 46 y 

2 sin 43°47 1 sin 58°46 1 

sin 14049 1 

or S 0 104 59 1 (obtuse) 

6.1 (c) Calculation of axial ratios. 

Considering the following Napierian triangle 

;) <00 l ) 

( 1 ) By ca I cuI at ion ( 1 00) " ( 101 ) 43°57 1 

and ( 1 0 1 ) " ( 00 1 ) s - 43°57 1 = 31°04 1 

(2) To obtain the angular distance (111) "(101):-



sin 43°57 1 =tan 90-50°21!' tan <111) A (101) 

tan ( 1l1 ) A ( 1 01 ) "' sin 43 o 57' 
tan 39°38!' 

(3) To obtain the angular value <1> :-

tan 90-<t> 

tan 39°57 1 tan 90-<t> 

sin 31°4 1 

=--·--

58 23 1 

tan <1> =% = 1.6244 

The axial 

c c 
E a 

Hence a 

ratio 

C. 
X --·-

b 

1.624 

c -a 

c 
a 

sin ( 001 ) A 

sin ( 100) A 

sin 31°4 1 

=----
sin 43°57' 

0.7433 

0,7433 X 1.6244 

b 

( 1 0 1 ) 
( 101 ) 

1 .207 

c 

1.207 

39. 

In the subsequent X-ray analysis it was necessary, 

in orde1- to comply wi+h space group conditions of c21c to relabel 

the axes Gcniometric study a b c 
+ + + 

X-ray study c b a 

and the angle. B was, unconventional !~chosen as acute. 

6.2 THE DETERr~INATION OF THE UNIT CELL AND SPACE GROUP • 

. 6.2<~). The measurements of !he unit eel I para~eters. 

The unit ce I I I engths were measured from I ayer-1 i ne spacings 



32 of single crystal rotation photographs . The values were 

refined by taking zero layer Weissenberg photographs about each 

40. 

axis and extrapolating tho interplanar spacings in accordance with 

Bradley and Jay's extrapolation33 . 

The angle s* was measured accurately from VJeissenberg photo-

graphs in two 1~ays 

(a} by the method of w separation~~ yielding a value of s*= 102°31 1 

B = 77°29' 

(b) by the method of triangulation;5 yielding a value of s*= 102°32' 

B= 77°28i 

This value compared favourably with the value B = 75° 11 obtained 

by optical goniometry. In the accurate determination of the unit 

cell lengths, Kodak lndustrex D film, which has no significant 

shrinkage, was used. 

The final values of the unit col I parameters obtained were 

+ 0 
90° a = 13.21 - .o 1 A a 

+ 0 
77.46 • + .08° b 10.85 - . 01 A B -

+ 0 
90° c = 16.48 - .02 A y 

Several methods for accurately setting crystals 36-38 were employed • 

The one which proved the most successful was the double Laue method 

Of '·'e·lst and Cole39 .· th· · t f t k. L h t h vv IS cons1s s o a 1ng a aue p o ograp 

of a crystal on a cylindrical camera and having one of the arcs of 

the goniometer head para! lei to the incident beam. A second photo-

graph is superimposed on the first by turning the crystal through 
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From the resulting composite photograph it is possible to 

determine both the magnitudes and directions of the arc errors. 

6. 2 ( b ) The measurement of the crysta I density. 

The density of the crystals was measured by the flotation 

method. The I iquid used was a mixture of bromoform and ethyl 

alcohol in which the crystals were insoluble. This method yielded 

a value of 

+ 3 
p = 1.633- .003 g/cm. 

6.2 : (c) The number of molecules/unit eel I. 

The volume of the unit eel I of a monoclinic crystal is given 

by the formula V = abc sin B. 

The number of mol~cules In the unit eel I can therefore be cal-

culated from the formu I a 

nr-1 = abc sin B P N ........ -. 
where fvl is the molecular weight of the compound 

Pm is the crystal density (measured) 

N is the Avogadro number. 

By appropriate substitution of the measured constants 

13,21x10,85x16.48x,9762x1,633x6.023x1023 x10-24 
n = 594.2 

n = 3.817 = 4 molecules/unit eel I. 

6. 1 

The calculated crystal density pc• assuming four molecules per 

unit ce I I p is 1 • 711 g/ cm3• 
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6.2(d) The examination of systematic absences and the determination 
~he space group. 

Zero and upper layer \~eissenberg photographs were taken with 

the crystal osci I lating about alI three principal axes. The 

reflections were indexed and an examination of the indices w~s 

carried out. 

The conditions I imiting the possible reflections were 

hk2 h + k ~ 2n 

hOt ~ = 2n, h = 2n 

OkO k = 2n 

The diffraction symbol (Monoclinic second setting) was therefore 

12/mlC.c. which corresponds to two possible space groups : 

c21c (No 15) or Cc (No 9), the latter being non-centrosymmetric. 

Attempts to establish whether the crystals were centrosymmetric 

and thus uniquely determine the space group were carried out by 

I . t t f I t . . t 40 d b . t W • I app y1ng es s or pyro-e ec r1c1 y an y carry1ng ou a 1 son 

plot41
• Both of these methods, however, yielded non-definitive 

results, and the space group was uniquely determined by subsequent 

analysis of the Patterson synthesis. 

6.3 THE SELECTION OF A CRYSTAL SUITABLE FOR INTENSITY DATA COLLECTION. 

From consideration of elementary X-ray absorption theory it can be 

·shown that 
42 

T 
·'· 6.2 



where I intensity of the X-ray beam 1 

I initial intensity of X-ray beam, 
0 

~ = I inoar absorption coefficient, 

t thickness of crystal traversed by the X-ray beam, 

43. 

and further that the optimum crystal size is of the order of 2/u em. 

The size and shape of the crystal are important because it is diffi-

cult to correct diffraction intensities for absorption if the crystal 

is not either cylindrical or spherical. 

In order to minimize absorption errors attempts were made to grind 

43 the crystal into a sphere ~ but the crystals invariably shattere.d. 

Calculation of the I inear absorption coefficient ~· 

The I inear absorption coefficient may be calculated from the 

formu I a 

where p 

p 

Jlm 

~ = P ~ P~m 

density of the compound 

6.3 

the proportion of each e I ement by 'vJO i ght in the compound 

mass absorption coefficient of each element44 • 

For the compound under analysts and using 

length 1.5418 ~ 

CuK 
CJ. 

radiation of wave-

1.633 g/cm 3 
p = 

u (tJio) 2 -1 = 162 em g m 
Jlm (P) 74. 1 li 

u. (Q) = 11 • 7 1! 

m 
\lm (C) = 4.60 H 

\lm (H) = 0.435 H 
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This gives 104.6 cm- 1 and an optimum crystal size of 

2/f.l = 0.019 em 0.2 mm. 

6.4 THE COLLECTION AND MEASUREMENT OF INTENSITY DATA. 

A single crystal, having dimensions .12 mm x.10 mm x .07 mm 

was selected. The mean radius was taken as 0.049 mm. Hence fiR= 0.51. 

The absorption correction * A for f.lR = • 51 varies on I y from 

2. 08 at e = 0° to 1. 90 at e = 90°. This was not deemed significant 

and therefore no absorption correction was applied to the intensity data. 

An integrating Weissenberg goniometer was used to collect the 

intensity data. In order to overcome the lack of range of a single 

ti lm, the multiple film technique45 was employed. The crystal was set 

with the Y axis para I lei to the axis of osci I lation and upper layer 

intensities were collected using the equi-incl ination technique. Data 

was collected from the hO£, hH, h2£, h39,, h4£, h5.\l., and h6.Q. layer I ines. 

The integrated intensities of the reflections were measured on the den-

sitometer and the appropiate corrections to account for the non-1 inearity 

of the densitometer response were appl led <Section 4.2). The intensity 

data from the different layers was scaled by measuring the reflections 

obtained from a zero layer integrated Weissonberg photograph taken 

about the Z axis (hkO reflections). 1027 reflections were measured. 

The intensities were punched on computer cards and corrected for 

various geometric and physical factors as discussed in Section 5.1 

A Patterson synthesis was then computed. 
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6.5 THE PATTERSON SYNTHESIS. 

A three dimensional Patterson synthesis was computed (equation 5.22) 

for the fraction of the unit eel I 0 + i along a, 0 + i along b 

and 0 + i along c. The three dimensional map was drawn on glass 

sheets and photographed (Fig. 13). 

Since molybdenum is considerably heavier than any other atoms in 

the molecule, the vector poaks arising from Mo- tJlo interactions can 

be expected to be considerably larger than those arising from any other 

atoms. 

The interpretation of the Patterson synthesis was carried out 

using an analytical method. The structure has four molecules, and 

hence eight molybdenum atoms per unit eel I. There are two possible 

space groups c2/c (centrosymmotric) and Cc <non-centrosymmetric). 

The eight molybdenum atoms were placed in the general positions 

as required by the space group and 8x8 positions of the 

vector poaks arising from tho Mo- IJlo interactions are shown in Table 4. 

Not all of these pE)aks are unique, hov1ever, since there are eight vector 

peaks at the origin (0,0,0),· there are four peaks at <i,i,O) and 

four at <-i,-i,Ol: this is analogous to a peak of multiplicity 8 

at (2,2,0), and similarly for other peaks. 

47 6.5 (~) Calibration of Patterson peaks 

The volume of a Patterson peak due to a pair of atoms and 

j is z.z. 
I J 

where Z is the number of electrons in an atom. 

v .. 
IJ 

z.z. 
I J 

6.4 
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The volume of the origin peak is multiple and contains a volume 

V origin = I z2 
n n 

where n is the number of atoms in the unit eel I. 

6.5 

The volume of a peak is not easy to measure, so one can use thG 

approximation that the height of a peak is propor-t-ional to its 

volume 

H :: KV 6.6 

Thus the expected peak heights for alI expected pairs of atoms can 

be tabulated on an absolute scale. 

For compound 1, L Z~ = 203~4 = height of the origin peak. 
n 

''single ~1o-Mo interaction wi II therefore have an expected peak 

height = 42x42 1764, a double Mo-Mo interaction a peak height 

of 2 x 1764 = 3528 etc. 

An analysis of Table 4 yields the expected peak positions and 

heights shown in Table 5. Since the Patterson synthesis was only 

computed over 1/8 of the volume of the unit eel I, only a fraction 

of the total number of peaks are expected on the Patterson map as 

computed. These are marked with an asterisk in Table 5. 



Peak position 

op o, 0 

I I 0 2: 2, 

0, 2y, I 
2 

0, -2y, .L 
2. 

2x, 0, t+2z 
-2x, o, !-2z 

.i t+2y, t z' 
I t-2y, I 
2, 2 

!+2x, I t+2z 2; 
t-2x, .i t··2z 2.' 

2x, 2y, 2z 
-2x, -2y, ·.-2z 

2x, -2y, 2z 
-2x, 2y, 2z 

t+2x, t-2y, 2z 
t+2x, t+2y, 2z 
!-2x, t-2y$ -2z 
!-2x, t+2y p -2z 

tv1u I t i p I i c i ty 

8 

8 

4 
4 

4 
4 

4 

4 

4 
4 

2 
2 
2 
2 
2 
2 
2 
2 

T A 8 L E 5 

Expected in 
Patterson map 

Expected peak 
heioht 

20344 

20344 

7056 

7056 

7056 

3528 



6.5 <b) Analysis of the Patterson synthesis and the ~nambiguoU~ 
determination of the space gro~p. 

The peaks obtained in the Patterson synthesis are shown in 

47. 

Table 6. The heights of the peaks are scaled so that tha origin 

2 peak has a value= L Zn = 20344. The position of the rotation 
n 

peak was found as fol l.ows: 

Table 5 shows that there should be a peak at (0, 2y 1 t> of 

height 7056. The only corresponding two peaks found (Table 6) 

are peak 6 (height 1610) and peak 13 (height 7798). The latter 

peak was chosen because its height closely matched the expected 

height. Hence 2y = 39/100. The rotation peak was then sought 

in the Patterson map at the section where 2y = 39/100. The only 

peak corresponding to this \Vas poak 15 at 2x = 28/100, 2y = 40/100, 

2z = 4/100. This was checked by seeking the sate! I ite peaks at 

<L t-2y, i) and at <t-2x, L t-2z). The result (Table 6) 

shows that not only do the peaks appear In the correct positions, 

but that their heIghts compare remarkab I y we I I \•/ i th the expected 

heights. 

The Patterson synthesis also establ !shed the space group of 

the structure uniquely as c2/c' 

the other possible space group, 

Tho vector peaks arising from 

48 Cc , were analysed in a similar 

manner, but gave no vector peak at <t-2x, t, t-2z) which was 

found on the vector map (Table 6, peak 19). The space group 

c21c was thus taken as correct and was confirmed subsequently 

by the successful structural analysis. 



T A B L E G 

List of peak heights and positions for compound 1 and its tungston isomorph. 

Positions are I isted as hundredths of the unit eel I parameters. 

Mo compound ~I cornpou n d 
Peak Position Height Height General Position Height Height Ratio 
Number Observed:x Expected Coordinates Found:y Expected y/x 

1 o, 0, 0 20344 20344 0 0 0 0 p 0, 0 50024 50024 ~ 

2 15, 0, 6 2628 15, 0, 6 3543 1.34 

3 50, 0, 0 3009 - - -
4 13, 0,18 975 13,0,18 1829 1.88 

5 22, 0,45 932 ·- - -
6 o. 8,50 1610 - - ·-

7 50,11,50 7798 7056 Lt-2y,t 50 .. 12,50 24879 21904 3.38 * 
8 42,32,12 2839 42,32,12 2896 1.02 

9 8,20,37 1144 8,20,36 1 i 81 1.03 

10 34, 16,45 2119 34,16,44 2438 1. 15 

11 0,20, 0 2161 0,23, 0 4572 2. 11 

12 50,30, 0 2161 50,29, 0 4572 2. 11 

13 0,39,50 7798 7056 0, 2y, I 0,38,50 24879 21904 3.38 2 * 
14 50,42,50 1610 - - -

15 28,40, 4 2967 3528 2x,2y,2z 28,39, 4 11430 10952 3.85 

16 0,50, 0 3009 - - ·-

17 6,50,39 2712 6,50,40 4724 1. 71]. 

18 50,50, 0 20344 20344 I I 0 50,50, 0 50024 50024 -z:, 2~ 

19 22,50,45 7205 7056 t-2x, t, t·-2z 22,50,46 22!1.03 21904 3. 11 



6.5 ( C ) Analvsis of the Patterson synthesis by the isomorphous 
substitution method. 

48. 

The Patterson map of the molybdenum compound was compared v1ith 

that of the isomorphous tungsten compound49
• The peaks of the 

Patterson synthesis of the tungsten compound were put on an abso­

lute scale <I z2 
= 50024) and compared in position and height 

n 
n 

with those obtained from the molybdenum compound (Table 6). 

The peaks due to the heavy atom interactions on I~ may be expected 
z~ 742 . 

to have heights in the ratio - 2- = ---2 = 3. 10, wh1 le the other 
zr\1o 42 

peaks, due to interaction of the heavy metal with P,O or C and 

of the I i ght atoms Vii th each other, may be expected to have a 

lm~er ratio. 

Table 6 shows that peaks 7, 13, 15 and 19 comply with the 

required ratio = 3.1 while the others do not. T:h is offers a 

second proof that peak 15 is the rotation peak at 2x = .28, 

2y = • 40 .• 2z .04 and that the molybdenum atom therefore I ies 

at x = .14, y = .20, z = .02. 

6.6 THE LOCATION OF THE LIGHT ATOMS. 

Structure factors were calculated with the molybdenum atom alone, 

located at x = • 14, y = .20, z = .02 and with a tentative 8 value 

of 2 ~2 . These gave an R value of 0.37. A Fourier synthesis, 

fo I I owed by a difference Fourier synthesis. showed the I ocat ions of a I I 

the I ight atoms with the exception of c2 and c4• 

The positions of the atoms as found from the first difference Fourier 

are shown in Table 7. <Fig. 16 shows the atomic nomenclature). 
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Atomic positional parameters in fractions of the unit ce I I lengths 

a, b, c. 

X y z 

Mo • 140 • 195 .022 

p .296 • 136 .087 

01 ,068 .380 .150 

02 .029 .008 • 151 

03 ,565 .261 .040 

04 .300. .515 .098 

c1 .274 • 180 o\96 

c3 -.340 -.030 .076 

cs • 100 .314 • 102 

c6 .069 .075 • 105 

c7 .501 .276 .017 

cs .328 .440 .055 



49. 

Structure factors were again calculated including at I the atoms 

I isted in Table 7. The following tentative B values were assigned: 

Mo B 1.8 
02 
A 

p B = 1.8 V1 

01 B 5 H 

02 B 5 if 

03 8 5 IV 

04 B = 5 " 
c, B 4 " 
c3 B = 4 11 

cs 8 = 4 " 
c6 B = 4 1! 

c7 B = 4 il 

c8 B 4 11 

A second d i ffet-ence Fourier synthesis carried out with the latter 

structure factors showed the positions of the atoms c2 and c4 at 

c 2 X = .381 y .203 z = .224 

c4 X = .230 y = -.090 z = . 100 

The second difference Fourier synthesis also showed characteristic 

peaks in the vicinity of the Mo atom implying anisotropic thermal 

motion. 

6.7 REFINEMENT. 

The structure was refined by least squares method using the C.S. I.R. 

ORFLSRED programme. In the refinement; the scattering factor of the 

I bd t . t d f d. • • 50 mo y enum a om was correc e or tsperston . 



50. 

The first two cycles were devoted only to refining the scale 

factors; thus placing the observed and calculated structure factors on 

the same scale. This was followed by throe cycles where the scale 

factors; the atomic positions and the isotropic temperature factors 

were alI allowed to vary. At this stage of the refinement the va I ue 

of the rosidualp R, was 0.116. 

The isotropic temperature factor of atom c4 p hov1ever, was noted 

to be somewhat high and asci I lating with each cycle of refinement: 

after 3rd cycle B 8.7 
02 
A 

after 4th cycle B 12.5 II 

after 5th cycle B = 1 o. 6 ll 

It was thought that the atom had been misplaced and a further 

calculation of structure factors, omitting the atom c4, followed by 

a three dimensional difference Fourier synthesis was carried out. 

The resulting map was featureless except for a large peak at 

x = .25 y = -.09 z = .10 which was in good agreement with the position 

obtained from the fifth cycle of refinement : x = .2746 y = -.1069 

z = • 1057 0 

This proved that atom c4 had, in fac~ been correctly located, 

so three more cycles of refinement vtere carried out, again varying the 

positions and isotropic temperature factors of alI the atoms. The 

temperature factor of atom c4 remained steady: 

after the 6th cycle B 12.46 
02 
A 

after the 7th cycle 8 = 12.22 II 

after the 8th cycle B = 12.48 ,, 
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Finally three cycles of refinement wera carried out varying the 

positions of at I the atoms and treating the temperature factor of the 

Mo atom anisotropical ly (section 5l2). The final R value for the 

structure was 0. 110. 

The final atomic positions, with estimated standard deviations, 

are given in Table 8. The final values of the temperature factors 

are given in Table 9. 

The value of 
02 

12.48 A obtained tor the temperature factor of 

c4 is considerably higher than the values obtained for the other C 

atoms (8 = 4.04 average) and would only be reasonably possible if the 

atom were located in a large vacant space in the structure, thus 

allowing it free movement. However the c - p 
4 

distance is 

which is smaller than the van der vJaals interaction force distance, 
0 

taken as approximately 3.5 A. 

The tomperature factor corresponds to a m':lan atomic vibration 
0 

amplitude of = 0.4 A which is somewhat high but not unreasonable. 

Howevor no explanatron can bo given tor the rather high value of tho 

temperature factor of atom c4. 

The Fourier synthesis, computed from the structure factors obtained 

from the final values of the atomic parameters is shown in Fig. 14. 

The Fourier map shows the positions of the atoms in the complete molecule. 

0 
An accurate model of the molecule was constructed (scale 4 em= 1 A) 

and photographed in colour (Fig. 15). The colour photograph of the 

model gives a good three dimensional impression of the relative location 



of the atoms to each other. (Mo atoms brown 

P atoms blue 

0 atoms red 

C atoms black) 

52. 

An idealised drawing of the molecule is shown in Fig. 16, in which alI 

the atoms have been label led. 

The values of observed and calculated structure factors are 

tabulated in Appendix 1. 

6.8 CALCULATION OF INTERATOMIC BOND LENGTHS AND ANGLES. 

Interatomic bond lengths and angles and their estimated standard 

deviations were calculated by using the formulae discussed in section 5.6 

These are shown in Tables 10 and 11. 

P' , 

The best planes going through the atoms d2
1 , 03 ', C6

9 , c7 v, Mo 1 , 

P, Mo, c7, c6, 03, 02 (the 1 horizontal 1 plane- see Fig. 16) 

and the atoms 01
1 , c5v, Mo 1 , C8

1 , o4v, 04, c8, Ho, c5 , o1 (the 7 verti­

cal' plane- see·Fig. 16) were computed. The interplanatory angle was 

found to be 89.95° which is in excel lent agreement with the expected 

value of 90°. The perpendicular distances of these atoms to their 

respective planes are shown in Table 12. 
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Fig. 15 



Fig. 16 
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T A B L E 8 

Atomic positional parameters and their standard deviations in fractions 

of the unit cell lengths ag b, c. 

X y z ax ay az 

Mo o. 1408 o. 1953 0.0216 0.0001 0.0003 0.0001 

p 0.2923 o. 1456 0.0854 0.0005 0.0008 0.0004 

a, 0.0655 0.3954 0. 1551 0.0019 - 0.0029 0.0015 

02 0.0219 O.Of14 o. 1556 0.0018 0.0027 0.0015 

03 -0.0658 0.2389 -0.0381 0.0017 0.0024 0.0013 

04 0.2005 -0.0283 -0.1060 0.0019 0.0028 0.0015 

c1 0.2720 o. 1806 0.1965 0.0022 0~0037 0.0017 

c2 0.3809 0. 1896 0.2268 0.0024 0.0040 0.0019 

c3 0.3477 0.0002 0.0730 0.0021 0.0036 0.0016 

c4 0.2739 -0.0983 0.1115 0.0049 0.0065 0.0039 

c5 0.0994 0.3244 0. 1045 0.0022 0.0040 0.0018 

c6 0.0637 0.0764 0. 1043 0.0022 0.0036 0.0017 

c7 0.0061 0.2198 -0.0171 0.0023 0.0037 0.0017 

c8 o. 1763 0.0550 -0.0575 0.0022 0.0036 0.0018 
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Final temperature factors vii th standard deviations 

Mo B 11 0.00212 ± 0.00008 

s22 = 0.00302 ± 0.00033 

833 = 0.00123 ± 0.00005 

812 0.00041 ± 0.00018 

s 13 =-o.ooo56 ± 0.00005 

823 =-0.00004 ± 0. 00013 

p B = 1. 78 ± • 12 

o, B = 6,07 ± .62 

02 B = 5.88 ± .60 

03 B = 4,95 ± .53 

04 B = 6. 03 ± .62 

c1 B = 4.26 ± .66 

c2 B = 5.00 ± .74 

c3 B = ~~55 ± .63 

c4 B = 12.48 ± 1.96 

c5 B = 4.14 ± .67 

c6 B = 3.55 ± .62 

c7 B = 4. 14 ± .67 

C8 B = 3.64 ± .64 



J 
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Bo I (Ao) nd engths with estimated standard deviations. 

Mo - iv1o 1 3.057(6) p - c 1 1. 83 ( 3) 

p- pv 3. 96 ( 1 ) p ~- c 
3 1.73(3) 

tv1o - p 2.51(1) Cr::: - 0 1.15(5) 
:::> 1 

~~0 - P' 2.49( 1) c -6 02 1.15(4) 

IIIlo - c5 1.95(4) c7 - 0 3 1.10(4) 

Mo - c6 1. 99 (3) (' 
--'8 

.. 0 
4 

1.20(5) 

Mo - c7 2.03(3) c, - c 2 1.62(5) 

~~0 - Cg 1.99(4) c3 - c4 1.49(4) 

(The figure in parentheses represents the estimated standard 

deviation of the last significant digit), 



T A B L E 11 

Bond angles (0) with estimated standard deviation. 

~10 I -~1o-P 52.0 ( 3) p - 1'10 - c 7 171.8 (15? 

Mo'- Mo - P1 52.7 (3) P' - Mo - c6 170.3 ( 16) 

p - Mo - P1 104.6 (3) c -8 ~J,o - c5 175.8 ( 17) 

Mo' - P - t•1o 75.4 (3) Mo - c5 - 0 1 
173,3 ( 16) 

p - Mo - c6 84.8 (5) Mo - c6 - 0 2 175.8 ( 16) 

c6 - Mo - c7 87.0 (5) rv1o - c 7 - 0 3 176.6 ( 17) 

c7 - fl.1o - pv 83.5 (6) 1v1o - c -8 04 178. 1 ( 18) 

p - iv1o - c 8 90.8 (6) p - c3 - c4 112.4 (9) 

c8 - Mo - c7 89.6 (5) p - c 1 - c 2 111.9 (9) 

c7 ... Me - c5 89.7 (6) Mo' - p - c 1 121 • 1 (9) 

c5 - Mo - p .89.4 (6) c1 - p - ~J,o 114.6 (10) 

P' - Mo - cs 94.0 (6) c -3 
p - Mo 1 118.2 (12) 

C - Mo ·-8 c6 88.0 (5) c -3 p - c 1 105.9 (11) 

c -6 Mo - c5 87.8 (6) c -3 P- Mo 120.0 ( 14) 

c5 - Mo - P' 90.0 (6) 

<The figure in parentheses represents the estimated standard 

deviation in the last significant digit). 
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Perpend i cuI ar distances between atoms and planes. 

{a) Distances between atoms and horizontal plane 

Atom Pere. Distance 
0 0 y -0,043 A 2 
0 

0 I -0.021 A 3 0 
c i 0,028 A 6 0 
c v 0.031 A 7 0 
Mo' 0.044 A 

0 pi 0.029 A 
0 

p -0.029 A 
0 

Mo -0.044 A 
0 

c7 -0.031 A 
0 

c6 -0.028 A 
0 

03 0.021 A 
0 

02 0.043 A 

(b) Distances between atoms and vertical plane 

Atom Peq::. distance 
0 

0 i 0.020 A 1 0 c y -0.001 A 5 0 
Mo' -0.042 A 

0 

c ' -0.002 A 8 0 
0 i 0.021 A 4 0 

04 -0.021 A 
0 

c8 0.002 A 
0 

Mo 0.042 A 
0 

cs 0.001 A 
0 o, 0.020 A 



7. THE CRYSTAL STRUCTURE OF 
~-Tetraethyldiphosphine-bis-(pentacarbonylmolybdenum)(compound 2). 

7.1 OPTICAL GONIOMETRIC STUDY. 

53. 

An accuarte drawing of the crysta I and a stereogram are shmvn in 

Fig. 17. The crystals are bipyramidal. 

The ang I es e "' e 1 ; e "' eiVV and o " e11 

were measured on five independently chosen crystals. The crystals were 

very wei I formed and good signals were obtained experimentally; alI 

readings being accurate to ~ 3 minutes of a degree. 

The mean valuesobtained were: 

e "' e' 

e "' e"' 

e "' e 11 

The fact that e "' en is exact I y equa I to e "' on' shov1s that; on 

optical goniometrical evidence alonep the crystals are tetragonal. 

7.1 (a) Calculation of axial ratio. 

(i) iftheface e isassumedtobe (101) (asdrawnonthe 
stereogr3m Fig. 17) 

the axial ratio c/a 

1.0851 

( i i ) if the face e is assumed to be ( 111) 

the axial ratio c/a tan 94°8-211 o 
X COS 45 

2 

0.7602 



c c or Z 

a or X 

Fig.17 
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If it is tetragonal, tho angle e A e' can be checked by calcula-
47004~1 

tion (l: . ....-----0-(:/ 

I 
47°04~r 

l __ .. -··--' 
~~(j-

Considering the Napierian triangle 2bovo, 

sin (90 
0 . 0 

eAe 1 ) =cos 47 04~ 1 cos 47 04~ 1 

this Is within 0°61' of the measured value. 

7.1 (b) Optical characteristics. 

The crystals were examined under the polarising microscope 

and found to be definitely biaxi0l (2V = 72°). This posed a direct 

problem, and the only possible explanation for the above evidence was 

that perhaps the un i ax i a I crysta I is a poI ymorph which is tru I y tetra-

gonal at the temperature of crystal I isation but passes through an 

inversion at lower temperature rendering it optically biaxial. 

are many examples of minerals which should be uniaxial but are, in fact, 

markedly biaxial, e.g. apatite. Normally, however, 2V of the 

anomalous minerals is smal I, and from a random batch of crystals some 

wJ I I be uniaxial and some biaxial. The large number of crystals 

examined, however, were~ biaxial with large 2V. 

The problem was later solved by considering the symmetry of the 

Patterson projections which provod that the crystal is orthorhombic. 

Lt is of interest at this point to note that the classification 

of crystals in many texts is based on a consideration of crystal axes, 
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and in particular their lengths and directions. This approach gives 

correct assignments in a great majority of cases but occasionally leads 

to error. Thus a unit eel I with a I b I c and 
0 

a • 8 = y = 90 does 

not necessarily mean that tho crystal has orthorhombic symmetry. In 

the tabulation of Donnay and Nowacki 51 there are over fifty monoclinic 

substances I isted having unit eel Is of tho above shape. Crystals 

should therefore be classified not according to axial lengths and angles, . 
but by considering the minimum number of symmetry axes present. Thus 

the tetragonal system may be defined as having one four fold axis, 4 

(or ~) only; whi fe the orthorhombic system may be defined as having 

more than one two fold axis, 2 (or 2>; and no axes of higher symmetry. 

The above discussion may be summarised by quoting the International 

52 Tables ; which state nThe symbol I implies non-equality by reason of 

symmetry; accidental equality may, of course occur". 

Change of axes. 

In the subsequent X-ray analysis it was necessary, in order to 

comply with the space group conditions of Pbca; to relab>el the axes: 

Goniomotric study a 
+ 

X-ray study c 

b 

+ 
b 

c 
+ 
a 

7.2 THE DETERivJINATION OF THE UNIT CELL Nm SPACE GROUP. 

7.2 (a) The measurement of the unit ce II parameters. 

The • un i t • co I I paramet0rs were measured from I a'ler-1 i ne spacings 

of single crystal rotation photographs 32 . The values were re-

fined by taking zero layer Weissenberg photographs about each axis 
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and extrapolating the interplanar spacings in accordance with 

·Bradley and Jay's extrapolation33 • In the accurate determination 

of the unit eel I lengthsp Kodak lndustrex 0 film was used, as this 

has no significant shrinkage on development. 

The f ina I va I ues of the unit ce II parameters obtai ned were 

a = 11 • 43 ± .01 
0 

90° A a = 

0 
90° b = 14.95 ± .02 A s = 

0 
90° c = 14.95 ± .02 A y = 

The methods of ~ccuratcly aligning the crystals have been previously 

described (Section 6.2). 

7.2 (b) The measurement of the crystal density. 

The density of the crystal was measured by the flotation method. 

The I iquid used was a mixture of bromoform and ethyl alcohol in 

which the crystals were insoluble. 

The measured value of the density was 

p = 1.679 g/cm3 

7.2 (c) The number of molecules/unit eel I. 

The number of molecules/unit eel I was calculated from the 

formu I a 

nM = abc p N m 

where M is molecular weight of the compound 
pm is the measured crystal density 

a,b,c are the unit cell lengths 
N is the Avogadro number 



By appropiate substitution of the measured constants 

11.34x14.95x14.95x1.679x6.023x1023 x10-24 
n = --~------------~65~0~.~2~~-----------

n = 3.974 = 4 molecules/unit eel I. 

57. 

The calculated crystal density Pc; assuming four molecules per 

3 unit cell; is 1.690 g/cm • 

7.2 (d) The examination of systematic absences and the determination of 
the space group. 

Laue photographs were taken with the X-ray beam accurately 

aligned to the three principal axes in each case. All thr~oo 

photographs displayed mm symmetry; giving the crystal a Laue 

symmetry of mmm; thus placing it uniquely in the orthorhombic 

system. 

Zero and upper I ayer Wei ssonberg photographs were taken vii th 

the crystal osci I lating in turn about alI three principal axes. 

The reflections wore indexed and an examination of the indices 

was carried out. 

The upper layer photographs showed that there were no 

restrictions for h + k + 2i thus the crystal has a primitive 

lattice P. The reflections from the zoro layer photographs 

showed the following conditions for the indices: 



58. 

Reflection. Condition 

OkQ. k 2n 

I 
hO£ .Q. 2n 

hkO h = 2n 

hOO h 2n 

OkO k = 2n 

00£ 9, = 2n 

The diffraction symbol vJas therefore mmmPbca which uniquely 

corresponds to the space group Pbca. 

7.3 THE SELECTION OF A CRYSTAL SUITABLE FOR INTENSITY DATA COLLECTION. 

From consideration of elementary absorption theory it can be shown 

that the optimum size of a crystal = 2/~ (Section 6.3) 

where ~ = I inear absorption coefficient. 

43 Attempts to grind the crystal into a sphere failed, because, as 

in the case of compound 1, the crystals invariably shattered. 

Calculation of the I inear absorption coefficient ~~ 

The I inear absorption coefficien-t vJas calculated as previously 

described <Section 6,3) and found to have a value ~ = 99.46 cm-l 

A single crystal, having dimensions .15 mm x .15 mm x .12 mm v1as 

selected. This was treated as a sphere having a mean radius·of 0.07 mm. 

Thus ~R =0.695 ~o.7. The absorption correction A* for ~R = 0.7 
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varies from 0 2.75 at e = 0 to 2.32 AI though small; 

this correction was deemed significant and therefore the intensity data 

was corrected for absorption. 

7.4 THE COLLECTION AND MEASUREt'v1ENT OF INTENSITY DATA. 

Intensity data were collecteJ using an integrating \1eissenberg 

goniometer and employing the multiple film techniquo45 • The crystal 

was set with the X-axis para! lei to the axis of oscillation and upper 

layer intensities were collected using the equi-incl ination method. 

Data were collected from the Ok9-; 1ktp 2kl, 3k~ and 4ki layer I ines. 

The intensities of the reflections wore measured as described in 

Section 6.4. The intensity data from the different layers were scaled 

by measuring the reflections obtained from a zero layer i'Jeissenberg 

photograph taken about the Y axis (hOZ reflections). The number of 

reflections measured was 705. 

The intensities were punched on computer cards and corrected for 

various geometric and physical factors as discussed in Section 5. 1. 

A Patterson synthesis was then computed. 

7.5 THE PATTERSON SYNTHESIS. 

A three dimensional Patterson synthesis was computed (Equation 5.22) 

for the fraction of the unit eel I 0 + t along a; 0 + t along b 

and 0 + t along c. Two dimensional Patterson syntheses were also 

calculated and the three vector maps, computed for the (001); (100) 

and (010) projections all displayed symmetry characteristic of the 

55 56 plane group pgm which is consistent with the space group Pbca • 
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This is a further proof that the crystal is orthorhombic and that the 

space group Pbca is correct. 

The interpretation of the Patterson map was carried out using an 

analytical method, similar in procedure to the one employed in solving 

the vector map of compound 1 (Section 6.5). 

The structure has four molecules and hence eight molybdenum atoms 

per u n i t ce I I • The eight molybdenum atoms were placed in the general 

positions as required for the space group Pbca. The 8x8 positions 

of the vector peaks arising from the Mo-Mo interactions were derived 

in terms of general coordinates and are shown in Table 13. Analysis 

of tablo 13 shov1ed that only seven non origin peaks may be expected to 

appear in the Patterson map as computed. These peaks and their multi-

pi icity are marked with an asterisk in Table 14. 

The Patterson vector peaks were calibrated as discussed in 

Section 6,5(a) 6 

origin peak. 

L z2 for the compound being 21144 =height of the 
n n 

7.5 (a) Analysis of the Patterson synthesis. 

The peaks obtained in the Patterson synthesis are shown in Table 15, 

The heights of th~ peaks are scaled so that the origin peak has a value 

L z2 
= 21144. The position of the rotation peak was found as follows:-

n n 

Table 14 shows that there should be a peak at 0, t-2y, t of 

expected height 7056. The only corresponding peak in Table 15 is peak 

4, at op o. 16: 0,50 of height 7786. 
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Expected in 
Patterson map 

* 

Expected peak 
Height 

21144 

7056 

7056 

7056 

3528 

3528 

3528 

1764 
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List of poak heights and positions for compound 2 

Positions are I isted as hundredths of unit eel I param8ters. 

Peak No. Position Height Height General 
Observed . Expected Coordinates 

1 o, o, 0 21144 21144 0, 01 0 

2 Op 14, 11 2346 

3 o, o, 36 2791 

4 0, 16, 50 7786 7056 0, t-2y, ·k 

5 o, 30, 40 1268 

6 9; 34, 26 1939 1764 2x, 2y, 2z 

7 9, 50, 24 4068 3528 2x, t, t-2z 

8 13, 36, 34 1561 

9 13, 20, 16 1277 

10 12; 36, 10 965 

11 12, 50, 0 1901 

12 16, 38, 50 1183 

13 27, 0, 0 4446 

14 24, o. 23 2176 

15 2·-:Jf 15. 27 832 

16 26, 14, 50 1731 

17 40; 50, 0 9365 7056 t-2x, I 0 2, 

18 41 p 3/.J 50 3784 3528 t-2x, 2y, l. -r, 2. 

19 38f 36, 10 1656 

20 
I 

36, 22, 40 1135 

21 50; 30, 16 1438 i 

22 
I 

50, 50, 37 1078 

23 50, 0 p . 0 2611 

24 50, o, 24 9271 7056 l. 0, t-2z 
2 ' 

25 50, 16, 26 3831 3528 l. t-2y, 2z 2.. 

26 50, 13, 34 I 2157 

27 50, 0, 38 I 2223 I 
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Hence ~-2y = 0.16 

2y = 0.34 

There are two possible peaks corresponding to the general position 

tp or ~-2z: peak 24 of height 9271 and peak 27 of height 2223. 

The former was chosen because its height was much closer to the ex­

pected height of 7056 

Hence t-2z = 0.24 

2z = 0.26 

There are also two possible peaks corresponding to the general 

position t-2x, t? 0 : peak 11 of height 1901 and peak 17 of height 

9365. The latter was chosen because its height matched the ex­

pected height of 7056 more c I ose 1. y 

Hence t~zx 0.40 

2x = 0. 10. 

The values 2x = 0.10, 2y = 0.34 and 2z = 0.26 were checked 

by seeking the peaks in the general positions t, t-2y, 2z; 

2x, i 1 t-2z; t-2x, 2y, t; alI of expected height 3528, and the 

rotation peak at 2x 1 2y, 2z of expected height 1764. The result, 

I isted in Table 15 1 shows that these values fit remarkably \'.Jell. 

In all cases the peak heights are somewhat higher than expected~ 

indicating that not only the molybdenum atomsr but the I ight atoms 

as wei I are contributing to the vector peaks. 

Peak 16 was therefore chosen as the rotation peak, having 

coordinates 2x = 0.09, 2y = 0.34 1 2z = 0.26, and the molybdenum 

atom therefore I ies at x = 0.045, y = 0. 17, z = 0. 13. 
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7.6 THE LOCATION OF THE LIGHT ATOMS. 

Structure factors were calculated with the molybdenum atom alone, 

located at x = 0.045 y = 0.17 z = 0.13 and with a tentative value 

of 8 = 2 ~2 • These gave an R value of 0.42. 

A Fourier synthesis was then computed for the fraction of the unit 

eel I 0 + t along a, 0 + l along b and 0 + t along t. This 

showed the positions of the following atoms: 

P, c6, c8, c9, 0 1, c2, 02, c3, 03, 04 and 05 (see Fig. 23 for 

the atomic nomenclature in the molecule). 

The peaks corresponding to atoms 0 4 and 05 1vere cons i derab I y 

higher than those of the other three oxygen atoms. In addition a 

peak, with height approximately ~ of the height of the molybdenum peak 

was found at position x = .04 y = .17 z = .37. This posed an 

immediate problemp because by virtue of its position it could not be 

reasonab I y I i nkod to any of the I i ghi- atoms in the mo I ecu I e and thus 

made no chemical sense. The peak was of such magnitude, however, that 

it could not be neglected. 

The possibi I ity of impurties in the compound, or of water molecules 

occluded in the structure was discarded in viow of the accurate results 

of the elemental analysis (Section 3.3) and the infrared spectrum 

(Section 3.4). 

It was thought that the Fourier programme might be at fault and an 

exhaustive chock of the latter was carried out culminating in the com-

putation of a three dimensional Fourier synthesis of a published heavy 



63. 

atom structure. The programme, however~ yielded tho correct results. 

A three dimensional Fourier synthesis was therefore computed over 

the whole unit cell, in order to see the location of the unexplained 

peak in relation to the crystal structure as a whole. The Fourier 

map was drawn on glass sheets and photographed.. The result is shown 

in Fig, 18. On careful analysis of this Fourier synthesis it was 

realised that tho unexplained peak, when translated in accordance with 

the requirements of the space group Pbcap I ay exact! y betvJeen two 

molybdenum atoms which do not belong to the same molecule. 

molybdenum atom (molecule 1) 

unexplained peak 

molybdenum atom (molecule 2) 

X 

0.04 

0.54 

1.04 

y 

. 17 

• 17 

• 17 

z 

• 13 

• 13 

• 13 

In accordance with tho space group Pbca, whoso equivalent positions 

are I isted in Table 13, this would correspond to translating the unexpec­

ted peak from x,y,z (,04, .17~' .37) to t+x, y, t-z (.54, .17, .13). 

It was assumed therefore that this unexpected peak was a heavy atom-

heavy atom inter-action Four·i er peak. This was proved by tho fact that, 

on calculation of tho difference Fourier, the peak disappeared, while 

the peaks of the other I ight atoms remained. 

Tho positions of the atoms as found from the first difference 

Fourier are shown in Table 16. 
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Atomic positional parameters in tractions of the unit col I lengths 

a, b, c. 

X y z 

Mo .039 .169 0 130 

p .076 .036 .029 

o, .039 .045 .303 

02 .012 .331 .253 

03 ,032 .296 ,034 

04 -.230 .170 0 135 

05 .310 • 175 0 135 

c, .043 .089 .241 

c2. .016 .270 .208 

c3 .041 .249 .022 

r. 
0 152 .059 -.084 v6 

cs 0 156 -.063 .081 



The difference Fourier synthesis did not give a clear indication 

of the atomic positions _of atoms c!J and probably due to inter-
• 

terence effect3 of the tvJo-Mo interaction peak in this region. 

position was thus calculated by assuming the 
0 

I th h . h t , •Jo 2.08 A C eng s~ w 1c were aKen as 1v1 

fv'lo-C and 
0 

1.15 A O 

0 
3.23 A <.---- --> 

c-o bond 

Their 

and they were thus placed col I inearly with the Mo and 0 atoms in 

the following positions C4 X=-. 140 y = .170 Z = • 133 

c5 x = .220 y = .173 z = • 133 

Structure factors were again calculated including alI the atoms in 

Table 16 as wei I as atoms c4 and c5• The following tentative tem-

perature factors were assigned to the atoms: 

fvlo B 1.8 
02 

c1 B 4 
02 

= A A 

p B = 1 • 8 " '"' B 4 11 v2 

01 B 5 11 c3 B = 4 II 

02 B 5 " CA B 4 II 
i.f-

03 B 5 II c5 8 4 i1 

04 B 5 tl 
c6 B 4 11 

05 8 = 5 " c8 B = 4 11 

This trial structure yielded a residual value of R = 0.25. 

A second difference Fourier synthesis 1 carried out with the latter 

structure factors shO\<Jed tho positions of the atoms c7 and c9 at 

C X = .286 y 
I 

.070 z = -.075 

c 9 x = .268 y = -.040 z = . 135 
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The second difference Fourier synthesis also showed characteristic 

peaks in the vicinity of both the Mo and P atoms, implying aniso­

tropic thermal motion. 

7.7 REFINEMENT. 

The structure was refined by least squares method using the C.S.I.R. 

ORFLSRED programme. In the refinement~ the scattering factor of the 

molybdenum atom was corrected for dispersion50 • 

In order to pI ace the observed and ca I cuI at<Jd structure factors 

on the same scale? the first two cycles were devoted only to refining 

the scale factors. This was followed by three cycles where the scale 

factors, tho atomic positions and the isotropic temperature factors 

were alI allowed to vary. At this stage of the refinement tho value 

of the rosidualr R, was 0.095. The temperature factors of the 

atoms o4 p 05 and c7 were noticed to be somewhat higher than those 

of the other.atoms and oscl I lating with each cycle. Therefore three 

more cycles of refinement were carried out varying the same parameters 

as before. The residual R at this stage was 0.094. 

/\ final three cycles of refinement, in which all the atomic positions 

were a II owed to vary and in which the temperature ·factors of the r'~o 

and phosphorus atoms wero treated anlsotropical lyp were carried out. 

The final R value for the structure was 0.091. 

The final atomic positions, with estimated standard deviations; 

are given in Table 17 and the final values of the temperature factors 

are given in Table 18. 
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The Fourier synthesis; computed from the structure factors obtained 

from the final values of the atomic parameters, was drawn on glass and 

photographed (Figs. 19 and 20). The Fourier map shows the positions 

of the atoms in the asymmetric unit, together with the P' atom 

belonging to the other half of tho molecule. Fig. 19 shows tho 

structure as viewed along the X axisp with atoms 04$ c4, Mo, c5p o5 

superimposed • 

Fig. 20 gives a perspective view, clearly showing the different 

positions of atoms which are col I inear with the X axis. In both 

Figs. 19 and 20 the Fourier ripple peak is directly beneath the peak 

of the f'<lo atom, near the bottom of the picture. 

A section of the electron density distribution through the unit 

cell at y = 0.17 and z = 0,13 is shown in Fig. 21. The figure 

shows the Fourier interaction ripple located halfway between the 

molybdenum atoms of adjacent molecules. 

0 
An accurate model of the molecule was constructed (scale 4cm = 1 A) 

and photographed in colour. <Fig. 22). The colour photograph of the 

model gives a good three dimensional impression of t~e relative location 

of the atoms to each other. (Mo atoms brmm 

P atoms blue 

0 atoms red 

C atoms black) 

An idealised drawing of the molecule is shown in Fig. 23, in which 

alI the atoms have been label led. The final values of the observed 

and calculated structure factors are tabulated in Appendix II. 
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7,8 CALCULATION OF INTERATOMIC BOND LENGTHS AND ANGLES. 

Interatomic bond lengths and angles and their estimated standard 

deviations were calculated by using the formulae discussed in Section 

5,6, These are shown in Tables 19 and 20. 

Three nbest planes 11 going through atoms in the molecule were 

calculated. 

(a) plane n1n, going through the atoms: 

o2
1 

1 C2
1 ,05

1 pc5
1 ,Moi ,c4

1 ,o4 v ,P' ,P,o4,c4,Mo,c5,o5,c2,o2 

(b) plane 11 211 , going through the atoms: 

P,OyCyMo,C1 ,0 1 ,c2,o2 

(c) pI ane 11 311 , going through the atoms: 

o4,c4,o3,c3,Mo,c1,o 1,c5,o5 

The i nterp I anatory ang I es \'Jere found to be 

plane ii1j 1 
A plane '12r' = 90.09° 

plane !i 1 ll A plane !lJil 89.13° 

plano ll2ll A plane 113" 84.51° 

The angles are in good agreement with the 0xpected value of 90°. 

The perpendicular distances of these atoms to their respective planes 

are shown in Table 21. 
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Atomic positional parameters and their standard deviations in fractions 
of the unit cell parameters ap b, c. 

X y z ax cry crz 

Mo 0.0395 0. 1690 0 0 1304 0.0005 0.0001 0.0001 

p 0.0759 0.0357 0.0289 0.0013 0.0004 0.0004 

01 0.0379 0.0452 o. 3020. 0.0033 0.0014 0.0015 

02 0.0087 0.3346 0.2523 0.0028 0,0014 0.0016 

03 0.0339 0.2979 -0.0351 0.0034 0.0015 0,0015 

04 -0.2333 0.1710 0.1385 0,0040 0.0023 0.0025 

05 0.2997 o. 1950 0.1474 0.0041 0.0020 0.0022 

c1 0.0336 0.0862 0.2444 0.0045 0.0021 0.0025 

c2 , 0.0120 0.2724 0.2042 0.0043 0.0018 0.0018 

c3 0.0365 0.2522 0.0219 0,0040 0.0016 0.0016 

eLl -0. '1524 0. 1652 0. 1323 0.0059 0,0022 0.0024 
r 

c5 0. 2176 o. 1736 0. 1351 0.0066 0.0022 0.0025 

c6 0. 1459 0.0556 -·0.0811 0.0050 0.0021 0.0022 

c7 0.2738 0.0809 -0.0649 0.0066 0.0030 0.0032 

c8 0,1478 -0.0637 0.0774 0.0043 0.0019 0.0022 

c9 0.2626 -0.0429 0. 1375 0.0050 0.0022 0.0026 
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Final temperature factors with standard deviations <~2 > 

Mo 81 , = 0.00327 ± 0.00108 

822 = 0.00242 ± 0.00007 

833 • 0.00235 ± 0.00007 

812 = -·0 .00044 ± 0.00020 

s13 = 0.00003 ± 0.00023 

623 = -0.00039 ± 0.00008 

p 811 = 0.00360 ± 0.00244 

822 = 0.00219 ± 0.00024 

833 = 0.00261 ± 0.00028 

s12 = -0.00076 ± 0.00058 

813 = 0.00008 ± 0.00067 

823 
-0.00007 ± 0.00022 

o, B = 5.75 ± 0.61 

02 8 = 5.60 ± 0.52 

03 B = 6.29 ± 0.65 

04 B = 8.53 ± 1. 75 

05 B = 7.97 ± 1.50 

c1 B = 5.03 ± 0.76 

c 2 B = 3.78 ± 0.66 

c3 B = 2.98 ± 0.59 

c4 B = 3.47 ± 1 .06 

c5 B = 3.91 ± 0.91 

c6 B = 3.76 ± 0.81 

c7 B = 8.18 ± 1.44 

cs B = 3.36 ± 0.78 

C9 B = 5.69 ± 0.96 
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0 
Bond lengths (A) with estimated standard deviations 

P' - D 
I 2.21 (2) p - c6 1 .85 (4) 

Mo 1 - Mo 6.45 ( 1 ) p- c 
8 1.85 (4) 

P - Mo 2.54 (1) c6 - c7 1.53 (8) 

Mo - c, 2. 11 (4) c8 - c9 1.62 ( 7) 

~~0 - c2 1. 93 (3) c7 - C I 6.25 (9) , 9 
Mo - c3 2.04 (3) c -7 

C I 
8 4.83 (9) 

Mo - c4 2. 19 (7) c -6 
c v 

9 4.75 (8) 

Mo - c5 2.04 (7) c -6 
C I 

8 3.36 (8) 

c1 - 01 1.06 (5) 

c2 - o2 1. 18 (4) 

c3 - o3 1.09 (3) 

c~ - o4 .93 (8) 

c5 - o5 1. 01 (8) 

The figure in parentheses represents the estimated standard deviation 

of the last significant digit. 
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Bond angles (0) with estimated standard deviations. 

P' - p - ~1o 118.9 ( 5) 

P' - p - c8 96,6 (6) 

c8 - P- Mo 118.0 (4) 

c6 - P- pv 94. 0 ( 5) 

c - p-
6 c8 106.6 (5) 

c - p-6 ~10 118.4 (4) 

P - Mo - c3 90.4 (4) 

c5 - Mo - P 83.3 (6) 

c3 - Mo - c· 
2 87.9 (5) 

c2 - Mo - c 1 90.4 (6) 

c 1 - Mo - p 91.3 (5) 

C - Mo -4 c3 90.5 (4) 

c3 - Mo - cs 91.4 ( 4) 

C - tvlo - C 5 1 89.8 (4) 

P - Mo - C 4 98.7 ( 5) 

C - Mo - C 4 2 81.4 (6) 

c2 - Mo - c5 96.7 (4) 

P- Mo- c2 178.3 (12) 

c4 - Mo- c5 177.3 <13> 

c3 - tv1o - c 1 178.1 ( 12) 

Mo - c - 0 4 4 
171 ,6 ( 19) 

Mo-·C -0 1 1 179.4 ( 15) 

Mo - c2 - 02 172. 1 ( 12) 

Mo - C - 0 5 5 161.2 ( 19) 

tv1o-C -0 3 3 178.6 ( 15) 

P·~C -C 6 7 108.2 (9) 

P - c8- c9 115. 1 (8) 

The figure in parentheses represents the estimated standard deviation 

of the last significant digit. 
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Perpendicular distances bet\veen atoms and planes. 

(a) .Distances between atoms and plane !!1?1 

0 
Atom Perp.distance (A) 

02 I -.053 

c2 I -.057 

05 I .017 

c5 ' .054 

Mo' .014 

c4 ' .0.42 

04 I • 051 

P' .029 

p -.029 

04 -.051 

c4 -.042 

Mo -.014 

c5 -.054 

05 -.G17 

c2 .057 

02 .053 

(b) Distances between atoms and plane \121¥ 
0 

Atom _PGrp. distance (A) 

p .047 

03 -.026 

c3 -.013 

Mo -.001 

c, -:.027 

01 -.041 

c2 -.036 

02 .097 



T A B L E 21 <continued) 

(c) Distances betv1een atoms and plane H3n 
0 

Atoms Perp.distance (A) 

04 . 160 

c4 -.010 

03 -.020 

c3 ·-. 061 

Mo -.090 

c, -.065 

o, -.042 

c5 -.095 

05 .224 
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8. DISCUSSION 

8.1 ELECTRONIC CONFIGURATION OF THE COMPOUNDS. 

8.1 (a) Electronic configuration in terms of the Valence Bond theory. 

t~lybdenum (atomic number 42) has the electronic configuration: 

1s22s22p63s23p63d 104s 24p64d5 5s 1 

and forms a neutral hexacarbonyl I~Mo(C0 ) 6J knovm to have the octahedral 

structure expected from its coordination number of 6. 

on the Valence 

Moo 

Bond theory, 
4d 

11111111111 
d

2 3 sp 

This structure, 

I H 11~ j 1 ~ I H 1 1~ I In I 1 1~ 1 1~ 1 1~ I 
d

2 3 sp 

rFor clarity, electrons donated by Mo are denoted as 1 
e I ectrons donat ed by CO are denoted as 1 j 

The six carbonyl groups each contribute two electrons, thus molybdenum 

attains the xenon configuration. The re are no unpaired electrons; 

hence the compound is diamagnetic. 

In the type A compound d i -~-d. l ethy I phosph i do-b is (te tracarbony 1-

molybdenum) the evidence obtained from infra red spectra suggests that 

the structure is fundamentally octahedra l as the I.R. spectra are 

similar to those obse rved for compounds of the type (M<C0) 5 t.) where 
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L is a monodentate, neutra I I i gand. 

There are two ways of formulating the electronic configuration of 

the compound which is shown below: ­
(Et) 

oc p 2 co 

oc~ / ~?en 
~~o - - - - - - Mo · oc/ ~/~CD 

oc p co 
<Et) 2 

(a) The PEt2 groups arise from cleavage of the P-P bond in 
XX 

Et2-P-P-Et2 . This leads to two · PEt2 radicals which imp! ies formally 

zerovalent molybdenum. The compound may then be formulated as follows 

tvlo 0 

hybridised 

4d 5s 5p 

(OC)4MoPEt2 i H l 1v I H 1 1~ IH I IH I I H I H 11 r 
: ...................... ·: ·1 r metal-metal bond 

--~--~--~·--~-- .. 
wc> 4MoPEt2 l n i 1~ 1 1~ 1 H i n ii H I ! 1v 1 1~ I L I 

For clarity 1 the electrons 
the electrons 
the electrons 
the electrons 

donated 
donated 
donated 
donated 

by the Mo are denoted as 1 
by the CO are denoted as 1 
by the P ( I one pa i r) as 1 
by the P(single ~) as ·1 
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(b) The PEt2 group may be rega rded as a charged anion as is formed in 

the reaction 

- + Et2P + Na ~ PEt2 + Na 

In this case the formal valence of Mo is +1 and the compound may be 

formulated as follows 

+ Mo ~ Mo + e 1 

XX 
Et2P-PEt2 ~ 2 Et2P· 

XX XX 
Et2P· + e' ~ Et2P0 

5d . 
Mo+ (hybridised) 11 ~I H 11 ~=~=~ 

I ~~ I H 11 ~ 11 ~ 11tt I I ilt I I ~ v 11 y I + I 
. . : .......................... H: 
. . 

(OC) 4MoPEt 2 lnlnl n l 1~ 1 1~ 1 !1v_l ~ ~ ~ j H, Itl 

metal-meta l 
bond 
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As before , the e lectrons donated by the Mo a re denoted as 4 

the e lect rons dona ted by t he CO a re denoted as ~ 

the e lectrons dona t ed by t he p ( I one pa i r f ' as ~ 

the e lectron donated by the p a re denoted as -I 

the e lectron donat ed by the p a re denoted as + 
both these expl anations (a ) ond (b) sa t is fy Sidgwick 1 s Effective 

Atomic Number <EAN ) concept. 

( a ) (b) 

Mo0 42 e lectrons Mo 
+ 

41 e lectrons 

from four CO groups 8 n from four co groups 8 11 

from PEt 2 grou p 3 I! from PEt2 group 4 " 
from Mo-Mo bond II fro m Mo-~1o bond 'i ~ 

Tota l 54 !I Tota l 54 1! 

(Xenon structure ) (Xenon structure) 

Th e first exp lanation is f avoured by Thomson ' s photoc hem ica l expe r ime nts, 

which imp ly the formati on of PE t 2 r adica ls , whi 1st the latter exp la na­

tion is f avoured by t he known exis t Gnce of the PEt2 anion in compounds 

s uch as The re is no f urthe r expe rime nta l ev i dence ava i 1-

ab le whi ch e luc idates the mechanism of the formation of the compound. 
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In the type B compound p-Tetraethyldiphosphine-bis(pentacarbonyl­
molybdenum) 

Et 
I 
p -· 
I 
Et 

Et 
I 
P - Mo (C0) 5 I . 

Et 

we have octahedral structure about the Mo and tetrahedral structure 

about the phosphorus. Thus the same considerations as with 

jMo<C0> 6 1 apply with regard to electronic configuration of the metal 

atom. These were discussed previously, so that no further elucidation 

is necessary. 

8.1<b) ELECTRONIC CONFIGURATION IN TERMS OF THE CRYSTAL FIELD THEORY 

The bonding may also be discussed in terms of the crystal field 

theory, in which the bonding is regarded as purely electrostatic in 

origin and amounts 1o considering the interaction between the electro-

static field of the I igands and the d electrons of the metal ion. 

To describe this interaction, the d orbitals of the metal are 

shown in diag. A. If six I igands in an octahedral array are placed 

around the metal ion, two of the metal orbitals, d 2 2 and d 2 
X -y Z 

(the e
9 

orbitals) are disposed along the I igand-to-metal bonds. The 

remaining orbitals, dxzP dyz' dxy (collectively designated the t 2g 

orbitals) are orientated so that each lobe is directed towards a point 

midway between any two I i gands. Because of the electrostatic field of 

the I igands the potential energy of an electron in the e orbitals 
g 

wi I I be higher than that of an electron in the orbitals. Now 

an electron wi I I seek a position of lowest potential energy and the 
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first three electrons wi I I occupy the d dx and d orbitals. xyp xz yz 

The orbital taken by the fourth electron wi I I depend on the magnitude 

of the crystal field splitting parameter 1 /::,. . 
0 

If the electrostatic field produced by the I igand is smal I (smal I 

t:,. ).then the energy required to pair the fourth electron with one already 
0 

present wi II be greater than the energy required for its promotion to 

the eg level. Under these circumstances the configuration t2g3e9 ~ 

w i I I be rea I i sed. If the field is strong the configuration wil I be 

This may be i I lustrated schematically as shown in diag.A in which 

the energy of the d orbitals before and after splitting is shown. 

Diag. A 

/::,. 
0 

0.41::,. 
0 

O.M 
0 

d xy d . yz 

represents the total energy separation 

d xz 

represents the energy lost by the system for each electron 
occupying the low energy level. 

represents the energy gained by the system for each electron 
occupying the low energy level. 

In particular, considering the d orbitals of the Mo atom there 

arise two possibi I itiesp depending on whether the I igand produces a 

smal I or large Crystal field. 
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(a) The I ig.3nd produces a small crystal field: 

1~1 1--1 I 
~----------~------------------ eg 

IHI1 1111111 

1. H 1 .. 1 I_ 1 I 

"------------- t 2g 

in this case the electrons wi I I distribute themselves among both the 

and t 29 orbitals 

(b) The I igand produces a large crystal field: 

themselves among the t
29 

orbitals. 

'-='=' 
they wi I I distribute 

r------------------------ eg 

I~IIIIIII~I 

~..__ __ 1-_~~-~--1~_.1 ___ 1_~ I __ t2g 

Since the compounds under discussion are diamagneticp the latter 

situation prevai Is, as this shows that there are no unpaired electrons. 

It is also consistent with the conclusion that CO gives rise to a 

large crystal field as is evident from its position at the extreme of 

the spectrochemical series. 
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8.2 DISCUSSION OF STRUCTURAL RESULTS OF 
di-!l-diethylphosphido-bis-(tetracarbonylmolybdenum)(compound 1). 

The structure of the compound is i I lustrated in Fig. 16 The 

molecule consists of two distorted octahedra, joined by a common edge. 

The molybdenum atoms, the phosphorus atoms and four of the carbonyl 

groups are coplanar within experimentul error and the two phosphine 

I igands are trans to each other on this plane. 

The bond lengths (Table 10) are similar to those found in the re­

lated complexes (wc> 3CEt3P>MoCPMe2>2rv1oCPEt3>CC0> 3)
57 and 

( (0C) 2 CC5H5 )Mo·Pr~e2 ·H·MoCC5H5 ) CC0> 2J58 

8.2 (a) Metal-Metal bonds. 

Recent I iterature shows that many elements of the 11 d11 block 

form compounds with metal-metal bonds. The surest indication of 

the existence of a metal-metal bond is provided by the molecular 

structure. In genera I short distances bet\-Jeen the meta I atoms 

are indicative of the existence of the bond but these alone do not 

constitute conclusive evidence. 

Several authors have discussed the factors which influence the 

S9-61 62 formation of ~J!-fv1 bonas. In particular Sheldon proposes the 

following criteria for the identification of M-M bonds. 

(1) The compound should be diamagnetic 

(2) The structure should conform to one of two types 

2(a) A dimer or polymer formed by joining coordination poly~ 

hedra at shared edges or faces and in which the metal 

atoms are displaced towards each other from the poly-
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hadron centres. 

2(b) A polymer containing octahedral M
6

, tetrahedral M
4 

or 

trigonal M3 clusters of metal atoms with short M-!"1 

distances and whose general stereochemistry cannot be 

accounted for by the typical coordination and oxidation 

numbers of the metal. 

63 Lewis and Nyholm discuss M-iv1 bonds in transition metal complexes 

and I i st the M-M bond distances between meta Is of the n d11 group. 

In particular they I ist eight molecules having ~Ao-Mo bonds 
0 

varying in bond length from 2.8 to 3.84 A. 

The molybdenum-molybdenum bond. 

The interpretation of tho metal-metal bond length depends on 

the selection of the correct single-bond radius for molybdenum. 

Evidence from previous structur-es shov1s that the molybdenum 

radius is dependent on its oxidation state. Cotton and Wing64 

0 
arrived at a value of 1.61 A for octahedral ly coordinated 0 Mo p 

and Doedens and Dahl accepted this value ~s correct for the hepta­

or octa-coord i nate Moii comp I ex , 

[ l 58 (QC) 2 CC
5

H
5 

)Mo • Piv1e 2 ·H ·Mo( c
5 

H
5

) <CO) 2, 

B tt d M 65 I . th I f 1 60 . 03 A
0 

anne an ason a so g1ve e va ue o . ± • in two 

heptaco-ordinate cyclopentadienyl and ethyl complexes of Mo1 

and ~v!oii • 

~ 0 
Lawton and Mason report a radius of 1.45 A in molybdenum 

acetate, in which the metal is pentaco-coordinate. 
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0 
Bennett and Mason suggest that the radius changes by 0,05 A 

for unit change in formal oxidation number. If the oxidation state 

of the metal in the compound under discussion is Mo1 (Section 8. 1 ) 

0 6 and if the value of 1.61 A is taken for Mo , this gives a 
0 

value of 1. 56 A for I Mo • The calculated M-M bond length would 
0 

then be 3.12 A, vJh i ch is in good agreement with that found in 
0 

the compound {3.057 A). Bennett 1 s and Mason's suggestion, how-

ever, is based on a 'hard balI 1 approach which is oversimplified 

and as such is not universally applicable. 
0 

The val~e of 1.56 A 

for 
. I 

Mo cannot therefore be taken as rei iable. As discussed in 

section 8.1, however, it is preferable to regard the metal as 

being zerovalent in which case the value for the molybdenum radius 
0 0 

is 1.61 A, giving a predicted M-M bond length of 3.22 A. 

This confusing evidence makes it impossible to assign a bond-

ing radius to tho molybdenum atom with any certainty. 

Therefore the principal bond lengths observed in the related 

compounds 

{a) [ { OC) 
3 

{ E t 
3 

P) Mo ( PMe
2 

) 2~•1o {PEt 
3

) {CO) 
3
) 

{b) l {OC) 2 <C5H5 )Mo ·PMe2 · f-HIJo<C5H5) {CO) 
2
) 

and {c) that found in the present work are shown in Table 22 

These aro compared with the values predicted for the molybdenum 
0 0 

radii: 1 • 56 A, 1 • 61 A 
1 
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0 
Observed and predicted bond lengths (A) 

The bonding radii used are67 : P = 1.1 ~ 
0 

sp - hybridised C = 0.69 A 

Mo-Mo 

Mo-P (bridging) 

~1o-C 

(a) 

3.090 

2.45 

1. 96 

Observed 

(b) 

3.26 

2.43 

1.93 

Predicted 

I Mo Mo0 

(c) r= 1. 56 r= 1 • 61 

3.057 3. 12 3.22 

2.50 2.66 2.71 

1.99 2.25 2.30 

78. 

The metal-metal distance observed (3.057~) is somewhat shorter 
0 

than that predicted for a metal radius of 1.56 A, which best fits the 
0 

observed value, but fal Is within tho ran~e 2.1 - 3.3 A for known 

Mo-Mo bonds and therefore indicates a strong interaction between tho 

two atoms. Tho strength of tho interaction is shown by the bond angles 

within the planar ring comprising the two molybdenum and two phosphorus 

atoms. The angle at molybdenum is increased from expected for 

a perfect dioctahedral structure, to 104.6° and the angle at phosphorus 

0 0 is reduced from the normal tetrahedral angle of 109.47 to 75.36 • 

This distortion suggests that this metal-metal interaction which 

is responsible for tho compound being diamagnetic takos place directly 

between the metal atoms by the sharing of electrons in the d orbitals. xy 

If the metal-metal bond is included, the molybdenum coordination 

is pentagonal bipyramidal. The angles between the I igands in the 
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equatorial plane, however, are 52.0, 52.7, 84.8, 87.0 and 0 
83.5 ' all 

markedly different from which Is the expected value for a regular 

pentagonal blpyramld. Clearly the coordination of the molybdenum 

atom may not bo regarded as pentagonal byplramldal, and the arrangement 

of the I lgands does not resemble the arrangement of the I lgands of any 

of the known hoptaco-ordlnation types. Thus the metal-metal inter-

action causes distortion but is not sufficiently strong to disrupt the 

essentially octahedral ligand field round the molybdenum atom. (Fig. 24) 

8.2(c) Relationship of. ~4o-C and C-O bond lengths to bond orders. 

Cotton and VJ i ng 64 have derived reI at i onsh ips between the I engths 

and formal bond orders of Mo-C and C-0 bonds in octahedral 
0 

~i]O 

complexes. Their result is shown in Fig. 25. Their curves are com­

parable to the curve which is known for c-c68 bonds, being concave 

upward and approach1ng the value of zero bond order asymptotically as 

the bond length goes to infinity. 

Applying their analysis to the present compound yields bond orders 

of 1.78 for the M-C bonds (average) and 2.35 for the C-0 

bonds <average), 

This Is a wei I known effect of back donation of electrons from 

the metal atom to the metal-carbon bond 
n n 

M-·C::O 

·This In turn causes a reduction In the order of the C-0 bond. Thus 

whereas the C-0 stretching frequency in carbon monoxide itself is 

about -1 2155 em the corresponding frequencies In terminal metal 



Fig. 24 Coplanar atoms in the molecule. 

I I . lA 

Primed atoms are centro-symmetrically related to unprimed atoms. 
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-1 carbonyl groups usually I ie at lower values~ around 2000 em 
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It is interesting to note that the orders of the metal-carbon and 

carbon-oxygen bonds are roughly complementary, 

increases one necessarily decreases the other. 

by tho three species N i <CO) 4, [co <CO) 4)- and 

and any effect which 

This is i I lustrated 1 

( ' 2-
1Fe(C0)41 • These are 
' ,.; 

isoelectronic and isostructural, but with a steadily Increasing excess 

of negative charge. This charge has the effect of increasing the 

extent of metal-carbon back bonding and thus raise the metal-carbon 

bond order. At the same time a corresponding decrease in the carbon-

oxygen bond order may be expected. The bond orders (N) obtained 

from spectroscopic data areshown in Table 23. 

T !1 8 L E 23 

N~1-C Nc-o ~N 

Ni (C0> 4 
1.33 2.64 3.97 

r, ', -
(Co <CO) 4.1 

1.89 2. 14 4.03 

rl ' 2-{e<CO) 4J 2 0 16 1. 85 4.01 

Table 23 indicates the reciprocal nature of the C-0 and M-C bond 

orders, LN being approximately four in each case. 

Forth~ compound under study IN= 1.78 + 2.35 = 4.13. This is 

only an approximate figure however, because, as Cotton and Wing point 

out, the bond-length vs bond-order curves are Inaccurate in the bond-

order region 2-3. 

8.2(d) The molybdenum-phosphorus bond. 

Table 22 shows that the observed Mo- P (bridging) bond in this 
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compound~ as wei I as in tho other two similar compounds I isted~ is 
0 

shorter than the predicted bond length by approximately 0.3 A. 

8l. 

This would imply II bonding between the molybdenum and phosphorus atoms. 

This is explained by the molecular orbital diagram shown in Fig. 26. 

The left hand side diagram shows the molecular orbitals for octahedral ly-

d t ~1. 0 coor ina ed 1·1o • The situation indicufed is for a bonding only. 

For simpl !city the orbitals of the coordinated I igands are assumed 

degenerate. The right hand side diagram describes the situation for a 

bonding and metal- I igand II bonding. As before the a bonding mole-

culur orbitals of the I igands are assumed degenerate. The diagram 

shows the overlap of unoccupied I igand II bonding orbitals (e.g. the 

d-orbltals of phosphorus) with the metal atom t
29 

orbitals • 

The right hand side diagram is more realistic because it takes 

account of II bonding~ and both phosphorus and carbon monoxide are 

known to be strong II bonding I igands. Mais; Owston and Thomson 57 

maintain that use of the twelve I igand electrons in a bond formation 

and metal-carbon II bonding of the carbonyl groups exhausts the total 

bonding capacity of the t>'lo 0 atom but P a I so has vacant 3d orb ita Is 

which can be involved in Mo-P IT bonding as the right hand diagram 

I I I ustrates. Overlap of these with the non-bonding Mo 0 atomic 

orbitals causes their conversion into a set of lower energy bonding 

rrt2g orbitals and a set of higher energy anti-bonding II*t2g orbitals. 

Only the former are occupied and are of lower energy than the non-

bonding t 2g orbitals~ hence stab I ising the Mo-P 

shortenIng thorn. 

bonds and 
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8.3 DISCUSSION OF THE STRUCTURAL RESULTS OF 
~-Tetraethyldiphosphine-bis(pontacarbonylmolybdenum). 

The structure of the compound is shown in Fig. 23. 

two distorted octahedra joined by a diphosphine bridge. 

82. 

It consists of 

The coordina-

tion of the phosphorus atom is approximately tetrahedral and the con-

figuration around the phosphorus-phosphorus bond is close to the ethane-

I ike staggered configuration. 

The P-P-Mo and r·1o-P-C bon d-ang I es ('= 119° and 118° respect i-

vely) are alI appreciably larger than the ideal tetrahedral value and 

the C-P-C and C-P-P bond-angles <= 107° and ~ 95° respectively) 

are correspondingly smal lerf an effect which is commonly observed in 

phosphine complexes of metals and not yet adequately explained. 

Tho angles round the Mo atoms are alI close to the ideal 

octahedral value. 

8. 3 <a) The- phosphorus--phosphorus bond. 

The 
0 

P-P bond length found in the compound (2.21 A) compares 

favourably with those found in other accurate analyses. (Table 24) 
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T A B L E 24 

Phosphorus-phosphorus bond lengths. 

0 
Compound Bond-length (A) Ref 

P (black) 2. 18 69 

P4 gas 2.21 (2) 70 

P2I4 2.21 (6) 71 

P4S7 2.35 (1) 72 

P4S5 2.20 (2} 73 

P4S3 2.23 74 

P4I2S3 2.12-2.25 75 

P4Se3 2.25 (3} 76 

IPSCH3Phl2 2.21 77 

(<OC> 3Ni(PPh2>2Ni(C0> 3) 2.277 (4) 67 

0 
There are two exceptions to the mean value of ~ 2.21 A: P4s7, where 

the bond is seriously strained and atypical and in (<oc> 3Ni<PPh 2>2-

In the lattGr compound the bond longthGning is explained 

by the steric hindrance effects. 

In this compound the nearest approach distance of carbon atoms 

from the ethyl groups attached to the two different phosphorus atoms 
0 

is 3.36 A <c6 - C8'> so there is no possibi I ity of steric hindrance 

which might cause a lengthening in the P-P bond. 

8.3 (b) Relationship of the Mo-e and C-0 bond lengths to bond orders. 

0 
The Mo-C and C-0 bond lengths in Mo<Co> 6 are 2.08 A and 
0 78 . 

1.15 A respectively • From the curves relating bond lengths and 
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bond orders (Section 8.2(c), Fig. 25), the corresponding bond orders 

are 1.4 and. 2.35 respectively. 

In the compound under discussion the average Mo-C bond length 
0 

is 2.06 A which corresponds to a bond order of 1.8. 

Due to the atoms 04 and 05 being located in the vicinity of 

the Fourier ripple peak previously described (Fig. 21) the c4 - 04 

and c5 - 05 bond lengths are both shorter than normal and are not 

regarded as typ i ca I <Tab I e 19). The other three C-0 bond lengths 

(C1-01 = 1.06 (5), c2-02 = 1.18 (4), c3-03 = 1.09 (3)) are too disparate 

to take a meaningful average, but they may be regarded as being essenti-

ally the same as those in Mo(C0> 6 . The bonding and bond orders in 

the two compounds are therefore closely simi tar. 

The principal bond lengths observed in the compound and in 

Mo(C0> 6 are shown in Table 25. These are compared with the values 
0 

predicted for the Mo radius of 1.61 A, the latter value being chosen 

as correct for Mo 0 <Section 8.2(b)) 

T A 8 L E 25 

Observed and predicted bond lengths. 

67 The bonding radii used are 

Observed 
in Mo<C0> 6 

Mo - p 

Mo c 2.08 

0 0 0 
P = 1.1 A, C 0.69 A, Mo = 1.61 A. 

Predicted Difference 
in compd.2 

2.54 2.71 0.17 

2.06 2.30 ::: 0.23 
(average) 
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79 Cotton has suggested that tho replacement of a carbonyl group 

by u I i gand with I ess doub I o--bond i ng propensity a I I ows the roma in i ng 

carbonyl groups to double bond more closely. If the suggestion is 

correct, and if r as was suggested above the ~-1o-C and C-0 bond 

orders in the compound are essentially the same as in Mo(C0> 6, it 

follows that the P2Et4 I igand in the complex forms double bonds with 

the Mo utom approximately as readily as a CO group. 

This is supported by the data in Table 25, which shows that the 

observed Mo-P bond length is shorter than the predicted bond length 
0 

by 0.17 Ai which could be the result of partial Mo-P IT bonding. 

0 
The bond shortening of 0.17 Ap while finite, is not necessarily 

precise, because, as discussed in Section 8.2(b), there is uncertainty 

as to the choice of a value for the Mo radius. 

The bond shortening in the Mo-C bond can be explained in terms 

of the wei I known effect of back donation of electrons from the metal 

atoms to the Mo-C bond discussed in Section 8,2(c), with the 

corresponding increase in bond order described above. 
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CONCLUSION 

The structures of two compounds, derived from the reaction of 

tetraethyldiphosphine on molybdenum hexacarbonyl have been elucidated 

by X-ray diffraction methods. 

Compound 1, Di-~-diethylphosphido-bis-(tetracarbonylmolybdonum) 

has a planar centrosymmetric molecule corresponding to structure XI, 

Fig. 4. The environment of each metal atom is approximately octahedral 

and there is a metal-metal bond 
0 

3,057 A long. 

While Thomson 15 suggested that the photochemical substitution of 

a single CO group by PPh3 indicated the probable existence of a 

structurally unique CO group, the present work has shown that the 

symmetric structure does not imply its existence. Nevertheless it is 

to be realised that even for the structure elucidated, the two pairs 

of CO groups cc6o2, c7o3 in the 11 horizontal" plane of the molecule 

and c5o, c8o4 in the 17 perpendicular11 plane- see Fig. 16) are in 

chemically different environments, the former being trans- to tho PEt2 

bridging phosphorus atoms and the latter being cis- to these atoms. 

Therefore it is not surprising that the reaction leads to the formation 

of a simple monosubstitution product rather than a mixture of the two 

theoretically possible geometric isomers. On the other hand the 

structure elucidated does not explain why further substitution by excess 

PPh3 does not occur except possibly for statistical and steric reasons. 

Compound 2, ~-Tetraethyldiphosphine-bis-(pentacarbonylmolybdenum) 

has a molecule consisting of two slightly distorted octahedra joined by 
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a diphosphine bridge. The diphosphine I ink between the two molybdenum 

atoms has a catenary form. There is no interaction between the two 

Mo atoms. 

The bond angles about the p 

3 sp 

atoms do not conform to those theore-

tically expocted for· complete hybridisation of phosphorus but 

have values greater or less than 109°28 1 • The angles indicate a 

divergence from the tetrahedral conformation which imp I ies a measure of 

s and p character in certain of the P-X bonds (X = Mo,C~P) such 

as has been found for simple molecules, e.g. NH3 , PH3 etc which may 

be exp I a i ned in either of the fo I I ovli ng ways: 

(1) Formally complete 3 sp hybridisation (i.e. a nominal angle 
... 0 

H-X-H = 109 28 1 (X= N,P,/\spSb); the angle being decreased 

by withdrawal of electron pairs in the X-H bonds by H, thus 

polarising the electron density in the X-H bonds towards H. 

This approach is supported by the fact that the bond angle 

H-X-H decreases as X is successively N,P,As,Sb; i.e. in 

order of decreasing electronegativity. 

A 

(2) No hybridisation (i.e. a nominal angle H-X-H = 90° 

(X= N,P,As,Sb); the angle being increased by replusion be-

t\veen the positive hydrogen d i poI es, the repu Is ion decreasing 

in the order X N>P>As>Sb, i.e. in the order of decreasing 

dipole moment. 
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In both compounds the relationship between the Mo - C and 

C - 0 bond lengths and bond orders is discussed, and there Is evidence 

of bond shortening of the Mo--P bonds~ which is attributed to IT 

bonding between the molybdenum and .phosphorus atoms. 
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A P P E N D I X I A. 1 

h k f/, F F h k 9, Fo F h k f/, Fo Fe 0 c c 

0 0 -14. 47.9 -47.3 6 0 16 101.3 88.4 1 1 -2 144.2 146.5 
0 0 -2 358.8 439.9 6 0 20 63.6 -48.4 1 1 -4 92.6 94.4 
0 0 -4 82.6 79.2 6 0 -2 37.1 50.9 1 1 5 123.1 -114.2 
0 0 -6 90.8 72.5 6 0 -4 52.5 -39.4 1 1 -5 156.7 -133.5 
0 0 -8 84.0 82.4 6 0 -10 95.4 -78.9 1 1 -6 127.4 122.8 
0 0 -10 97. 1 80.7 8 0 0 53.9 73.9 1 1 -7 35.8 35.0 
0 0 -12 31.8 37.5 8 0 -2 172.6 165.2 1 1 -8 38.4 41.2 
0 0 -16 97.6 -112.5 8 0 4 111.8 110.3 1 1 9 177 .o -171.0 
0 0 -18 111.8 -103.6 8 0 -4 198.4 209.2 1 1 -9 37.9 32.4 
0 0 -20 94.2 -82.5 8 0 -6 168.0 183.0 1 1 -11 48.8 43.2 
2 0 0 144.5 -99.0 8 0 -8 136.8 119.7 1 1 -12 39.4 31.3 
2 0 2 120.3 -·125.4 8 0 10 64. 1 -68.5 1 1 -14 46.8 39.9 
2 0 -2 23.2 -10.9 8 0 -10 93.9 80.6 1 1 -15 93. 1 105.4 
2 0 4 80.6 -64.6 8 0 12 135.7 -139.7 1 1 -17 101.7 119.3 
2 0 -4 87.7 91.1 8 0 14 130.0 -146.0 1 1 -19 88.5 103.4 
2 0 -6 235.0 250.7 8 0 16 122.3 -126.5 3 1 1 126.9 -125.3 
2 0 8 264.6 -·263. 5 8 0 18 87. 1 -88.7 3 1 -1 67.6 -7/+. 1 
2 0 -8 281.3 301.5 .8 0 20 57.3 -69.8 3 1 2 83. 1 -74.4 
2 0 10 314.0 -322.0 10 0 0 101.3 -89.8 3 1 -2 90.8 -93.8 
2 0 -10 139.4 137.9 10 0 -2 137.9 -114.2 3 1 -3 121.6 -124.9 
2 0 12 233.7 151 .4 10 0 4 183.9 -180.6 3 1 4 168.4 -137.1 
2 0 14 142.5 -138.5 10 0 -4 96.5 ·-93. 1 3 1 -5 173.5 -1e3.6 
2 0 -14 89. 1 110.2 10 0 6 187.3 -194.8 3 1 6 92.8 -94.5 
2 0 16 68.7 -70.3 10 0 -6 49. 1 -61.5 ':) 1 -6 23.4 ···32. 4 J 

2 0 -18 101.9 92.7 10 0 8 161.2 -160.7 3 1 -7 256. 1 -275.4 
4 0 0 177. 1 -174.9 10 0 10 61.3 -61.2 3 1 9 168.4 155.1 
4 0 2 523.2 -501.8 10 0 -12 63.0 65.6 3 1 -9 231.0 -251.6 
4 0 -2 43.7 36.6 12 0 0 106.1 -79.5 3 1 10 69.9 -58.4 
4 0 4 374.2 -331.3 12 0 -2 83.7 -81.8 3 1 -10 53.6 50. 1 
4 0 -4 174.6 -161.8 12 0 -4 87.7 -82.6 3 1 11 204.7 202.4 
4 0 -6 182.5 -177.3 12 0 6 109.8 106.4 3 1 -11 144.2 -151.6 
4 0 -8 185.9 -188.6 12 0 -6 77.2 -67.8 3 1 13 137.6 146.9 
4 0 10 116.6 106.5 12 0 -8 71.8 -92.6 3 1 -13 99.7 -98.9 
4 0 -10 108.4 -110.4 12 0 10 97.3 91.5 3 1 -14 53.6 33. 1 
4 0 12 119.8 36.5 12 0 -10 82.0 -108.4 3 1 15 103.7 123.6 
4 0 16 98.2 90.2 12 0 12 87.4 84.9 3 1 -15 37.9 -43.0 
4 0 18 106. 1 107.6 12 0 14 115.5 107.3 3 1 17. 74.0 85.0 
4 0 20 105.9 116.5 12 0 16 93.4 111 . 4 3 1 -17 38.9 -51 .4 
6 0 0 101 • 9 111.9 14 0 0 110.4 141.5 3 1 19 68.6 80.3 
6 0 2 299.8 270.8 14 0 2 103.3 117.5 3 1 -19 34.0 -31.4 
6 0 4 345.2 319.9 14 0 -2 111.0 119.9 3 1 21 70.4 77.2 
6 0 6 203.8 189.9 14 0 4 107.0 82. 1 5 1 0 16.0 18. 1 
6 0 8 113.0 89.7 14 0 -4 72. 1 66.7 5 1 1 261.5 280.6 
6 0 10 106.4 114.6 14 0 6 105.9 80.9 5 1 -1 166.6 171 .o 
6 0 12 192.7 197.9 14 0 8 77.7 79.2 5 1 -2 19.0 -29.9 
6 0 -12 126.3 -122.5 14 0 10 77.7 69. 1 5 1 3 374.7 376.6 
6 0 14 137.7 135. 1 16 0 8 87.4 -96.8 5 1 -3 131.7 136.2 
6 0 -14 100.5 -109. 1 16 0 10 89.1 -112.2 5 1 -4 56.9 -57.5 



A.2 

h k Ji, F Fe h k Q, Fo F h k Q, Fo Fe 0 e 

5 5 229.9 227.0 9 1 -8 53.6 60.6 9 1 14 24.6 -23,6 
5 -5 110.4 117.3 9 1 9 53. 1 ··61 • 8 9 1 11 44.2 29.0 
5 6 83. 1 96.0 9 1 10 77 .o -84.0 9 1 2 45.2 ·-58. 8 
5 -6 38,6 -29.3 9 1 13 87.7 75.9 9 1 0 19.0 -32.9 
5 7 148.0 136.2 9 1 15 98 •. J 89,6 7 1 16 48,8 -45.7 
5 -7 71.2 74.7 9 1 19 66.6 69.9 7 1 -13 104.3 97.4 
5 8 98.4 87.3 11 1 2 69.7 -52.7 7 1 -9 106.0 104.6 
5 -8 61.3 -48.8 1 1 3 246.2 -220.7 7 1 -6 34.0 31.4 
5 9 47.8 52.0 11 1 3 85.2 80.0 7 1 -5 188.5 165.5 
5 , 1 -9 55,9 50.2 11 1 5 124.6 138,6 7 1 4 74.0 53.7 
5 1 -10 82.6 -76.9 11 1 7 171.9 175.0 5 1 21 74.0 -81.8 
5 1 11 37.9 23.3 11 1 -7 59.2 -45.5 5 1 -15 109.6 -98,4 
5 1 -11 60,5 -50,4 11 1 8 37. 1 -27.6 5 1 13 47.0 ' 36. 1 
5 1 14 42.2 44.8 11 1 9 159.0 143.2 5 1 12 16.0 17.5 
5 1 16 59.2 57.6 11 1 -9 86.7 -91.0 5 1 10 21.6 16,4 
5 1 -17 67.67 -77.1 11 1 11 91.0 101 • 5 5 1 2 60,5 -53.7 
5 1 18 59.5 67,6 11 1 -11 80.3 -91.4 3 1 8 90.0 -78.6 
5 1 19 92.8 -79.6 11 1 13 91.5 83.0 3 1 7 10~.3 78,9 
5 1 20 37.6 30,8 11 1 15 67.6 84,3 3 1 5 87.5 67.7 
7 1 0 103.0 105,8 11 1 17 66.1 69. 1 3 1 -4 75.8 -60,0 
7 1 -1 49.6 48.2 13 1 1 91.8 101 .o 3 1 3 40. 1 45. 1 
7 1 2 70.9 52. 1 13 1 2 43.2 49.0 1 1 -16 33.5 38. 1 
7 1 -2 71.9 65,4 13 1 3 73.2 56.6 1 1 -13 89,5 80. 1 
7 1 3 140.9 ··116.4 13 1 -3 77.0 97.8 1 1 -10 21.3 21. 1 
7 1 -3 101 • 5 112.4 13 1 4 79.3 70.5 1 1 -3 49.3 -59.6 
7 1 5 156,9 -138.2 13 1 -5 70.2 74.5 1 1 -1 312.9 -288.5 
7 1 6 113.2 97. 1 13 1 6 39.4 41.2 13 1 -1 127.2 118.8 
7 1 7 181.3 -157.7 13 1 -7 61.8 51.0 11 1 12 23.6 < 32.5 
7 1 -7 130.7 128. 1 13 1 -9 47.0 54.6 11 1 -6 31.2 -37.9 
7 1 9 96.9 -94.0 13 1 12 58.5 40.7 11 1 6 23.6 -35.7 
7 1 11 150. 1 --156. 1 13 1 15 77.8 -85.6 11 1 4 20,3 -32.0 
7 1 -11 101.2 99,7 15 1 1 66.4 -75.7 9 1 12 48.3 -39. 1 
7 1 13 140.9 -164. 1 15 1 -1 55.2 -67.1 - 0 2 0 229.3 -207.0 
7 1 15 116.0 ·-140. 1 15 1 -2 54.6 39.0 0 2 1 69.3 -73.6 
7 1 -15 79.8 87,7 15 1 3 64. 1 -65.4 0 2 2 218.7 -237. 1 
7 1 17 79. 1 -91.2 15 1 -3 49.3 -42.9 0 2 3 66.9 -83.9 
7 1 18 61.0 -41.9 15 1 -4 59.2 42.6 0 2 4 329.8 -340.0 
7 1 1 18.0 -24.6 15 1 5 77.8 -69.9 0 2 5 193. 1 -162.3 

I 

9 1 1 117.2 -111.3 15 1 9 84.2 -98.8 0 2 8 74.1 -81.3 
9 1 -1 154.8 -171.4 15 1 11 78.8 -90,8 0 2 9 '40.7 -34.0 
9 1 3 161.2 -160.0 11 1 -2 30.7 -24.2 0 2 10 54.2 -54.6 
9 1 -3 157.9 162.2 15 1 13 35. 1 -47.9 0 '"' 11 112.7 -116.2 L 

9 1 5 161.8 -164.7 15 1 7 101 .0 -95.3 0 2 12 33.8 23.9 
9 1 -5 140. 1 -159,7 13 1 14 23.9 30.3 0 2 13 133.6 -126.4 
9 1 -6 60.8 60.7 13 1 13 42.4 -45.0 0 2 14 51.0 45.9 
9 1 7 130.5 -112.5 11 1 -8 31.5 -36.6 0 2 15 103.3 -110.3 
9 1 -7 98.7 -91.3 11 1 -4 31.8 -41.5 0 2 16 76.7 65.4 
9 1 8 61.5 -66.9 9 1 17 61.3 75.8 0 2 17 50. 1 -64.0 



A.3 

h k Q, F 
0 Fe h k Q, F F h k Q, F F 

0 c 0 c 

0 2 18 84.4 79.0 4 2 15 74. 1 53.4 8 2 -10 78.2 . .,..74.8 
0 2 20 62. 1 67.5 4 2 -15 75.5 54.7 8 2 11 102. 1 -100.2 
2 2 0 28.3 25.7 4 2 16 78.4 -88 A 8 2 12 80.8 79. 1 
2 2 1 58.7 -47.6 4 2 17 39.8 57.6 8 2 -12 58.5 -46.6 
2 2 -1 170.3 -191.5 ,1 -r 2 18 63.3 -75.7 8 2 14 87.0 94. 1 
2 2 -2 167.2 -172.5 4 2 19 52.5 41;,4 8 2 -15 54.4 44.9 
2 2 3 172.9 -157.0 4 2 20 69.8 -84.7 8 2 16 86.1 99.7 
2 2 -3 230.5 -266.8 6 2 0 49.6 -30.9 8 2 18 62.3 76.8 
2 2 4 208.9 198.8 6 2 1 142.0 146.3 8 2 20 61.1 56.8 
2 2 -4 191.9 -216.0 6 2 -1 170.0 184.0 10 2 0 84.9 82.8 
2 2 -5 162.8 -166.2 6 2 2 136.5 -148.4 10 2 -1 31.9 -24.0 
2 2 6 226.7 220.5 6 2 3 53.2 52.2 10 2 2 86.6 84. 1 
2 2 -6 91.6 -91 • 1 6 2 -3 123.7 128.0 10 2 -2 99.5 88.6 
2 2 7 99.7 -81 .8 6 2 4 154.7 -156.5 10 2 3 57.3 -51 0 1 
2 2 -7 121.6 -116.0 6 2 -4 40.3 -32.4 10 2 4 102.4 121 • 9 
2 2 8 148.4 154.9 6 2 -5 59.7 60.2 10 2 -4 59.2 57.2 
2 2 -10 125.4 -127.8 6 2 6 184.7 -170. 1 10 2 5 22.0 -22.4 
2 2 12 150.4 160.5 6 2 -7 71.9 63. 1 10 2 -5 88.5 -84.5 
2 2 -12 100.0 -102.7 6 2 8 188.8 -190.3 10 2 6 114.4 109.1 
2 2 13 102.6 94.0 6 2 -8 50.8 28.4 10 2 8 104.1 96.4 
2 2 14 110.3 97.8 6 2 10 119. 2 -116.3 10 2 9 98.3 97.4 
2 2 -14 85.4 -77.9 6 2 -10 55.8 37.7 10 2 -9 89.9 ·-84. 7 
2 2 15 89.0 81.9 6 2 -11 68.8 83.5 10 2 -10 56.6 -36,7 
2 2 16 69.8 55.7 6 2 12 124.2 -106.5 10 2 11 120.9 110.1 
2 2 -16 93.0 -84.8 6 2 -·12 87.8 79.5 10 2 -11 47.9 -55.2 
2 2 17 58.7 54.4 6 2 13 69,0 -43.1 10 2 12 41.0 39,5 
2 2 18 40.0 34. 1 6 2 -13 65.4 56.2 10 2 -12 59.9 -55.6 
2 2 -18 83.0 -68.7 6 2 14 70.7 -80.2 10 2 13 82.7 67.4 
2 2 -19 68.8 50.0 6 2 -14 95.9 91.8 10 2 17 50.6 50.2 
2 2 10 149.4 144.8 6 2 15 78.6 -80.3 10 2 19 64.2 62.0 
4 2 0 176.0 193.5 6 2 16 44.8 -52.3 12 2 0 53.9 43.5 
4 2 2 43.9 37.9 6 2 -16 66.4 81]..5 12 2 1 94.7 109.3 
4 2 -2 183,5 194.7 6 2 17 90.2 -104.0 12 2 -1 75.3 44.5 
4 2 4 89.2 72.8 6 2 -17 47.0 -37.3 12 2 -2 68.6 54.5 
4 2 -4 113.2 137.2 8 2 0 119.9 -123.8 12 2 3 124.2 129. 1 
4 2 5 199.8 202.4 8 2 1 175.3 -159.0 12 2 -4 60.9 69,4 
4 2 6 130.5 121.4 8 2 -1 113.9 -126.9 12 2 5 94.7 85.4 
4 2 -6 113.4 115.6 8 2 2 65.2 -67.0 12 2 6 85.4 -74.4 
4 2 7 225.0 213.5 8 2 -2 101.9 -110.7 12 2 -6 87.0 68. 1 
4 2 8 69.0 59.6 8 2 -3 65,0 -69.9 12 2 7 53.0 46.7 
4 2 -8 137.4 126.4 8 2 -4 132. 1 -139.0 12 2 8 91.6 -97.7 
4 2 9 152.3 137.3 8 2 5 61.1 -68.0 12 2 -8 64.7 71.5 
4 2 -9 145.6 -150. 1 8 2 6 65.4 46.4 12 2 10 102.6 -83.7 
4 2 11 60.9 56.8 8 2 -6 133.6 -133.5 12 2 -10 57.5 63.4 
4 2 -11 136.0 -142.0 8 2 7 109.3 -11·1. 8 12 2 12 86.3 -67.9 
4 2 12 43.9 -53,0 8 2 -8 90.9 -97.0 12 2 14 85. 1 -81.9 
4 2 13 69.5 55.3 8 2 9 136.2 -140.5 12 2 16 73.8 -81.3 
4 2 14 97. 1 -87.9 8 2 -9 58.0 53.6 1 L1 

• T 2 0 91.1 -89. 1 



A.4 

h k R, Fo Fe h k R, F F h k 9, F Fe 0 e 0 

14 2 2 76.5 -90.8 8 2 -14 27.3 -31.0 3 3 -4 149. 1 135.4 
14 2 -2 85. 1 -81.0 8 2 13 26.8 -44.3 3 3 5 60.0 -51 .o 
14 2 -3 67.6 62.8 8 2 -·7 100.9 82.3 3 3 -5 135.8 134.8 
14 2 4 96.1 -77.5 8 2 3 38,8 -51.8 3 3 6 311.0 303.4 
14 2 -4 64.5 -66.3 6 2 18 4.7 -4.7 3 3 -6 85.8 79.6 
14 2 -5 62.8 65. 1 6 2 -9 82.2 75.7 3 3 7 126,5 -121.9 
14 2 6 86,8 -72.5 6 2 9 35.0 -56.4 3 3 -7 103.6 97. 1 
14 2 -6 50.3 -36.2 6 2 7 11.7 -·21. 0 3 3 8 207,5 195,3 
14 2 -7 41.9 41.2 6 2 5 22.5 '42.6 3 3 -8 45.9 -44,4 
14 2 8 60,2 ~57.4 6 6 -2 20.8 -20.2 3 3 -9 101 • 8 98.3 
14 2 13 80. 1 ~-91 .5 4 2 -17 27. 1 -30.4 3 3 10 96.4 91.5 
14 2 15 64.2 -65.6 4 2 -7 17.2 ·-24. 6 3 3 -10 107.9 -119.7 
16 2 -1 35.9 -38.4 4 2 1 16.7 21.1 3 3 -12 56.6 -58.5 
16 2 3 61.4 -42.8 1 3 0 43.8 ·- 36 • 1 3 3 13 72.3 -62.8 
16 2 5 58.7 62.7 1 3 -1 141.9 128.7 3 3 -13 '80.0 81.2 
16 2 6 68.3 49.8 1 3 2 60.8 -53.3 3 3 -14 88.7 -55.0 
16 2 7 48.4 -48.8 1 3 -2 299.8 -340.5 3 3 15 76.8 ·~ 71. 1 
16 2 8 52.7 64.0 1 3 -3 83. 1 77.3 3 3 -15 61.9 5'-L5 
16 2 9 32.6 -29.6 1 3 4 80.5 -73.9 3 3 -16 56.0 -·53. 5 
16 2 10 63,0 78.2 1 3 -4 294.7 -316.4 3 3 17 65.3 -·64. 0 
4 2 -13 94.0 -86.4 1 3 5 171.7 145.0 3 3 -18 73.6 --71.7 
4 2 -10 42,9 54. 1 1 3 -5 37.7 28,9 3 3 19 76.5 -52.7 
4 2 10 21.8 -35.6 1 3 6 42.2 36.7 5 3 0 149.6 142.2 
4 2 3 86.8 54. 1 1 3 -6 206.2 -222.7 5 3 1 153.3 -141.2 
4 2 -1 26.8 35.9 1 3 7 11 t; .• 8 104. 1 5 3 -1 158. 1 ··165. 0 
2 2 20 16.0 23.8 1 3 -8 102.8 ··95. 0 5 3 3 90.9 -76.6 
2 2 -15 25.9 ·-24. 1 1 3 9 72.8 84. 1 5 3 ·-3 99.4 -94.5 
2 3 9 35,7 -56.2 1 3 -9 45.1 39,3 5 3 4 78.9 -76.1 
2 2 5 148.0 -112.6 1 3 10 80.5 81.6 5 3 -4 32. 1 42.6 
2 2 2 26. 1 34.0 1 3 -10 133. 1 -115.6 5 3 5 71.2 -72,3 
0 2 7 75.0 -55.4 1 3 11 49,9 41.6 5 3 -5 66.7 -78.8 
0 2 6 185.4 -149. 1 1 3 -11 46.2 -38.5 5 3 6 132.1 -117.9 

16 2 1 35~0 -31.9 1 3 12 145.1 147.8 5 3 -6 85.5 89,8 
14 2 11 73,8 -66.8 1 3 -13 63.5 -59.2 5 3 8 214.2 -196.8 
14 2 10 28.5 -32.9 1 3 14 126.7 139.6 5 3 -8 125.7 134.8 
14 2 5 20. 1 -34. 1 1 3 -14 82. 1 -86.3 5 3 9 72.5 -·68.6 
14 2 3 36.7 -48.2 1 3 -15 68.3 -53.4 5 3 10 150.7 -135.3 
12 2 -9 24.7 30.6 1 3 16 110.5 108.5 5 3 -10 144.8 161 • 5 
12 2 9 34.5 40.0 1 3 -16 83.9 -59.5 5 3 12 82.4 -84o4 
12 2 -7 17.7 27.5 1 3 -17 55.8 -53. 1 5 3 -12 127.0 127.1 
12 2 4 9.5 -26.6 1 3 18 91.9 82.5 5 3 -14 98.0 87.7 
12 2 -3 18.4 15. ~) 1 3 -19 55.2 -43.0 5 3 -17 59.8 46.4 
10 2 15 31.9 43.9 1 3 20 55.0 51.6 5 3 18 111.9 -1 03. 1 
10 2 10 75.3 68.4 3 3 0 108.4 115.0 7 3 0 240.0 -262.2 
10 2 -7 127.8 -117.0 3 3 1 48.6 -5·1.6 7 3 -1 60.0 -69.2 
10 2 -6 31.9 50.0 3 3 -2 244.8 252.2 7 3 2 198.8 -202.0 
10 2 -3 41.7 -48. 1 3 3 -3 181 • 5 180.4 7 3 -2 199.0 -199.2 
10 2 1 55.6 -44.8 3 3 4 179.9 171.8 7 3 -3 35.3 -49.5 



;~0 5 

h k ~ F F h k £ F F h k t F F 0 c 0 c 0 c 

7 3 ~f 38.2 ··56. 2 11 3 15 53.6 -53.5 2 4 9 60.5 39. 1 
7 3 - .. + 102.0 -121.9 11 3 16 60.0 -46.3 2 !t -9 65.2 46.3 
7 3 5 49.9 48.9 13 3 0 65.9 -66.0 2 4 -10 53. 1 36.3 
7 3 -5 39.3 -38.6 13 3 2 111 • 6 -116.3 2 4 11 5r~. 9 --32.5 
7 3 6 83.4 -79.1 13 3 4 106.8 -105.0 2 4 -11 72.8 42. 1 
7 3 7 123.0 100.6 13 3 -5 63.2 -55.6 2 4 -12 81.6 61.5 
7 3 8 83. 1 -89.0 13 3 6 79 .'4 ·-71. 9 2 4 13 63.4 -72.0 
7 3 9 115.0 114. 1 13 3 8 65. 1 -·70.6 2 4 -14 61.0 43.7 

' 7 3 -9 77.0 -77 .o 13 3 10 90. 1 -·79.2 2 4 15 70.3 -82,9 
7 3 10 103.6 -102.2 13 3 12 73.3 -100,0 2 4 16 76.2 ·-46.2 
7 3 -10 53.6 -41.5 13 3 14 78.4 -88.4 2 4 ~17 53.9 -43.6 
7 3 11 99.9 97.9 15 3 0 66. 1 -48.6 2 4 19 68.6 -80.4 
7 3 -11 75.4 -67. 1 15 3 2 51.0 -30.7 4 4 0 66.1 --49.4 
7 3 15 45.9 41.1 15 3 -2 69. 1 -69.6 4 4 1 84.0 =97.2 
7 3 16 68.3 62.2 15 3 3 73.3 46.7 4 4 2 31 • 1 . -23.8 
7 3 18 85.3 86.9 15 3 -4 66.4 -·86.5 4 4 -2 94. 1 -86.0 
7 3 20 65. 1 69.6 15 3 5 72.0 55.4 4 4 3 150.7 -128.5 
9 3 0 81.3 72.2 15 3 12 87.7 78.7 4 4 4 33.8 -19.8 
9 3 1 119.8 123.6 0 4 1 84.3 78.3 4 4 5 189.9 -184.9 
9 3 -1 100.2 100.8 0 4 2 100.2 86.4 4 4 -6 55.6 44.0 
9 3 3 108. 1 105,4 0 4 3 67.4 56.5 4 4 7 222.5 -236.0 
9 3 -4 46.7 -41.1 0 4 4 118. 1 104.3 4 4 -7 94. 1 83.3 
9 3 -5 52.6 61.1 0 4 5 158.6 175.5 4 4 -8 48.7 37.0 
9 3 6 76.5 73.7 0 4 6 87.0 82.7 4 4 9 243.4 -255.9 
9 3 -6 112.7 -116.8 0 4 7 172.0 191 .8 4 4 -9 109.0 118.3 
9 3 -7 66.7 44.2 0 4 8 40.2 25.3 4 4 10 69.6 -·~~2. 6 
9 3 8 132. 1 130.2 0 4 9 137.5 138.0 4 4 11 143.4 -142.3 
9 3 -9 50.2 32.9 0 4 10 52.4 -33.4 4 4 13 68.3 -88.3 
9 3 10 186.0 188.2 0 4 11 112.5 123.6 4 4 -13 136.7 131.7 
9 3 -10 99.4 -91.6 0 4 12 47.6 ··20. 8 4 4 14 52.2 41.8 
9 3 12 137.4 141.2 0 4 13 98.0 121 • 1 4 4 -14 44.8 -39.4 
9 3 -12 76.8 -65.7 0 4 15 132. 1 127. 1 A Ll 15 74.5 -68.0 '+ y 

9 3 14 80.5 79.3 0 4 17 74.2 90. 1 4 4 -15 109.3 113.8 
9 3 -14 61.9 ··47. 7 0 4 19 t, 1. 4 39.3 4 4 16 79.4 44.0 

11 3 0 86.6 107.6 2 ' 0 70.3 78.8 4 4 17 72.0 -55.5 ·+ 
11 3 2 142.4 147.5 2 4 1 95.8 111.0 4 4 -17 76.7 71.8 
11 3 -2 72.3 84.2 2 4 -1 223.5 231.4 4 4 19 54.4 -·38. 4 
11 3 4 122.5 112.6 2 4 2 t;.3. 1 38.9 6 4 0 88.0 79.2 
11 3 -4 63.2 64.4 2 4 3 139.7 143.8 6 4 1 190.4 -184.2 
11 3 5 36. 1 ··52. 4 2 4 -3 256. 1 283,9 6 4 -1 188.0 ·-194.2 
11 3 6 48. 1 47.5 2 4 4 52.~~ -/f5. 4 6 11 -2 59.5 61.9 ..,. 
11 3 -6 86.9 81.3 2 4 5 142.1 135.7 6 4 3 77.9 -77.5 
11 3 -7 51.5 39.3 2 4 -5 222.1 24t~. 8 6 4 -3 204.6 -213.6 
11 3 -8 85.5 96.5 2 4 6 83.3 -72.1 6 4 4 53.4 ·-48.3 
11 3 9 82. 1 -69.8 2 4 -6 36.7 33.9 6 4 -5 161 .o -167.4 
11 3 10 51.5 ·-45.2 2 4 7 131 . 1 130.2 6 4 6 25.4 29. 1 
11 3 11 94.0 -82.0 2 4 -7 165.4 188.5 6 4 8 82.6 68.3 
11 3 13 79.2 ··74. 5 2 4 8 59.8 ·-58. 7 6 ,:; ,. 9 68,3 48.3 



A.6 

h I< 9., Fo Fe h I< £, Fo F h k 9., Fo Fe e 

6 4 -9 99.0 -96.3 14 4 4 62.0 53.6 5 5 4 82.6 73.5 
6 4 10 90.4 68.3 14 4 7 72.5 56.3 5 5 -4 178.6 -186.0 
6 4 11 66.4 50.2 14 4 9 69.6 75.7 5 5 6 81.6 73.8 
6 4 --11 108.8 -93.9 14 4 11 71.5 91.5 5 5 8 133.7 111. 1 
6 4 13 106.8 91.7 14 4 13 82.3 105.8 5 5 -8 82.1 -97.8 
6 4 15 83.8 91.0 16 4 7 55.6 54.8 5 5 -9 78.3 -55. 2. 
6 4 17 111.7 113. 1 1 5 -1 98.2 114.5 5 5 10 138.8 160. 1 
6 4 19 100.2 103.5 1 5 -2 166.9 185. 1 5 5 -10 113.3 -118.1 
6 4 0 60.3 48.4 1 5 -4 165.6 158.5 5 5 -12 99.7 -102. 1 
8 4 1 178.4 167.0 1 5 -5 88.8 -78.6 5 5 13 46. 1 -36. 1 
8 4 -1 129.6 117.4 1 5 -6 292.7 309.0 5 5 14 113.5 125.9 
8 4 3 142.9 133.3 1 5 -7 95.7 -·85. 1 5 5 -14 86.0 -87.9 
8 4 4 44.6 33.0 1 5 -8 192. 1 198.9 5 5 -15 48.2 37.6 
8 4 5 158.6 154.6 1 5 9 69.6 79.3 5 5 16 104.6 96.6 
8 4 7 137.0 122.7 1 5 11 71.7 73.8 5 5 18 100.8 92.7 
8 4 8 73.5 -54.9 1 5 -11 ~8.4 23.2 7 5 0 145.9 . 154.8 
8 4 9 168.6 159.8 1 5 12 107.1 -89.4 7 5 2 161 .o 155.0 
8 4 -9 16.4 -40.9 1 5 -12 95.9 91.1 7 5 -2 152.3 162.3 
8 4 10 83.5 -40.6 1 5 14 115.3 -111.0 7 5 3 81.9 61.9 
8 4 11 161 • 0 152.9 1 5 -14 75.7 62.9 7 5 -3 72.4 -62.3 . 
8 4 -11 66.1 -62.8 1 5 16 114.5 -124.5 7 5 4 162.0 16-5-:8 
8 4 13 83.8 74.9 1 5 17 63.5 -34.0 7 5 -4 133.2 140.3 
8 4 -13 63.9 -69.5 1 5 -17 50.0 -43.7 7 5 -5 52.0 --42.5 
8 4 -15 70.3 -70.6 3 5 0 130. 1 -131.5 7 5 6 142.4 160.8 

10 4 0 72.0 -56. 1 3 5 -1 50.2 -32.0 7 5 -6 102.0 96.2 
10 4 1 79.1 67.7 3 5 2 241. 1 -251 .o 7 5 7 58.6 -31.0 
10 4 -1 88.9 89.0 3 5 -2 111.7 -124.6 7 5 8 89.3 78.1 
10 4 2 98.5 -82.6 3 5 3 82.4 76.7 7 5 -8 70.9 68.5 
10 4 -3 114.7 116.6 3 5 4 194.4 -188.5 7 5 10 79.3 67.7 
10 4 -5 100.0 100.3 3 5 -4 88.0 -91.5 7 5 13 78.0 54.9 
10 4 7 79.9 -52.8 3 5 5 85.1 67.6 7 5 14 63.0 -39. 1 
10 4 9 114.7 -104.6 3 5 -5 51.8 52.8 7 5 -14 63.2 42.4 
10 4 -9 93.8 106.6 ':l 5 6 171 .2 -157.3 7 5 15 50.7 43.3 .J 

10 4 11 121.5 -121.0 3 5 -7 71.2 78.7 7 5 -15 43.6 -33.5 
10 4 -11 79. 1 78.8 3 5 8 195.4 -185.8 7 5 18 73.2 -63.8 
10 .0 13 115.2 -117.1 3 5 9 70.4 -66.4 9 5 2 64.8 -57.4 ..,. 
10 4 15 79.9 -95.4 3 5 -9 60.7 35.5 9 5 -2 71.7 64.9 
10 4 17 73.0 -83. 1 3 5 10 136.2 -126.6 9 5 -3 63.0 48.4 
12 4 1 122.3 -·127. 6 3 5 11 77.3 -58.9 9 5 4 109.7 -106.6 
12 4 3 134.3 -134.6 3 5 12 45.6 -29.7 9 5 -4 76.3 54.8 
12 4 -3 84.0 -65.6 3 5 -12 58. 1 52.6 9 5 -5 53.0 61.9 
12 4 5 123.3 -124.2 3 5 14 58. 1 -21.8 9 5 6 122.7 -124. 1 
12 4 7 103.6 ··91 • 5 3 5 -1 r;. 109.9 103.7 9 5 8 116.8 --113. 1 
12 4 9 68. 1 -58.0 5 5 1 45.4 -4,'+. 5 9 5 -8 78.3 79.2 
12 4 10 47.3 48.9 5 5 -1 59.7 53.2 9 5 10 128. 1 -120.6 
12 4 11 71.0 -43.6 5 5 -2 91.1 -87.1 9 5 12 109.9 ··114.2 
12 4 12 62.7 57.8 5 5 3 85.2 -85.5 9 5 13 43.1 -20.3 
12 4 13 48.7 -41.9 5 5 -3 70.4 64.0 9 5 14 87.7 -106.0 



Ao 7 

h k t F Fe h k 
0 

Q, Fo Fe h k t Fo Fe 

9 5 16 82. 1 -76.6 2 6 -3 151.6 -141.3 6 6 -4 50.2 -48.0 
9 5 18 60.9 -50.9 2 6 5 111.7 -91.3 6 6 5 74.2 70.7 

11 5 2 89.0 -96.8 2 6 -5 128.2 -127.2 6 6 -5 126.7 148.7 
11 5 -2 116.8 -128.9 2 6 -5 128.2 -127.2 6 6 6 83. 1 70.2 
11 5 0 100.2 -110. 1 2 6 -6 73.9 70.8 6 6 7 41.2 36.7 
11 5 4 78.6 -60.8 2 6 -7 105.1 -116.9 6 6 -7 114.9 128.8 
11 5 5 62.7 ·-50. 1 2 6 8 91.5 -78.0 6 6 8 47.0 37.9 
11 5 6 80.8 -49.6 2 6 -8 107. 1 . 94. 1 6 6 9 44. 1 -31.0 
11 5 -6 68.9 -88.0 2 6 9 49.6 28.0 6 6 -9 . 108.8 89.0 
11 5 7 57.6 -53.3 2 6 -9 90. 1 -79.2 6 6 10 58.6 34. 1 
11 5 -8 81.9 -66~2 2 6 10 114.9 -116.5 6 6 -10 56.6 -34.8 
11 5 12 48.9 42.2 2 6 -10 52.2 .45.2 6 6 11 76.8 -83.9 
11 5 12 48.9 42.2 2 6 11 45.9 38.7 6 6 -11 58.9 45.5 
11 5 14 61.5 66.7 2 6 -11 80.5 -77.9 6 6 12 95.8 82.3 
11 5 16 58.4 83.0 2 6 12 84.9 -·82. 7 6 6 -12 74.2 -56.2 
13 5 0 50.5 47.2 2 6 12 84.9 -82.7 6 6 13 100.4 -113.9 
13 5 1 36.4 -42.6 2 6 -12 36.6 44.4 6 6 14 62.3 54.0 
13 5 -1 !)5.3 -49,5 2 6 -H 44.7 36.5 6 6 15 64.6 -78.8 
13 5 2 90.8 70.0 2 6 15 53.4 39.4 6 6 17 62.9 -65.3 
13 5 4 93.6 98.6 2 6 -16 47.3 44.3 8 6 0 64.9 72.7 
13 5 6 102.5 117. 1 4 6 0 69.0 -72. 1 8 6 1 103.9 -110.7 
13 5 8 101 .8 119.2 4 6 1 111.7 114. l 8 6 -1 68.4 -65.7 
13 5 10 77.3 97.2 4 6 -1 61.2 65.7 8 6 -2 83.7 79.3 
13 5 12 79,3 79. 1 4 6 2 102.5 -106.5 8 6 3 130.2 -132.0 
13 5 14 56. 1 56.6 4 6 3 177.8 161. 1 8 6 5 160.8 -179.6 
15 5 2 58.6 49.7 IJ. 6 -3 42.4 25.6 8 6 -6 66. 1 73.6 
15 5 8 26.5 -24.0 4 6 4 103.9 -85.6 8 6 7 144.9 -143.0 
15 5 9 39.0 34.8 4 6 -4 82.5 -82.2 8 6 -8 44. 1 41.0 
0 6 0 194.6 155.8 4 6 5 159.4 147.0 8 6 10 53. 1 -33.2 
0 6 2 81.7 71.9 4 6 -5 89.5 -82. 1 8 6 11 47.6 -51.8 
0 6 4 48.5 39.8 4 6 -6 75.3 -72.6 8 6 14 81.1 -70,3 
0 6 5 50.5 -44.2 4 6 7 102.5 98.6 8 6 15 36.3 -35.6 
0 6 6 37.5 36.8 4 6 -8 99.9 -104.4 8 6 16 64.6 -56.9 
0 6 7 117.8 -124.2 4 6 9 127.6 127.8 10 6 0 34.6 -13.6 
0 6 8 34.3 14.8 4 6 -9 85.7 -91.2 10 6 -1 81.7 -88.9 
0 6 10 53.7 48.4 4 6 -·10 62.9 -58.8 10 6 2 64.3 -47.9 
0 6 11 128.2 -136.7 4 6 11 127.3 133.0 10 6 -3 97.8 -114.3 
0 6 13 114.0 -95.8 4 6 -11 95.2 -82 .• 1 10 6 4 73.9 -81.9 
0 6 15 68. 1 -68.3 4 6 13 120.4 123.2 10 6 -4 57. 1 -43,7 
0 6 16 47.9 -39.2 4 6 -13 89.8 -90.4 10 6 -5 92.6 -91.3 
2 6 0 83.4 -89.2 4 6 15 88.9 84.8 10 6 6 86.9 -77.4 
2 6 1 205.9 -208.2 4 6 17 23.9 30. 1 10 6 -6 59.7 -31.2 
2 6 -1 163.4 -180.3 6 6 0 91.5 66.2 10 6 ·-7 62.6 -79.9 
2 6 -1 163.4 . -180.3 6 6 1 95.2 90.4 10 6. 8 87.7 -75.8 
2 6 ·-1 151.3 -180.3 6 6 -1 110.3 92.2 10 6 -9 84.0 ~65,5 

2 6 2 36.6 -29.8 6 6 2 103.9 115 .o 10 6 -10 54.5 38.7 
2 6 -2 68.4 -68.6 6 6 -3 123.0 142.0 10 6 11 73.9 63.3 
2 6 3 179.9 -173.0 6 6 4 99.0 90.8 10 6 -11 61.2 -68.5 



A.B 

h k £ Fo Fe 

10 6 13 84.3 97.3 
12 6 0 60.9 51.4 
12 6 -1 82.0 84.7 
12 6 2 50.8 42.5 
12 6 3 83.4 74.8 
12 6 -3 58.0 76.2 
12 6 -5 47.0 41.4 
12 6 6 47.3 34.7 
12 6 7 86.3 97.0 
12 6 9 74.5 89.8 
12 6 11 58.6 49.0 
12 6 14 38.4 38.9 
14 6 0 50.2 49.7 
14 6 2 39.5 36.5 
14 6 -2 44.7 51.5 
14 6 7 61.7 -75.2 
14 6 9 75.6 -82.2 
14 6 11 43.0 -67.6 

R = 11 .0% 



A P P E N D I X TT 
.L.L. A.'J 

h k Q, F F h k Q. F F h k (1, Fa F 
0 c 0 c c 

0 2 0 115.5 -157.4 0 8 5 121.9 121.8 0 16 10 23.2 20.0 
0 2 1 225.6 -275.8 0 8 8 111.7 -91 .6 0 18 0 60.2 60. 1 
0 2 3 163.1 -180,6 0 8 9 131 .6 -118.4 0 18 2 26.5 -23.9 
0 2 4 201.3 178.9 0 8 11 105.6 -86.6 0 18 4 71.6 ·-81 . 5 
0 2 5 288.7 266.8 0 8 12 67.4 59.1 0 0 4 259.6 -252.2 
0 2 6 84.0 -69.8 0 8 13 79.9 74.3 0 0 6 76.0 69.5 
0 2 7 36.2 42. 1 0 8 16 39.8 -40.3 0 0 8 242.2 248.7 
0 2 8 167.0 -154.5 0 8 17 42.8 -54.2 0 0 10 115.3 -·112.3 
0 2 9 218 .• 1 -219.5 0 10 0 128.0 -139.4 0 0 12 152.9 -161.0 
0 2 10 58.0 42. 1 0 10 1 127.4 129.8 0 0 14 40.6 40.6 
0 2 11 91.5 -92.5 0 10 2 28.2 .,.17 .2 0 0 18 72.7 -85.0 
0 2 12 60.2 70.4 0 10 3 88.2 75.7 0 0 2 32.0 26.3 
0 2 13 86.2 102.9 0 10 5 186. 1 -185.6 0 0 16 60.8 57.6 
0 2 14 43.6 -41 .8 0 10 6 28.7 -23.7 0 18 6 1 • 9 2.4 
0 2 16 54.2 ·-58. 0 0 10 7 113.6 -100.4 0 18 5 42.0 29.9 
0 2 17 61.3 -66.2 0 10 8 43.6 -45.8 0 14 2 16.0 -26.4 
0 4 0 43. 1 -43.7 0 10 9 82.9 89.2 0 12 11 14.9 -21.3 
0 4 1 241.9 230.0 0 10 11 46.4 31.0 0 12 5 11. 1 -7.3 
0 4 2 107.2 107.3 0 10 12 44.2 36. 1 0 10 15 27.6 -· 27 • 1 
0 4 3 384.6 386.9 0 10 13 93.1 -99. 1 0 10 4 53.6 41.0 
0 4 4 195.5 176.3 0 12 0 107.8 116.3 0 8 14 29.5 -25.1 
0 4 5 321 .6 -300.8 0 12 1 52.8 -46.8 0 8 10 52.5 41.2 
0 4 6 48.6 45.7 0 12 2 57.7 -52.0 0 6 3 25. 1 ·-30. 2 
0 4 7 142.4 -130. 1 0 12 3 48.9 -45.1 0 6 1 25.9 -44.1 
0 4 8 115.5 -111. 1 0 12 4 141.3 -147.4 0 2 2 73.8 83.8 
0 4 9 146.0 129.5 0 12 8 128.8 122.1 1 1 2 229.7 --272.8 
0 4 10 58.9 51.4 0 12 10 35. 1 -38.3 1 1 4 64.0 63. 1 
0 4 13 141.0 ~140.4 0 12 12 47.0 -56.0 1 1 5 105. 1 ·~96.5 

0 4 14 41.2 -39.9 0 12 14 37.8 44.3 1 1 6 214.0 195.5 
0 4 16 52.2 -55.2 0 14 0 118.0 -123.5 1 1 7 118.3 108.6 
0 4 17 69.4 71.5 0 14 1 60.8 -59.8 1 1 8 49.7 -·48. 8 
0 6 0 258.2 275.0 0 14 3 74.1 ·-66. 5 1 1 9 42.7 38.1 
0 6 2 55.0 -·55.9 0 14 4 44.2 47.4 1 1 10 160,8 ·-161. 1 
0 6 4 272.6 -274.9 0 14 5 71.3 70.8 1 1 11 83.5 -83.3 
0 6 6 90.7 78.2 0 14 6 41.7 -37.0 1 1 12 28.3 33.0 
0 6 7 89.3 -75.4 0 14 7 52.2 45.4 1 1 14 77.2 81.9 
0 6 8 243.0 221.5 0 14 8 77.4 -74.7 1 1 16 47.0 -47.9 
0 6 9 97.8 -79.0 0 14 9 52.8 -58.4 1 1 18 45.9 -t; 9. 9 
0 6 10 86.8 -83.4 0 14 12 51.4 60.3 1 1 19 45. 1 -48.2 
0 6 11 75.7 -58.9 0 14 13 36.7 46.3 1 2 1 56,7 -62.5 
0 6 12 126.6 -128.4 0 16 0 54.7 -47.6 1 2 2 32.7 28.4 
0 6 14 38.7 39.9 0 16 1 54.4 60.6 1 3 1 75. 1 -91.5 
0 6 16 61.6 68.3 0 16 3 61.3 63.3 1 3 2 51.0 47.8 
0 6 18 38.4 -38. 1 0 16 5 64.9 _,64. 9 1 3 3 287.3 320.3 
0 8 0 252.7 ·-266.6 0 16 6 25. 1 -21.2 1 3 4 52. 1 -55. 1 
0 8 1 135.5 -140.5 0 16 7 25.7 -28.7 1 3 5 165.6 .166 .o 
0 8 3 157.9 -150.7 0 16 8 28.4 -24.9 1 3 7 214.0 -169.9 
0 8 4 155.6 150. 1 0 16 9 53.6 64.7 1 3 9 101.0 -94.9 



A. 10 

h k .11, Fo Fe h k Q, F F h k 9, Fo F 
0 c c 

1 3 11 124.3 120.3 1 9 15 55.9 ·-64. 7 2 1 4 17.2 21.8 
1 3 15 110.8 -·113.2 1 10 3 44.5 -43.8 2 1 5 44.6 -40.1 
1 3 17 1W.O -34 0 L1 1 10 4 24.8 16.4 2 1 7 43.8 -36.6 
1 4 3 125.9 ·-118.1 1 11 1 30.8 33.7 2 1 8 69.6 -·71. 8 
1 4 4 27.0 -17.8 1 11 2 108.6 110.2 2 1 9 74.3 -68.1 
1 4 5 42.9 -35.9 1 11 3 123.7 -115.7 2 1 11 42.2 -45.8 
1 4 7 55. 1 54.7 1 11 4 30.5 -31.6 2 1 12 52.6 54.6 
1 4 8 25.6 -23.5 1 11 5 57.2 -47.9 2 2 9 93.6 ··93. 2 
1 5 1 78.3 75.3 1 11 6 118. 1 -107.8 2 2 11 58.9 -58.5 
1 5 2 222.7 222.9 1 11 7 41.8 47.2 2 2 12 48.2 46. 1 
1 5 3 98.3 -86.2 1 11 9 46.7 45.9 2 2 13 68.0 71.5 
1 5 4 85.4 -68.2 1 11 10 68.9 69.8 2 2 14 29.7 -30.2 
1 5 5 9!1, 0 -87.7 1 11 11 53.5 -44.7 2 2 16 39.9 ... 41 .6 
1 5 6 239.7 .-221.4 1 11 12 44.0 -36.0 2 2 17 47.9 -53.6 
1 5 7 124.8 111. 1 1 11 1 ·1 48.6 -51.4 2 3 0 39.6 -47.6 
1 0 2 105.9 -98.9 1 11 15 42.7 52.3 2 3 2 16. 1 18.0 
1 5 9 52. 1 46.2 1 13 2 124.5 -131 .o 2 3 3 49.8 54.2 
1 5 10 60.2 55.1 1 13 3 60.0 -61.3 2 3 4 17.2 --20.8 
1 5 11 71.0 -69.9 1 13 h 39. 1 -37. 1 2 3 5 86.0 ·-91. 7 ..) 

1 5 12 77.8 -74.3 1 13 6 82.4 83.0 2 3 7 77.9 -82.9 
1 5 13 32.9 -30.9 1 13 8 28.9 -31.4 2 3 9 33.3 32.0 
1 5 14 91.8 -91.8 1 13 10 78.3 -82.0 2 3 13 62.8 -60.9 
1 5 15 42.7 38.6 1 15 1 82.9 -89.6 2 3 17 33.3 30.4 
1 5 16 30.0 33.8 1 15 3 38.6 44.3 2 4 1 61.5 -69.6 
1 6 1 29.4 -33.4 1 15 7 82.9 -83.4 2 4 2 81.1 E32.9 
1 7 1 82. 1 83.8 1 15 11 57.2 69. 1 2 4 3 99.8 115.0 
1 7 2 187.5 -178.7 1 17 1 31.3 23.4 2 4 4 112. 1 110.7 
1 7 3 81.6 -79. 1 1 17 2 55. 1 59.5 2 4 5 122.3 -126.4 
1 7 4 36.2 -17.4 1 17 ') 46.7 -50.9 2 -~ 7 71.4 -66.7 ..) ..... 

1 7 6 186.2 168.5 1 17 5 42.7 -46.8 2 4 8 92.0 -88. 1 
1 7 7 76.7 66.5 1 17 6 31.3 -38.4 2 4 9 74.0 69.4 
1 7 8 97.0 -81. 1 1 17 8 21.0 24,6 2 4 10 33.9 39.7 
1 7 10 137.5 ··144. 2 1 17 7 36.7 30.9 2 4 11 44.3 44.9 
1 7 11 62.7 -58.3 1 8 3 11.8 -23.3 2 4 13 81.6 -80.8 
1 7 14 69.7 65.8 1 8 2 28.1 38.7 2 4 14 30.2 ·-24. 7 
1 7 15 28.9 35.7 1 6 7 12. 1 -13.7 2 4 16 32.6 -38.5 
1 7 16 26.7 -30.2 1 6 2 65.6 -53.5 2 5 2 49.2 -49.6 
1 8 6 47.5 -36.9 1 5 18 43.7 42.9 2 5 3 44.0 -·51 .6 
1 9 1 166.4 -·172. 7 1 4 2 21.3 -23.2 2 5 4 117.8 --118.9 
1 9 3 118. 1 111 • 8 1 3 10 28.3 -26.8 2 5 8 58.6 52.5 
1 9 4 43.7 --50.8 1 3 8 51.8 -61.7 2 5 9 46.9 -!).8.2 
1 9 5 100.5 89.2 1 2 6 31.0 -·33. 4 2 5 11 29.4 -38.8 
1 9 6 79.4 -66.7 1 2 5 30.8 21.0 2 5 14 30.7 36.6 
1 9 7 116.4 -120.8 1 2 4 15.9 -28.9 2 6 0 151 • 0 150.8 
1 9 8 64.0 -55.4 1 1 3 9.7 -10.9 2 6 3 46.6 -52.6 
1 9 9 59.7 -57.3 1 1 1 183.7 207.3 2 6 4 128.8 -137. 1 
1 9 11 103.5 104. 1 2 0 4 80.8 86,9 2 6 5 54.2 -42.8 
1 9 14 36. /f -28.9 2 1 3 48.2 -53.6 2 6 7 29.7 -32.8 



A. 11 

h k ,Q, F Fe h k ,Q, F F h k ,Q, F F 
0 0 c 0 c 

2 6 8 123.6 114.5 2 11 5 43.2 41.7 2 15 11 27.1 25.6 
2 6 9 23.9 -32.8 2 11 7 47.9 1!7.2 2 14 13 34o6 35. 1 
2 6 10 40.9 -44.6' 2 11 8 38.0 40.8 2 12 11 16 0 1 -24.2 
2 6 11 46.4 -33.9 2 11 13 35.9 27.9 2 11 0 16.9 25.4 
2 6 12 83.9 -78.4 2 11 14 21.9 20.5 2 10 4 13.8 18.3 
2 6 14 34.6 28.7 2 12 0 99.8 91.1 2 9 5 31.0 -ff3,4 
2 6 16 55.5 55.5 2 12 2 41 .2 -36.8 2 8 17 40. 1 -41.2 
2 7 0 136.1 -138. 1 2 12 4 104.0 -103.7 2 5 16 iJ.2 0 7 43.2 
2 7 2 46.6 -43.2 2 12 8 102o7 96.7 2 4 17 23.2 41.5 
2 7 4 3tf. 9 37.5 2 12 10 27.3 -28.8 2 1 2 16.9 -24.7 
2 7 5 50.0 48.4 2 12 12 34.1 -43.0 2 1 1 65.2 -79.8 
2 7 6 40.4 -24.7 2 12 14 24.2 30.0 3 2 1 96.9 -107.7 
2 7 8 58.6 -52.0 2 13 0 62.8 -59.3 3 3 1 94.9 -96.5 
2 7 12 58.9 58.0 2 13 4 45. 1 36.8 3 5 1 49.6 42.0 
2 8 0 92o5 -70.0 2 13 5 32.3 35.6 3 6 1 61.2 -52.7 
2 8 1 99. 1 -89.6 2 13 7 37.0 34.0 3 7 1 65.8 64.9 
2 8 3 98.0 -92.2 2 13 8 38.8 -41 .6 3 8 1 141 • 1 ··148. 9 
2 8 4 49.2 40.6 2 13 12 24.5 29.3 3 9 1 60.9 -63.0 
2 8 5 112.9 106. t} 2 14 0 74.0 -82.5 3 10 1 33.4. 21.0 
2 0 8 152.3 148.6 2 14 1 32.3 -35.0 3 1 1 1 53.5 50.5 
2 8 8 74.0 -64.8 2 14 2 25.5 -·22 .o 3 12 1 21 .6 -24.7 
2 8 9 81.3 -74.6 2 14 3 32.0 -39.6 3 14 1 40.3 -35.8 
2 8 11 72.5 ·-63. 7 2 14 5 60.7 55.3 3 15 1 48.0 -·49 .3 
2 8 12 55,5 51.4 2 14 7 26.8 30.4 3 16 1 48.8 49.3 
2 8 13 6208 59.0 2 14 8 55.2 ·-46. 5 3 1 2 166.0 ~168.7 

2 8 16 37.2 -32.7 2 14 9 49.0 -46.7 3 2 2 82.6 80.5 
2 9 0 49.8 -49.3 2 14 12 33.9 39.2 3 4 2 105.6 85.0 
2 9 1 67.0 60.6 2 15 9 41.4 47.5 3 5 2 76.3 77.5 
2 9 2 38.3 -ii-2.3 2 16 0 18.5 -38.6 3 6 2 132.8 -129.5 
2 9 3 57.9 49.7 2 16 1 43.0 45.6 3 7 2 114.4 -108.9 
2 9 4 34.9 -28.1! 2 16 3 52.6 'l9. 2 3 8 2 i.J.9. 9 52.5 
2 9 9 56.5 54.7 2 16 5 52.4 -52.2 3 9 2 18. 1 23.0 
2 9 11 43.5 31.1 2 16 9 38.3 47.3 3 10 2 53.8 47. 1 
2 10 0 82.4 -79.3 2 17 0 32.6 39.9 3 1 1 2 80. 1 76.8 
2 10 1 74o3 75.4 2 17 5 29.9 30.7 3 12 2 87.3 -86.2 
2 10 3 61.2 64.5 2 17 7 25.2 25.2 3 13 2 54.9 ' -62.9 
2 10 5 104.0 -87.8 2 18 0 40. 1 44.0 3 14 2 48o8 48.5 
2 10 6 39,6 -30.3 2 18 4 51.1 -56.6 3 16 2 20.5 26.0 
2 10 7 69 0 1 -65.6 2 2 1 102o7 -118.0 3 17 2 26o0 31.7 
2 10 8 43.2 -33.7 2 2 2 26.0 -31. 1 3 18 2 33o4 -34.7 
2 10 9 42.5 43.8 2 2 3 148.9 -161.2 3 2 3 106.7 94.3 
2 10 11 25.5 25.8 2 2 4 65.9 66.2 3 3 3 152.9 152.3 
2 10 12 33.9 28.8 2 2 5 60.5 56.7 3 4 3 160.3 ·-153. 1 
2 10 13 68.5 -67.4 2 2 7 29.4 29.4 3 0 4 79.6 -· 73.5 
2 11 1 25.8 -24.6 2 2 8 67.5 -73.5 3 5 3 84.8 ·-78. 3 
2 11 2 38.8 -31.9 2 2 6 22.9 23.7 3 8 3 33.2 27.1 
2 11 4 58.6 -60.4 2 2 0 146.8 -144. 1 3 9 3 73.0 70.3 



A. 12 

h k Q, Fo F c. h k 51, Fo Fe h k £, Fo Fe 

3 10 3 105. 1 ~102.4 3 15 7 40o3 -40.5 3 6 14 55o4 53.2 
3 11 3 65.0 -61.6 3 16 7 34o5 40.2 3 7 14 47.7 44.6 
3 14 3 34.5 40.7 3 17 7 25.5 30.3 3 12 14 31.0 43.9 
3 15 3 45.5 34.5 3 2 8 50.2 -40.3 3 3 15 58.7 -61.7 
3 16 3 30.7 -26.7 3 6 8 45.0 -32.9 3 4 15 65,6 70.3 
3 17 3 26.3 -25.2 3 7 8 30. i -19. 1 3 5 15 30.4 30.4 
3 2 4 79.8 -94.2 3 10 8 50.2 47.7 3 6 15 30.7 19.2 
3 3 4 79.0 -78.3 3 14 8 29o6 35.5 3 7 15 32.3 25.4 
3 4 4 44.7 -45.8 3 16 8 27.4 25. 1 3 9 15 35 0 1 -41.0 
3 5 4 54.3 -59.8 3 1 9 23o6 27. 1 3 10 15 40.0 49.7 
3 6 4 27. 1 26.8 3 2 9 59.8 -51.8 3 11 15 23.6 30.6 
3 12 4 34.0 31.5 3 3 9 48.5 -49.7 3 8 14 35 0 1 -27.4 
3 14 4 22.5 22.4 3 4 9 48.3 44.8 3 11 14 30 0 1 -24.0 
3 18 4 12.0 16.0 3 5 9 22o2 25.7 3 1 14 51.0 48.3 
3 2 5 6607 68. 1 3 9 9 47.2 -11.1 • 9 3 15 11 37.3 36.0 
3 3 5 89o2 94.2 3 10 9 35.4 38.6 3 11 12 13.4 -15.5 
3 4 5 108.7 -97.9 3 1 10 77.4 -81.7 3 11 11 29,6 -27.5 
3 5 5 67.8 -72.8 3 3 10 15.6 21.2 3 6 11 23.0 19. 1 
3 7 5 22.7 16.0 3 5 10 68.6 66.6 3 16 10 28.5 25.5 
3 8 5 34.0 28.8 3 6 10 80.4 -·85. 6 3 1 8 8.7 -14.8 
3 9 5 37.6 33.0 3 7 10 46.9 -58.2 3 6 7 ·:1-4. 1 -31 .6 
3 10 5 63.9 -61.3 3 8 10 37.3 40.5 3 17 5 19.2 -20. 1 
3 11 5 2008 -29.4 3 10 10 56,0 48.3 3 15 5 40.3 37.7 
3 16 5 20.3 -25. 1 3 11 10 46. 1 41.0 3 14 5 23.8 22.5 
3 1 6 101.8 112.3 3 13 10 55.7 -59.7 3 7 4 12.3 -14.9 
3 2 6 115.5 -124.2 3 14 10 43.9 54.7 3 18 3 24. 1 18.5 
3 0 2 150.4 -168.3 3 1 11 52.9 -60.4 3 7 3 12o9 ·-28.3 
3 4 6 110.0 -98.9 3 2 11 86.4 81.4 3 6 3 36.7 -48.6 
3 5 6 116.6 -111.5 3 3 11 65.3 68.9 3 3 2 3.8 15.6 
3 6 6 133. 1 121.8 3 4 11 41.7 -43.9 3 4 1 18.9 18.3 
3 7 6 117.4 120.4 3 5 11 36.2 -36.7 4 2 0 187. 1 -183.2 
3 8 6 69.4 -56.4 3 7 11 23.3 -19.3 4 4 0 55.2 -51 ~6 
3 9 6 34.3 ···35. 9 3 8 11 74.9 73.4 4 5 0 61.'l 61.1 
3 11 6 46.9 -45.6 3 9 11 74.9 71.4 /). 6 0 127.5 127.3 
3 12 6 93.8 91.2 3 10 11 42.5 -39.6 4 7 0 203.0 -215.9 
3 13 6 61.2 57.7 3 14 11 27.7 33.6 4 8 0 62.2 -73.0 
3 17 6 29.1 -26.2 3 1 12 21.6 23. 1 4 9 0 22. 1 -12.4 
3 1 7 101.8 94.8 3 2 12 34.8 -31',, 9 4 11 0 80.2 72.5 
3 2 7 121 . 3 -121.5 3 4 12 44.4 -43.8 4 12 0 80.5 84.9 
3 0 10 130.9 ·-137 .o 3 5 12 30.7 -28.7 4 13 0 95.9 -98. 1 
3 3 7 83. 1 -85.3 3 12 12 36.7 35.3 4 14 0 44.5 -41 .6 
3 4 7 53.2 48. 1 3 2 13 20.8 27.8 4 17 0 55.2 56. 1 
3 5 7 65.6 67.6 3 6 13 27. 1 21.5 4 15 1 50. 1 58.9 
3 8 7 99.6 -90.2 3 8 13 29.3 32. 1 4 11 1 ~,3 .6 -43.7 
3 9 7 82.9 -85.9 3 9 13 26o0 30.3 4 10 1 65.8 71.1 
3 10 7 46.6 52.2 3 2 14 39.5 -48.6 4 9 1 112. 1 114; 4 
3 13 7 21.4 15.8 3 4 14 29.6 --39.7 4 8 1 36.6 -46.9 
3 14 7 32.3 ·-38. 1 3 5 14 57.3 -59.9 4 7 1 31.8 ·-30. 4 



A. 13 

h k £ Fo F h k 
e 

£ Fo Fe h k £ Fo Fe 

4 6 1 23.6 -20.2 4 7 5 52.8 57.5 4 6 12 35.7 ·-38. 7 
4 5 1 94.4 -91.5 4 5 5 61.4 64.2 4 7 12 81.7 93.2 
4 4 1 53.4 51.7 4 3 5 207.8 -193.8 4 8 12 41.0 39.3 
4 3 1 142.8 139.9 4 2 5 109.2 103.3 4 9 13 52.5 -60.3 
4 2 1 95.0 -93.0 4 0 6 37.4 42.8 4 8 13 48. 1 48. 1 
4 1 1 141.6 --151.1 4 1 6 59.0 -54.3 4 7 13 38.6 37.8 
4 2 2 49.5 -42.7 4 7 6 511,,3 -52.8 4 5 13 26.5 38.5 
4 5 2 58. 1 -65.6 4 9 6 36.8 --29.6 4 4 13 47.8 -53.4 
4 6 2 25.3 -26.1 4 13 7 39.2 43.6 4 3 13 85.3 -103.3 
4 7 2 34.8 -24.7 4 11 7 63.7 61.7 4 2 13 37.4 50.4 
4 8 2 25.6 28.9 4 9 7 45.4 --36. 1 4 5 13 5t~. 3 38.5 
4 9 2 36.8 -40.6 4 8 7 32. 1 26.L', 4 11 14 27 0 1 33.4 
4 10 2 20.6 28.2 4 7 7 41.0 27.4 4 8 16 23.0 -24.3 
4 11 2 39.5 -29. 1 4 3 7 134.6 -111.2 4 6 16 31.8 36.3 
4 16 2 13.8 14.0 4 0 8 116.6 127,0 -~ 5 16 59.3 62.8 -,. 

4 17 ':) 
- .J 23.3 -17.4 4 2 7 46.0 38.2 4 5 17 36.6 -28.2 

4 16 3 23.9 30.3 4 1 8 140.2 -136.5 4 4 17 35.4 25.8 
4 15 3 59.3 59. 1 4 2 8 53. 1 -49.6 4 3 17 63.7 54.9 
4 11 3 31.5 -23.8 4 4 8 42.2 -49.0 4 1 16 53. 1 -43.9 
4 10 3 69.3 65.8 4 5 8 116.0 116 .o 4 7 16 31.8 --28.6 
4 9 3 96.5 90.8 4 6 8 87.3 88,2 4 10 13 44.5 -36.4 
4 8 3 37.4 -45.5 11 7 8 102.4 --101.0 4 11 13 54.3 42.3 ... 
.4 7 3 /~9. 5 -49.5 4 8 8 70.5 -60.3 4 13 12 58.4 49.0 
4 5 3 134.6 -120.3 4 11 8 73.2 68.6 4 11 12 36.0 -36.2 
4 4 3 134.9 133 .• 2 4 12 8 60.8 55.9 4 7 10 44.8 36.9 
4 3 3 125. 1 133.2 4 13 8 70.8 -73.3 4 5 10 47.2 -36.9 
4 2 3 103.6 -108.6 4 15 9 60.8 67.5 4 8 6 16.2 19.9 
4 1 3 88.2 -76.5 4 14 9 30.9 -30.4 4 1 5 lf6. 0 36.3 
4 0 4 95.0 -94.4 /j. 10 9 45.7 51.7 4 14 5 '1-5.4 40.2 
4 1 4 126.0 135. 1 4 9 9 90.0 94.6 4 12 4 54.6 --<l1. 5 
4 3 4 44.5 -45.1 4 7 9 27.4 -31.8 4 0 2 114.3 -112.2 
4 4 4 52.5 38.3 4 5 9 82.6 -81.2 4 6 3 18.0 -·26. 5 
4 5 4 226.4 -213.2 4 4 9 103.6 111. 1 4 16 1 30.7 26.2 
4 6 4 126.3 -123.5 4 3 9 92.6 102.7 ·4 18 0 38.3 33.8 
4 7 4 104.2 107.4 4 2 9 57.2 ·-48.0 L: .. 3 0 46.0 -31.1 
4 8 4 64.9 59.5 4 1 9 108.0 -112.0' 4 1 0 337.7 --344.9 
4 9 4 43.3 -49.7 4 1 10 54.3 50.4 
4 11 4 96.8 -95.7 4 4 10 34.2 31.1 
4 13 4 61.9 71.4 4 6 10 34.8 -34.5 R = 9.1% 
4 14 4 47.2 48.0 4 13 11 16.2 18,3 
4 17 4 33.9 -33.0 4 10 11 33.9 30,6 
4 16 5 33.0 --35.3 4 9 11 51.9 51.1 
4 15 5 40. 1 -37.3 4 5 11 40. 1 -41.5 
4 13 5 63.7 52.8 4 4 11 34.8 43.8 
4 11 5 64.9 69.2 4 1 11 ,16 .o -62.3 
4 10 5 57.2 -55.4 4 1 12 83.5 92.3 
4 9 5 83.2 -94.9 4 2 12 43.6 34.6 
4 8 5 81.7 79.9 4 5 12 44.2 -51.7 




