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p. INTRODUCT I ON

1.1 SUBSTITUTED METAL CARBONYL COMPLEXES.

A characteristic feature of the d-group ftransition metals is their
ability to form complexes with a variety of neutral molecules such as
carbon monoxide, isocyanides, substituted phesphines, arsines, sulphides
and other ligands. The complexes formed are diverse, ranging from
molecular compounds such as [Cr (CO)6], through mixed species such as

[Co (CO),(NO)] +to complex ions such as [Mn (CNR)6]+. In many of these

3
comp lexes the metal atoms éarry either small poéifive, zero or small
negative charge and the ligands can stabilise low oxidation states because
the donor atoms of the |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 "inert-gas rule", which can be

used to design new compounds.

The most important w-bonding |ligand is carbon monoxide. The
interest in metal carbonyls over the last twenty years has arlsen as a
result of many novel organometallic compounds in which a metal carbonyl

system forms an integral part of the structure, Several recent publi-

cations illustrate their remarkable variefyl,

In general deductions about molecular structure may be made by
various methods. The most important methods yielding indirect evidence
of molecular strucfure are spectroscopic: infar red, nuclear magnetic
resonance and electron spin resonance SpéCTroscopy are the most commonlty

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 values for dipole moments.  The most
powerful tool for the study cf the structure of compounds, however, is

X~ray crystailography.

Using the latter method, a large nuﬁber of structures of inorganic
coordination compounds have becn elucidated. For example X-ray diffrac-
tion has eﬁabled the study of closed metal carbonyl clusfers2 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

3

[SFe (CO) and the Hieber-Gruber” compounds  X,Fe, (CO)g (X = S, Se)

3]2
have recently been publisheds. In fact the interest in inorganic com-
plex compounds and their structural elucidation by X-ray methods has

mushroomed in the last five yearsé.

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 Hayfer7 who also described a series of
diphenylphosphido~bridged compounds of paltadium. Chatt and Thorn‘ron8

degcribed the reactions of a number of diphosphines [RZP-PR R = Me,

27
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 +wo'
types, designated type A and type B which can be formulated on the basis

of the inert gas rule: Type A as phosphido- and arsenido-bridged

carbonyls. Type B as diphosphine- and diarsine-bridged carbonyls.
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Therefore although no direct evidence was available, structure IV was
considerad to be an appropriate formulation for the diphosphine-bridged
carbonyl (M = Cr, Mo or W). The structure was also reasonable in

terms of vibrational spectra which are discussed.

Chatt and Thomson}4 extended the work of Chatt and Thorn+on8 in
preparing dinuclear phosphorus- and arsenic-bridged carbonyl compounds
by synthesizing many of the compounds excluded from the eariier 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. Th’omson15 carried
out verybinferesfing photochemical experiments with compounds of type A
which led to the proposal of tentative structures. Irradiation of a -
benzene solution of

bis(u-dimethylphosphidolbis{(tetracarbonyimolybdenum)
and friphenyl ph05phine with visible light produced the insoluble com-
pound 1X (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 formation of the analogous ethy! com-
pound.  Since the starting compiex in the reaction is diamagnetic it
was considered to have a metal-to-metal (M-M) bond. Furthermore
Themson showed that, after irradiation, the {M=-M) bond remained intact.
The structures predicted by Thomson for the compounds of type A are

shown in Figs. 4 and 5. These will now be discussed.

Structure X in which the (M-M) bond is bent and occupies the vacant
octahedral positions of the iron atoms was proposed by HayTer16. This
structure is based on that established by X-ray crystallography by

Dah!l and Wei]7 for the similar compound [ﬁez (CO)6 (SE+)2].

In structure X there are two carbony! groups s!tuated trans- to
the (M-M) bond and four trans— to the phosphine groups.  Thomson's
photochemical experiments indicated that two carbony{ groups are re-
placed by phosphine much more readily than the remaining four. He thus
. proposed that the two carbonyl groups trans—- to the (M-M) bond were the
uniquely repiaccable groups and that under the infiuence cf visible light
no other groups were replaced. The other possibility put forward was
that the two carbonyls trans- to the phosphines were replaced and that
the product was deactivated towards further attack by the presence of
the additional phosphines. This possibility was subsequently dis-

counted by Thomson15 on the basis of further experimental evidence.

As shcwn in Fig. 3, in the case of the molybdenum compound the
photochemical experiments also show the probability of one carbony! group

occupying a unique position. This is not expected from structure Xi but
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there now arise the possibilities of structures X!1, XIil and X1V,
Structure X1 .is analogous with that proposed by Nigam, Nyholm and
Stiddard'® for Dk)(diarsine) (CO)3I2]. Both structures X1l and

Xlllbare similar to structure X in their possession of unique carbonyl
groups trans- to the (M-M) bond.  Structure X1V, the typical 'folded
textbook® structure, also fulfils +this condition and is not centro-
éymmefric, which would explain the dipole measuremenfs, a discussion of

which is deferred to the following section.

STRUCTURAL EVIDENCE FROM INFRA RED SPECTRA, PROTON MAGNETIC RESONANCE

SPECTRA, AND DIPOLE MOMENTS,

(a) Infra-Red Spectra.

The carbony! stretching frequéncies (vCO) in chloroform for.

various cdmpounds corresponding to structures | and IV are listed in
Table 1. These show that the carbonyl groups are in terminal positions.
The carbonyl| abscrption patterns of the compounds containing Grouh Vi
metals are similar to those normally observed for compounds of the type

20

cio- [ (c0), L)' dype mand [M (CO)g L] ttype B) (L = monodentate

phosphine) which are in accordance with the suggested structures.

The carbonyl stretching frequencies of the iron compounds
[%ez (CO)6L2] yielded a deferenT paffern from that usually exhibited
by the Tricarbonyl iron group, shoWing the possibility of coupling‘be~
tween the two Fe (CO)3 groups. This sugaests that there is a
differance between structures | and Ij, which will be discussed in more

detail later.



TABLE 1

Infrared carbony! stretching frequencies (cm

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

M, (o 1]
Type Structure Formula

A H ECrZ(CO)B(PMeé)ZJ 2011s

A It [or,y(CoNg(PET,),] 20035

A H [Mo,(COYg(PE,) ] 20195

A H [W,(CO)g(PET,),]  2024s

A 1 [Mo,(CO)g(Aste,) ] 20265

A i [W,(CO)g(AsMe,),]  2018s

A 11 [Mo(CO)g(PPh,) ]  2035s
A FNZ(CO)s(PPhZ)é] 2034s .
AL [Mo, (C0) 4 (AsPh,) ] 2033s
A1 [Fey(c0), (Pey ] 2047s

A ! [?ez(co>6(PE+ ) 1 2045s

A | [Fe ,(CO) (AsMe.,) zJ 2037s

B 11 [Fe,(CO)g(PMe,) ] 2059sh

B ty Bm32<c0)]o(PMe2)é] 2079w, sh
B o [14,(C0) | o (PMe,) )] 2079w, 5h
B v EWDZ(CQ) (PEt,),] 2076w,sh
B v [Wy(Co)y  (PEY,) ] 2075w, sh
B IV [Mo,(CO),  (AsHe,) ] 2077w, sh
B IV [W,(C0),  (AsMe,) )] 2079w, sh

s, strong., m, medium. w, weak. b, broad,

\Y

co
1952vs,b
1942vs,b
1948vs,b
1946vs,b
1960vs, b
1946vs,b
1969vs, b
1961vs,b
1965vs, b
2009vs 1976s
2007vs 1972s
2024vw 1998vs
2048s 1982w-m
2069m 1990w
2068m 1981w
2068m 1988w
2067m 1980w
2069m 1992w .
2070m 1985w
sh, shoulder.

1963s
1962s
1965s
1947Qs,b
1954vs,b
1946vs,b
1950vs, b

1944vs,b

1954vs,b

1947vs,b

") in chloroform and dipole

- 3.6

3.8

4.2

3.7
3.9

3.7

3.6 .

3.9

3.1
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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 specfra of
type B are simpler. In them the symmetric deformation of the methyl
groups appears as a sharp doublet, whereas the Cr (fype A compound yields
two bands of unequal intensity and the tricarbenyl Fe compound (type A
shows three bands. Also the T;pe BB compounds show P—CH3 stretching

bands of cqual intensities at nearly identical

Vp-Glas) 29 Vp_g(s)

frequencies whereas in type A compounds these bands are close tegether,

broader and of differing intensitics. Finally, the methy! rocking

1

frequencies found near 940 cm | and 890 cm” ' show a slight split-

PMe
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.

(b) Proton Magnetic Resonance Spectra.

Chatt and Thomson21 obtained proton magnetic resonance spectra for
the type A compounds:

/,PMe

2
(OC)4Mf?f~--~~>;;M(CO)4 (Structure 11)
\\_\. o /
I 62
and for the type B compounds:
(OC)gw <~ PMe, - PMe, -> M(CO)5 (Structure V)

M= Cr, Mo, W.

Their results are shown in Table 3.



TABLE 2

Phosphorus-methy| stretching frequencies (cm~1) in chloroform of

compounds containing (PMez)Zmbridging qroup.

Type Structure Formula Vo_C(as) Vo_c(s)
A | [Fe, (€0 (Pite,) ] 7225 7055
A H [Cr,(CO)Yg(PMe,) ] 731m 712vs
B ¥ [Fe,(00)g(PMe,) ] 745m 693m
B ¥ Mo, (cOrg(PMe,) ] 735m 684m
B H [W,(C0)g(PMe, )] 736m 684m

$, strong. m, medium. w, weak. b, broad. sh, shoulder.



TABLE 3.

Chemical shifts (1) and phosphorus-hydrogen coupling constants

[J(PH)] for CDCL, solutions of dinuclear phosphorus~bridged

3

carbonyl complexes,

Compound T Multiplicity J(PH)
{e/sec)
type A M = Cr 7.68 Doublet 10.6
type A M = Mo 7.68 Doublet 9.4
type A M =W 7.56 Doublet 9.8
type B M = Cr 8.28 Triplet 4.2
type B M = Mo 8,31 Triplet 5.3

type B M = W 8.15  Triplet 4,3
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Deutereochioroform sclutions of the type B complexes gave rise to
a triplet in which the central band is a weak one with sharper peaks on
either side of it. Type A compounds gave rise to a sharp doublet, the
splitting being ca 10c/sec at both 60 and 100 Mc/sec.  Chatt and
Thomson's interpretation of these spectra was that the splitting patterns
were dependent on the environment of the diethylphosphido-groups. The
doublets obtainod from the type A compounds were attributed to the spin-
spin coupling of six identical hydrogen nuclei with their adjacent
phosphorus nucleus. The spectra from the type B compounds may arise
from a balance between proton-phosphorus coupling and a simple proton

resonance.

(c) Dipole moments - (Table 1),

| The Group VI metal compounds can be classified into two categories -
type A; with dipole moments of about 1D and type B with dipole moments
of‘abouf 4D. The iron compounds show the opposite pattern, type A
having dipole moments of approximately 4D and type B (only one compound

is fisted) with dipcls moment of 2,5D,

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

explained on the basis of the structures | » V.

As discussed above we may expect the type A compcounds with
Cr, Mo or W (structure 1), to have the configuration shown in

structures X1, XI1, XIlI and XV,

Structures X1 and X111 are fiat, which would imply a zero dipole

moment,



‘Structure XiV has folding about the P-P lihe, aéd since the
phosphorus atoms must carry a positive charge relative to the rest of
the molecule, this would give rise to a dipole moment. The magnitude
of the dipole moment would depend on the degree of folding, This
fo!dfng would also bring the metal atoms closer, facilitating the
formation of a metal-metal bond, but would be counteracted by the steric
effect of the carbony! groups perpendicufar to the plane CQnTaining the
phosphcrus atoms.  The low values of +he dipole moments would indicate

a compromise between the folding and the steric hindrance forces.

In the iron compounds of type A there is no steric hindrance
(structure X) +6 hinder folding about the P-P line, so that the molecule
can fold until esach iron atom fills approximately the sixth coordination
position of the other, cf [ha Csp (00)4]22. This would account for

the high dipole moment.

Type B compounds, with pfoposed structures 111, 1V, have free
rotation about the P-~P bond and the cbserved dipole moments of the
Cr, Mo, W compcounds are consistent with this. The moment of the corres-
ponding Fe compound  2.5D is lower than expected but the difference

is probably not significant,
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OBJECT OF RESEARCH

The foregoing introduction shows that the reaction between substi-
tuted diphosphines and diarsines with various metal carbbnyls produce

a series of interesting compounds.

Structural evidence based on infrared proton magnetic resonance,
dipole moment data and microanalyses allows the classification of these
compounds into two distinct types A and B (Fig. 1). Theyassigmenf of
structures to the type A compounds corresponding to the general‘sfrucfure
Il presents an interesting problem in that there arise several possibi=-
fitles (X1, XII, Xill and XIV). Photochemical experiments favour
structures Xil, XIIt or X1V,all of which possess unique CO groups
trans~ to the (M-M) bond. A dipole moment of approximately 1D would
suggest a folded molecule.(XlV). Since the dipole moments depend on
several other measurements (density, refractivity, dielectric constant)
there is the possibility that the small dipole moments obtained (<1.5D)
are not significant, but are simply due to additive errors. If the
dipole moment evidence is discounted this leaves structure X{ as a

possibility, although this has no unique CO-groups.

Type B compounds were unknown, but the evidence from infrared
spectra, proton magnetic resonance and dipole moments suggsested structure

W (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 B compounds whecse 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 facilitate the solving of vector maps arising from
three-dimensional Patterson syntheses without giving serious complica-
tions in the refinement due to thermal motion.  The compounds chosen
are products of the same reaction:

agya
e
7\

240°C (OC) Mo -- - Mo(CO)
> 4 4
ETZ—P—P—ETZ + Mo(CO)6 /R\ compound 1
Et+ Et
Et Et
> (0C) Mo - P - P =~ Mo(CO)
170°C > ?
E+ Et

compound 2
Compound 1 (Type A) di-u~diethylphosphido-bis~(tetracarbonylmolybdenum).

Compound 2 (Type B) u-Tetraethyldiphosphine-bis(pentacarbonylmoiybdenum).



3.

PREPARATION OF THE COMPOUNDS

3.1 PREPARATION OF TETRAETHYLDIPHOSPHINE,

3.1(a) Preparation of thiophosphoryl chloride (PSCz31 :

3.1(b)

3.1(c)

The thiophosphoryl chioride was prepared by the Knotz meThod23.

Sulphur (369) and phosphorous tfrichloride (150g) were heated on a
water bath in a 500 m! round bottom flask. Aluminium chloride (6g)
was added and The mixture heated to boiling. After approximately
10 minutes The boiling ceased, indicating that the reaction hac ter-

minated., The mixture was cooled and transferred to a separating

~ funnel and water (400 m{) was added. The lower layer (PSC23)

was removed, dried over calcium chloride and filtered. The
thiophosphory| chloride was distilled and the fraction boiling be-
tween 125 - 127°C/760 mm was col lected.

‘ PCSL3 + § > PSCY

vy (yield of product 81%),

'Pfeparafion of dry ether.

A winchester quart of ether was filled to a depth of 1% with
granular calcium chloride and allowed to stand for 24 hours with
occasional shaking. The ether was filfered and placed in a clean
dry bottle and sodium wire wés pressed into it. The container was

gently stoppered and allowed to stand for 24 hours.

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 botfom flask. This was then
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13.

distilled and sodium wire pressed into the flask., Under an atmos-

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

" distilled, and more sodium wire was added fo the botfle, 5g of

benzophenone were added and the T.H.F. refluxed until a blue colour
appeared, indicating that the liquid was now perfectly dry. I+ was
then distilled under hifrogen intfo a clean dry flask and kept under

nitrogen.

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 mt) and placed in a dropping funnel. The ethyl bromide was
slowly added fo the magnesium turnings and the reaction was started
with a small 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).
fhe latter was added dropwise and with constant stirring. Wheh the
mixture became too viscous to stir, dry T.H.F, was added. When
the addition of the thiophosphory! chioride was complete, the flask
was warmed to 45°C and the mixture stirred for 2 hours. The mixture
was allowed to cool and HZSO4 (2.5N; 500 mit) carefully added with

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

_layer, and the tetraethyldiphosphine disulphide, which is solid,

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

desiccator.
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3.2 PREPARATION OF Di-u-diethylphosphido~bis~(tetracarbonyimolybdenum)

3.3

(compound 1)

C,H

2 H

5 Cofs
2 Mo(CO) N //
+72 Mo >
572 6 / \\\ : + 400
(OC)4WO ;/,lo(CO)
Cotg  CoHg

The reaction was carried out in a sealed tube aT‘240°C for 9€ hours.

(C2H5)2-P—P=(02H )

aw

The product was recrystallised 10 times from |ight petroleum ether
(b.p.60f800) giving small orange crystals. There was no sharp melting
point, the crystals slowly decomposing above 130°¢C. Carbon-hydrogen

A ;
analysis gqave the following results:

Found C = 32,3%, H = 3,3%
o - o - d
Caliculated for C16H20M0208P2 C =32.3%, H=3.4%

PREPARATION OF u-Tetraethyldiphosphine~bis- (penTacarbonyImolybdenum)

(compound 2).

| |
(CZHS)Z—P~P~(C2H5)2+2 Mo(CO)6 > (OC)SMo- T - T —MO(CO)5

CoHg CoHs

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

+2 CO

The product was recrystatlised 10 times from benzene giving small
colourless crystals. The melting point was 156-157°C with some decom-

position. Carbon-hydrogen analysis* gave the following results:

*Ana!ysis was carried out by F. Pascher and E. Pascher at the
Microanalytisches Laboratorium, Bonn.



Found C

1

33.4%, H = 3.0%

bl

Calculated for C,,H, Mo,0, P C=33.3%, H=3,1%

‘1872072710 2

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 tfo Voo of the terminal
carbony! groups, If these were bridging carbonyl groups, these bands
would be expected at 1900-1700 en”' ', Tha bands at 768 and 735 cm”|

. 8 .
wogld, following Adams~, be assigned to Vb C(as) and Vb_((s)

respectively.

(QP-C(as) is the phosphorus-carbon asymmetric C\ C
x
stretching frequency: P
and Vp.c(g) IS the phqsphorus—carbon c c N
symmetric stretching fraquency: %\v7/ J
P

The infrared spectrum of compound 2 (type B) shown in Fig. 7
exhibits bands at 2072, 1963, 1930 and 1920 cm“1 which are again attri-

buted fo v of the terminal carbonyl groups. The Vo.C(as) and

CO
Vpop(s) oceur at 762 and 723 cm~1 r;specfively.

In both spectra the C-H frequencies are masked by the mulling

agent (nujol).



(a)

ordinate
expansion

(b

ﬂ

— 2028

Nujol.

<
_
< o
p————
—— 735
— o 768
©
)
L
S 2 Nujol
1930 »
1063

<«— ) in cm-!

1450 1200 950 700 450

2000 1700

2500

3000

4-—? °o transmission




=
e ——T—

= o
LN+
E ~7

2

- U
g Q. 723 §

S 762
O o
L 8-
1 (e ]
E o,
RS
k=
A

(an ]
wn
1%

o
o
o
[
=1
N
(e ]
Ol
wn
N
=4
o
on

<«— °/o transmission




4.

APPARATUS

e e o et

4.1 THE X-RAY GENERATORS AND ACCESSORIES,

(a)

(b)

The generators usad in the project were

A Hilger and Watts Microfocus Generator, with an X-~ray tube which
is continuously evacuated by an oil diffusion pump backed by a
rotary oil pump. The generator was operated at 50kv and 3mA and

a demountable copper target was used.

Philips PW1009 and P1010 generators, employing sealed X-ray fubes
with copper targets. The generators were operated at 40kv and

20mA.

The Laue camera and the rotation and Weissenberg goniometers used
were made by Unicam, The integrating Weissenberg was made by
Stoe (Heidelberg). Thz goniometer heads on the instruments are

interchangeable and the rotation camera has an optical goniometer.

The fitm used was Kodak‘”Kodirex”F which was developed in D19b
developer for 5 minutes at 20°C, immersed for 5 seconds in a stop

bath of 3% acetic acid, 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 weter for 30
minutes and subsequently dried in a fume cupboard in order to
avoid dust.

Kodak *Industrex D' film, which has no detectable shrinkage on

devalopment and fixing, was used in the determination of accurate

cell parameters.,
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4.2 THE DENSITOMETER.

A modified Steinheil densitometer was used to measure the intensities
of the diffraction spots. The instrument is shown in Fig. 8. The
light source consisted of a Philips cold lamp rated at 50 watts énd was
cooled by a stream of compressed air. A potential difference of 8 volts
was maintained across the lamp, Thé voltage being kept constant by means

of a variable resistance in the circuit.

The tight transmission was measured by a photo-emissive search head
connected to an electronic photometer, both manufactured by ths Photovolt
Corporation of New York, The photocel! was covered by a head having an

adjustable aperture,

Although the system is stable and gives reproducible results, the
‘reséonse of the densifomefér is not linear. Thus a calibration curvé
of spot density versus relative exposure time was drawn up, (Fig. 9),
This shows that the densitometer only reads [inearly in the density
fange: 0-0.575, and a correcticon curve derived from the calibration
curve is shown in Fig. 10. This shows the correction factor that must
be applied to diffraction spots having a density ranging from 0.575 to

1.2,
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COMPUT ING

The majority of the computing was carried out on the University of
Cape Town's 1.C.T. 1301 computer. This has an 800 word Immediate

Access Store (1.A,S.) and a 16000 word capacity in two storage drums.

Since the |.C.T. computer does not have a sufficiently large storage
capacity, the final least squares refinement calculations werc carried
out on the C.S.1.R. |.B.M, 360/40 and 360/65 computers using the

ORFLSRED f{east squares programme.

The sequence of programmes used on the 1.,C,T. 1301 is shown

schematically (Fig. 11},  The programmes are now outlined individually.

THE SCATTERING FACTOR PROGRAMME.

This programme.converfs the uncorrected fnfensify data to Fo
or Fg and computes the scattering factors of each atomic species for
every ref(ecfién. f+ requires the following input data:

(1) The rceciprocal cell dimensions and the X-ray wavelength.

(i1) The Weissaenberg inclination angle.
(1i1) The scattering factor tables of every element in the structure.
(iv) The absorption correction table,

(v) The Miller Indices and uncorrected intensity of each reflection.
The program then computes any or all of the following for sach reflection:
(a) sinZe/2?

(b) Lerentz-Polarisation correction (Lp)
(c) Absorption correction
(@ F_ or F

@)

(e) The scattering factors f1,f2,f3,...,fn for n different elements
in the structure.
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The sinze//\2 values are computed from the equaﬂonz4

'sinze/Az -] (hza*2 + kzb*2 + ch*z + 2 hk a*b*cosY

g
*c*cosB* + 2 k& b*C*COSa*) cevenss 5.1

*

+ 2 hi a
where a*,b*, c*,u*,B*,y* are the reciprocal lattice parameters,
h,k,¢ are the Miller indices, 6 is the Bragg angle and
X  the X-ray wavelength,
The polarization factor is a simple function of 6 2
p=73%+3% coszze Ceenaas 5.2
by subsfifufingrfhe trigonometric identity cos2e = 1 - 2 sinze
the polarization factor reduces to
p=1-2 sinze + 2 sin46 ceiensa 5.3
The Lorentz factor L .is given by the equaTionZ6
.% = ¢osu cosv sinT Ceseees 5.4
where u is the complement of the angle between the incident beam aﬁd
the oscillation 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 cylindrical film. T is thus a film

coordina+e27

I+ can be shown +ha+28
cos 26 = 1=2 sin26 = sinu SiNV + COSU COSV COST  wuvsnsn 5.5
For the Equi-Inclination case, where¢ u = -v

2
1 - 2sin728 = —sinzu + coszu cosT cveasss 5.6
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1 - 2 sin%20 + sinfy

cos T = - 5 cerveae 5.7
cos i
: ;
2
. 2 . 2
cos

1 2 . :
Hence T = cos'u sinT Creeses 5.9

i // 4 2 242 '

T~ cos 'y -~ [1'2_sxn g+sin u] . ceseeas 5.10

For the purpose of computation, the pofarizafion and Lorentz factors

are treated together, and the equationh takes on the form:-

— N 5
1 J/c054p~[1~2 sin40+sin2u].

2Lp . : 2¢4sin26+4sin48

N 5.11

The absorption corfecfion for a given reflection is calculated by
reading into the computer a table of values for A*, the absorption
correction, at various values of sinze/xz. The required value of ¥
for a given refloection is then calculated by using the linear inter-
poltation formula

X% :
y =y, - [;QF;a}y2~y1) terae 5.12
where in this case vy = A*, X = sinze/AZ
and Y1sYpsYgsenesY, are the tabulated values of A* at
the corrasponding values X13Xp:Xgs 000, X values of Sinze/Xzo
The scattering factors of -ths different scattering atoms are calculated
in the same way, the A* corraction being substituted by the appropriate

scattering factor table.

Since both the séa++@ring factor and the absorpticn correction fall

off rapidly with 6 at low 6 values, the intervals of sin26/>\2 were



hkll

'

Scattering Factor
Programme

v

hkl E sin®8/X n £ff,..f

8
v

Patterson
Programme

'

Structure Factor
Programme

hkt & fz+ A
Residual ' Flg 1

Programme

v

Fourier and
Difference Fourier

Programmes

v
Bond lengths

and angles
Programme
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carefully chosen to obtain a good lincar interpolation. The table has
26 values of sinze/A2 ranging from 0 +fo 0.46, but increasing in

steps of 0.01 for the first fweive steps.

The 6utput is obtained bocth 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 information:

(1) 1000 + |hl

(2) 1000 + ikl
(3) 10060 + tal
(4) p where p =1 for hki
2 " hke
3 " hke
4 " hke
5 " hke
& " hke
7 " hke
8 " hke

(5) 1,000,000 + F_~ (or Fi) corrected for Lp and AY factors
(6) 1,000,000 + 10% sin®a/a?

(7) 100f 100f 100f

1F 2’ 39'

factor df the n-rh element. -

.-;100f , where f_ is the scattering

The réason for adding 1000 to the Miller indices and 1000000 to Fo and
sinz-e/A2 is that there is no facility for field definition on the {.C.T.

1301 computer using the Manchester Auto Code (MAC) 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 PROGRAMME .

This programme is written for the most general case of a triclinic
unit celt and can take up toc 35 atoms, with individual femperature

factors.

The formuta used in the computation is:

: B sin®e/)?
Fethke) z f. § cos2l(hx, J/a+ky /b+nz /c) ceees 5413
where j = number of atoms of each element in the unit cetl
i = differont number of elements
Bj is the isotropic temperature factor of the j+h atom,

The programme has the facility of treating any given atom as

vibrating anisotropically, in which case

in26/32 = [-4 h2,¥2 2p%2 2 x2

* %k

+ 2312hka b c03y* + 2 B.,hia ¢ cosB*

13
+ 28, kib ' c cosat)] veer. 5,12
23
The six B parametcrs serve to describe the ellipsoidal electron

distribution of the anisotropically vibrating afbng

The programme can be modified for a parTiCUlar.spéce aroup so that
only the position of the atoms in the asymmetric unit need be read thus.
shortening the time of computation. The Fo values are scalzd tc the
FC values by muttiptication by a suitable scale factor k, so that
IkF

The punched cards obtained as output from the scattering factor

programme arc used as input data. The output is again in two forms:
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(a) A print output giving the values of h, k, %, For Fo and FO/Fc°

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

(1) 1000 + Ihl
(2) 1000 + Ikl
(3) 1000 + Igl

(4) p, the designation number described in the previous programme
(5) 1,000,000 + 1OFo
(6) 1,000,000 + 1OFO.

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

order.

5.3 THE FOURIER PROGRAMME.

The structure factor Fhko may be expressed in exponential form

by the formula:

I 2ni(hx . +ky.+2z.)
Frke = 20 f@ JIT
= 1 fje'¢J | | ceere.  BL15
It is a complex quantity, the real and imaginary parts being Ahkz
and Bhkz respectively: ‘

Ahkg = ZJ fJCOSZH(hXJ+kyJ+ZZJ)

= )J f.cos¢. Ceees 5.16
N jeos
Bhkg = Zj fJS|n2H(th+kyJ+£zJ)
= )J f.sing. Ceeeen 5,17
1 j3ind; |

. is defined by: ¢. = 2N(hx.+ky.+2z.).
¢ ye o4 JTYT

The phase angle can be obtained from:

“hks

tan ahkﬁ = .
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From 15, 16 and 17 it follows that

cosa

Pnice = | Fhia |05y

Bke =|FhkelSTMhe L. . 5.9

Method of Summation

The electron density in the unit cell at a point determined by the

fractional coordinates X, Y, Z is given by:

. 1+a:> +00  +00
p(XYZ) == ]h Jk J¢ F, e

—00 0 =00

=211 (hX+kY+2Z)

1

If we define 6 by : 6 = 2M(hX+kY+:Z) and use the relations

iBhkl , Wwe find

Rz = A = Poke T

Rkt - ARk Y 1Bk
-6

1 +co _ . Y
B 1L 1 i o'
1

0 (XYZ)

2

“t6+(A

+o
"W ZWZ LI 1By o hka”

i

1 +co . .
TV zmg ZEAthCOSS + Bhkz s:no] Ceeeaa 5.20

where A = )] f.cosZH(hx.¥k 4Rz .)
ke = L SRS

B = )J f.sinZlithx.+ky.+2z.)
hks, = 20 1 jrky ez
6 = 2I0(hX+kY+2Z).
For convenience we will henceforth write 6 = (hx+ky+2z).

To facilitate computation it is useful to write cos® and sin® as the

sum of a set of friple products:

i

cos® = cos(hx*tky+2z)

n

cos hx cos(ky+2z) - sin hx sin(ky+2z)

i

(cos hx cos ky cos £z
- cos hx sin ky sin 2z
- sin hx cos ky sin %z
+ sin hx sin ky cos £z);



sing = sin(hx+ky+yz)

]

(-~sin hx sin ky sin %z
+sin hx cos Ky cos iz
+ cos hx sin ky cos iz
+cos hx cos ky sin £z).,

0 (XYZ)

1]

+00 :
1 T
-v- thKZ"‘IAth( cos hx
~o - ~cos hx
-sin hx
+sin hx
hk2(-~s!n hx
+sin hx
+C0oSs hx
+Ccos hx

+B

ARk Pk AR AR

+cos hx sin ky sin gz (-A

Substituting for cosé and sin6 in equation

cos
sin
cos
sin
sin
cos
sin

COS .

+
-& Zhék{l cos hx cos ky cos 2z(A_

+ A

ky cos
ky sin
ky sin
ky cos
ky sin
Ky cos
ky cos
ky sin

h

sin hx cos(ky+3z) + cos-hx sin(ky+gz) .

5.20,

4
£z
2z
2Z)
7z
Lz
Lz

22)1

k2

+ similar terms.

K2 hk?, hKkz h

hks hk2 Brie = Bn
hk% ' hke, h

Az, = A Bro, = =B

hka hk2

2
o (XYZ) =7 gh

o~ 8

kZz[ Alcos hx cos
ot
+A

+A 'sin hx sin

cos hx sin

sin hx cos

SLWON

+B]sin hx sin

N

+B7sin hx cos

+83cos hx sin

+B4cos hx cos

hk2 hk2

B = = B~ -

AT )

we get

ke ARk Ahke
+Ames)

a
L4

hke

+A -

AR Anka Rk AnkeRkE

26,

so the expression beacomes:

cos 2z
sin &z
sin 2z
cos 4z
sin 4z
cos 2z

coS &z
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where A1 = A

hke * MRkt Phke T ARR
2 _ AL - —
AT = Ak ke T Phke T MRke
3
A" = Ak * ARke” Phie t PRks
a_ . L
AT = =Aike * Mke® Prike T MRke
L, - - R
B" = Bz * Brke’ Bnki T BRks
82§+B - B + B =~ - B-
hke ~ Bhket Bhke T Bris
3 _ R = - Re-
B” = *Bris * Brke” Bhie T Brke
84‘ + B + B + B

= Bk * Bkt Bhke *BRRe L, 5.21

If the unit cell contains symmetry elements, the expressions

Al a%,...,8% can be simplified.

The Fourfer Programme has the possibility of arranging the output
of the electron density function in various formats.. By reading in
appropriate constants, the unit cell axes can be arranged in various
combinations.,  The output is in the form X

4.?._
> X

2

so that if the required format is - , then the appropriate

ordsr constants would be X1 = Z, X2 = X, X3 =Y, which are read into

the programme as 3,1,2.

The print output on the computer page can be altered to approximate
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the unit cel! lengths and angles., Thus it is possible to have the 'X1

and X2 axes inclined to each other at various angles

angle »90°

s e e e e ey e 47 ———n e o e v e o

B L T o ot e

v e e 1 —— s e v s
ot o - —— > o
—— s o o o o e

and the length of X1 can be increased by skipping a given number of

lines in the output.

A three dimensional Fourier is obtained by dividing the unit cell
intfo two dimensional sections poerpendicular to X3y the spacing between
| fhese can be chosen at will.  Thus Xy 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

. ] 3
Suppose the axial setting is chosen as /:i////* v
o e v——

Y 2
z

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

Tokh' summation.

Since the space group Pbca is centrosymmetric, the B .vatues in

equation 5.21 are all zero.

For this space group there are four sets of relations for Ahkﬁ

depending on the Miller indices:



h + k
1 even-even

k + &

h + k
2 odd-even

k o+ 8

h + k
3 even-odd

k+ 2

h o+ k
4 odd~odd

k + 2

The programme is able

to any one reflection.

29,

2n+1

L = 2n

= 2Zn
= 2n+] -
= 2n+1

= 2n+1

to test which of these four conditions is applicable

in this case four codewords must be calculated,

i.e, one for cach condition,

First codeword:

Yeven-even' casc,

For an '2kh' summation the coefficients in egn. 5.21 may be written

1 _
A= Akh * MRkn

= Mke * Pk

it

Anke * Pk

—,+A

+ A + A=

2kh 2kh
hke * Mhis

- - H Al Y
+ AhkR + Ahk£ (Friedel's Law)

For the space group Pbca the following relation holds:

Anks = BRke

= A

hike = "hkd

and the first codeword is therefore

A= Ak ¥ ke
2-— —

A= Anke” Phke
3 _ R

A7 = Ak Pk

A4 = ~A A

+ A + A

n
>
)

hke © hke hke
*Ake * kg = O
“ Aokt Phke 0
+ A, =A . =0

hkg hkg
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B =0 \

82 =0

83 =0

8% = 0

Only values of Ahkz’ and not the values of Aﬁk&’ AhEﬁ and Ath

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

memory holds the following values

1

A A

L

hke
A = “Ahks,
A - “Anks,
At A

Thus to obtain the correct values the coefficients A™, A7, A

must be zeroed

Hence Al = Al x 1
2 _ 2
AT = AT X0 codeword = 1000
A3 = A3 x 0
At = % x o]
. , . ' . T 52 23 L4
The full codeword, including the coefficients B, BY, B”, B is

therefore : 10000000,

The codewords for the other three cases : 'odd-even', Teven-odd’
and 'odd~odd' may be similarly derived and the full four part codeword is:

10000000 - 00100000 00010000 01000000.
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5.4 THE PATTERSON PROGRAMME.

The Pattersen programme is similar to the Fourier programme but

2 - . )
uses FO as coafficients and uses the formula

Plu,v,w) = Z Z Z F2 cos 20(hu + kv + 2w) ceresas 5.22
hki © ¥

where u, v, w are the fractional coordinates of the unit cell parameters.
Since the Patterson function is centrosymmetric, the codeword is
restricted to ovaluating the coefficients of A1, AZ, A3, A4, “The
corresponding B values being zero.
In this case equation 5.19 modifies to

2
Atks) = Folhked

5.5 THE RESIDUAL PROGRAMME.

This programme calculates the residual index R
R = LIFI-IFII o eeeee. 523
LIF
from properly scaled Fo and FC values, and expresses the answer as

a percentage.

(%]
(o)

THE BOND LENGTHS AND ANGLES PROGRAMME.

This programme requires as input the unit cell parameters: .

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

It can then calculate

(a) Interatomic distances

(b) Interatomic angles

(c) The best plane (by least squares) through any number of points
(d) The angles between any given plane

(e) The perpendicular distance between atoms and planes.
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The fractional coordinates (xi) measured in Triclinic system
are converted to Cartesian coordinates (Xi) by the contravariant
Transformafion3o

x'y = (xi)(B})

x',%2,%%) = (X,Y,2) (Cartesian coordinates)

3]

where (Xi)

(x') = (x1,x2,x3) = (x/a,y/b,z/c} (Fractional coordinates)
e 0 0]
(B}) = |b cosy b siny ' 0
- N
c cosB ¢ SosBcosy-cosa 1
' siny *
. _ )

(a) Interatomic distances are calculated from the formula:

2

r =[<>< R OA Y>+(szA)Z]

AB

(b) Interatomic angles are calculated from the formula:

B > _
"ag * Tec = |Tag| |TBe| 0% ¢pec
whence ¢ABC - Arc COS[(xA-xB)(xB—xC)+(YA~YB>(YB-YC)»«(ZA»ZBMZB-ZC)1

|"AB|-|"BC|

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

It

Equations of a2 piane are: X +mY + nZ -~ p =0

and £2 + m2 + n2 = 1
this then means then é, m, n are the direcTibn cosines of the plane.
Let eq. of Thé plane be Y = m'X + n'Z + ¢
Hf X, Y. Z;) lies off the plane then miX, + n'Z, +c=Y # Yo
then Yi -Y = Yi - (m'Xi + n'Zi + C)
then by principles of least Sq. which states that the sum of the square

of these differences = min. for the best plane.



Let there be UN" points then

X 2
U= T [m'X, +n'Z, +c~Y]

i=1

3y _3U _3u_,

then oo = 300 T 3¢

which gives rise to the cequations.

N
2
i=1

N

)

i=1

then

N N
Y, = af i§1 X, + nviz1 Z, + Nc

N N N
XY, =m' ) X[ +n' ) X.Z +c ) X
i & i L= i L i
i=1 i=1 i=1
N N N -
ZY,=nm' ] X.Z +n" ] Z{+c ) Z

i=1 i=1 i=1
solving for m' n' and c.

LY, = m' IX o+ nt JZ, o+ Ne

1)

IX. Y, = m fo + 0t QX Zo+ e )X,

2
YZ,Y, = mt IX.Z, + ' JZT + c)Z,

- (ZXZY*NZXY)(EXZZ~NZXZ)—(ZZZY«NZYZ)(EXZX~NZX2)

(ZZEX-NEXZ) (EXZZ-NEXZ) - (EXEX-NIXZ) (£25Z-NzZ2)
2

= (EXZY-NEXY) (EZEZ~NEZ™)~(TZEX-NIXZ) (£ZLY-NIZY)

(EXEX-NEXZ) (£Z5Z-NEZZ )= (£ZEX-NEXZ) (EXZZ-NEXZ)

_IY-m'EX-n'IZ

N

From these values of m' n' and c¢

g =

ct/ Aem)2 + ()2

1/ Sem? + (a2
5

-t/ Nem)2 « (n)

c/ /Q+(m7)2 + (n')2
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(d) The angle between two plancs.

If the two planes have the equations

+

0] and

+
3

NN —=N

=

£1X + m1Y + n1Z--p1 m

+ m

)
NN =N
NN =N
+

3

and 22X + mZY + nZZ--p2 = C and
then the angle between them, 6, has the value.

31
8 = Arc cos (2122 + m1m2 + n1n2)

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

tet the point concerned have the ccordinates (X1,Y1,Z1)

and let the plane concerned have the esquation

OX + mY + nZ-p = 0 with 22 + m% + n% = 1

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

D = £X1 + mY1 + nZ1 -

Where D is positive if the point (X1, s Z4

plane opposite to ThaT conTaining the origin.

) is on the side of the
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6. THE CRYSTAL STRUCTURE OF
Di~p-diethylphosphido~bis-(tetracarbonyimolybdenum) (compound 1).

6.1 OPTICAL GONIOMETRIC STUDY.

A drawing of the crystal and a sfereographic projecfioﬁ are shown
in Fig. 12. A goniometfric study was carried out using a two circie
optical goniometer. The readiﬁgs obtained are only accurate to within
20 minutes of a degree because the crystals were very small and the re-

flections obtained were not always. good.

Several crystals were examined and the quoted angles are the means

of measurements independently carried out on five different crystals.

6.1 (a) Procedure. The crystal was mounted with the large féce'b (Fig. 12)
in a horizontal position. Intferfacial angles were measured in
the following zones
Zone A a . b L c¢c L~ d . e . f
(171) ~ (100) ~ (117) ~ (T1T) ~ (T00) ~ (111)
Zone B g . b . h ~ i ~ & . k
(TT) ~ (1000 ~ (111 ~ (T11) ~ (T00) ~ (T1T)
Interfacial angles between similar faces were found to be

(100) . (111) = 56°30°"

i}

(100) ~ (111)

it

68°51"
and the obtuse angle between zone A and B was measured and found

to be 100°437,

6.1 (b) Determination of the angle 8.

In determining the angle B8 between the X and Z axes it



(T00)

(100)

FORMS PRESENT:

(100) ORTHOPINACOID
(i11) -ve HEMi-BIPYRAMID
(Til) +ve HEMI- BIPYRAMID

Fig.12
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was assumed that the face which is cozonal with (171,111) and
(100,001) is the negative hemi-orthodome (101). This Is the
hypothetical face T labelled on the sterecogram (Fig. 12), By
considering the face (100) together with the hypothetical face

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

+(101)

c - a c
sin 180=(a+R) sin a sin(a+8)

c sin o

. sin{a+B) = =T e “"‘f"(i)
C ‘_ a
sin 180~-|(180-8)+8] ~ sin &
", sin(g-s) =<£sin ¢ ereereenea (D)
a
(i) _ sin(a+B) _ sin a

(i)  sin(B-8)  sin 6

Sin a cos B + cos a sin B _ sin a
sin B cos 8§ - cos B sin § sin'§

. e

.'.sinocos Bsin § + cos asinBsind = sinasinBcos § - sinacosBsin &

. .cos B(sinasin 6 + sinasin §) = sin B(sinacos § - cosasin &)
sin B _ 2 sin asin 6 '
* cos B sin(a~d)
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To determine the angle a, which is the angle between (100)
and the hypothetical face (101), consider the following Napierian
triangle

SERD!
O

\ T— .

Tme— ) (101)

\\

569307

\

\,
\ Q
\§Q\21%?
~

100)

By goniometry, the angle (100) ~ (171) = 56030', and the angle
between the zone (100,101) and (100,171) is half the angle
100°43% = 50°21730"

sin 90-50°214' = tan 90-56°307 - +an (100) ~ (101)

) . _ sin 39°3847
.". Ttan (100) ~ (101) = Tan 330307

hence o = (100) * (101) = 439577,

To determine The‘angle §, which is the angle between the face
(100) and the hypothetical face (101) consider the following
Napierian friangie - |
(Th T (JoT)

,\
68°51}\
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By goniometry the angle (100) ~ (177) = 68°51' and the angle
between the zone (100,107) and (100,171) is half the angle
100°437 = 50°21130"

sin 90-50°21%4' = tan 90-68°51' +an (100) ~ (107)

sin 39°3847

.*. tan (100) ~ (107) =
an (1 ! tan 2109¢

hence & = (100) ~ (107) = 58°46"
_ 2 sin 43°47' sin 58°46"

... +
M BT e 140490
. 8 = 751" (acute)
or B = 104°59' (obtuse)

6.1 (c) Calculation of axial ratios.

Considering the following Napierian triangle

L T~ b ron

569307 S
\50°214

o

(1) By calculation (100) =~ (101)

-

43%5771

il

and (101) ~ (001) = g - 43°57% = 31°04"

fl

(2) To obtain the angular distance (171) ~(101):-
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sin 43°57" = tan 90-50°21%" +an (171) ~ (101)

tan (171) ~ (101) = =2
tan 3993841

(171) ~ (101) = 3997

(3) To obtain the anguiar value ¢ :-

sin 31%47 = +tan 39°57' tan 90-¢
fan s0-¢ = 210314
tan 39°571
o = 58 23!
tan ¢ =-§ - 1.6244

. ¢ sin (001) ~ (i01)
The axial ratio = = =+ 507~ (707)

_ sin 31747
sin 43°577
£ - 0.7433
a
< :_E .i: > =
T =5 X 0.7433 x 1.6244 1.207
Hence a b N
1.624 : 1 : 1.207

Change of awes.

In the subsequent X-ray analysis it was necessary,

in order to comply with space group conditions of Cz/C to relabel

The axes : Goniometric study a b ¢
: R AR
X-ray study c b a

and the angle B was, unconventionally, chosen as acute.

6.2 THE DETERMINATION OF THE UNIT CELL AND SPACE GROUP,

6.2(a). The measurements of the unit cell parameters.

The unit cetl lengths were measured from layer-line spacings
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of single crystal rotation pho+ographs32. The values were
refined by ftaking zero layer Weissenberg photographs about each
axis and extrapolating the interplanar spacings in accordance with

Bradley and Jay's ex+rapola+ion33

The angle B* was measured accurately from Weissenberg photo-
graphs in two ways
(a) by the method of w separafiongf yielding a value of B*= 102°31"
| | g = 77°29°
(b) by the method of Triangula+ion?5 yielding a value of B*= 102°32¢

77°281

it

"
This value compared favourably with the vaiue B = 75° 17 obtained
by optical goniometry. in the accufafe determination of +h¢ unit
“cell tengths, Kodak Industrex D film, which has no significant

shrinkage, was used.

The final values of the unit cell parameters obtained were

a=13.21% .01 R o = 90°
(o]

b = 10.85 = .01 A g = 77.46% X .08°
(]

c = 16.48 = .02 A y = 90°

Several methods for accurately sefting crystals were employed36_38,

The one which proved the most successful was the double Laus method
of Weist and Cole39: this consists of taking a Laue photograph
of a crystal on a cylindriéal camera and having one of the arcs of

the goniometer head parallel to the incident beam, A second phofo—-

graph is superimposed on the first by turning the crystal through
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180°.  From the resulting composite photograph it is possible to

determine both the magnitudes and directions of the arc errors.

6.2 (p) The measurement of the crystal density,

"The density of the crystals was measured by the flotation
method.  The liquid used was a mixture of bromoform and ethyl
alcoho! in which the crystals were insolublie. This method yielded
a value of

o = 1.633 X ,003 g/cm3.

6.2  (c) The number of molecules/unit cell,

The volume of the unit cell of a monoclinic crystal is given

by the formula V = abc sin B.

The number of molecules In the unit cell can therefore be cal-
culated ffom the formula
nM = abc sin B p N Ceeenans - §°1'
where M s the molecular weight of the compound
O is the Crysfal density (measured)
N is the Avogadro number.
By appropriate substitution of the measured constants

34,24

- 13.21X10.85X16.48X.9762X1.6BBX6.OZBX102 x10

594,2

n=3.817 = 4 molecules/unit cell,
The calculated crystal density P assuming four molecules per

unit cell, is 1.711 g/cm3.
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The examination of systematic absences and the determination
of the space group.

Zero and upper layer Weissenberg photographs were taken with
the crystal oscillafiné about all three principal axes. The
reflections were indexed and an examination of the indices was

carried out,

The conditions limiting the possible reflections were
hk& : h + k= 2n.

hOg 2

2n, h = 2n

0kO : Kk =2n

The diffraction symbol (Monoclinic second setting) was therefore

12/m1C.c. which corresponds to two possible space groups :

C2/c (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

applying tests for pyro—elecfricify4o and by carrying out a Wiison

‘ pIoT41. Both of these methods, however, yielded non-definitive

6.3 THE

results, and the space group was uniquely determined by subsequent

analysis of the Patterson synthesis.

SELECTION OF A CRYSTAL SUITABLE FOR INTENSITY DATA COLLECTION.

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

"shown that

42



intensity of the X-ray beam,

where I =
I, = initial intensity of X-ray beam,
py = lincar absorption ccefficient,
+ = thickness of crystal traversed by the X-ray beam,

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

the crystal "into a sphere43, but the crySTals invariably shattered.

Calculation of the |inear absorption coefficient .

The |inear absorption coefficient may be calculated from the

formula
u=p L PHn | crecaa ceees 6.3
where p = density of the compound
p = the proportion of each element by weight in the compound
M, = mass absorption coefficient of each eiemén+44.

For the compound under analys!s and using CuKa radiation of wave-

length 1.5418 R

o = 1.633 g/cm’
b (Mo) = 162 cn’g”

- i

b (P) = 74.1
- - ¥

b (0) = 11.7
C) = i1

um(v) 4.60
= 1

u (H) = 0.435
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This gives u = 104.6 cm—1v and an optimum crystal size of

0.2 mm.

2/u = 0.019 cm

6.4 THE COLLECTION AND MEASUREMENT OF INTENSITY DATA.

A single crystal, having diménsioné 12 mm x. 10 mm x 07 mm
was selected. The mean radius was taken as 0.049 mm. Hence uR = 0.51,
The absorption correction A* for uR = 51 varies only from

° to 1.90 at ©=90° This was not deemed significant

2,08 at 6 =0
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
film, the multiple film Technique45 was employed. The crystal was set
with the Y axis parallel Té the axis of oscilliation and upper layer
intensities were collected using the equi-inciination technique. . Data
was collected from the hO&, h1&, h2%, h3%, hd4&, h5%, and h6& layer {ines.
‘The integrated intensities of the reflections were measured on the den-
sitometer and the appropiate corrections to account for the non-linearity
of the densitometer responsevwere app! ied (SecTioﬁ 4.2). The intensity
daTa from the different layers was écaled by measuring the reflections
obtained from a zero layer integrated Weisscnberg photograph taken
about the Z axis (hkO reflecfions);1027 reflections were measurec.
The intensities were punched on computer cards and ccrrected for

various geometric and physical factors as discussed in Section 5.1

A Patterson synthesis was then éompufed.
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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 cell 0+ % along a, 0=+ % along b

and 0 + 3z along c. The three dimensional map was drawn on glass

sheets and photographed (Fig. 13).

Since molybdenum is ccnsiderably heavier than any other atoms in
the molecule, the vecteor peaks arising from Mo - Mo interactions can
be expeéTed 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 mclcocules, ana
hence eight mclybdenum atoms per unit cell.  There are two possible

space groups CZ/C (centrosymmetric) and CC (non-cenTrOSymméfric)°

The eight molybdenum atoms were placed in the general positions

p :
as required by The space group C2/ and 8x8 positicns of the

c
vector peaks arising from the Mo - Mo intcractions are shown in Table 4.
Not all of these peaks are uniquc, however, since there are eight vector
peaks at the origin (0,0,0),* there are four peaks at (%,£,0) and

four at (-3,-3,0): +this is analogous to a peak of multiplicity 8

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

4
6.5 (a) Calibration of PaTTerson_peaks*7.

The volume of a Patterscn peak due to a pair of atoms |1 and
J is ZEZJ where Z is the number of electrons in an atom.

V'.=Z-Z- . ® 8 @ & 008 604
HJ J
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The volume of the origin peak is multiple and contains a volume

Voorigin = | 72 | cieeiies 6.5
L4

where n is the number of atoms in the uni¥ cell.

The volume of a peak is not easy o measure, so one can use the
approximation that the height of a peak is proportional to its
volume

Hs kv . 6.6

Thus the expected peak heights for al!l expected pairs of atoms can

be tabulated on an absolute scale.

For compound 1,. J zi = 20344 = height of the origin peak.
' n
A single Mo-Mo interaction will thercfore 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 cell, only a *racfiqn
of the total number of peaks are expected on the Patterson map as

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



TABLE 5

Peak position Multiplicity Expected in Expected peak
: Patterson map height
0, 0, 0 8 X 20344
i, 7, 0 8 * 20344
0, 2y, 3 4 : * 7056
0, -2y, z 4
2x, 0, $+2z 4
-2x, 0, 3-2z 4
3, 442y, % 4
7, -2y, % 4 * 7056
142X, %, £+2z 4
2%, L, -2z 4 * 7056
2%, 2y, 2z 2 * 3528
-2x, =2y, ~2z 2 '
2%, -2y, 2z 2
-2x, 2y, 2z 2
+2x, §-2y, 2z 2
2%, $+2y, 2z 2
%-ZX, %mZy, -2z 2
E'ZX, 5+2y, -22 2
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6.5 (b) " Analysis of the Patterson synthesis and the unamb i guous
determination of the space group.

The peaks obtained in the Patterson synthesis are shown in
Table 6. The heights of the peaks are scaled so that the origin
peak has a value = z Zi = 20344, The position of the rotation

n

peak was found as follows:

Table 5 shows that there should be a peak at (0, 2y, %) vof
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 i1ts hcight 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 was peak 15 at 2x = 28/100, 2y = 40/100,
22 = 4/100.  This was checked by seeking the satellite peaks at

(£, £~2y, %) and at (3~2x, %, £-2z). The result (Table 6)

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

-but that their heights compare remarkabiy well with fthe expected

heights.

The Patterson synthesis also established the space group of
the structurs uniquely as C2/c' Thé vector peaks arising from

the other possible space group, CC48, were analysed in a similar

manner, but gave no vector peak at (4-2x, %, #-2z) which was

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

c was thus taken as correct and was confirmed subsequenfly

2/c

by the successful structural analysis.



TABLE 6

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

Positions are listed as hundredths of the unit cell parameters.

Me compound

W compound

Peak [Position|Height Height |General PositionfHelght |Height |[Ratio
Number Observed:x|Expected|Coordinates Found:y|Expected| y/x
1 {0, 0, O |20344 20344 000 0, 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
5 122, 0,45 932 - - -
6 0, 8,50f 1610 - - ~
7 150,11,50] 7798 7056 5,5-2y,% 50,12,50124879 121904 3.38 %
8 142,32,12| 2839 42,32,12| 2896 1.02
9 8,20,37{ 1144 8,20,36| 1181 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, z 0,38,50(24879 21904 3.38 %
14 150,42,50| 1610 - - -
15 28,40, 4| 2967 3528 2x,2y,2z 28,29, 4111430 |10952 3.85 %
16 0,50, O} 3009 - - -
17 6,50,39{ 2712 6,50,40( 4724 1.74
18 [50,50, 0|20344 20344 3, 7, 0 50,50, 0{50024 {50024 -
19 122,50,45] 7205 7056 +-2X,%,%+2222,50,46|22403 21904 3.11 %
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6.5 (C ) Analysis of the Patterson synthesis by the isomorphous
substitution method.,

The Pa++erson map of the molybdenum compound was ccmpared with
that of the isomerphous tungsten compound49. The peaks of the
Patterson synthesis of the tungsten compound were put on an abso-
lute scale (] Zﬁ = 50024) and compared in posiTion and height
with those opﬁained from the molybdenum compound (Table &).

The peaks due to the heavy afom‘inferacTions only, may be expected

G

to have heights in the ratio —5- == = 3.10, while the other
Z 42 '
Mo

peaks, due to interaction of the heavy metal with P,0 or C and
of the light atoms with each other, may be expected to have a

fower ratio.

Table 6 shows that peaks 7, 13, 15 and 19 comply with the
required ratio = 3.1 while the others do not. This offers a
second proof that peak 15 is the rotation peak at 2x = .28,

2y = .40, 2z

.04 and that the molybdenum atom therefore lies

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 B value
of 2 32, These gave an R valtue of 0.37. A Fourier synthesis,
followed by a differenceFourier synThes%s, showed the locations of all
the 1ight 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).



TABLE 7

Atomic positional parameters in fractions of the unit cell lengths
a, b, c.
X y z

Mo . 140 . 195 .022
P .296 .136 .087
O1 .068 .380 .150
O2 .029 .008 151
0, | .565 261 | .040
0, .300 . 515 .098
C, .274 . 180 . 196
C3 ~-.340 -.030 076
Cg .100 .314 .102
C6 .069 .075 .105
C7 .501 276 .017
C .328 . 440 .055
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Structure factors were again calculated including all the atoms

listed in Table 7. The following tentative B values were assigned:
(0]
Mo B = 1.8 A
P B=18 "
O1 B=>5 !
= it
92 B=5
= 1
O3 8=25
- 1
0y B =5
C1 B =4 '
- i
C3 B=4
= "
C B=4
C6 A B =14
- i
C, B =4
= it
C8 B =4

A second difference Fourier synthesis carried cut with the latter
structure factors showed the positions of the atoms C2 and C4 at

x = .381 y=,203 z = ,224

= ,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.
REF INEMENT,

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 dISpersionSO
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The first two cycles were devoted only to refining the scale
factors, thus placing the observed and calcula+ed's+ruc+ure factors on
the same scale. This was foliowed by three cycles where the scale
>fac+ors, the atomic positions and the isotropic temperature factors
were all allowed to vary. At this stage of the refinemen+ the value

- of the residual, R, was 0.116.

The isotropic temperature factor of atom 04, however, was noted

to be somewhat high and osciliating with each cycle of refinement:
rd : 02

atter 3~ cycle B=28.7 A
after 4+h cycle B % 12,5 "
atter 5+h cycle B =10.6"

I+ was thought that the atom had been misplaced and a further
calculaticn of structure factors, omitting +he atom 04, folfowed by
a +hree.dimensiona| difference Foufier synthesis was carried out.

The resulting map was featureless except for a large peak at
x = .25y =~.09 z = ,10 which was in good agreement with the position
obtained from the fifth cycle of refinement : x =',2746 y = -.1069

z = .1057.

This proved that a+om C4 had, in fact, been correctly located,
so three more cycles of refinement were carried out, again varying the
positions and isdTrOpic temperature factors of ali the atoms. The
temperature factor of atom ,C4 remained steady:

0
12.46 A2-

after ‘I'he’6+h cycle B

th

after the 7 cycle B =12.22 ".

1

after the 87 cycle B = 12.48



5t.

Finally three cycles of refinement wers carried out varying the
positions of all the atoms and Treéfing the temperature factor of the
Mo atom anisotropically (section 5i2). The final R value for the

sTruéTure 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 12.48 22 obtained for the temperature factor of
C4 is considerably higher than the values obtained for the other C
atoms (B = 4.04 average) and would only be reasonably possible if the
atom werc located in a iafge vacant space in the éfruc+ure, +hus'
allowing it free movemén+. However the C4 - P distance is 3.2 X,

which is smaller than the van der Waals interaction force distance,

o
taken as approximately 3.5 A.

The temperature factor corresponds to a mean atomic vibration
ol
amplitude of = 0.4 A which is somewhat high but not unreasonable,
However no explanation can be given for the rather high value of the

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 cm = 1 A)
and photographed in colour (Fig. 15). The colour photograph of the

model gives a good three dimensional impression of the relative location
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of the atoms to each other. (Mo atoms brown
P atoms blue
0 atoms red
C atoms black)
An idealised drawing of the molecuie is shown in #ig. 16, in which atl

the atoms have been labelled.

The values of observed and calculated structure factors are

tabulated in Appendix I.

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,

The best planes going through the atoms 02', 03', C6', C7', Mo',
P', P, Mo, C79 C6, 03, O2 (the 'horizontal' plane ~ see Fig. 16)
1 1 1 K 1 7 i -
and the atoms O1 , C5 , Mo', C8 , O4 5 04, CB’ Mo, C5, O1 (the Tverti

cal! plane - see Fig. 16) were computed. The interplanatory angle was
found to be 89.95° which is in excellent 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. 16
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TABLE 8

Atomic positional parameters and their standard deviations in fractions

of the unit cell lengths a, b, c.
X y z ox oy 0z
Mo  0.1408 0.1953 0.0216 0.0001 0.0003 0.0001

P 0.2923 - 0.1456 0.0854 0.0005 0.0008 0.0004

0.0655 0.3954 0.1551 0.0019 . 0.0029 0.0015

0,
O2 0.0219 0.0114 0.1556 0.0018 0.0027 0.0015
O3 -0.0658 0.2389 -0.0381 00,0017 0.0024 0.0013

0 0.2005 -0.0283 -0.1060 ~ 0,0019 0.0028 0.0015

C1 0.2720 0.1806 0.1965 0.0022 ~  0.0037 0.0017
C2 0.3809 10.1896 0.2268 0.0024 0.0040 0.0019
C3 0.3477 0.0002 0.0730 ‘0.00ZI 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
c 0.1763 0.0550 -0.0575 0.0022 0.0036 0.0018



TABLE 9

Final temperature factors with standard deviations

Mo Bi1 0.00212 £ 0.00008

8o = 0.00302 * 0,00033
B33 © 0.00123 + 0.00005
812 = 0,00041 £ 0.00018
813 =-0,00056 * 0,00005
823 =-(,00004 * 0,00013

P B= 1,78+ [12

0, B= 6,07+ .62
0, B= 5.8 % .60
0y B= 4.95¢ .53
0, B= 6.03: .62
C, B= 4.26+ .66
C, B= 5.00% .74
C; B= 3.55% .63
C, B=12.48* 1.9
Cg B = 4.14% .67
Cg, B= 3.55* .62
C, B= 4.14%: .67

C B=23.64 * .64
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TABLE 10

Bond lengths (R) with estimated standard deviations.

Mo - Mof 3.057(6) P~ C1 1.83(3)
P - Pf 3.96(1) P - C3 1.73(3)
Mo - P 2.51(1) 05 - O1 1.15(5)
Mo - PY 2.49(1) C6 - 02 1.15(4)
Mo - C5 1.95(4) C7 - O3 1.10(4)
Mo - C6 1.99(3) 08 - O4 1.20(5)
Mo - Cq 2.03(3) C1 - C2 1.62(5)
Mo - 08 1.99(4) C3 - C4 1.49(4)

(The figure in parentheses represents the estimated standard

deviation of the last significant digit).



TABLE 1

Bond angles (°)  with estimated standard deviation.,

C

Mol =~ Mo - P 52.0 (3) P -Mo-C, 171.8 (1%
Mo'~ Mo - P? 52.7 (3)  P' - Mo - Cg 170.3 (16)
P - Mo - P 104.6 (3)  Cg-Mo-Cg 175.8 (17)
Mo'! ~ P - Mo  75.4 (3) Mo-Cg-0, 173.3 (16)
P - Mo~ Cg 84.8 (5) Mo - Cg -0, 175.8 (16)
Cg - Mo - C, 87.0 (5) Mo - C, -0y 176.6 (17)
5 - Mo - P! 83.5 (6) Mo - Cg -0, 178.1(18)
P - o - Cg 90.8 (6) P-Cy-C, 112.4 (9)
Cg - Mo - C, 89.6 (5) P -C,-C, 111.9 (9
C, - Mo - Cs 89.7 (6)  Mo' - P -C 1211 (9)
Cs - Mo - P 89.4 (6) C,-P-Mo  114.6 (10)
P - Mo - Cg 94.0 (6)  Cy - P~ o' 118.2 (12)
Cg-Mo~Cg  88.0(5) Cy-P=-C, 1059 (11)
Cg - Mo = Cy 87.8 (6) Cy - P=Mo  120.0 (14)
Cs - Mo - P! 90.0 (6)

(The figure in parentheses represents the estimated standard

deviation in the last significant digit).



TABLE 12

Perpendicular distances between atoms and planes.

(a) Distances between atoms and horizontal plane

Atom Perp., Distance
0
02' -0.043 A
o]
0,°' -0.021 A
3 o
C6” 0.028 A
[¢)
C7' 0.031 A
o}
Mo? 0.044 A
Py 0.029 A
o
P - -0.029 A
o]
Mo ~0.044 A
Q
C -0.031 A
7 (o)
Ce -0,028 A
[¢)
0 0.021 A
3 o
O2 0.043 A

(b) Distances between atoms and vertical plane

Atom | Perp. ‘distance
(o]
O]v 0.020 A
)

CSv -0.001 A

Q
Mo' -0.042 A
[e]
C8' ~-0.002 A
@]
04' 0.021 A
) Q
-0.021 A
6]
0.002 A
Mo 0.042 A
(o]
C 0.001 A
5 (o]
A

0 0,020
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7. THE CRYSTAL STRUCTURE OF
u~-Teftraethyldiphosphine-bis-(pentacarbonylmolybdenum) (compound 2),

7.1 OPTICAL GONIOMETRIC STUDY,

An accuarte drawing of the crystal and a stereogram are shown in

Fig. 17. The crystals are bipyremidal.

The angles e ~e', e~ e"" and e * &"
were measured on five independently chosen crystals.  The crystals were
very well formed and good signals werse obtained experimentally, all

readings being accurate tc 2 3 minutes of a degree.

The mean valuesobtained were:

e "~ e 62°22°
e~ e 94°84
e~ e 94°84
The fact that e ~ e" is exactly equal to e * &' shows that, on

optical goniometrical evidence alone, the crystals are tetragonal.

7.1 (a) Calculafion of axial ratio.

(i) if the face e is assumed to be (101) (as drawn on the
sterecgram Fig. 17)
tan 9408%v
2

n

the axial ratio c/a

1.0851

(ii) if the face. e is assumed to be (111)

tan 94984+
2

0.7602

(o]
x cos 45

~  *the axial ratio c/a

il



Fig.17
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¥ it Is tetragonal, the angle e * e' can be checked by calcula-
47°0441
tion @ 2o/

\'[16’./ P

Considering the Napierian triangle above,
sin (90 - e"e') = cos 47°044" cos 47°04%!

~

e ~ el = 629217

this is within 0°01" of the measurcd value.

7.1 (b) Optical characteristics.

The crystals werc examined under the polarising microscope
and found to be definitely biaxial (2V = 72°).  This posed a direct
problem, and the only possible explanation for the above evidence was
that perhaps the uniaxial crystal is a.polymorph which is truly tetra-
gonai at the temperature cf crystallisation but passes +hrbugh an
inversion at lower temperature rendering it optically biaxial. Thare
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 Smali, and from a random batch of crystals some
will be uniaxial and some biaxial., The large number of crystals

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

The problem was later solved by considering the symmetry of the

Patterson projections which proved that the crystal is orthorhombic.

It is of interest at this point tc 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 cell with a#b #c and o 6.8 =y = Qd} does
not necessarily mean that the crystal has orthorhcmbic symmetry. In

the tabulation of Donnay and Nowacki® | there are over fifty monoclinic
substances listed having unit cells of the above shape. Crysfais

should therefore be classified not according to axial Jeng+hs and angles,
but by considering the minimum number of symmetry axes present. Thus
the tetragcnal system may be defined as having one four fold axis, 4

(or 4) only; while the orthorhombic system may be defined as having

more than one two fold axis, 2 (or 2), and nc axes of higher symmetry.

The above discussion may be summarised by quoting the Internatiocnal
Tab!es52, which state "The symbol # implies non-equality by reason of

symmetry;. accidental equality may, of course occur”,

Chang¢ of axes.

7.2

7.2

In the subscequent X-ray analysis it was necessary, in order tfo
comply with the space group conditions of Pbca, to relabel the axes:
Goniometric study a . b ¢

¥ ¥ ¥
X-ray study c b a

THE DETERMINATION OF THE UNIT CELL AND SPACE GROUP.

(a) The measurement of the unit celi parameters.

The:unit:cell parameters were measured from layer-line spacings
s 32
of single crystal rotation photographs™ .  The values were re-

fined by taking zero tayer Weissenberg photographs about each axis
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and oxtrapolating the interpianar spaéings in accordance with

‘Bradley and Jay's ex+rapola+ion33. In the accurate determination

of the unit cell lengths, Kodak Industrex D film was used, as this

has no significant shrinkage on development.

The final values of the unit cell parameters obtained were

Q o)
11.43 = ,01 A a = 90

a:
0 o)
b = 14.95 £ ,02 A g8 = 90
0 o)
c = 14,95 + 02 A v = 90

The methods of accurately aligning the crystals have been previously
described (Section 6.2).

The measurement of the crystal density.

The density of the crystal was measured by the flotation method.
The liquid used was a mixture of bromoform and ethy! alcohol in

which the crystals were insoluble,

The measured value of the density was

> = 1.679 g/cm”

The number of molecules/unit cell.

The number of molecules/unit cell was calculated from the

N

formula
nM = abc pmN

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

a,b,c are the unit csll ltengths
N is the Avogadro number



57.

By appfopiafe substitution of the measured constants

7.2 (d)

3,424

11.34X14.QSX14.QSX1.67QX6.023X102 x10

650.2

3,974 = 4 molecules/unit celt.

n

assuming four molecules per

The calculated crystal density 0o

unit cell, is 1.690 g/cmj.

The examination of systematic absences and the determination of

the space group.

Laue photographs were taken with the X—ray beam accurately
aligned fo the three principal axes in each case. All three
photographs displayed mm symmetry, giving the crystal a Laue
symmetry of mmm, thus placing it uniquely in the orthorhombic

system,

Zero and upper layer Weisscnberg photographs were taken with
the crystal oscillating in turn about all three principal axes.
The reflections were indexed and an examination of the indices

was carried out.

The upper layer photographs showed that there were no
restrictions for h + k + g, thus the crystal has a primitive
lattice P. The reflections from the zero layer photographs

showed the following conditions for the indices:
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Reflection. Condition

Ok#. K = 2n

) hOg 2 =2n
hkO | h = 2n

h0O0 h = 2n

0kO k = 2n

004 £ = 2n

The diffraction symbol was therefore mmmPbca which uniquely

corresponds to the space group Pbca.

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

Ffom consideration of elementary absorption theory it can be shown
that the optimum size of a crystal = 2/u  (Section 6.3)

where p = linear abéorpfion coefficient.

vATTemst to grind the crystal into a sphere43 failed, because, as

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

Calculation of the linear absorption coefficient u,

The linear absorption coefficient was calculated as previously
described (Section 6.3) and found to have a value u = 99.46 cm—1‘
A single crystal, having dimensions 15 mm x ,15 mm x .12 mm was

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

Thus R =0.695 0.7.  The absorption correction A* for wR = 0.7
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varies from 2.75 at 6 = 0° to 2.32 at 6 = 90°,  Although smail,

this correction was decmed significant and therefore the intensity data

was corrected for absorption.

t THE COLLECTION AND MEASUREMENT OF INTENSITY DATA.

Intensity data were ccllected using an in+egra+in§ Weissenberg
goniometer and employing the multiple fiim Techniquo45. THe crystal
was set with the X-axis parallel to +heiaxis of oscillation and upper
layer intensities were collected using the equi~inclination method.
Data were colliected from the Ok, 1k, 2k2, 3k& and 4ki layer lines.
The intfensities of +hé roflections werc measured as described in
Section 6.4.  The infensity data from the different layers were scaled

by measuring the reflections obtained from a zero layer Weissenberg

. photograph taken about the Y axis (h02 reflections). The number of

7.5

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.

THE PATTERSON SYNTHESIS.

A three dimensional Patterson synfhésis was computed (Equation 3.22)
for the fraction of the unit cell 0+ % along a, 0~ % ‘along b
and 0 + % 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

plane group pgm55 which is consistent with the space group Pbcasé.
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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 fo 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 unit cell. The eight molybdenum atoms were placed in the general
positions as required for the space group Pbca. The IBXB positions
of the vector peaks arising from the Mo-Mo interactions were derived
in terms of general coordinates and are shown in Table f3. Analysis
of table 13 showed that only seven non origin peaks may be expected to
appear in the Patterson mep as computed. These peaks and their multi=

plicity are marked with an asterisk in Table 14,

The Patterson vector peaks were calibrated as discussed in
Section 6.5(a), z Zﬁ for the compound being 21144 = height of the
n

origin peak.

(a) Analysis of the Patterson synthesis.

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

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

= z Zi = 21144,  The position of the rotation peak was found as follows:~
h

Table 14 shows that there should be a peak at 0, #-2y, 3z of
expected height 7056, The only corresponding peak in Table 15 is peak

4, at 0, 0.16, 0.50 of height 7786,
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TABLE 14

Peak position Multiplicity Expected in Expected peak
Patterson map Height

0 0 o0 8 * 21144
0 ++2y % 4
0 §-2y % ' 4 * 7056
£ 0 $+2z 4
+ 0 3-2z 4 * 7056
+2x ¥ 0 4
=2x £ 0 4 * 7056
1 £+2y 2z 2
+ 1-2y 2z 2 * ' 3528
T ++2y -2z 2
$ +-2y -2z 2
2x 3 3+22 2
2x % -2z 2 * 3528
-2x ¥ $+2z 2
=2X % 3-2z 2
T+2x 2y % 2
42X =2y % 2
=2x 2y % 2- * 3528
1-2x =2y % 2
2x 2y 2z 1 * 1764
2x 2y -2z 1
2x =2y 2z 1
2x =2y -2z 1
~2X 2y =2z 1
-2x =2y 2z 1
-2x 2y 2z 1

1



TABLE 15

List of peak heighfs and positions for compound 2

Positions are listed as hundredths of unit cell paramgters. -

Peak No, Position ‘Height ‘Height General
Observed .| Expected Coordinates
1 0, 0, 0 21144 21144 0, 0, 0
2 0, 14, 11 2346
3 0, 0, 36 2791
4 0, 16, 50 7786 7056 0, $-2y, %
5 0, 30, 40 1268
6 9, 34, 26 1939 1764 2%, 2y, 2z
7 9, 50, 24 4068 | 3528 2x, %, +-2z
8 13, 36, 34 1561
9 13, 20, 16 1277
10 12, 36, 10 965
11 12, 50, © | 1901
12 16, 38, 50 1183
13 27, 0, 0 4446
14 24, 0, 23 2176
15 25, 15, 27 832
16 26, 14, 50 1731
17 40, 50, O - 9365 7056 $-2x, %, 0
18 41, 34, 50 3784 3528 - 3-2x, 2y, %
19 38, 36, 10 1656
20 36, 22, 40 1135
21 50, 30, 16 1438
22 50, 50, 37 1078
23 50, 0, O 2611
24 50, 0, 24 9271 7056 3, 0, 3~2z
25 | 50, 16, 26 3831 3528 1, $-2y, 2z
26 50, 13, 34 2157
27 50, 0, 38 2223
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#

Hence %-2y = 0.16

2y = 0.34
There are two ﬁgssible peaks correspondfng to the general position
3, 0, $-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

n
(]
N
~

Hence £-2z

2z = 0,26

There are also two possible peaks corresponding to the general
position %-2x, %, O : peak 11 of height 1901 and peak 17 of height
9365. The latter was chosen because its height matched the ex-
pec+ed'heigh+ of 7056 more closely

Hence 3=2x = 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 posi+fons ¥, -2y, 2z;
2x, %, 3=2z; +-2x, 2y, %*; all of expected height 3528, and the
rotation peak at 2x, 2y, 2z of expected height 1764, The result,
listed in Table 15, shows that these values fit remarkably well.

.In all cases the peak heights are somewhat higher than éxpec+ed,
indicating that not only the molybdenum atoms, but the light atoms

as well are contributing to the vector peaks.

Peak 16 was therefore chosen as the rotation peak, having
coordina+es 2x = 0,09, 2y = 0.34, 2z = 0.26, and the molybdenum

atom therefore lies 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

Q2

of B=2A"., These gave an R value of 0.42,

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

cell 0% along a, 0~+4% along b and 0+ % along c. This

showed the positions of the following atoms:

P, C., Cq, Cq, Oy, Csy, O,, Cy, O

62 “87 Y9r W12 Y2r Y22 Y32 Y3

the atomic nomenclature in the molecule),

0, and 0. (see Fig. 23 for

4 5

The peaks corresponding to atoms O4 and O5 were considerably

higher than those of the other three oxygen atoms. In addition a
peak, with height approximafely‘% of the height of the molybdenum peak
was foﬁnd at posifioﬁ x= .04 y=,17 2z = .37. This posed an
immediate problem, because by virtue of its position it could not be
reasonably linked to any of the light atoms in the molecule and thus

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

it could not be neglected.

The possibility of impurties in the compound, or of water molecules
occluded in the structure was discarded in vicw of the accurate results
of the e!emenfallanalysis (Section 3.3) and the infrared spectrum

(Section 3.4).

I+ was thought that the Fourier programme might be at fault and an
exhaustive check of the latter was carried out culminating in the com-

putation of a three dimensional Fourier synthesis of a published heavy
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atom structure, The programme, however, yielded the correct results.

A three dimensional Fourier synthesis was therefore computed over
the whole unit cell, in order tfo see The focation of the unexpla?néd
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 the unexplained peak, when translated in accordance with
the requirements of the space group Pbca, lay exactly between two

molybdenum atoms which do not belong to the same molecule.

X y z
motybdenum atom (molecutle 1) 0.04 A7 L3
unexplained peak 0.54 A7 .13
molybdenum atom (molecule 2) 1.04 17 .13

In accordance with the space group Pbca, whose equivalent positions
are listed in Table‘13,+his would correspond to transiating the unexpec~
ted peak from x,y,z (.04, .17, .37) to z+x, y, -z (.54, .17, .13).

It was assumed therefore +hé+ this unexpected peak was a heévy atom -
heavy atom interaction Fourier peak. This was proved by the fact that,
on calcuiation of the difference Fourier, the peak disappeared, while

the peaks of the other light atoms remained.

The positions of the atoms as found from the first difference

Fourier are shown in Table 16.






TABLE 16

~

Atomic positional parameters in fractions of the unit cell lengths
a, b, c. |
X y z

Mo .039 .169 .130

P .076 .036 ;029

0, .039 .045 .303

0, .012 .331 .253

O3 .032 . 296 .034

O4 -.230 .170 135

O5 .310 175 .135

o .043 .089 241

Gy 016 | .270 .208

Cq .041 .249 .022

Ce 152 059 |-.084

Cq 156 |~,063 .081
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The difference Fourier synthesis did not agive a clear indication
of the atomic positions of atoms C4 and CS’ probably due fo inter-
ference effects of the Mo-Mo interaction peak in this region. Their
position was thus calculated by assuming the Mo-C and C-0O bond.

0 o
2,08 A c .15 A

3.23 R

fengths, which were taken as Mo 0

< >

and they were thus placed coflinearly with the Mo and O atoms in

the following positions C, x=-.140 y = .170 z = 133
Cg x=.220 y=.173 z=.133

Structure factors were again calculated including all the atoms in
Table 16 as well as atoms C4 and C5. The following tentative tem-

perature factors were assigned to the atoms:

o] 0-
Mo B = 1.8 A2 C1 B =4 AZ
P B=1.8" CZ B=4"%"
= i = i

O1 B=5 C3 B =4
0, B=5 " C, B=4rm
= it = it

O3 B=5 C5 B =4
= 1 = i

0, B=5 Cq B =4
= " = ]

O5 B=25 C8 B =4

This trial structure yielded a residual value of R = 0.25,

A second difference Fourier synthesis, carried out with the latter

structure factors showed the positions of the atoms C7 and C9 at

C, x
7

it

.286 vy

]

.070 z = -.075

C -.040 z 135

]
1
H

g X = .268 y
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The second difference Fourier synthesis also showed characteristic
peaks in *he vicinity of both the Mo and P atoms, implying aniso-

tropic thermal motion.

REF INEMENT.

The structure was refined by least squares method using the C.S.1.R,
ORFLSRED programme.  In the refinement, the scattering factor of the

molybdenum atom was corrected for dispersionso.

In order to place the observed and calculated structure factors
on the same scale, the first two cycles were devoted only to refining
the scale factors. This was followed by thres cycles where the scale
factors, the atomic positions and the isotropic temperature factors
were all allowed to vary. At this stage of the refinement the value
of the residual, R, was 0,095, Thé Tempefa+ure factors of the

atoms O 0

40 05 and C7 wera noticed to be somewhat higher than those

of the other atoms and oscililating with each cycle. Therefore three
more cycles of refinement were carried out varying the same paramecters

as before. The residual R at this stage was 0.094.

A final three cycles of refinement,; in which all the atomic positions
were allowed to vary and in which the temperature -factors of the Mo
and phosphorus atoms werce treated anisotropically, were carried out.

The final R value for the structure was 0.091,

The final atomic positions, with estimated standard deviations,
are giveh in Table 17 and the final values of the ftemperature 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 arawn on glass and
photographed (Figs. 19 and 20). The Fourier map shows the positions
of the aToms.in The asymmetric uniT,'Togefher with the P' atom
bélonging to the other half of the molecule. Fig. 19 shows the
s+rﬁc+ure as viewed alongvfhe X axis, with atoms 04, C4, Mo,VC5, O5

superimposed .

Fig. 20 gives a perspecfiVe view, cleariy showing the different.
positions of atoms which are coltincar with the X axis. In both
Figs. 19 and 20 the Fourier ripple peak is directly beneath the peak

of the Mo atom, near the bottom cof 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.

An accurate modé! of the molecule was constructed (scale 4cm = 1 2)
and photographed in colour. (ﬁig. 22).  The colour photograph of the
model gives a good three dimensicnal impression of.+he relative location
of the atoms fo each other. (Mo atoms brown

P atoms blue
O atoms red
C atoms black)

An idealised drawing of the molecule is shown in Fig. 23, in which

all the atoms have been labelled. 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 éngles and their estimated standard

deviations were calculated by using the formulae discussed in Section

5'6‘

Thaese are shown in Tablies 19 and 20,

Three 'best planes? going through atoms in the molecule were

calculated.

(a)

(b)

(c)

The

The

The

are

plane 1%  going through the atoms:

0,%,C 057’C5V?MO? c,',0,',P",P,0 C4,Mo C.,0.,C ,02

2?92?; 74»4) 94» ,5;572

plane "2", going through the atoms:

P,04,C4,M0,C4,04,C,,0,

plane "3"  going through the atoms:

Mo,Cy,04,C,,0

04,C4,04,C4,M0,Cy,0,,C,,0

477372737 1271275775
interptanatory angies were found to be
plane "1% ~ plane "2" = 90.09°
plane "1" ~ piane "3" = 89.13°
plane 2" ~ plane 3" = 84.51°
angles are in good agreement with the expected valuc of 20°,

perpendicular distances of these atoms to their reSpeCTivé pianes

shown in Table 21,



TABLE 17

Atomic positicnal parameters and their standard deviations in fractions

cf the unit cell parameters a, b, c.
X y z - ox ay. oz

Mo 0.0395 .0.1690 0.1304 0.0005 0.0001 0.0001
P 0.0759 0.0357 0.0289 0.0013 0.0004 0.0004
O1 0.0379 0.0452 0.3020. 0.0033 0.0014 "0.0015
O2 0.0087 0.3346 0.2523 0.0028 0.0014 0.0016
O3 0.0339 0.2979- | -0.0351 0.0034 0.0015 0.0015
O4 -0.2333 0.1710 0.1385 0.0040 0.0023 0.0025
O5 >O.2997 ‘0.1950 0.1474 0.0041 0.0020 0.0022
C1 0.0386 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

4 ~0.1524 0.1652 0.1323 0.0059 0.0022‘ 0.0024
Cg 0.2176 0.1736 0.1351 0.0066 0.0022 0.0025
Ce 0.1459 0.0556 -0.0811 0.0050 0.0021 YO.0022
C7 0.2738 0.0809 -0.0649 0.0066 0.0030 90,0032
C8 0.1478 -0.0637 0.0774 0.0043 0.0019 0.0022
C 0.2626 -0.0429 0.1375 0.0050 0.0022 0.0026




TABLE 18

Final temperature factors with standard deviafioné (Rz)

Mo By, = 0.00327 * 0.00108
By, = 0.00242 * 0.00007
B33 = 0.00235 ¢ 0.00007
B,, = ~0.00044 * 0,00020
Byg = 0.00003 # 0,00023
By = ~0.00039 + 0.00008

P B, = 0.00360 * 0.00244
By, = 0.00219 + 0,00024
Byy = 0.00261 * 0.00028
By, = -0.00076 ¢ 0.00058
8,5 = 0.00008 * 0.00067
By = -0.00007 * 0,00022

0, B=5.75* 0.6

0, B =5.60 * 0.52

03 B =6.29 * 0.65

0, B=18.53 ¢ 1.75

05 B =7.97 * 1.50

C, B=15.03 * 0,76

C, B =3.78 * 0.66

C; 8= 2.98 ¢ 0.59

C, B =3.47 ¢ 1.06

C5 B =3.91 *0.91

Cq B = 3.76 * 0.81

C, B=8.18* 1.4

Cg B =3.36*0.78

Cq B = 5.69 * 0.96

O



TABLE 19

[e]
Bond lengths (A) with estimated standard deviations

PT - P 2.21 (2) P-Cs  1.85 (4)
Mot - Mo 6.45 (1) P-Cq 1.85 (4)
P~Mo  2.54 (1) Cg = Cy  1.53 (8)
Mo - C,  2.11 (4) Cg = Cqg 1.62 (7
Mo - C,  1.93 (3) Cy - Cg' 6.25 (9)
Mo - C; 2,04 (3) Cy - Cg' 4.83 (9)
Mo - C, 2,19 (7) Cg - Cg' 4.75 (8)
Mo - Co  2.04 (7) Cg = Cg' 3.36 (8)
C, - 0, 1.06 (5)
C, =0, 1.18 (4
Cy - 05 1.09 (3)
Cy~0, .93 (8
Cg - 05 1.01 (8)

The ffgure in parentheses represents the estimated standard deviation

of the last significant digit.



TABLE 20

Bond angles (°) with estimated standard deviations.
P! - P ~ Mo 118.9 (5) C3 = Mo -'C1 178.1 (12)
P! - P - Cg 9.6 (6) Mo - C, - O4 171.6 (19)
Cg = P = Mo 118.0 (4) Mo - C; - 0, 179.4 (15)
Ce - P - p7 94, 0 (5) Mo - C, - 0, 1721 (12)
C6 - P - Cg 106.6 (5) Mo - Cg - 05 161.2 (19)
Cg ~ P - Mo 118.4 (4) Mo ~ C3 - 04 178.6 (15)
P~ Cg - Cy 108.2 (9)

P - Mo - Cg 90.4 (4) P - Cg- Cq 1151 (8)‘
Cg - Mo - P 83.3 (6)

C3 = Mo - Cy 87.9 (5)

C2 - Mo - C, 90.4 (6)

C, - Mo - P 91.3 (5)

C4 - Mo - Cy - 90.5 (4)

C3 = Mo - Cg 91.4 (4)

Cg - Mo ~ C, §9.8 (4)

P-Mo - C, 98.7 (5)

Cy = Mo - Cy 81.4 (6)

C2 - Mo - Cg 96.7 (4)

178.3 (12)

C, -~ Mo~ C 177.3 (13)

4 5
The figure in parentheses represents the estimated standard deviation

of the last significant digit.



TABLE 21

Perpendicular distances between atoms and planes.

(a) Distances -between atoms and plane "1"

Atom | Perp.distance (R)
i) .

O2 .053
¥ — .

C2 .057
v -

O5 017
1

C5 .054

Mo! 014
! A

c, .042
f

O4 .051

- PY .029

P . : ~-.029

0, | ~.051

C4 -.032

Mo -.014

C5 -.054

O5 -.017

C2 .057

02 .053

(b) Distances between atoms and plane 2"

o]
Atom - Perp.distance (A)
P : 047
O3 -.026
C3 ~.013
Mo -.001
C1 ~-.027
O1 -.041
C2 -.036
0 ~.097



TABLE 21 (continued)

(c) Distances between atoms and plane *3%

Atoms Perp.distance (R)
0, .160
C, -.010
O3 -.020
Cq ~-.061
Mo -.090
C, -.065
O] -.042
Cs -.095
0 224















8.1(b)

In the type B compound u-Tetraethyidiphosphine-bis(pentacarbonyl-
- mo{ybdenum)

Et Et
| !
(OC)5 Mo - P ~ P - Mo (CO)
» ! P

Et Et

5

we have octahedral structure about the Mo ahd tetrahedral structure
about the phosphorus. Thus the same considerations as with

[Mo(CO) | apﬁly with regard to electronic configuration of the metal
atom. These were discussed previously, so that no further elucidation

is necessary,

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 ligands and the d electrons of the metal ion.

To describe this inTeraéTion, the d orbitals of the metal are
shown in diag. A. If six ligands in an octahedral array are placed
around the metal ion, two of the metal orbitals, dx2—y2 and dZZ
(the eg orbitals) are disposed along the |igand-to-metal bonds. The

remaining orbitals, d d d (collectively designated the +2

XZ* “yz’ "Xy 9

orbitals) are orientated so that each lobe is directed towards a point
midway between any two |igands. Because of The clectrostatic field of
the tigands the potential energy of an electron in the eg orbitals
will be higher than that of an electron in the +29 orbitals. Now

an electron will seek a position of lowest potential energy and the
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first three elaoctrons will occupy the dxy’ dx ., and dyz orbitals.

The orbital taken by the fourth electron will depend on the magnitude

of the crystal field sptitting parameter, A -

If the electrostatic field produced by the ligand is small (small
AO).+hen the energy required to pair the fourth electron with one already
present will be greater than the energy required for its promotion to
the ¢ tevel.  Under these circumstances the configuration +2,3eg*

g
will be realised. tf the field is strong the configuration will be
-4

ng .

This may be illustrated schematically as shown in diag.A in which

the energy of the d orbitals before and after splitting is shown.

0.64
o

0.44
)

A  represents the total energy scparation

represents the energy lost by the system for each electron

0.44 ;
o occupying the low energy level.

represents the energy gained by the system for each electron .

O'6Ao occupying the low energy level,

In particular, considering the d orbitals of the Mo atom there
arise two possibilities, depending on whether the |igand produces a.

smalt or large Crystal field.
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(a) The ligand produces a small crystal field:

| KRN
wrrEE
*ﬂj.___...._
I
in this case the electrons will distribute themselves among both the
9 and ng crbitals

(b) The ligand produces a large crystal field:
themsel ves among the Tz orbitals.

.

they will distribute

ARNENENEN

U
\ RORETRRTY o

Since the compounds under discussion are diamagnetic, the latter

situation prevails, as this shows that there are no unpaired electrons.
It is also consistent with the conclusion that CO gives rise to a

large crys+al 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-u-diethylphosphido-bis-{(tetracarbonyimolybdenum) {compound 1),

The structure of the compound is illustrated in Fig. 16 ., fhe
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 experimental error and the two phosphine

ligands are trans to each other on this plane.

The bond lengths (Table 10) are similar to those found in the re-
lated complexes [(0C) 4 (E+,PIMo(PMe,) Mo (PEL3) (CO) o an

(CHz )Mo+ PMe

(<0, (CaH 2

H. 58
H Mo<05H5>(00)2]

8.2 (a) Metal=Metal bonds.

Recent literature shows that many eléménfs of the "d" block
form compounds with metal-metal bonds. The suresf indication of
the existence of a metal-metal bond is provided by the molecular |
structure, In general short distances between the metal atoms
are indicative of the exisfenée of the bond but these alone do not

constitute conclusive evidence.

Several authors have discussed the factors which influence the
formation of M-M bonde.0' In particular Sheldog” proposes the
following cfiferia 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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hedron centres,
2(b) A polymef containing octahedral M6’ tetrahedral M4 or
| trigonal M3 clusters of metal atoms with short M-M
distances and whose general stereochemistry cannot be
accounted for by the typical coordination and oxidation

numbers of the metal.

Lewis and Nyholm63 discuss M~M bonds in transition metal complexes
and list the M-M bond distances between metals of the "d" group.
In particular they list eight molecules having Mo-Mo  bonds

o]
varying in bond length from 2.8 to 3.84 A.

The molybdenum=-molybdenum bond.,

The inTeEpreTaTion of the metal-metal bond length depends on-

the sélecfidn of the correct singte~bond radius for molybdenum.

Evidence from previous structures shows that the molybdenum
radius is dependent on its oxidation state, Cotton and Wing64
arrived at a value of 1.61 X - for octahedrally coordinated Mo®,
and Doedens and Dahl accepted this value as correct for the hepta-

. II
or octa-coordinate Mo compiex .

(00 ,(CoHg Mo« PHe,, Mo (C_HE) (COY, ] 7°
Bennett and Mason65 also give the value of 1.60 & .03 X in two
heptaco~ordinate cyclopentadieny! and ethyl complexes of MoI
and MoII . |

' ]
Lawton and Mason66 report a radius of 1.45 A in molybdenum

acetate, in which the metal is pentaco-coordinate.
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Bennett and Mason suggest that the radius changes by 0.05 g
for unit change in formal oxidation number, If the oxidation éTaTe
of the metal in the compound under discuséion is Mol (Section 8.1)
and if the value of 1.61 R is taken for Moo, this gives a
vatue of 1.56 2 for MoI. The calculated M-M bbnd length would
%hen be 3.12 R, which is.in good agreement with that found in
the compoﬁnd (3.057 X). Bennett’s and Mason's suggestion, how=-
ever, is based on a 'hard ball'! approach which is oversimplified
and as such is not.universally appticable, The value of 1.56 R
for MoI cannot therefore be taken as reliable. As discussed in
secticn 8.1, however, it is preferable to regard The metal as
being zerovalenf in which case the value for the molybdenum radius

0 : : - o
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 the molybdenum atom with any certainty.

Therefore the principal bond lengths observed in the related
compounds

(a) L(OC)3(E+3P)M0(PMe2)2Mo(PET3

(b) ‘\(OC)Z(C5H5)M0-PMe2'HfMo(CSH5

and (c) that found in the present work are shown in Table 22

)(c0)3]

><co>2]

These are compared with the values predicted for the molybdenum

o} o
radii: 1.56 A, 1.61 A

3
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TABLE 22

Observed and predicted bond lengths (R)
61 ;P

The bonding radii used are - 1.1 R

. o
sp - hybridised C = 0.69 A

Observed Predicted
MdI Mo®
(a) (b) (c) F=1.56  r=1.61
Mo=Mo 3,090  3.26  3.057 3,12 3.22
Mo-P (bridging) 2.45  2.43  2.50 2.66  2.71
Mo~C 1.96 1,93 1.99  2.25  2.30

The metal-metal distance observed (3.057%) is somewhat shorter
than that predicted for a heTal radius of 1.56 R, which best fits the
observed value, but falls within the range 2.1 - 3.3 R for known
Mo-Mo bonds and thereforce indicates a strong interaction between the
two atoms.  The strength of the interaction is shown by the bond angles
within the planar ring comprising the two molybdenum and ftwo phosphorus
‘atoms, The angle at molybdenum is increased from 900, expected for
‘a perfect dioctahedral structure, to 104.60 and +hé angle at phOSphorus

is reduced from the normai tetrahedral angle of 109.47° to  75.36°.

This distortion suggesfs that this metal-metal interaction which
is responsible for the compound being diamagnetic takes place directly

between the metal atoms by the sharing of electrons in the dXy orbitals.

It the metal-metal bond is included, the molybdenum coordination

is pentagonal bipyramidal. The angles befween the figands in the
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equatorial plane, however, are 52,0, 52,7, 84.8, 87.0 and 83.50, all
markedly different from 720, which is the expected value for a regular
pentagonal bipyramid, Clearly the coordination of the molybdenum

atom may not be regarded as pentagonal bypirémiaal, and the arrangement
of the ligands does not resemble the arrangement of the l|igands of any
of the known heptaco-ordination types.  Thus the metal-metal inter-
action causes distortion but is not sufficiently strong %o disrupt the

essentially octahedral ligand field round the molybdenum atom. (Fig. 24)

Retationship of Mo-C and C-0 bond lengths to bond orders.

Cotton and Wing64 have derived relationships between the lengths
and formal bond orders of Mo-C and C-0 bonds in octahedral Mo°
comp|exés. Their result is shown in Fig. 25. Their curves are com-
parable tc the curve which is known for C—C68 bonds, being concavs

upward and approaching 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 well known effect of back donaticn of electrons from
the metal atom to the metal-carbon bond

Mf}‘c 5,8

"This in turn causes a reduction in the order of the C—O' bond. Thus

whereas the C-0 stretching frequency in carbon monoxide itself is

about 2155 cmﬁl, the corresponding frequencies in terminal metal



Flg 24 Coplanar atoms in the molecule.

9
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Primed atoms are centro-symmetrically related to unprimed atoms.
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carbonyl groups usually lie at lower véluesy around 2000 cm—1.

I+ is interesting to note that the orders of the metal-carbon and
carbon-oxygen bonds are roughly complementary, and any effect which

. . , e 1

increases one necessarily decreases the other. This is illustrated
. (o

4 -

b

by the three species Ni(CO)4,[?o(CO)4J“ and ‘{Fe(CO) These are
isoelectronic and isostructural, but with a steadily increasing excess
of negafive'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 are shown in Table 23.

TABLE 23

Nu-c Ne-o W
ey 1.33 2.64 3.97
footc0) |~ 1.89 2.14 4.03
’ | 2- 2.16 1.85 4.01
lfe(CO)él .

Table 23 indicates the reciprocal nature of the C-0 and M-C bond

orders, ZN being approximately four in each case.

For the' compound under study ZN = 1,78 + 2.35 = 4,13, This is
only an approximate figure however, because, as Cotton and Wing point
out, the bond-iength 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 well as in the other two similar compounds listed, is
shorter than the prediqfed bond length by approximately 0.3 g.

This would imply I bondiﬁg between the molybdenum and phosphorus atoms.
This is explained by the molecular crbital diagram shown in Fig. 26.

The left hand side diagram shows +he molecular 6rbi+als for octahedralty-
coordinated Mo,  The situation indicated is for o bonding only.

For simplicity the orbitals of the coordinated |igands are assumed
degenerate. The right hand side diagram describes the situation for o
bonding and metal-iigand N bonding. As before the ¢ bonding mole-
cular orbitals of the ligands are assumed degenerate. The diagram
shows the overlap of unoccupied ligand I bending orbitals (e.g. the

d-orbitals of phosphorus) with the metal atom TZO. orbitals .

The right hand side diagram is more realisfic because it fakes
account of T bonding, and both phosphorus and carbon monoxide are
known to be strong 1 bondfng ligands. Mais, Owston and Thomson57
maintain that use of the twelve ligand electrons in o bond formation
and metal-carbon 1 bonding of the carbony! groups exhausts the total
bonding capacity of the Mo®  atom but P also has vacant 3d orbitals
which can be involved in Mo~P 1 bonding as the right hand diagram
illustrates. Overlap of these with the non-bonding ng Mo® atomic
orbitals causes their conversion info a set of lower esnergy bonding
H+29 orbitals and a set of higher energy anti-bonding H*+29 orbitals.
Onty the former are occupied and are of lower energy than the non-

bonding +23 orbitals, hence stablising the Mo~P bonds and

shortening them.
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8.3 DISCUSSION OF THE STRUCTURAL RESULTS OF

8.3

u-Tetraethyldiphosphine-bis(pentacarbonyimolybdenum) .

The structure of the compound is shown in Fig. 23. It consists of
two distorted octahedra joined by a diphosphine bridge. = The coordina-
tion of the phosphorus atom is approximafe!y.TeTrahedral'énd the con-
figuration around the phosphorus—-phosphorus bond is close to the ethane-

like staggered configuration,

The P-P-Mo and Mo-P-C bond-angles (% 119° and 118° respecti-
ve!y) are all appreciably larger than the ideal tetrahedral value and
the C-P-C and C-P-P bond-angles (= 107° and = 95° respectively)
are correspondingly smaller, an effect which is commoniy observed in

phosphine complexes of metals and not yet adequately explained.

The angles round the Mo atoms are all close to 900, the Iideal

octahedral value.

(a) The phosphorus~phosphorus bond.

, o}
The 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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TABLE 24

Phosphorus-phosphorus bond lengths.

Compound Bond-length (E) Ref
P (black) 2.18 69
| P, gas 2,21 (2) | 70
PI, 2.21 (6) 71
P,S; . 2.35 (1) » 72
PS5 2,20 () 73
P,S3 2.23 74
PT84 $2.12-2.25 75
P, Se, 2.25 (3) | 76
|PSCH4Ph |, _ 2.21 77
(€00) gNi (PP, ) N1 (CO) ) 2,277 (&) 67
There are two exceptions to the mean value of = 2.21 g: P4S7, where

the bond is seriously strained and atypical and in-[(OC)3Ni(PPh2)2~
Ni(CO)3]. “In the latter compound the bond lengthening is cxplained
by thé steric hindrance effects. |

In this compound the nearest approach distance of carbon atoms
from the ethyl groups attached to the two different phosphorus atoms
is 3.36 X (C6 - C8') so there is no possibility of steric hindrance

which might cause a lengthening in the P-P bond.

(b) Relationship of the Mo-C and C-O bond lengths to bond orders.

o
The Mo-C and C-0 bond lengths in Mo(CO)6 are 2.08 A and

o :
1.15 A re5pec+ively78. 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

o} .
is 2.06 A which corresponds to a bond order of 1.8.

Due to the atoms O4 and O5 being located in the vicinify.of

the Fourier ripple peak previously described (Fig. 21)‘+he C4 -0,

&

and C5 - O5

regarded as typical (Table 19). The other three C-0 bond iengths

bond lengths are both shorter than normal and are not

(ClmO] = 1,06 (5), C,=0, = 1.18 (4), C3—O3 = 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(CO),.  The bonding and bond orders in

the two compounds are therefore closely similar,

The principal bond lengths observed in the compound and in
Mo(CO)6 are shown in Table 25. These are compared with the vélues
- predicted for the Mo radius of 1.61 A, +the latter value being chosen

as correct for Mo° (Section 8.2(b))

TABLE 25

Observed and prédicfed bond lengths.

e ) o
The bonding radii used are®’: P = 1.1 8, C = 0.69 &, Mo = 1.61 A.

Observed 'Predicfed Difference
in Mo(CO)5 in _compd.?
‘Mo - P - 2.54 2.71 0.17

Mo - C 2.08 2,06 2.30 * 0.23
. (average)



85.

Co++on79 has suggested that the replacement of a carbonyl group
by 2 ligand with less doubla~bonding propensity allows the remaining
carbonyl groups to double bond more closely. lfkfhe suggestion is
corract, and if, as was suggested above the Mo-C and C-0O bond
orders in the compound are essentially the same as in Mo(CO)g, it
follows that the P2E+4 ligand in the.complex forms double bonds with
+he‘ Mo atom 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

o
by 0.17 A, which could be the result of partial Mo-P 1 bonding.

' o
The bond shortening of 0,17 A, while finite, is not necessarily
precise, because, as discussad in Section 8.2(b), there is uncartainty

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 well 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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CONCLUS ION

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-u~diethylphosphido~bis~(tetracarbonylmolybdenum)
has a p]anar centrosymmetric moiecule corresponding to structure Xi,
Fig. 4. The environment of each metal atom is approximately octahedral

o}
and there is a metal-metal bond 3.057 A iong.

While Thomson15 suggested that the photochemical substitution of

a single CO group by PPh, indicated the probable existence of a

3
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 s+rﬁc+ure elucidated, the two pairs

of CO groups (C602, C7O3 in the "horizontal™ plane of the molecule
and C501, C804 in the "perpendicular® plane - see Fig. 16) are in
chemical ly different environments, the former being trans- to the PE+2
bridging phosphorus atoms and the latter being eis~ to these atoms.
Therefore it is not surprising that the reaction leads to the fofma+ion
of a simple monosubstitution product rather than a mixture of the two
theoretically possible geometric isomers. On the ofher hand +he

structure elucidated does not explain why further substitution by excess

PPh3' does not occur except possibly for statistical and steric reasons.

Compound 2, y-Tetraethyldiphosphine-bis-(pentacarbonylImolybdenum)

has a molecule consisting of fwo slightly distorted octahedra joihed by
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a diphosphine bridge. The diphosphine link between the fwo molybdenum
atoms has a catenary form. There is no interaction between the two

Mo atoms.

The.bond angles about the P atoms do not conform to those theore-
tically expcected for complete sp3 hybfidisaTion of phosphorus- but V'
have values greater or !esslThan 109°287,  The angles indicate a
divérgence from the +e+fahedral conformation which implies 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 meclecules, e.g. NH3, PH3 etc which may

be explained in cither of the following ways:

(1) Formally comp lete sp3 hybridisation (i.e. a nominal angle
H~§~H = 109%28" (X = N,P,As,Sb); the angle being decréased
by wi+hdrawaf 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
HmQ—H decreases as X is successively N;P,As,Sb; i.€. in

order of decreasing electronegativity.

(2) No hybridisation (i.e. a nominal angle HeX-H = 90°

(X = N,P,As,Sb); the angle being increased by replusion be-
tween the positive hydrogen dipoles, the repulsion decreasing.
in the order X = N>P>As>Sb, 1i.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 T

bonding between the molybdenum and phosphorus atoms.
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APPENDIX I Ao
h k2 F Fo | h k5 Fy Foo|h k 2 F Fe

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 9 177.0 -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 -6 168.0 183.00 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 1203 -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 8.6 ~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 O 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 -74.l
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 -123.6
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|3 1 -6 23.4 ~32.4
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{110 0 10 61.3 =-61.2| 3 1 9 168.4 155.1
4 0 2 523,2 -501.8{10 O ~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 86.5[12 0 -10 82.0 ~-108.4{ 3 1 15 103.7 123.6
4 0 16 98.2  90.2{12 O 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 4 345.2 319,914 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 -1 166.6 171.0
6 0 12 192.7 197.9114 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 O 10 89.1 =112.2| 5 1 -4 56.9 =57.5




A2

k ¢ F, Foo|h k2 Fy Foo|h k & F, Fe
5 1 5 229.9 227,009 1 -8 53.6 60.6] 9 1 14 24.6 -23.6
5 1 -5 110.4 117.3] 9 1 9 53,1 -61.8/9 1 11 44.2  29.0
5 1 6 8.1 9.009 1 10 77.0 -84.0{9 1 2 45,2 ~58.8
5 1 -6 38,6 =29.3] 9 1 13 87.7 75.9/9 1 0 19.0 =-32.9
5 1 7 148.0 136.2] 9 1 15 98,4  89.6| 7 1 16 48.8 ~45.7
5 1 -7 71.2 74719 1 19 66.6 69.9 7 1 -13 104.3  97.4
5 1 8 98.4 87.3|11 1 2 69.7 -52.7| 7 1 -9 106.0 104.6
5 1 -8 61.3 -48.8/ 1 1 3 246,2 -220.7{ 7 1 -6 34,0 31.4
5 1 9 47.8 52.0{11 1 3 85.2 8.0/ 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 8.7 =-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 7 106.3  78.9
5 1 20 37.6 30.8{11 1 15 67.6 84,3l 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 91.8 101.0 3 1 3 40.1  45.1
7 1 2 70.9 52,1113 1 2 43,2 49,0/ 1 1 -16 33,5  38.1
7 1 -2 71.9 65,413 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 -7 130.7 128.1113 1 -9 47.0  S54.6/11 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 -41.8{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
9 1 1 117.2 -111,3]15 1 ~ 9 84.2 -98.8/ 0 2 & 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 =-24.20 0 2 10 54,2 =54,6
9 1 -3 157.9 162.2{15 1 13 35.1 =-47.9| 0 2 11 112,7 -116.2
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



A3

h 2 F F h k2 F F h k2 F F
O C O C O C

0 2 18 84.4 79.0{ 4 2 15 74.1 53.4y8 2 -10 78.2 .-74.8
0 2 20 62.1 67.51 4 2 =15 75,5 54,78 2 11 102,1 =-100.2
2 2 0 28.3 25,74 2 16 78.4 -88.41 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{ 4 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 44,41 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 -266.6y6 2 0 49.6 -30.918 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 1919 ~-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 -148.4110 2 -1 31.9 -24.0
2 2 6 226.7 220.5| 6 2 3 53.2 52,2110 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  -51.1
2 2 -7 121.6 =-116.0{ 6 2 -4 40.3 -32.4|10 2 4 102.4 121.9
2 2 8 148.4 154,916 2 -5 59.7 60.2y10 2 -4 59.2 57.2
2 2 =10 125.4 =-127.8y 6 2 6 184.7 =-170.1]10 2 5 22,0 =-22.,4
2 2 12 150.,4 160.5y6 2 -7 71.9 63.1110 2 -5 88,5 -84.5
2 2 -12 100.0 =-102.7} 6 2 8 188.8 ~190.3110 2 6 114.4 109.1
2 2 13 102.6 94.01 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 -77.916 2 -10 55.8 37.7110 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 =~-106.5110 2 11 120.9 110.1
2 2 -16 93,0 -84.8/6 2 -12 87.8 79.5y10 2 -1 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 34,11 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 -80.2110 2 13  B2.7 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 -80.3j10 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 A43.9 37.9 6 2 -16 66.4 84.5112 2 1 94,7 109.3
4 2 -2 183.5 194,76 2 17 90.2 =-104.0{12 2 -1 75.3 44,5
4 2 4 89.2 72.8y 6 2 =17 47.0 =37.3412 2 -2 68.6 24,5
4 2 -4 113.,2 137.21 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 6 130.5 121,48 2 -1 113.9 -126.9{12 2 5  94.7 85.4
4 2 -6 113.4 115,61 8 2 2 65,2 =-67.0112 2 6 85.4 -74.4
4 2 7 225.0 213,58 2 -2 101.9 -110.7}12 2 -6 87.0 68.1
4 2 8 69.0 59.6f 8 2 -3 65.0 -69.9j12 2 7 53,0 46.7
4 2 -8 137.4 126,41 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 -68.0112 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 -142.07 8 2 7 109.3 -114.8{12 2 12 86.3 -67.8
4 2 12 43,9 ~53.,008 2 -8 9.9 -97.0112 2 14 85.1 =~81.9
4 2 13 69.5 55,31 8 2 9 136.2 -140.5{12 2 16 73.8 -81.3
4 2 14 97.1 -87.91 8 2 -9 58.0 53.6114 2 0 91.1 -89.1




A4

h k& FO FC h k2 FO | FC h k¢ Fo FC
14 2 2 76,5 =90.8{8 2 -14 27,3 -31.0]1 3 3 =4 149,1 135.4
14 2 -2 8.1 =-81,018 2 13 26,8 -44,313 3 5 60,0 ~51.0
14 2 ~3 67,6 62.8t8 2 -7 100.,9 82,31 3 3 -5 135.8 134.8
14 2 4 9,1 -77.518 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 65.116 2 -9 82.2 75,71 3 3 7 126.5 ~121.9
14 2 6 86.8 =~-72.516 2 9 35.0 -56.4{3 3 -7 103.6 97.1
14 2 -6 50,3 =36.2|16 2 7 1.7 -21,0{ 3 3 8 207.5 195.3
14 2 =7 41.9 41,21 6 2 5 22.5 42.613 3 -8 45,9 -44.4
14 2 8 60.2 -57.4i6 6 -2 20.8 -20.2{3 3 -9 101.8 98.3
14 2 13 80.1 =-91.514 2 -17 27.1 -30.4|1 3 3 10 96.4 91.5
14 2 15 64.2 ~65.6|4 2 -7 7.2 -24.61 3 3 -10 107.9 -119.7
16 2 -1 35.9 -~38.4} 4 2 1 16.7 21,143 3 -12 56,6 -58.5
16 2 3 61.4 =~42.8{ 1 3 0 43.8 -36.113 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 6 638.3 49.81 1 3 2 60.8 -53.313 3 -14 88.7 -55.0
16 2 7 48,4 -48,81 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 77.31 3 3 -15 61.9 54.5
16 2 9 32,6 =-29.6]1 3 4 80.5 -73.91 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 ~86.41 1 3 5 171.7 145,043 3 =~-18 73.6 ~71.7
4 2 -10 42,9 54,11 3 =5 37.7 28,91 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 54,111 3 -6 206.2 -222,7| 5 3 1 153.3 =-141.2
4 2 -1 26.8 35,911 3 7 114.8 104,145 3 -1 158.,1 -165.0
2 2 20 16.0 23,8/ 1 3 -8 102,88 ~95.,0] 5 3 3 90.9 -76.6
2 2 -15 25,9 =241 1 3 9 72.8 84.11 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 -112.6f 1 3 10 80.5 81.6 5 3 -4 32.1 A2
2 2 2  26.1 34.00 1 3 -10 133.1 -115.6] 5 3 5 71.2 =72.3
0 2 7 75.0 -=55.4j 1 3 " 49.9 4.6y 5 3 -5 66.7 -78.8
0 2 6 185.4 -149.11 1 3 -1 46.2 -38.5] 5 3 6 132.1 =117.9
16 2 1 35,0 ~31.91 1 3 12 145.1 147.81 5 3 -6 85.5 89.8
14 2 1" 73.8 ~66.8( 1 3 =13 63.5 =-59.2| 5 3 8 214.2 -196.8
14 2 10 28,5 -32.911 3 14 126.7 139.6| 5 3 -8 125.7 134.8
14 2 5 20,1 -34.11 1 3 =14 82.1 -86.3| 5 3 9 72.5 -68.6
14 2 3 36,7 -48.211 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 40,01 1 3 -16 83.9 ~59.5] 5 3 12 82.4 -84.4
12 2 -7 17.7 27,511 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 5.5 1 3 -19 55,2 -43.0{ 5 3 =17 59.8 46.4
10 2 15 31,9 43.91 1 3 20 55.0 51.6} 5 3 18 111.9 -103.1
10 2 10 75.3 68.44 3 3 0 108.4 115,04 7 3 0 240.0 -262.2
i0 2 -7 127.8 -117.04 3 3 1 48,6 -54,647 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}13 3 -3 181,5 180.4f 7 3 -2 199,0 =199,2
10 2 1 55,6 =44.81 3 3 4 179,99 171,847 3 -3 35,3 ~49,5




[ PN

— b —d ed —h —a
[ N

h k% Fo FC h k & Fo FC h k & Fo FC

7 3 4 38,2 -56.2{111 3 15 . 53,6 -53,5{ 2 4 9 60.5 39.1
7 3 -4 102.6 -121.9y11 3 16 60.0 -46.3{ 2 4 -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 1116 ~116.31 2 4 11 54,9  -=32.5
7 3 6 83.4 -79.1{13 3 4 106.8 -105.01 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 6 794 ~71.9{2 4 13 63.4 -72.0
7 3 9 115.0 114,113 3 8 65.1 -70,612 4 -14 61,0 43.7
73 -9 77.0 -~77.0413 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 -41.5113 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 -48.612 4 19 68.6 -80.4
7 3 -11 75,4 -67,1115 3 2 51,0 =-30.71 4 4 0 66.1 ~49.4
7 3 15 45,9 41,1115 3 -2 69,1 -69.61 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 86,9115 3 -4 66.4 -86.5|4 4 -2 94,1 -~86.0
7 3 20 65,1 69.6115 3 5 72.0 55.41 4 4 3 150.7 =-128.5
9 3 0 81.3 72.2115 3 12 87.7 78.71 4 4 4 33.8 -19.8
9 3 1 119.8 123.6j 0 4 1 84.3 78.31 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 3 108.1 105.41 0 4 3 67,4 56.5| 4 4 7 2225 =~236.0
9 3 -4 46,7 -41.110 4 4 118.1 104,31 4 4 =7 94, 83.3
9 3 -5 52,6 61.11 0 4 5 158.6 175.5{4 4 -8 48.7 37.0
9 3 6 76.5 73.71 0 4 6 87.0 82.71 4 4 9 243.4 -=255.9
9 3 -6 112.7 -116.8{0 ¢ 7 172,60 191.8{ 4 4 -9 109.0 118.3
9 3 -7 66.7 44,210 4 8 40.2 25,34 4 10 69.6 -42.6
9 3 8 132.1° 130.2}10 4 9 137.5 138.074 4 11 143.4 -142.3
9 3 -9 50.2 32.91 0 4 10 52.4 -33,4{4 4 13 68,3 -8B.3
9 3 10 186.0 188.2{0 4 11 112,5 123,64 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 12 137.4 141,210 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 127114 4 15 74,5 -68.0
9 3 14 80.5 79.310 4 17 74.2 20.1{ 4 4 =15 109.3 113.8
9 3 -14 61.9 -47.7(0 4 19 41,4 39.314 4 16 79.4 44,0
113 0 86.6 107.612 4 0 70.3 78.814 4 17 72.0 -55.5
13 2 142.4 147.512 4 1 95.8 111.014 4 -17 76.7 71.8
3 =2 72.3 84.212 4 -1 223.,5 231.4(4 4 19 54,4 =-38.4

3 & 122.5 112,62 4 2 43,1 38.916 4 0 88,0 79.2

3 -4 63.2 64.412 4 3 139.7 143.8y6 4 .1 190.4 -184.2

3 5 36.1 =~52.412 4 -3 256.1 283.9|/6 4 -1 188.0 =~194.2

3 6 48,1 471.512 4 4 52.4 -45.416 4 -2 59,5 61.9

3 -6 86,9 81.312 4 5 1421 135,716 4 3 77.9 -77.5

3 =7 51.5 39.312 4 -5 222,1 244.8|6 4 -3 204.6 =213.6

3 -8 85,5 96.512 4 6 83.3 -~72.116 4 4 53.4 ~48.3

3 9 82,1 -69.81{2 4 -6 36.7 33.916 4 -5 161.0 =167.4

3 10 51,5 =~-45.212 4 7 131.1 130.2{6 4 6 25.4 29.1

3 N 94.0 -82.0{2 4 -7 165.4 188.5|6 4 8 82.6 68.3

3 13 79.2 -74,512 4 8 59.8 ~58,716 4 9 68.3 48.3

Y
p—y



F Fe | h F Fy Fe
6 4 99.0 -96.3|14 4 62.0 5 5 82.6  73.5
6 4 90.4  68.3[14 4 72.5 5 5 178.6 ~186.0
6 4 66.4  50.2[14 4 69.6 5 5 81.6  73.8
6 4 108.8 -93.9{14 4 71.5 5 5 133.7  111.1
6 4 106.8  91.7|14 4 82.3 5 5 82.1 -97.8
6 4 83.8  91.0[16 4 55.6 5 5 78.3  -55.2.
6 4 11,7 13.1) 1 5 98.2 5 5. 138.8  160.1
6 4 100.2  103.5| 1 5 166.9 5 5 113.3 ~118.1
6 4 60.3  48.4| 1 5 165.6 5 5 99.7 =102.1
8 4 178.4 167.0| 1 5 88.8 5 5 46.1  =36.1
8 4 129.6 117.4] 1 5 1292.7 5 5 113.5  125.9
8 4 142,9  133,3] 1 5 95.7 5 5 86.0 =-87.9
8 4 44,6 33.0] 1 5 192.1 5 5 48.2  37.6
8 4 158.6  154.6| 1 5 69.6 5 5 104.6  96.6
8 4 137.0 122,7| 1 5 71.7 5 5 100.8  92.7
8 4 73.5 -54.9| 1 5 28.4 7 5 145.9 . 154.8
8 4 168.6 159.8/ 1 5 107.1 75 161.0  155.0
8 4 16.4 =40.9| 1 5 95.9 7 5 152.3  162.3
8 4 83.5 -40.6] 1 5 115.3 75 81.9  61.9
8 4 161.0 152.9] 1 5 75.7 7 5 72.4  -62.3 .
8 4 66.1 =62.8| 1 5 114.5 7 5 162.0 1658
8 4 83.8  74.9] 1 5 63.5 75 133.2  140.3
8 4 63.9 ~69.5( 1 5 50.0 7 5 52.0  ~42.5
8 4 70.3  -70.6| 3 5 130.1 75 142.4  160.8
4 72.0 -56.1| 3 5 50.2 75 102.0  96.2
4 79.1  67.7{ 3 5 241.1 7 5 58.6  =31.0
4 88.9  89.0| 3 5 11.7 7 5 89.3  78.1
4 98.5 ~82.6| 3 5 82.4 7 5 70.9  68.5
4 114.7 116.6] 3 5 194.4 7 5 79.3  67.7
4 100.0  100.3{ 3 5 88.0 7 5 78.0  54.9
4 79.9 -52.8{ 3 5 85.4 7 5 63.0 -39.1
4 114.7 -104.6{ 3 5 51.8 7 5 63.2  42.4
4 93.8 106.6| 3 5 171.2 7 5 50.7  43.3
4 121.5 =-121.0{ 3 5 71.2 7 5 43,6  -33.5
4 79.1 78.8{ 3 5 195.4 7 5 73.2  -63.8
4 115.2 -117.1{ 3 5 70.4 9 5 64.8 -57.4
4 79.9 -95.4 3 5 60.7 9 5 71.7  64.9
4 73.0 -83.1{ 3 5 136.2 9 5 63.0  48.4
4 1223 ~127.6| 3 5 77.3 9 5 109.7 -~106.6
4 134.3 ~134.6] 3 5 45.6 9 5 76.3  54.8
4 84.0 -65.6| 3 5 58.1 9 5 53.0  61.9
4 123.3 -124.2{ 3 5 58. 1 9 5 122.7 -124.1
4 103.6 -91.5| 3 5 109.9 9 5 116.8 ~113.1
4 68.1 ~-58.0{ 5 5 45.4 9 5 78.3  79.2
4 47.3  48.9{ 5 5 59.7 9 5 128.1 =120.6
4 71.0 -43.6/ 5 5 91.1 9 5 109.9 ~114.2
4 62.7 57.8{ 5 5 85.2 9 5 43.1  -20.3
4 48.7 -41.9| 5 5 70.4 9 5 87.7 -106.0



bt

h K AQ Fo Fc h k& Fo Fc h k& Fo FC

9 5 16 82.1 <-76.6{ 2 6 -3 151.6 -141.3{1 6 6 -4 50.2 -48.0

9 5 18 60.9 =-50,912 6 5 111.7 -91.3| 6 6 5 74.2 70.7
11 5 2 89.0 -9.8] 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 -127.21 6 6 6 83.1 70.2
115 0 100.2 -110.1{ 2 6 -6 73.9 70.8; 6 6 7 41.2 36.7
115 4 78,6 -60.8/2 6 -7 105.1 -116.916 6 -7 114,99 128.8
5 5 62,7 -50,1{ 2 6 8 91.5 -78.0f{6 6 8 47.0 37.9

5 6 80.8 -49.6f2 6 -8 107.1. 94.11 6 6 9 441 -31.0

5 -6 68,9 -88.0f2 6 9 49.6 28,0{ 6 6 -9 108.8 89.0

11 5 7 57.6 -53.,312 6 =9 9.1 ~-79.216 6 10 58.6 341
11 5 -8 81,9 -66.2{2 6 10 114.9 -116.5/ 6 6 =10 56.6 -34.8
1M 5 12 48,9 42,2 2 6 -10 52,2 45.21 6 6 11 76.8 -83.9
1t 5 12 48.9 42,21 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 -77.916 6 12 95.8 82,3
1M 5 16 58.4 83.012 6 12 84,9 -82,7{16 6 =12 74,2 -56.2
13 5 0 50,5 47.21 2 6 12 84,9 -82.7t 6 6 13 100.4 -113.9
13 5 1 36.4 =-42,61 2 6 =12 36.6 44.4]1 € 6 14  62.3 54,0
13 5 -1 55.3 =49.,5| 2 6 =14 44,7 36.5{6 6 15 64,6 -78.8
13 5 2 90.8 70,01 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 44,31 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 1117 14,118 6 -1 68.4 -65.7
13 5 10 77.3 7.2{ 4 6 -1 61.2 65.7;, 8 6 -2 83.7 79.3
13 5 12 79.3 79.11 4 6 2 102.5 -106.5{ 8 6 3 130.2 ~132.0
13 5 14  56.1 56.61 4 6 3 177.8 161.11 8 6 5 160.8 ~179.6
15 5 2 58.6 49.71 4 6 -3 42.4 25,6 8 6 -6 66.1 73.6
15 5 8 26,5 =-24.,00 4 6 4 103.9 -85.6{ 8 6 7 144,99 -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 71,914 6 -5 89,5 =-82.11 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 -44.21 4 6 7 102.5 98.6f 8 6 15 36.3 -35.6

0 o 6 37.5 6.8/ 4 6 -8 99,9 -104.41 8 6 16  64.6 -56.9

0 6 7 117.8 =-124.21 4 6 9 127.6 127.8]10 6 0 34,6 -13.6

0 6 8 4.3 4,84 6 -9 85,7 =-91,2110 6 -1 81.7 -88.9

0 6 10 53.7 48.41 4 6 -10 62.9 -58.8{10 6 - 2 64.3 -47.9

o 6 1t 128.2 -136.7| 4 6 11 127.3 133,010 6 -3 97,8 =-114.3

0 6 13 114,0 -95.8 4 6 -1 95.2 - -82.1{10 6 4 73.9 -81.9

o 6 15 68,1 -68.3] 4 6 13 120.4 123,2110 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 -180.31 6 6 0 91,5 66.2(10 6 ~7 62.6 -79.9

2 6 -1 163.4 -180.3}1 6 6 1 95.2 90.4110 6. 8 87.7 -75.8

2 6 -1 151,3 -180.31 6 6 ~1 110.3 92.2|110 6 -9 84,0 -65.5

2 6 2 36.6 -~29.8{ 6 6 2 103.9 115.0{10 6 =10 54,5 38.7

2 6 -2 68,4 -68.,6f6 6 -3 123,0 142,010 6 11  73.9 63.3

2 6 3 179.9 ~173.01 6 6 4 99.0 90.8110 6 -11 61.2 -68.5

~3



h k% Fo Fc
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 " 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%



APPENDIX II A.9

h k 2 Fo Fc h k ¢ FO Fc h k & Fo Fc

0 2 0 115.5 -157.4f 0 8 5 121.9 121.8] 0 16 10 23.2 20.0
0 2 1 225.6 -275.8y 0O 8 8 11,7 =916 0 18 0 60.2 60.1
0 2 3 163.1 -180.6| O 8 9 131.6 -1i8.4f 0 18 2 26,5 ~23.9
0 2 4 201.3 78.9¢y 0 8 11 105.6 ~-86.6| 0 18 4 71,6 ~81.5
0 2 5 283.7 266.8f 0 8 12 67.4 59.11 0 O 4 259.6 -252.2
0 2 6 84,0 -69.8 0 8 13 79.9 74,310 0 6 76.0 69.5
0 2 7 36.2 42.1 0 8 16 39.8 -~40.31 0 O 8 242.2 248.7
0 2 8 167.0 =-154,5| 0 8 17 42,8 -54,21 0 O 10 115.3 -112.3
0 2 9 218.1 =-219.5{ 0 10 0 128.0 -139.4] 0 O 12 152.9 -=161.0
0 2 10 58.0 42,1 0 10 1 127.4 129,81 0 O 14 40.6 40,6
0 2 1" 91.5 -92.5f 010 2 28,2 -17.2{ 0 O 18 72.7 =85.0
0 2 12 60.2 70.41 0 10 3 88.2 75.7 0 O 2 32,0 26.3
0 2 13 86.2 102.9f 0 10 5 186.1 =~185.6f 0 O 16 60.8 57.6
0 2 14 43,6 ~41.8; 0 10 6 28,7 -23,71 0 18 6 1.9 2.4
0 2 16 54,2 ~58.0} 010 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 ~-43,71 0 10 9 82.9 89.2] 0 12 11 14,9 -21.3
0 4 1 241.,9 230.0f 0O 10 1" 46.4 31.0} 0 12 5 1.1 ~7.3
0 4 2 107.2 107.3y 0 10 12 44,2 36.1] 0 10 15 27.6 -27.1
0 4 3 384.6 386.9f 0 10 13 93.1 -99.1]1 0 10 4 53.6 41,0
0 4 4 195.,5 176.31 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 =~52.01 0 6 3 251 ~30.2
0 4 7 142.4 -130.1 012 3 48.9 ~45,11 0 6 1 25.9  -44,
0 4 8 115.5 -111.1 012 4 141.3 =147.4) 0 2 2 73.8 83.8
0 4 9 146.0 129.5f 0 12 8 128.8 122,11 1 1 2 229.7 -272.8
0 4 10 58.9 51.41 0 12 10  35.1 -38.3] 1 1 4 64,0 63,1
0 4 13 141,0 -140.4} 012 12 47.C =-56.0| 1 1. 5 105.1 ~96,5
0 4 14 41,2 =39.91 012 14 37.8 44,31 1 1 6 214.0 195.5
0 4 16 52.2 -=55.2) 0 14 0 118.0 -123.51 1 1 7 118.3 108.6
0 4 17 69.4 71.51 0 14 1 60.8 -59.8] 1 1 8 49.7 -48.8
0 6 0 258,2 275.0;f 0 14 3 741 ~-66.51 1 1 9 42,7 38.1
0 6 2 55,0 -55.97 0 14 4 44,2 47.41 1 1 10 160.8 ~161.1
0 6 4 272.6 -274.9| 0 14 5 71.3 70.8y 1 1 11 83.5 -83.3
0 © 6 90.7 78.2 0 14 6 41,7 -37.0§ 1 1 12 238.3 33.0
0 © 7 89.3 ~=75.4] 0 14 7 52.2 45,41 1 1 14 77.2 81.9
0 6 8 243.0 221.5| 0 14 8 77.4 =747} 1 1 16  47.0 -47.,9
0 6 S 97.8 -=79.,0f 0 14 9 52.8 -58.4] 1 1 18 45.9 -49.9
0 6 10 686.8 -83.4] 0 14 12 51.4 60.31 1 1 19 45.1 -48.2
0 6 11 75.7 ~58.9] 0 14 13 36.7 46,31 1 2 1 56.7 -~62.5
0 6 12 126.6 -~128.4f 0 16 0 54,7 =47.61 1V 2 2 329 28.4
0 6 14 38.7 39.9y -0 16 1 54.4 60.6y 1 3 1 75.1 -21.5
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 -64.91 1 3 3 287.3 320.3
0 8 0 252.7 -~-266.6f 0 16 & 25.1 ~21.2y 1 3 4 521 -55.1
0 8 1 135.5 -140.,5f 0 16 7 25.7 =287y 1 3 5 165.6 166.0
0 8 3 157.9 -150.7| 0© 16 8 28,4 24,91 1 3 7 214.0 -169.9
0 8 4 155.6 150.1 016 .9 53.6 64.7) 1 3 9 101.0 =-94.9
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11 124.3 120.3] 1 9 15 55,9 ~64.7
15 110.8 -113.2] 110 3 44,5 -43.8
17 40.0 -34.4| 110 4 24,8  16.4
3 125.9 ~118.1) 111 1 30.8  33.7
4 27,0 -17.8/ 111 2 108.6 110.2
5 42,9 -35.9( 111 3 123.7 ~115.7
7 55.1 547 111 4 30,5 -31.6
8 25.6 =23.5/ 111 5 57.2 -47.9
1 78.3 75.31 111 6 118.1 ~107.8
2 222.7 222,90 111 7 41.8  47.2
3 98,3 -8.2] 111 9 46,7  45.9
4 85.4 -68.2| 111 10 68,9  69.8
5 94.0 ~87.7 111 11 53,5 -44.7
6 239.7 -221.4] 111 12 44,0 -36.0
7 124.8  111.1) 111 14 48,6 -51.4
2 105.9 -98.9| 111 15 42,7  52.3
9 52.1  46.2| 113 2 124,5 -131.0
10 60.2 55,1 113 3 60.0 =-61.3
11 71.0 -69.9] 113 . 5 39,1 =37.1
12 77.8 ~-74.3] 113 6 82.4  83.0
13 32,9 -30.9] 113 8 28.9 ~-31.4
14 91.8 -91.8{ 113 10 78.3 =-82.0
15 42,7 38.6] 115 1 82.9 -89.6
16 30,0 33.8] 115 3 38.6 44.3
1 29.4 -33.4| 115 7 82,9 -83.4
1 82.1  83.8] 115 11 57.2  69.1
2 187.5 ~-178.7| 117 1 31.3  23.4
3 81.6 =-79.1) 117 2 55,1 59.5
4 36.2 -17.4| 117 3 46.7 ~50.9
6 186.2 168.5| 117 5 42,7 -46.8
7 76.7 66.5| 117 6 31.3 =-38.4
8 97.0 -81.1) 117 8 21.0 24.6
10 137.5 ~144.2] 117 7 36.7  30.9
11 62.7 -58.3] 1 8 3 11.8 -23.3
14 9.7 65.8/ 1 & 2 28,1  38.7
15 28.9 35.70 1 6 7 12.1 =13.7
16 26.7 =-30.2| 1 6 2 65.6 =-53.5
6 47.5 -36.9] 1 5 18 43,7  42.9
1 166.4 ~172.70 1 4 2 21.3 -23.2
3 118.1 111.8] 1 3 10 28.3 ~-26.8
4 43,7 -50.8 1 3 8 51.8 -61.7
5 100.5 89.2| 1 2 6 31.0 ~33.4
6 79.4 -66.7| 1 2 5 30.8 21.0
7 116.4 ~-120.8{ 1 2 4 15,9 -28.9
8 64.0 =55.4/ 1 1 3 9.7 -10.9
9 59,7 =57.3] 1 1 1 183.7 207.3
11 103.5 104.1 2 0 4 80.8  86.9
14 36.4 =-28.9{ 2 1 3 48,2 -53.6
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h k g Fo Fc h k 2 FO Fc h k ¢ FO FC

2 6 8 123.6 114,51 2 1 5 43.2 41.71 2 15 " 27.1 25.6
2 6 9 23.9 -32.8} 211 7  47.9 47.2) 2 14 13 34,6 35.1
2 6 10 40.9 -44.6 2 1 8 38.0 40.8] 212 N 6.1 -24,2
2 6 11 46.4 -33.9y 2 11 13 35.9 27.9( 2 11 0 16,9 25.4
2 6 12 83,9 -78.41 2 1 14 21.9 20.51 2 10 4 13.8 18.3
2 6 14 34,6 28,71 212 0 99.8 91.11 2 9 5 31,0 -43.4
2 6 16 55,5 55.5} 2 12 2 41,2 -36.81 2 8 17 401 -41.2
2 7 0 136.,1 -138.1 212 4 104.0 -103.7{ 2 5 16 42.7 43.2
2 7 2 46.6 -43.27 212 8 102.7 %.7y 2 4 17 23.2 41.5
2 7 4 34.9 37.5{ 212 10 27.3 -28.8| 2 1 2 16.9 -=24.7
2 7 5 50.0 48.4y 212 12 34.1 -43.01 2 1 1 65.2 ~79.8
2 7 6 40.4 24,7y 212 14 24.2 30.0f 3 2 1 9.9 =~-107.7
2 7 8 58.6 52,07 213 0 62.8 ~59.,3} 3 3 1 94,9 ~96.5
2 7 12 58.9 58.0f 2 13 4 45,1 36.8/ 3 5 1 49,6 42.0
2 8 0 92,5 -70.,01 213 5 32.3 35.6) 3 6 1 61.2  -52.7
2 8 1 99.1 ~89.6f 2 13 7 37.0 34.0f 3 7 1 65.8 64.9
2 8 3 98,0 =-92.2} 213 8 38.8 -41.6f 3 8 1 141,17 -148.9
2 8 4 49,2 40.6] 2 13 12 24.5 29.31 3 9 1 60.9 -63.0
2 8 5 112.9 106.4y 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 -35.0f 3 11 1 53.5 50.5
2 8 8 74,0 -64.8] 214 2 25.5 -22.0} 3 12 1 21,6 =247
2 8 9 81.3 -74.6f 2 14 3 32,0 ~39.6] 3 14 1 40.3 -35.8
2 8 11 72,5 -63.7f 214 5 60.7. 55.3) 3 15 1 48.0 ~49.3
2 8 12 55,5 51.4y 2 14 7 26.8 30.41 3 16 1 46.8 49.3
2 8 13 62.8 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 -49.3y 214 12 32,9 39.2{ 3 4 2 105.6 85.0
2 9 1 67.0 60.6] 2 15 9 41,4 47.51 3 5 2 76.3 77.5
2 9 2 38.3 -42.31 2 16 0 18,5 -38.61 3 6 2 132.8 -129.5
2 9 3 57.5 49.71 2 16 1 43.0 45.61 3 7 2 14,4 ~-108.9
2 9 4 34,9 ~28.4]) 2 16 3 52.6 49.21 3 8 2  49.9 52.5
2 9 9 56.5 54,7 2 16 5 52.4 -52.2y 3 9 2 18.1 23.0
2 9 " 43.5 3.1 216 9 38.3 47.31 310 2 53.8 47.1
210 0 82.4 -=79.3] 217 0 32.6 39.9] 3 11 2 80,1 76.8
210 1 74.3 75.4| 2 17 5 29.9 30.71 3 12 2 87.3 -86.2
210 3 61.2 64,5 2 17 7 25.2 25.2) 3 13 2 54,9 « -62,9
210 5 104,0 -87.8] 2 18 0 40.1 44,01 3 14 2 48,8 48.5
210 6 39.6 -30.3) 218 4 511 -56.6} 3 16 z 20.5 26.0
210 7 69.1 -65,6f 2 2 1 102.7 =-118.0{ 3 17 2 26,0 31.7
210 8 43,2 -33.7{ 2 2 2 26,0 -31.1f 3 18 2 33.4 =34.7
2 10 9 42,5 43.8] 2 2 3 148.,9 -161.24{ 3 2 3 106.7 94.3
210 N 25,5 25,8y 2 2 4 65.9 66.2] 3 3 3 152.9 152.3
210 12 33.9 28,8y 2 2 5 60,5 56.7} 3 4 3 160.3 -153.1
210 13 68,5 -67.4] 2 2 7 29.4 29.41 3 0 4 79.6 ~73.5
21 1 25.8 -24.6f 2 2 8 67.5 -~73.5f{ 3 5 3 84.8 ~78.3
2N 2 38,8 -~-31.9f 2 2 6 22.9 23,7 3 8 3 33.2 27.1
21 4 58,6 -60.4] 2 2 0 146.8 -144.1} 3 9 3 73.0 70.3



h k 2 Fo Fo h k& Fo Fe h k 2 Fo Fo

310 3 105.1 =102.4|( 3 15 7 40,3 ~-40.5| 3 6 14 55.4 53.2
311 3 65,0 -61.6] 316 7 34,5 40.20 3 7 14 47.7 44.6
314 3 34,5 40,7 317 7 25.5 30.3] 312 14 31,0 43,9
315 3 45,5 34.5) 3 2 8 50.2 -40.3] 3 3 15 58.7 =~61.7
3 16 3 20.7 -26.7{ 3 6 8 45,0 -32.9/ 3 4 15 65,6 70.3
317 3 26.3 -25.2\ 3 7 8 30.1 =-19.11 3 5 15 30.4 30.4
3 2 4 79.8 ~94.2{ 310 8 50.2 47.71 3 6 15 30.7 19.2
3 3 4 79.0 -78.3] 314 8 29.6 35.50 3 7 15 32.3 25.4
3 4 4 44,7 ~45.8! 316 8 27.4 25.11 3 9 15 35,1 =41.,0
3 5 4 54,3 -59,8] 3 1 9 23.6 27.11 310 15  40.0 49.7
3 6 4  27.1 26.8] 3 2 9 59.8 -51.8] 311 15 23,6 30.6
312 4 34,0 31.5| 3 3 9 48.5 ~-49.71 3 8 14 35,1 -27.4
314 4 22.5 22,41 3 4 g  48.3 ac.8l 3 V1 14  30.1 =24.0
318 4 12,0 16.0] 3 5 9 22,2 25.71 3 1 14 51,0 48,3
3 2 5 66,7 68,1] 3 9 9 47.2 -41.9] 315 11 37.3 36.0
3 3 5 89,2 94.2] 310 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/ 311 11 29,6 =-27.5
3 5 5 67.8 =~72.8] 3 3 10 15.6 21,213 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 44,1 =31.,6
310 5 63.9 <61.,3] 3 8 10 37.3 40.5| 3 17 5  19.2 20,1
3 11 5 20.8 =-29.4{ 310 10 56,0 48.3| 3 15 5 40.3 '37.7
316 5 20.3 =25.11 311 10 46,1 41.0f 3 14 5 23.8 22.5
3 1 6 101.8 112.3] 313 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 -60.413 7 3 12.9 -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 73.41 4 5 0 61.4 61.1
311 6 46,9 =~45.61 3 9 11 74.9 71.41 4 6 0 127.5 127.3
312 6 93.8 91,2y 310 11 42,5 -39.6{ 4 7 0 203.0 -215.9
313 6 61.2 57.71 314 11 27.7 33.6{ 4 8 0 62.2 -73.0
317 6 29.1 ~26.2| 3 1 12 21.6 23.11 4 9 0 22.1 -12.4
3 1 7 101.8 94.8 3 2 12 34.8 -34,9] 4 1 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 -~137.0/ 3 5 12 30.7 =-28.7} 4 13 0 95.9 -98.1
3 3 7 83.1 ~85.3{ 312 12 36.7 35.3( 4 14 0 44,5 ~41.6
3 4 7 53,2 48,11 3 2 13 20.8 27.8f 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 43.6 ~43.7
3 9 7 82.9 -85.9| 3 9 13 26.0 30.3} 4 10 1 65.8 71.1
310 7 46,6 52,2y 3 2 14 39,5 -48.6/ 4 9 1T 1120 1144
313 7 21.4 15.8{ 3 4 14 29,6 ~39,714 8 1 36.6 =-46.9
3 14 7 32.3 -38.1| 3 5 14 57.3 -59,914 7 1 31.8 -30.4
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h ok F Fe h ko2 Fg Foo | h ok o2 F F.
6 1 23.6 =-20.2| 4 7 5 52.8 57,54 6 12 35.7 -38.7
5 1 94.4 -91.5| 4 5 5 61.4 64.2| 4 7 12 81.7  93.2
4 1 53.4 51.7 4 3 5 207.8 -193.8/ 4 8 12 41.0  39.3
31 142.8 139.9] 4 2 5 109.2 103.3 4 9 13 52,5 -60.3
2 1 95.0 -93.0 4 0 6 37.4 42.8/ 4 8 13 48.1  48.1
1 1 141.6 -151.1] 4 1 6 59.0 -54.3| 4 7 13 38.6  37.8
2 2 49.5 -42.71 4 7 6 54.3 -52.8{ 4 5 13 26.5  38.5
5 2 58,1 -65.6| 4 9 6 36.8 -~29.6| 4 4 13 47.8 -53.4
6 2 25.3 -26.11 413 7 39.2  43.6| 4 3 13 85.3 ~103.3
7 2 34,8 -24,7] 411 7 63.7 61.7l 4 2 13 37.4  50.4
8 2 25.6 28.9 4 9 7 45.4 -36.104 5 13 53,3  38.5
9 2 36.8 -40.6| 4 8 7 32.1  26.41 411 14 27.1  33.4

10 2 20,6 28,2 4 7 7 41,0 27.4] 4 8 16 23.0 ~24.3
11 2 39,5 =~29.1{ 4 3 7 134.6 ~-111.2{ 4 6 16 31.8  36.3
16 2 13.8 14,0l 4 0 8 116.6 127.0l 4 5 16 59.3 62.8
17 .3 23.3 =-17.4] 4 2 7 46.0 38.2| 4 5 17 36.6 -28.2
16 3 23.9 30.3] 4 1 8 140.2 -136.5| 4 4 17 35.4  25.8
15 3 53,3 59.1| 4 2 8 53.1 -49.6] 4 3 17 63.7  54.9
11 3 31.5 =-23.8 4 4 8 42.2 -49.00 4 1 16 53.1 -43.9
10 3 69.3 65.8/ 4 5 8 116.0 116.0l 2 7 16 31.8 -28.6
9 3 9.5 9.8 4 6 8 87.3 88.2| 410 13 44.5 -36.4
& 3 37.4 -45.5 4 7 & 102.4 -101.0| 4 11 13 54.3  42.3
7 3 49.5 -49.5 4 8 8 70.5 ~-60.3] 413 12 58.4  49.0
5 3 134.6 ~120.3] 411 8 73.2  68.6] 411 12 36.0 -36.2
4 3 134.9 133.2| 212 8 60.8 55.9l4 7 10 44.8  36.9
3 3 125.1 133.2) 413 8 70.8 =-73.3| 4 5 10 47.2 ~36.9
2 3 103.6 -108.6/ 415 9 60.8 67.5| 4 8 6 16.2  19.9
1 3 88.2 -76.5| 414 9 30.9 -30.4l4 1 5 46.0  36.3
0 4 95.0 -94.41 410 9 45.7 51.70 414 5 45.4  40.2
1 4 126.0 135.1] 4 9 9 90.0 94.6{ 412 4 S54.6 ~-41.5
3 4 44.5 -45.1) 4 7 9 27.4 -31.8{ 4 0 2 114.8 -112.2
4 4 52,5 38.3 4 5 9 8.6 -81.2| 4 6 3 18.0 -26.5
5 4 226.4 -213.20 4 4 9 103.6 111.1} 416 1 30.7  26.2
6 4 126.3 -123.5| 4 3 9 92.6 102.7] 418 0 38.3 ' 33.8
7 4 104.2 107.4| 4 2 9 57.2 -48.0 4 3 0O 46.0 ~31.1
8 4 64.9 59.5| 4 1 9 108.0 -112.0{ 4 1 0 337.7 ~344.9
9 4 43.3 -49.70 4 1 10 54.3  50.4
11 4 96.8 -95.7 4 4 10 34.2  31.1
13 4 61.9 71.4] 4 6 10 34.8 -34.5 R = 9.1%
14 4 47.2  48.0] 413 11 16.2  18.3
17 4 33,9 -33.00 410 11 33.9  30.6
16 5 33.0 ~35.3] 4 9 11 51.9  51.1
15 5  40.1 =-37.3] 4 5 11 40.1 -41.5
13 5 63.7 52.8] 4 4 11 34.8  43.8
11 5 64.9 69.2] 4 1 11 46.0 -62.3
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 8.7 79.9] 4 5 12 44,2 -51.7






