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ABSTRACT o

Cyslopentadienyl(triethylphosphine)copper(I), CSHSCuP(CZH5)3g
has the cell dimensions a, = 8,60 £ ,02 Xg b, = 11,04 t o1 g,
ey = 7667 ¥ 901.3 and @ = 115,3 2 9500 The space group of the
crystal is le/h (Nos 11) and Z = 2, The structure was solved,
using the intensities obtalined from equi-inclination Weissenberg
photographs, by three dimensional Patterson, Fourier and leaste
squares methods to a final R index of 0.lL45 when a set of
hydrogen atoms was included at chemically expeéted positidnse
The analysis revealed the presence of two enantiomers distributed
apparently equally and randomliy throughout the crystal. The
CSHS ring 1s T=bonded to the cépper atom with average bond
lengths of 2.2l R for Cu=C and 1.38 £ for c-C. The presence of
a8 TT=bonded ring is in accord with the thermal stabiliity of the
compound . WThCSHSCuP(02HS)3 is monomeric and obeys the inert
gas rule, _

Fe3A32(C0)9 has the cell dimensions ag = 10;82 t,01 2,
by = 10,96 ¥ ,02 & and oy = 13.29 ¥ ,02 R, The space group
of the crystal is Bmmb (equivalent to No, 6$3) and Z = lj, The
intensities were estimated from equi-inclination Weissenberg
photographs. The struéture was solved by three dimeﬁsion&l
Patterson, Fourier and least squares methods to a final R index
of 0,107, The analysis revealed a disordered structure consisting
of one molecule randomly distributed in two orientations which
Wwere related by a crystallographie two-fold rotation axis., The
idealized molecular symmetry is 3/m(C3h)e There is an equilateral

triangle of iron atoms with the average Fe-Fe bond distance




of 2.62 £ ,01 &, The two arsenic atoms in the molecule lie
above and below the triangle of iron atoms and are related
by the mirror plane containing the iron atoms. The arsenic
atoms are bonded equally to the iron atoms with an average
As-Fe bond of 2635 Xe The other average bond lengths are

1,80 & for Fe-C and 1,125 § for G0,
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PART I
THE CRYSTAL STRUCTURE OF y<CYCLOPENTADIENYL(TRIETHYLPHOSPHINE)=

COPPER(I), WCSHSCuP(CQH5)3




CHAPTER T

INTRODUCTTON

Cyclopentadienyl(triethylphosphine)copper(I)y
CSHSCuP(CzH5)3, was first prepared by Wilkinson and Piper
(1956), The compound was sublimed at 60°C and ;LO.’S mm, Hg
vacuum to form aggregates of small white needle~like crystals.,
The compound's properties, thermal stability above room
temperature and no extensive poLlymerization, make it unique
among the organometallic compounds of copper., Three possible
types of bonds by which the cyclopentadienyl group can be
bonded to the copper atom in CgHSCuP(CZHS)B are a Tr-bond
(Fig., 1 (a) as In ferrocene (Dunitz, Orgel and Rich (1956) ),
a o=-bond (localized metai-carbon bond) (Fig. &t (b) ) as the
o-CgHy ring in GWQCSHS)FG(CO)E(dhCSHS) (Bennett et al.,

(1965) ) and an lonic bond (Fig. 1 (¢) ) as in manganese
cyclopentadienide Mn(CSH5)2 (Wilkinson, Cotton and Birmingham
(1956) )., Limited polymerization may occur, Fig, 1 (d) is

an example of such a polymeric structure,

R{CaH5)y
Cu

—

+
Cp CuP(CyH: )y

(b) (c) (a)

Fige 1@




In general, a compound with an lonically-bonded cyclopents-
ddeny]  ring has the following properties:insolubitity in hydro-
carbon solvents, vigorous reaction with air, inflaming and.
smoldering in the solid state, reaction with hydrochloric
acid or water to yield cyclopentadiene, reaction with carbon
dioxide to yield carboxylic acid salts and reaction with
ferrous chloride to quantitatively yield ferrocene. A
compouynd with a-wr=-bonded cyclopentadienyl ring would not be
expected to have these properties. If no extensive poly-
merization occurs, this compound is likely to sublime in a
vacuum., A compound with a o-bonded cyclopentadienyl ring
would be expected to undergo hydrolysis with hydrochloric
acid but not have the remaining properties of a cyclopenta-
dienide., -

CSHSCHP(C2HS)3 is very soluble in petroleum ether,
decomposes in air after 3 - 4 hours, is hydrolysed by hydro-
chloric acid, does not react with water or carbon dioxide,
and reacts with ferrous chioride in tetrahydrofuran to yieid
ferrocene almost gquantitatively. Wilkinson and Piper (1956)
stated that the chemical, physicai and infrared evidence for
the nature of the bonding between the cyciopentadienyl ring
and the copper atom is indecisive, but they proposed a o-bonded
CSHS ring for the compound as being the most consistent
Wwith the properties,

Very unstable tertiary phosphine complexes of methylcopper

were reported by Costa, Pellizer and Rubessa (1954) and by
House, Respess and Whitesides (i966). Methyl compounds are

generally as stable or more stable than their o=bonded




cyclopentadienyl analogues as shown by kw~CsH5)Cr(NO)ZCH3
and (T=CgHg)Cr(NO)2(v-CgHg) and also (w-CgHg)Fe(CO)2CH,
and (Wmchg)Fe(CO)g(d~CSH5) (Piper and Wilkinson (1956) ).
Thus a ¢-bonded CgHg ring in a tertiary phosphine complex
of copper is likely to be unstable.

In the crystal structure of the phenylethynyl(trimethyl»
phosphine)copper tetramer reported by Corfield and Shearer
(1966), copper is both Tr-bonded and o=bonded to ethynyi
groups. This suggested that C5H5CuP(02H5)3 may ailso be.
stabiiized by T-bonding.

Because of the special properties of the compound, the
existence of several possible structures, and our preparation
of well-formed single crystais an X-ray structure analysis

was undertaken,




CHAPTER II

X=RAY DIFFRACTION THEORY

A crystal structure is a three dimensional periodic
arrangement of a group of atoms in space to form the crystal.,
A space lattice is a representation of this repeat pattern with
2 lattice point representing the group of atoms., The unit cell
is the smallest repeat unit of the lattice. The symmetry of
the unit cell determines the crystal system.

Certain non-translational symmetry elements are found
in space lattices., A consideration of these gsymmetry elements
and all their possible combinations results in thirty-two
crystal classes or point groups. A crystal form is an assemblage
of equivalent faces of a crystal (e.g. @ vrism or a cube),
Any crystal form belongs to one of these point groups. The
symmetry elements in a point group must pass through a single
point., However, in a crystal structure all symmetry elements
nead not pass through one point. This is due to the presence
of translational symmetry elements i.e, screw axes and glide
planes. A screw axis involves repetition of atomic positions by
rotation about a line plus translation parallel to the line.
A glide plane involves repetition of an stonic position by
reflection across the plane and translation parallel to the plane.
All possible combinations of the crystallographic-
ally permissible symmetry elements, both translational and
non-translational, yields two hundred and thirty space groups.

Lvery crystal structure must belong to one of these space groups, .




When a monochromatic K-ray beam strikes a crystal, the
electrons of the atoms periodically absorb energy from the beam
snd re-emit 1t as X-radiation of the same frequency as the incident
beam. These scattered waves interfere with eesch other both
constructively and destructively (diffraction). The directions
of constructive interference, so-called "reflections" depend only
on the size and shape of the unit cell, Certain "reflections"
are systematically extinguished by lattice centering and ty the
presence of screw axes and glide planes, A study of the occurrence
of these systematic absences determinesthe possible space
grours of the crystal, The intensities of the reflections depend
on the type of atoms present and their arrangement in the
crystal structure,

The atoms present in a unit cell are determined from the
unit cell dimenslons, the chemical analysis and the density of
the crystal,

In 1913, W.L. Bragg formulated the equation nAdethsine
for the constructive interference of an X-ray beam striking
parallel neighbouring planes of a crystal lattice, where n is
an integer, A 1s the wavelength (g) of the X-ray beam, dhkj 1is
the interplanar spacing (X) and © 1s the angle (degrees)
between the incident X-ray beam and the lattice planes.

The Bragg equation may also be expressed in the form,
7\=2dnh nk nf 8ine , where nh nk ol = f%gﬁa The wavelength
order n is incorporated into the interplanar spacing. Both
notatlions are used by the suthor,

Two techniques employed in the x-ray diffraction of crystals




are powder methods which are applied primarily for indentification
purposes and single crystal methods which are mainly used for
crystal structure determinations. In these crystal structure
elucidations, oscillation, precession and Welssenberg single
crystal moving film methods were employed.
In 1921 P.P, Ewald introduced the concept of a
"reciprocal lattice" in connection with the direct or space
lattice in order to readily interpret single crystal |
photographs. The reciprocal lattice does not exist whereas
the direct lattice does have physical reality. One point
of the reciprocali lattice represents a whole set of equally-
spaced parallel direct lattice planes; it i1s this representation
which makes the reciprocal tattice similar to single crystal
photographs, The relation between the direct and the reciprocal
lattice 1s shown in Fig 2. This monoclinic primitive lattice
1s shown projected along the y-axis (2-fold axis), with the
direct lattice represented by solid lines and the reciprocal
lattice by dashed lines. The reciprocal lattice represents
each set of parallel lattice planes of the direct lattice
____ by a point (solid circle) normal to the planes at a distance
inversely proportional to the interplanar spacing i.e,
x=§ where k is the constant of proportionality. For all
nol
X-ray work k may be taken as equal tor . A reciprocail
lattice spacing is inversely proportional to a direct lattice
repeat period and a direct lattice spacing is inversely

proportional to a reciprocal lattice period. The principal
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Yy axis. The direct lattices is represented by solid

lines. The reciprocal lattice is represented by
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axes of the reciprocai lattice, x*, y* and z* are the normals
from the origin to the three principal planes of the unit
cell, (100), (010) and (0OUl) respectively. Asterisks
are added to the symbols of direct lattice elements to denote
those elements of the reciprocal létticeo

The Bragg equation for reflection by the real lattice
has its éxact'geometrical equivalent in terms of the reciprocal
lattice.. This leads to the concept of the "sphere of
reflection" shown in Fig.3 (&).The set of direct lattice
planes XXi in the reflecting position have the interpdlanar
spacing d. The incident monochromatic X-ray beam strikes
XXi at Y with the anglee . YQ 1s constructed normal to
these planes such that YQ = %e AQ is constructed normal

to YQ and hence parallel to the reflecting planes. Then

angle YAQ =6 and YA = YQ = A e The Bragg condition
sine d sine
for reflection is A = 2dnh nk nf sine, Then, 2 — = 2=YA

for all reflecting positions., Also angle AQY is always a
right angle for reflecting conditions, Thus, the locus of
all points Q in one plane will be a circle and in three
dimensions will be a sphere with diameter YA. Since VA = 2,
the radius of the sphere is unity. Thus, when a set of
planes is reflecting an X-ray beam, its reciprocal point is
on this sphere called the sphere of réflectione

The centre of the sphere is 0. 0Q connects the centre
of the sphere with a reciprocal lattice point on its surface

and makes an angle 26 with the undeviated X-ray beam and it




Reflected Beam

/ X' 2©

Undeviated X~ Ray
P

Incident X< Ray
d

Beam

Beam

Sphere of Reflection

Fig. 3 {(a) Sprhere of reflection derivation.

\4

Sphere of Reflection

Fig. 3 (b) A crystal with its a [100] axis oriented at an angle
1 to the X-ray beam. Origin of the direct

lattice i3 at O3 origin of the reciprocal
lattice is at Y.
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therefore gives the direction of the reflected beam., Thus,
we could place the erystal at O, the centre of the sphere.
In terms of the reciprocal lLattice, reflection could then

be looked upon as constructing a sphere of unit radius with
the crystal (or direct Lattice) at its centre 0, the primary
beam along cne diameter and the origin of the reciprocal
lattice at the point where the primary beam emerges from

the sphere (Y). Whenevér a reciprocal lattice point, at a

distance A from the origin, just touches the surface of the

sphere, a reflected beam moves out, the incident beam being
reflected by the direct Llattice plene corresponding to the
reciprocal lattice point.

In Fig. 3 (b) consider a crystal with i1ts direct axis
a [LOQ} oriented at an angielﬁ to the X-ray beam, Normal to
this direct axis, there will be a set of reciprocat lattice
planes. These reciprocal lattice planes, (Okﬂ)%, (Ikﬁ)%,
(lkﬂo*, etc,, Intersect the sphere of reflection im circles
with diameters YQ, MN, RS, etc., In order to satisfy the
Bragg relationship a reciprocal lattice point from any
reciprocal plane must lie on the surface of the sphere - more
specifically, the reciproéal lattice point must lie on the
circumference of the circle formed by the intersection of
the reciprocal plane and the sphere. Since the reflections
are emitted from O and pass through these points, the
reflections lie on the surfaces of cones which are coaxial

with the a [lOd} axis. In single erystal methods, diffraction




cones are generated; motion of the crystal causes reciprocal
planes to pass through the sphere of reflection usually with
one reciprocal plane at a time being recorded on film in

the photographic technique,

11




CHAPTER III 12
THE PRECESSION METHOD

A, THEORY

The precession method was developed by Busrger (1964),
In this techhique a single crystal is mounted for simultaneous
rotation around a reciprocal axis and precession of a direct
axls about the incident X-ray beam, A flat prhotographic
film and a reciprocal lattice plane perform the same motion
with respect to the incident X-ray beam direction; the |
reciprocal plane is recorded on the film in an undistorted
form,

The arrangement for the precession method is shown in
Fig. 4o The crystal is mounted for rotation around the
reciprocal axis Q* (perpendicular to the plane of the paper)
and precession of the direct axis a [100] at an angle F with
respect to the incident X-ray team. The screen which is
located between the crystal and film permits the reflections
from only one reciprocal plane to reach the film. Because
reflections from these reciprocal planes lle on the surfaces
of cones which are coaxial with a [100] , the screen has an
annular opening whose axis coincides with the precession axis,

B PRACTICAL APPLICATION TO SINGLE CRYSTALS OF CqﬂscuP(Caggl;

(1) Orientation of the crystal

In order to obtain a precession photograph of a reciprocal
lattice plane, the crystal must be properly oriented. Single
crystals of CSHSCuP(C2HS)3, "appeared" to outline the forms
{IOO},{:OIO} and {OOl}of a monoclinic crystal. In the

monoclinic system, the direct axis b [010] coincides with the
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Incident ~

> 5 : — N Y
X- Ray Beam
# Screen

" Sphere of Reflectio

Fig. I, Experimental arrangement for the precession method.
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reciprocal axis E%, Since this "apparent" monoclinic

crystal had well-developed faces, it was mounted for rotation
around the "assumed" b [010} (also E*) axis by the use of a
reflecting goniometer, The goniometer head was transferred

- to the precession instrument and the crystal was centered

in the collimator., The dial axis was then turned until one
rocker arm was perpendicular to the incident X-ray beam. A
precession photograph, Fig. 5 (a), was obtained using unfiltered
molybdenum radiation; the precession angle was ten degrees
with the crystal to film distance being 60 mm., No screen

was employed.

Fige 5 (a) and subsequent photographs were viewed in
the direction of the incident X-ray beam, i.e. from the
X-ray tube to the film.

This photograph shows the strong predominance of the
zero level reflections over those of the upper levels, a
characteristic of orientation photographs. With a [100} as
the precession axis, the 0kl reflections are the zero level
reflections. The line connecting the two fiducial spots,
which are at the extremes of the picture width, forms the
axis of rotation. In Fig. S5 (a), a reciprocal lattice row
i1s almost parallel to the fiducial spots. The angle ¢
between this reciprocal row and the axis of rotation is the
adjustment to be made to the vertical rocker. In this case

o)
the vertical correction was 2.2 .
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After this ad justment was made, another photograph was
taken as shown in Fig. 5 (b),

The offset of the zero level circle of reflections in
a horizontal direction is due to an orientation error in
the horizontal rocker. X - X' is proportional to the
orlentation error in the horizontal plane. Using the graph
given by E.W. Nuffield, (1966, Fig. 9-20) the conversion of
this reading in mm on the photograph to degrees error on
the horizontal rocker arm was obtained. To eliminate this
error, the crystal was moved O,uo away from the X-ray beam
in the horizontal direction. The crystal is now mounted
for rotation around the E* axis, The orientation error
Y - Y' was used so that a direct axis of the crystal would
precess about the incident X=ray beam. The conversion of
this mm reading on the photograph to an sngular correction
in degrees in the setting of the dial axis was obtained from
the same graph previously used in the X - X' correction,
The crystal was tilted 2,60 away from the X-ray team for
this adjustment. The photograph taken following these
correcticns is given in Fige, 5 {(¢). This photograph shows
that the crystal is properly oriented for rotation around
a reciprocal axis and precession of a direct axis about the
F=ray beam,

(11) Zero level photographs

For a zero level photograph, only the cone of reflections
due to the zero level is permitted to rass through the screen,

The crystal to film distance, Fy, 18 maintained at 40 mm for
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all zero level photographs, This value is slso the magnif-
ication factor of the zero level reciprocal lattice plane in

dimensionless reciprocal lattice units (r. 1. u.) shown by
$ 8 1

Flge s Y ( = QY =P} =F ,
) (0)'4 T

Fig A (2) 1s a zero level precession photograph of
CSHSCuP(C2HS)3 with the crystal oriented for rotaticn around
the H* axls and precession of the a [10Q]axis about the
X-ray beam. Molybdenum radiation with a zirconium filter
vas usede

(1i1) Upper level photographs

In order to record higher level reclprocal lattice
planes, a knowledge of d*, the reciprocal spacing along the
precesslon axis of the crystal is required. A cone axis
photograph was used to obtain d*.

In & cone axls photogreprh, the film is placed in the
screen holder with the precession angle usually set st
10°., A cone axis photograph consists of reflections forming
a ssries of concentric circles with the zero level usually
being the smallest and the most intense. The circles of
larger radii result f{rom the higher order reflection cones
with the first level cone corresponding to the smallest of
these., The reciprocal lattice spscing, d*, for any lcvel is
f'ound bty measuring the radius of the corresponding cone on
the cone axis picture and scolving the equation,
d¥ = cosjﬁ - cos tan“l R Where‘ﬁ'is the precession angle,

R i3 the radius of the circle of reflections, and f is the

crystal to film distance., Having calculated d*and having
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(¢c) hkO precession photograph,

Fig. 6. Contact prints of preecegsion photographs of CsHsGup(CoHEx):
Mo ¥, radiation, A = 255 g 5H50uP (G285 )3,
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chosen a sultable screen radius, a precession angle and a
crystal %o screen distance, the upper level photograph may
be taken, These variables are related by the equation

. - -1
da” = cos‘H - cos tan = TS where rg is the screen radius
]

and s 1s the crystal to screen distence. The flsat photographic
film is placed in the holder used for the zero level photograpPh,
with the holder advanced toward the crystal a distance Fd™

from the position used for the zero level photograph. This
upper lcevel photograph will have the same magnification

factor as the zero level.

A first level precession photograph taken of CSHSCuP(CEHS)B
with the crystal mounted for rotation around H* with the
precession axis g [}OQ] is shown 1s Fig. 5 (b), This ic a
photograph of the (1 kln* reciprocal lattice plane. The
blank central portion of the first level photograph results
from some reclprocal lattice points remaining inside the
sphere of reflectlion throughout the entire motion of the
cryatal, FPFrom Fig. I, the small central nortion of the
first level recinrrocal plane, (1 kﬁ)%, of radius TR remains
Inside the sphere during the crystal’s movement, Thus the direct
lattice planes corresponding to the reciprocal lattice pcints
in this area nsver reflect,

Fig. 6 (c) 1s a zero level precession photograph of the
crystal mounted for rotation around the E% axis with the
[ [OOl] axis as the precession axis. The dial was turned
through an angle of more than 115O from the position of the

a [1OQ] axls precession in order to obtain precession of the
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g[bOi] axis about the Xeray beam. The echoice of the a and ¢
axes agreed with the morphology of the crystal if.e. both
were along faces of the crystal. The value of e > g*

preserves the convention in direct space of ¢, < a,. As

2%

indicated by the (okﬂ)* and (hk0) reciprocal plane photographs,
Flgs., % (a) and (c¢) respectively, both the g* and é* axes
are perpendicular to E*g The fact that both & and 0 are
right angles, whereas the angle B is about 1150, establishes
the crystal system as monoclinic.

From the zero and first level photographs, Figs, 5 (a),
(b) and (c), the only occurring systematic absence is, 0kO
present only with k even., An examination of Nuffield (1966,
Table A3-2) for only this systematic absence gives the

possible space groups as P%_ and P21/h'

(1v) Unit cell dimensions of CoHgCuP (CoHg )y from zero

level precession photographs

Precession photographs are usually measured with the use
of a device shown in Fig., 7. Thé photograph is mounted on
the glass plate, The disk is rotated to place rows of
reciprocal lattice points parsllel to the hairline, The
translatf{en period between rows on either side of the central
row separated by n translation intervals is measured,

From Fig. 6 (a), the angle J is a right angle. Thus
the translation periods measured correspond to the magnification
of the reciprocal lattice periods ¥ and b*, A calculation
of the cell spacings obtained from Fige 6 (a) is given in

Table 1,
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Hairline

Freely Rotating
24 Disk

Glass Plate

Film

Metal Base

Fig. 7 Measuring device for X-ray photographs,




TABLE L. Unit cerLl dimensions of a single crystai of
gH CuP(C5H )3 from a zero level precession
photograp

The data refer to Fig, 6 (a).

o
AMo Ky = 0.7107 A

bo
;_ Right Left 2y y p3 do10o
(mms, ) (mm, ) (rmm, ) (rm., ) (roloue) ()
1 8l .90 77 .20 YL 3.85 0.0642 11,07
2 88.85 73.30 15.55 777 0.,1296 10,97
3 92,70 69,55 23.15 111,57 0.,1927 11.05
b 96,115 6555 30,80 15,40 0.2567 11,07
5 100,30 51,80 38,50 19.25 0.3208 11.08
5 104420 57 .90 116,30 23,15 0,3858 11,05
7 108,10 S4e10 54,00 2700 0.4500 11.05
8 112,00 50,20 61,80 30,90 065150 11,0k
9 115.80 16,20 6960 34,80 0.5800 11.03
10 119,70 142,50 77,20 38.60 066433 11.05

o}
The average of the last four readings dgjip = Ll.Oh ¥ 014
Since the y and y* axes of the crystal coincide,




TABLE 1. (continued)

dool |

.zmk‘ {mm, ) (mge) (mi{) (mg@) (reﬁfue) i?%%
1 87,140 75,15 12,25 6.12 0.1021 6.95
2 93,10 69.00 2l.10 12,05 0,2008 7.08
3 99,75 62,85 36,90 18,45 063075 6,93
L 105,90 56,70 49.20 2l .60 0,)4L00 6:93
5 112,05 50455 61,50 30,75 0.5125 6093
6 118.25 il 055 73,70 36,85 0.6142 6.9l

o
The average of the last four readings is dgg; = 6093 & .01 A,
From a similar measurement of Fig. 6 (e¢),

- +
dygo = 7.78 ¥ 01 £,
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CHAPTER IV

THE OSCILLATION AND ROTATION METHOD

A. THEORY

In the rotatlion method, a crystal is mounted atout a
direct axis and is oscillated around this axis through an
angle of at least 1800. A fixed cylindrical film surrounding
the crystal records the diffraction pattern. Oscillation
photographs are produced as above except that the oscillation of
the crystal is restricted to an angle less than 1800° Such
photographs are used to orient a single crystal for rotation
around a direct axls and to determine the repeat period
along this axis,

A single row of lattice points, the points separated
bty the repeat period p, 1s along a direct axis of a crystal
in Fig. 8 {(a). The crystal is rotating about this axis. An
X-~ray beam strikes this row at right angles. At every lattice
polnt a diffracted wave 1s sent out, which is the resultant
scattered wave from the group of atoms which the lattice
point represents., For constructive interference to occur
between the diffracted rays from these lattice points, the
path difference between the waves must be zeroc or a whole
number of wave lengths 1.e. p cos¢ = nA , where A 1s the
wavelength of the X-ray beam, ¢ is the angle between the
axls and the diffracted ray and n = 0, 1, 2¢¢¢ , For a
given axis of a crystal and a given X-radiation, p and A ars
constent., Then cos® 1is a constant for a given value of n.

Thus, the diffracted rays lie on the surfaces of cones coaxial
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Minus

Wave Frork of
Incident X-Ray Beom

Fig. 8 (a) Xeray diffraction by a single row of lattice
points separated by the repeat period P.

ey

I\

Film

/

Zebo
Minus First

Minus Second

N
incident X - Ray Beam

Fig. 8 (b) Diffraction cones,
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with the rotation axis of the crystal where ¢ is the half-

apex angle of the cone as shown in Fig, 8 (b).

This concept 1s indentical to Fig. 3 (b) where‘ﬁ'= 900

pd

The zero order cone corresponds to the ( Okﬂ)e reciprocal
lattice plane, The (1 kll)-:‘L and (Tk@)% reciprocal planes
correspond to the first order and minus first order diffraction
cones. This same correlation follows for the higher order
diffraction cones., When the crystal is rotated around the

a [iod] axls, the reflections corresponding to these reciprocal
planes are recorded in straight lines on a cylindrical film,
The axis ol' the cylindrical film is coincident with the lattice
row, Decause the crystal may be considered as composed of
1dentlcal parallel lattice rows in three dimensions, diffracted
beams are produced only in specific directions along the cones,
the directions which satisfy the Bragg squation, Thus,
reflection spots lying on straight lines are recorded on

the cylindrical film. These lines of spots are called layer
lines, each of which corresponds to a reciprocal lattice

plane,

By means of our precession photographs, ecrystals of
CSHSCuP(CZHS)B have been shown to belong to the monoclinic
system. The reciprocal axis g* and the direct axis b
therefore coincide., The crystal was oriented for rotation
around E% (also E) by the techniques described in the
precession method,

An oscillation photograph of a single crystal of
CSHSCuP(CZH5)3 with b [010] as the rotation axis using

unfiltered copper radiation is given in Fig. 9.




Fige Ge
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Oscillation photograph (¢contact print) of C5H GuP(Géﬁﬁ}B
rotating about the 1[010] axis through an angle of 15
in a random position; the direct beam trap was not in
place; multiple spots are due to the poor quality of the
crystal; powder rings are due to scatierling by the
collimator. Cu/- radiation was used,
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B. PRACTICAL APPLICATION TO A SINGLE CRYSTAL OF nggcuPﬁqggsla

(1) Determination of the rotation period

Fig. 8 {b) shows the diffraction cones and a trace of
the cylindrical film. From this diagram tan { = r whére r
is the camera radius and y is the separation of aiy layer
iine from the zero layer line, Using this equation, the
relationship p cos d = nr, and measuring the oscillation
photograph in Fig. 9 with the same device used for measuring
the precession photographs (Fig. 7), the repeat period along
the b axis was obtained. These calcuiations are given in
Table 2, The value of by = 11,14 é-given in Table 2 1s
acknowledged to be inaccurate due to the poor quality of the
crystal used in obtailning the photograph in Fig, 9. The
value of bg obtained from the precession method was then

taken as this cell dimension,
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CHAPTER V

THE EQUT-INCLINATION WEISSENBERG METHOD

A, THEORY

The Welssenberg method makes use of essentially the
same experimental arrangement as that employed in the oscillation
method. A crystal is rotated about a direct axis and a
moving cylindrical film records the reflections of a chosen
layer line. A cylindrical screen, with an equatorial siit,
is inserted between the crystal and the film so as to allow
only reflections of one reciprocalil plane to reach the film,
Horlzontal translation of the cylindrical film occurs sime
ultaneously with crystal osciilation. For Weissenberg
photographs, the angle of crystal oscillation is greater
than 180°, The Welssenberg instrument is designed to translate
the film 1 mm for every 20 of crystal rotation. The reflections
occurring on one layer line on the oscillation photograph,
are recorded on the Weissenberg film in a two dimensional
pattern. As a result, each reflection now has two coordinates
on the film, one parallel ﬁo the axis (horizontal) and the
other along the circumference of the film (vertical). The

radius of the film 1s 360 mm. Thus a vertical coordinate of
ETT

1 mm is equivalent to an angular reading of 2°,

Be PRACTICAL APPLICATION TO SINGLE CRYSTALS OF CSESCUP(CDESlB

(1) Zero level Welssenberg photographs

A crystal of CSHSCuP(CZHS)B was rotated about the b [OLO]

axis (normal to the nickel-fiitered copper X-ray beam) and
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only the central or equatorial layer line i.,e., the h 04
reflections, was allowed to pass through the Weissenberg
screenj a Welssenberg photograph of the (h 0 ﬂ)% reciprocal
lattice plane was obtained (Fig., 10 (a) ). This is a
distorted picture of the reciprocal lattice, Due to the
geometry of the instrument, reflections from a recliprocal
lattice row which passes through the origin, fall along a
straight line making an engle of 63° 26’ with the horizontal .
Reflections corresponding to reciprocal lattice rows that

are parallel to rows that pass through the origin are arranged
on a serles of curves (festoons). The g* and g? axes were
located on this Welssenberg photograph by a comparison with
the Intensties of the reflections on the gf and_gf axes on

the precession photographs (Figs. 5 (a) and 6 (e) )o 4 Welssenberg
chaxt was constructed through all the reflections, Fig., 10 (b),
Each of the h o‘ﬁ reflections on the Weissenberg rhotograph
may then be labelled with its h and ) Miller indices,

(1i) Upper level Welssenter photographs
P & £

In the equi-inclination Welssenberg method, upper level
rhotographs are taken with the arrangement shown in Fig. 11,
The ratation axis of the crystal ls inclined at an angle to
the x-ray beam such that the rotstion axis of the reciprocsal
lattice intersects the level under investigation on the
surface of the sphere of reflection (P). Both the diffracted
beam and the undeviated X-ray beam are inclined at the same

angle p to the reciprocal levels (equi-inclination).
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Fige o , ;
ge 10 (a) hQﬁ \fJe\issenb.e’rg phot@graph of G‘Sﬁgﬁug(ﬁzﬁ )gs,
Ou Kx radiation, no direct beam line on photograph,
ohly half (bottom) of the photograph is shown,
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Fig. 10 (a). hol Welssenberg photograph Qﬁ?eﬁquﬁﬁ(ﬂéﬁﬂ}ﬂy R
Cu Kx radiabion,” no-direct beam llne on 'pg'o'g ograph,
ofily half (bottom) of the photograph is shown,

Fig,10 (b). Welissenberg chart for the Weissenberg photograph
S shown in Fig. 10 (ale




cident
X-Ray Bea

Sphere of

Reflection

Film

Screen

Fige. 11 Experimental arrangement for the equi-inclination
Welssenberg method,
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The angle p.is related to él ({obtained from the precession
method) and yz (obtained from the oscillation method) by
the graph illustrated in Buerger (1942, Fig. 155), The
offset of the screen setting S from that for the zero level
photograph is also obtained from Buerger (1942, Fig. 156)

The intensities of all the reflections for the structure
elucidation of CSHSCuP(CZHS)3 were obtained from Welssenberg
photographs of the nold - hQL ievels of a crystal rotating
about the b [010] axis using zirconium-filtered molybdenum
radiation.

(111} Determination of the cell dimensions from zero level

Welssenberg photographs

The vertical position on sither side of the film centre
of Fig. 10 (a) was measured for the h 00 and 00f reflections
with the device shown in Fig. 7., The calculation of the

cell spacings from these measurements is given in Table 3,

= kA since b and g? coincide in

L& (rolous) = 4~ =
| d010

ok0 T £
0

the monoclinic system.
2y (mm) is the distance from the zero layer line to the upper

layer line on the oscillation photograph (Fig. 9).




Determination of the unit ceil dimensions
of a singie erystai of CSH CuP(CZH )3 from
& zero level Weissennerg'pgotograpg

(Fig. 10 (2a) ),

NicKeLefiltareg copper radiation was used.
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AC\JK& = .LeSLL.LB Aa

TABLE 3. A.
9300

Index R
100 87032
200 93,20
300 99,05
LLoO 105,10
500 111,60
700 125,65
800 13390

The average of

dooy

Index
004
002
003
ool

R

mm, )
8,20

U oliu

dUulerO

107,90

L %9 o, sine 2 sine nA dLOO
%2?63 LiégE 556% 0.0989 0,1978 1?%&2 %f¥9
70025 22095 11,47 0.1989 0.,3978 3,08y 7.75
64030 34.75 17637 002986 0.5972 4,625 775
58.3u U6.80 23.4U 00,3971 07942 6,167 777
51,80 59.80 29.90 0.4985 0.9970 7709 7673
37.80 87.85 143.92 0.6937 1.3874 10,793 7.78
29025 104665 52,33 0,795 1.5832 12,33 7.79
the last four readings is digg = 777 2 .02 X
L 20 e 8ine 2 sine n) d

é??i% 1&?%5 2?57 u,;LLu 0.222y &t;uz 2%32
68005 25075 12,87 0.2228 0.uu56 3,084 6.92
62e15 38695 19.h47 0.3334 0.6668 o625 6,94
55625 52,65 26,32 0.41i35 0,8870 6.167 6.95

The average of all the readings 1is doop = 6.94 ¥ .01 )

The ealculation of (3*: (%/180° = 28.75/80,00
B = 64.69°

5 @ = 115.31°

and sin@ = 00,9040
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TABLE 3. (continued)
B, Unit cell dimensions of a single crystal of
CSHSCuP(CZH5)3 ,

From the precession (Table 1) and Weissenberg
methods the average digo = 7775 A and
dOOl = 69935 Ao

O
a_ = dygg = 7775 = 8,60 £ ,02 A
° g goon

From the precession method (Table 1)

11.04 £ .01 8

o2
i

O
co = dgop T 6.935 = 7.67 ¥ .01 A,
siny  0.90L

(8]
The volume V of the unit cell is 658.3 4

3

Ce. Density and cell content (Z).

The density P of a single crystal of CgHscuP(CzHS)B
Wwas 1.25 gm/cc, obtained by flotation Inan
aqueous sodium bromide solution.

The numher of molecules/unit cell 7 = VON

M ..
where N is the Avogadro number 6,023 X 1023
and M is the molecular weight 246.8,

23

Z = 658.3x107°% x 1,25 x 6.023x1023 = 2,00

20548

There are two molecules/unit cell in
CgHscuPlchS)Ba

D, Size of crystal, linear absorption coefficient (u)
and ¥R,

The crystal used for the intensity colleetion was
approximately 0, .4x,4x.4 mm,

The linear absorption coefficient p.%le‘@m“l
and uR = 0.4 . Therefore the absorption is
negligible,




CHAPTER VT
EXPERIMENTAL

Infrared spectra were recorded using a Perkin-Hlmer
Model 337 Grating Infrared Spectrophotometer, Proton magnetiec
resonance spectira were obtained using a Varian Model A=56/604
NMR spectrometer equipped with a low temperature probe,

Mass spectra were recorded by means of a Hitachi Perkin-Eimer
Model RMU-5D mass spectrometer, The X-ray photographs were
taken with the use of a Phillips X-ray generator in conjection
with an Otto Von Der Heyde precession instrument and a

Nonius Weissenberg camera using Kodak Medical Xeray fiim

(NO SCREEN),

Microanalysis was performed by Geller Laboratories,

Cyclopentadienyl(tviethyiphosphine)copper(I),
CSHSCuP(CaH5)3 was prepared essentially by the method of
Wilkinson and Piper (1956).

The preparations of Cu901>05§5 and P(Q?HSl}

Cuprous oxide was prepared by hydrazine reduction of
cupric acetate (Brauer (1954) ).

Cyclopentadiene was made by the pyroiysis of dieyciopen=
tadiene,

Dubing the course of each of the foilowing preparations,
the reaction mixture was maintained under a nitrogen atmosphere
and was stirred constantly,

Triethyiphosphine was prepared by the following Grignard
reaction, One iiter of dry ether was added to u8.6 gms (2 moles)

of magnesium turnings in a three-necked 2-titer round bottom
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flask, Ethyl éhloride was slowly di5301Ved into the solution
until the supply of magnesium was exhausted. Phosphorus
trichloride 6.6 mls (0,53 moles) was added dropwise to

the Grignard solution by means of a pressure~equalized
dropping funnel. The reaction mixture was refluxed overnight,
The ether was removed by distillation. Further distillation
gave 145 mls (57% yield) of triethylphosphine.

The preparation of cyclopentadienyl(triethylphosphine)-

copper(TI)

In a three-necked 500 ml round bottom flask 3.3 gms
(23 mmoles) of the cuprous oxide was added with stirring to
150 mls of petroleum ether and 7 mis (85 wmmoles) of freshly
distilled cyclopentadiene, Triethylphosphine(? mls)mixed
with 10 mls of petroleum ether, was added dropwise using a
pressure - equalized dropping funnel. The mixture was
refluxed for three hours. The solvent was removed by
distillation, the residue was placed in the vacuum sublimer

3 mm Hg

shown in Fig. 12 and left overnight at QOOC and 10"
pressure. The triethylphosphine oxide (m.p. SSuSéoc)
present was removed and the temperature raised to SSOC. After
24 hours 3 gms (50% yield) of pure colourless crystals of
WBCSHSCuP(Czﬁs)B Wwere obtained (m.p. 122-124°C in vacuo, 1it,
127“1280C)a The compound®s Infrared spectrum agreed with
that of Wilkinson and Piper (1956).

Analysis: Calec, for CllHaoCuP: C, 53.5; H, 8.2; Cu, 25.8;
P, 12,6, Found: C, 53,83 H, 8.0; Cu, 25.43 P, 12.0,

The density of CSHSCuP(CZHS)3 determined by flotation

of a crystal in an aqueous sodium bromide solution was 1,25 gm/CCe
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Crystais of the compound sre stabie in air fop 3 - Iy
hours., Subsequent oxidation causes the colouriess erystals
to turn green., To prevent this decomposition in air sovthat
X-ray photogpaphs could be taken, different coatings were
applied to different crystals until a suitable material Wasg
obtained. The best coating was a thin fiim of & commercial
aerosol halr spray (Breck regutar hold) which has a water
and/or alcohol base., Piasiic eoatings with organic solvents
asg a base were found to be unsatigfactory. WNo difference
Wwas seen In short exposure osciitlation photogranhs taken of
a crystal before and after coating. The hair spray maintained
an air-tight "seal® for several days; it was regpplied after
about a week to ensurs that the seal was maintained.

The Preparation of Hexafluoro-2-Butyns

The method used to prepare CFBCEE CCFE was mainly that of
Henne and Fimmegen (1949). Zine dust (11.8 gms, 0.18 moles),
22y 35 I=betrachiorohexafl iuorobutans (21,0 gns, 0,09 moies)
and zine chioride (0.5 gms) as ths cataiyst were placed in
a 300 cc. stainiess steel bomb, Acetonitriie (LU0 mis)

Was transferred into the bomb on the vacuum rack, The mixture
was maintained at ?’O0 C for thres days., Hexaliuoro-2-

butyne (0.02% moles) was obtained (25% vield). The infrared
spectrum of the gaseous product agreed with the spectrum of
CF3CEE CCFE given by Smith et ai. (1952).

Attempted Dieis=Alder reaction of ngﬁcuP(CQﬁSQQ with

&

hexaf juoro=2=butyn

Crystals {0,145 gms, 0.,0006 moles) of @y@i@paﬁtadi@nyxw
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(triethylphosphine Jcopper(I) were placed in - a 1 liter glass
vessel, Petroleum ether (50 mis) and the dienophile, CFBCEEECCFB
(0,001 moles) were successively transferred, by means of

the vacuum rack, into this glass vessel, The mixture was
maintained at 40° C for five days. The petroleum ether and

the remaining CFs3C = CCFB were then removed. The residue

was extracted with methylene chloride. Oniy starting material

was isolated and identified by its infrared spectrum.
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CHAPTER VII

THE STRUCTURE FACTOR

A. DERIVATION

The electrons of the atoms in a crystal scatter the
incldent X-ray beam. The scattering of the electrons associated
With each atom is cqmbinod into an atomic scattering factor,

f, of the atom. In the incident X-ray beam direction, the

waves scattered by all the electrons in an atom have the

same path length and are therefore in phase. However, waves
scattered in other directions partially interfere with one

another, Accordingly, when the Eragg angle 6 is zero

degrees, the atomic scattering factor, f, 1s equal to the

atomic numter, 7, and as © Increases, f decreases., Atomic
scattering factors are tabulated as a function of sine in

the Intérnational Tables for X-ray Crystallography (1962, Vol, TII),

The scattering from a unit cell depends upor: the kinds
and positions of the atoms present in the unit cell. The
contrikbution from each atom in the unit cell to the wave
scattered from an (hkf) piane may be represented by a vector
with the amplitude £ and the phase angle K, This representation
is illustrated in Pig., 13 (a) for the case of a crystal
structure consisting of three atoms, R, S and T. These
atoms are reflecting in the first order from a set of (hkﬁ)
planes of spacing dhkﬁe The resultant of these atomic
scattering factors is the structure factor, Fhkﬁ” which hes

th he ngle, &£ o
e phase angle, il

The values of both the structure amplitude, ]Fhkﬁ, and

the phase angle,CthE, of the structure factor depend upon the
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Fig. 13 (a) Structure factor from addition of atomic
scattering factors,
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Fig. 13 (b) A two dimensional structure with only an
atom R of the structure iliustrated.
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vkind and arrangement of the atoms in the crystal structure.
The structure amplitude, Iphkﬂ\’ is defined as the ratio of
the amplitude of the X-ray wave scattered from each (hkﬂ)
plane by the atoms in one unit cell to that scattered by
onc clectron under the same conditions. For a particular
arrangement of atoms in a unit cell, there is 2 particular
set of diffraction waves, Friche

The phese angle ™ for an atom is determined by the position
of that atom in thé unit cell., Consider fhe two dimensional
structure shown 1n Fig, 13 (b), The set of (hk) planes is
reflecting in the first order. The closest (hk) plane to

the origin has intercepts a and b on the cell edges. These

dlstances are equivalent to a 27 radian phase change in both
the x and y directlons, respectively. The position of atom
R in terms of fractional coordinates (fractions of ths cell
edges) 1is (XR’ YR). The R atom is displaced from the origin
C bty the distance XRa along the x direction YRb along the ¥
direction., The displacements XRa and YRb ar=s equivalent to

phase changes of 2w XRa) = 2['thR radians along the x direction
a/h

b) = 2wk¥, radians along the y direction. The phase

angleo(R 1s the sum of the two phase angle components,cﬁp =

ZW(hXR + kYR) radians, Extending this concept to a three

dimensional structure, the phase angle for an atom is<XR =

2W(hYH + kYp +BVZR) radians, where,QZR is the phase angle
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component along the z direction,
From Fig., 13 (a),

Ahk,Q) ::% fR COSO‘«é =§fR cos Z\T(hXR + kYR + ﬂZR) and

Bhid 2% f.‘R sino(R =% f‘R sin2ﬂT(hXR + kYR +Q»ZR) also

2 = s B
Frokd = 2 nkld _hk%

:[% £, cosam(hXp + k¥p +Q,ZRT +[% fr sinam(hXy + k¥g +JZZR)2

and also from Fig, 13 (a),

O<hk9,=

= tan~t [% fp sin2m(hXg + kg +02g )J
E;T?ﬁ cos2m(hXy + kYp +QZR)J

In the above derivation, the structure factor was represented
as a vector, The representation of the structure factor as a
complex number also conveys the same information. In this
latter representation, Fhkﬂ = Akl t 1Byl » where 1 = JCI_

and Ahk% and Bhkﬁhave the same meaning as given previously.

Since cos (=0) = cosd and sin (-¢) = -« 8ing,

. _ 2 2 2 2.
Akl = ARkl and Bpy)=-Bpgg o Thus Frpep = A7 9 + By = Fpgl,

[
L2 )

Fth:‘ = !Fgﬁﬁll“riedel's law,

Fhkﬂ:' =

For the monoclinle system (b axis unique),

Frenl= Faxt] =IPnrolt [Fucs] and [Po | = [Pract[<Fuig egg |
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satisfies Friedel's law 2nd the system's symmetry. Thus,
only the hkl and Tikh reflections are included in the structure
ampllitude table,

B, THE TEMPETRATURE FACTOR

ttomiec scattering factcrs are calculsted for staticnary
&toms . However, the atoms in a2 erystal have thermal vibrations.
At any instant these atoms are displaced from their mean
positions. Consequently, waves which are reflected at the
Eragg angle by successive olanes are not exactly in phase
(L., atoms In nelghb-ouring unit cells which should scatter
in phase, will scatter slightly oubt of phase). Thus, the
atomlc scattoring factor is reduced by an amount which increases
with Increasing angleo .

For lsotropic vibration, the atomic scattering factor

o]
may be represented as £ = £ _ exp (—~B(sin6>“), where {_ 1is
© BN ©

the scattering foctor for the atom at rest and B is a constant
relating the mean square amplitude of vibration, U (82), to
the mcan position of the atom (81T2U)e

For anlsotropic vibration, the atomic scattering factor
raferred to the reciprocal axes of the crystal may be represented

—F ’ 2 2 , 2 no L m
a8 =0 exp =(D),h% + B, k2 + 3332 + ookl + HIBQB + Byohk).

™esge Biifﬂ are constants and are refined in the structure
o ©

datermination. This anisotropic vibration equation may also
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) 3 2 i 2
be expressed In the form f=f oxp «[2WF(U11(ha )T+ Uy (k™) 4
Uy, (0e™)? + 2u,, wloe™ + 2u nbate™ + 2oy, he a b)),

These Uij's are the clements of a symmetric tensor ani form

V11 Uiz Ugy
the matri U12 Uoo U23 o II the crystallographic axes are not
U132 Upy Usy

vrthogonal, this U matrix may be converted by the metned given
in ILipson and-Cochran (1966) into a matrix referred to an
orthogonal set of eoordinates, The eigsnvalues of this
converted matrix ars the mean square amplitudes of vibration

of the ztom and form the three axes of the ellinsold of thermal
vibration,

The elgsenvectors of this converted matrix are the direction
cnsince of these axes wilth respect to the orthogonal set of
axes,

I'or the etoms in CSchuP(CZHS)B’ the orthogonal system

5
was chosen along the x , v and z~ axes. The stotements,

added to the NRC-12 Bond 3can progranm, wihich are required for
the calculation of the Uijﬂs, the mean square amplitudes of
vibration, and the direction e@osines of these amplitudesg are
given in Appendix I.

Co STRUCTURE FACTOR (F,) CALCULATION FRCM A ['ROPCSED STRUCTURE

The parameters of only the non-ecquivalent atoms are
required for the calculstion of the structure factors in the

NRC=-10 Structure Factor Least Squares (3./'-L.S9.) programe
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The remaining atomic positions in the unit cell are generated

by the addition of the equivalent positions obtained from the

International Tables for X-ray Crystallography (1962, Vol., I)
Two simplifications are generally employed in the structure

factor calculation., The first of these simplifications is

used in the case of a centrosymmetric space group. When there

is an atom at (X,¥Y,Z) in a centrosymmetric space group

(which has the origin at a centre of symmetry) , another atom

occurs at (X,¥,7Z). The Apyp term for this palr of atoms

cos 2r(hX + k¥ +07) =

becomes £ cos 2r(hX + k¥ +072) + ¢

1 1

2L, cos 2w(hX + kY +,QZ), since cos (=) = cosp . The B

1 hkd

term for this pair of atoms becomes fl sin 2w(hX + kY +07) +

fl sin Zw(hf + kY +g%23= 0, since sin (-0) = -3in¢ . Thus,

when two atoms are centrosymmetrically related, thelr combined
effect 18 to double the cosine term, Ahkﬁ’ and to eliminate the
sine term , Bhkﬂ’ in the structure factor expression. In
general, only one half of the atoms need be included in the
calculation of the structure factors of such a space group,
i.eo those atoms which are not centrosymmetrically related

to one another. The Bhkﬂ term 1s set equal to zero and the

A term 1s doutled to take the other half of the atoms into

nk
account .,

The second simplification to the structure factor expression
occurs with lattice-centered space groups. The centering

of a2 lattice systematically reduces the number of reflections

and multiplies the remaining reflecticns by the number of
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1atticeipoints per unlt cell., Thus, it 1s only necessary to
use the atoms in the primitive unit for the structure factor
calculation (or half of these if the space group is centro=
symmetric) and multiply this result by the number of lattice
points per unit cell.

The NRC-10 Structure Factor Least Squares (S.F.l.S.)
program takes both the centrosymmetric and lattice-centered
gimplifications into account, Thérefore, only the equivalent
rositions not implied by a centre of symmetry or latticea
centering are used in the program,

The necsssary equivalent positions, obtained from the
International Tables for X-ray Crystallography (1962, Vol., I) for

the ncn~centrosymmetric space group P (unique axis b) are

27

(X,Y,2) and(i, 5+ Y, 2)e Similarly, the necessary equivalent

positions for the centrosymmetric space group P (unique

21/m

axis b) are also (X,Y,Z) and (X, 2 + Y, 7).
Figse 1l (a) and (b) show the symmetry elements present

in space groups P and P2 Jm? respectively (from International
1

21
Tables for X-ray Crystallography (1962, Voi., I)s Atoms may occur
at general or special positions in the unit cell. Special
posltions lie on symmetry elements of the space group whereas
gensral positions do not. The presence of a centre of

symmetry in space group P2 /m generates two additional
1

equivalent positions from the two mentioned above, producing

(f, Y,'Z) and (X, % -Y¥, Z)o This results in four general
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ég - X 70, 151
(1) (i1)

Fig., 14 (a) Space group P21 (No. L) with projection of the

unit cell (1) along the y axis and {(ii) along
the x axis.

z Z sm?

fe-Serew  Axis—> o—

Centre of o o
Symmetry —

(1) & Mirror Planes (11)
4

Fige. 414 (b) Space group P (Noo, 11) with projection of

Zi/m
the unit cell (i) along the y axis and (ii)
along the x axis.

{ Redrawn from the International Tables for X-ray
Crystallography (1962, Vol. 1)),
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positions for space group Pg,ﬁn° Thus, i1f an atom lies in
1

a general position in the space group PZIAn’ it occurs four
times Iin the unit cell., However, 1f an atom lies in a special

position in the space group P2 /m? such as (X, %, Z), i.e.
1

on the mirror plane, the centre of symmetry or the 2x»sc?ew
axis generate only one more position from this one, (E, 3/, E)e
Thus, this latter atom would only occur in two positions in

the pnit cell. There are two molecules of C5HSCuP(C2HS)3

per unit cell (from Table 3). Therefore, for the molecule

to conform to space group P21fh’ there must be a mirror plane

in the molecule itself,

This is in contrast to the space group PZ where there
1

are no such requirements placed on the molecule since there
1s no centre of symmetry in the space group and the equivalent

positions are all general and two-=fold.

D. MEASUREMENT OF THE INTENSITIES

The Welssenberg photographs of the hol to h9@ levels

of a single crystal of CdHSCuP(CZHq) were recorded by the

3
triple £1i1Im pack technique using zirconium-filtered molybtdznum
rediation, Levels higher than hgﬂ were not photogravhed

for the intensity collection since very few reflectious

were recorded for these levels on an oscillation photograph

of the crystal., Three sheets of film were placed in the
camera., A thin sheet of brass foil (0,001 inches thick)

separated the first (A) from the second film sheet (B)

and another brass foll sheet separated the second (B)
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from the third (C) sheet,

The intensities of the reflectioﬁs on the bottom half
of the Weissenberg photographs were measured by visusl
comparison with the intensity scale shown in Fig., 15. Six
hundred and fifteen structurally different reflections were
recorded, .

The intensity scale was prepared by using several
timed exposuresof one reflection. The Weissenberg camera
and screen were used to oscillate a single crystal of
cyclopentadienyl(triethylphosphine )copper(I) around the 2_[91@]
axis through an angle of 2° and to record only the desired
reflection, The triple film pack technique and molybdenum
radiation with a zirconium filter were also used in producing
the Intensity scale. Thus each film of the Weissenbergv
pack had its own intensity scale,

Ee CALCULATION OF THE STRUCTURE AMPLITUDE ([Fol) FROM THE

INTENSITIES

The structure amplitude is related to the intensity of

a reflection by the equation; IFhk2'2 = %%, where K is a

proportionality constant, ‘Fhkﬁl is the amplitude of the
structure factor, L is the Lorentz factor and P is the
polarization factor,

The process of diffraction partially polarizes the
scattered X-ray beam; the degree of polarization depends
on the angle of scattering, the Bragg angle® . This polarization
factor is independent of the method employed in recording

the reflections and is given by P= 1 + cos2 26,
2
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The rate at which the (hkl) planes of a crystal pass through
the reflecting position also varies with the Bragg angle 6., The
Lorentz factor corrects each intensity measurement for the time
that the corresponding plane spends in passing through the
reflecting position. The Lérentz factor varies with the method
of recording the refiections. For the equi-inciination
Weissenberg method, this factor is given by,

L = sin 6 »
sin 29\/sinas - sinz‘p

where}zis the equi-inclination setting angle.
After having applied both of these corrections to the

observed intensities, and having taken the square root of the

result, the observed structure amplitude, ’Fo , Was obtained.
Weissenberg photographs were taken of the Okl and 1kf levels
with a different crystal of CSHSCuP(CZﬁS)B mounted around the a
axis, A correlation of the intensities of the hOfL to h9l Levels
with each of these cross-axis photographs was attempted but proved
to be unsatisfactory because of the small number of observed
reflections that each Llevel and the cross-axis photographs had in
common., Instead, the levels hO[ to h9£ were pliaced on the same
relative scale by exposure times (about 24 hours for each)., For
the last cycle of refinement, a rescale factor (which proved to
vary slightly from the exposure time factor) was calecuiated for
each level by a least squares method and then applied to sach
level. The derivation of this least squares method and the
statements (added to the NRC-10 Structure Factor Least Squares

P

program) required for these caiculations are given in Appendix T1.

ey
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Fo  TIHE R INDEX, THE ROSIDUAL OR RELIARILITY FACTOR

X- oy Intensities are proportional to thkﬁ Trom

single crystal mothods, the intcusities of reflections from
tho (hkﬁ) planés of a crystal are otteined. From these
intensities an observed structure amplitude, [Fo|, is
derived by the methods shown in the previous section.
pxperimentally, only the modulus of the structure factor,

thkQ

ckhserved,

s may be obtained:; the phase angleCthE is not

Structure factors may be calculated for a proposed
structure of a crystal (Fc's) by the equations given in
sections A and B of this chapter. The IFO{ 's are brcught
on to the same scale as the F,ts by an overall empirical
scale factor., The observed and calculated structure
amplitudes, the ‘ Fol 's and IFCI 's, respectively are compared
in the R index kterm; R = jﬂlﬁbl - chll, whare the summations

STFo |

are taken over all the observed reflections. The R index

i8 known as the residuel cor reliability factor and it serves
as a criterion for the correctness of a proposed structure,
The smaller the R index, the greater is the probability

that the proposed structure is actually the correct structure,
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CHAPTER VIII

STRUCTURE DETERMINATION

The following steps have been taken in the determination
of the crystal structure of cyclopentadienyl{triethylphosphine)~—
copper(I)s single crystals of the compound were prepared
and the possitle spece groups and cell dimensions were
dotermined; the intensities of the reflections of the
hOﬁ to h9£ levels were estimasted and tFo[Z and ‘Fol for the
reflections were calculated from these intensities. The
most difficult part of the structure elucidation remainsg
the estabtlishment of a set of atomic parameters that will
give a set of calculsted structure amplitudes, lFC,'s,
consistent with the observed structure amplitudes,

The difficulty in determining a crystal structure arises
from the fact that only the structure amplitudes, but not
the phase angles, are observed experimentelly. There 1is no
genersl solution for the phase angle problem., There 1s no
guarantes that a method employed will solve a crystal
structure, However, the presence in a structurc of a few
very heavy atoms usually sids in the structure determination.
In this case the positions of the hsavy atoms are located
by a method in which the phase angles are not reculred. Then,
these heavy atoms are used as s phasing model from which
the remalining atomlc positions may be developed.

In CSH CuP(Cqu)3 the conper and phosphorus atoms are

5
much heavier than the carbon and hydrogen atoms. Thus, a
heavy-atom method was employed in the structure determination

of this compound. The possible positions of these heavy stoms
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"were determined from a Patterson synthesis., Most of the
carbon stoms were located on an electron density map based
on the phases of the heavy atoms., The destermination of the
remaining csrbon atom positions and the refinement of the
atomic parameters were carried out by a least squares
method. The calculated structure amplitudes of the refined
structure were in close agreement with the observed structure
amplitudes,

A more detailed account of the latter steps in this
structure determination is given in the following sections
of this cbapter;

A. THE PATTERSON RFUNCTION AND TITS APPLICATTION

Since a crystal 1s a periodic arrangement of a group
of atoms, the crystal may be represented by periodic furctions.
Fourier series are used for this purpose. Patbterson (1934,
1935) showed that the Fourier summation,

POGLY,2) =1 S35 | Ry |® cos 2n(nx + ky + f2), gives a
\' h=0Km0fze0

vectorial representation of the interatomic distances in the
crystal structure, where V is the volume of the unit cell
and (X,Y,Z) 1s any point in the unit cell expressed in
fractional ccordinates, The phase angle is not required

for this summation. If there are two atoms, M and N, in

the unit cell, at (X,Y,Z) and st (X+u, ¥Y+v, Z+w), there

will be peaks at (u,v,w) and (-u, =v, =w) corresponding to
the vectors MV and NM. Subsequently, the pesk at the end cf

a vector in the Patterson function is called a vector pegak.




The two vector peaks, from each atom to itself, i.=. MM snd
N, occur at the origin., The Patterson function has vector
peaks from the origin which are equal to vector distances
between pairs of satoms in the unit cell. The height of
each peak 1s proportionsl to the product of the scattering

powers of the twe atoms concerned.

2 peaks

For n atoms in the unit cell, there will be n
in the Patterson function. The n vectors from each atom
to itself occur at the origin. The remaining (n2~n) vector
reaks will be distributed throughout the unit cell, Thus,
for a structure with a moderste number of atoms, there are
a very large number (nz-n) of Patterson peaks distributed
throughout the unit cell., Because the atoms in a unit
cell occupy s finite volume, each Patterson peak will also
be distributed over a finite volume,

In practice, only the observed reflections are included
In the summation of the Patterson function. 7The fact that
the Fourier summation 1s not over an infinite number of
terms, leads to a series termination error. This series
termination error causes the maxima in the function to be
surrounded by secondary ripples, called diffraction ripples,

For a structure with a moderate number of atome, much
overlapping of the Patterson peaks and the diffrsction
ripples occurs, This overlapping is due to the large
number (n®-n) and to the width of the peaks in the unit
cell. In general, the Patterson map for such & structure

consists mainly of a collection of broad and unresolved

peaka,

58
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The height of a vector peak between two atoms 1is
proportional to the product of the atomic scattering
powers of the atoms. Therefore, vector peaks between the
heavy atoms of a structure are much higher than the remaining
vector peaksf If these heavy atom vector peaks can be
recognized on the Patterson map, they may be interpreted in
terms of possible arrangements of these atoms.

In the Patterson function, a pair of atoms (M and N) in
the unit cell gives rise to two centrosymmetric peaks at
(u,v,w) and (-u,-v,-w), All Patterson functions are
centrosymmetric because of the presence of all vector
peaks occurring in centrosymmetric pairs. The space group
for a Patterson function 1s obtained from the space group of
the crystal by replacing all . translational symmetry
elements by thelr corresponding translation=free: symmetry
elements and adding a centre of symmetry if it is not already

present, Thus the space groups Pzi and le/m in direct

space correspond to the space group P2/m (No. 10) in
Patterson space. The space group Pg/b (unique axis 2)

was then used for the calculation of the Patterson function.
The Patterson function for this space group, may be expressed

in the form, P(X,Y,Z) =

%}%O;;Oﬂ%kﬁ‘a cos 2T!‘(h.x+,ﬂz)+) F g

where only the non-equivalent reflections are included in

ie cos 2TW(=hX+#Z)}cos Z2TKkY,

the calculation (from International Tables For X=Ray

Crystallography (1962, Vol. I)e




60

The NRC=2 Data Reduction program wes used in Chavnter V1

to oprly the Tcerentz and the polarization factors to the

<4

coserved intensitlies of reflections frem 2 single crystsl

Inl

Fo 2 and IFol for *these

of CSHSVuP(Czhg)B to produce
reflections,

Tt o |2 . .

Uging the 'F ottained from the data reduction and

¢

using the KRC-S Fourier program, a series of Patterson
sections parallel to (010) were calculated. Thrse very
strong vectors of about the same peak helght were observad,
Cne of these vectors corresponded to the expected Cu-D

o
distance of 2.2 A and was nearly coincident with the a

[=1

axis, “‘he other two peaks occurred on the v = % section,
Cne pesk was Interpreted as the Cu-=Cu vector occurring
between the two molecules in the unit cell end the other
neak Bo two superimposed Cu=~P vectors slso bshbween the
two molecules,

The two possitle space groups for GSHSCuP(CEHS)B have

Leen shown in Chapter 711 te be le and P21,ﬁﬁ With only

two molecules Iin the unit cell, the space group lei/m
would necessitate a mirror plane In the mclecule itselfl:
this seemed unlikcly. The copper and phosphorus atoms of
the molecule were placed at y = % (mirror plane of the spece
group P2]‘ﬁ“,see t'ige 14 (b) ) to conform to both space
groups. )

Two possible oricntations of the Cu=P bond were sugrested

by the Patterson map., These possibilities are shown in

Iige 16 [a) and (b) with the projection alcng the y axis of
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the unlit cell. The upper copper and phosphorus atoms in
both figures have 2 y coordinate of 1 whereas the equivalent

&

lower copper and phosphorus atoms have 2 y coordinate of

3/}40
Z Z
c i |_—0OCu
J Po—"
IY _op
Cu 0
g P T cuo |

(a) (b)

"1g, 15 Two orientations of the Cu-P bond suggested by the
Patterson map.

B, THE DTLCTRON DENSITY FUNCTION AND ITS APPLICATION

The electron density varies periodically throughout a
crystal, The clectron density ot any point (X,¥,%Z) in the
unit cell may be expressed by the Fourier series,

' o0 2 oL
€(X,¥,z) = 1 [FOOO +2 3> 2
.

Ay ©OS ar{x+ky+lo)
0=0 k==l [ ==0 hk

+ Bhkﬂ sin 2W(hX+kY+ﬁZ)], where FOOO is the total number of
e¢lectrons in the unit cell, and the conjugate terms nkd and

hkl have been combined,
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An electron density map is obtained in the following
manner. "irst, an avproximate structure 1s proposed and
the structure factors (Fc's) are calculated., Tlach of the
gtructure factors has both an amplitude and a phase angle.

The phase angles cbtained for this trial structure are

aprlied to the observed structure amplitudes, ‘Fo 's, to
produce Ao's and Bo's° These Ao's and Bo's are the Ahkl ts
and Bth 's used in the electron density expregsion for the
calculation of the electron density map.

if the proposed structure is reasonatbly correct, the
resulting mop will he an improved version of the trial
structure, If all the atoms of the true structure were not
included in the trial structure, the positions of the
omitted atoms may be revealed on this map. Improved atomic
rarametars may te obtained from this map and used to calculate
new structure factors with more accurate phase angles., If
the set of iImproved atomic parameters is reasonably close

to that of the true structure, thess paramcters may be

refl ined

r

'y successive clectron density mars or by 2 least
gsquares method, Xither of these methods should result in
a satlisfactory agreement ol the observed and calculated
structure amplitudes, However, if the trial structure is
not close enough to the true structure, other models must
be proposed,
An electron density map contains the symmetry elements

of %the proposed structure. As a result, false symmetry

clements will te present in the calculated map if the trial
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structure has symmetrykelements in addition to those present
in the true structure,

Because the electron density summation is only over
the observed reflections, the electron density msp also has
a series termination effect similar to that of the Patterson
map. Blectron density pesks are surrounded by diffraction
ripples as a result of this effect.

An approximate electron dengity map with the phase
angles based only on the copper and phosphorus atoms(using P21) was
compubted by the NRC-8 Fourisr program for the structure of
CSHBCuP(CZHS)3 in Fige 16 (a) and another similar map for
that in Fige 1% (b). The positions of the copper and
phosphorus atoms generate a centre of symmetry and mirror
planes (at y =L/, 3/4), 1.9, the symmetry of space group
le/m, Fige 14 (b)) in these electron density calculations.

The centrosymmetric map for the structure shown in
Fige 16 (a) gave peaks which occurred mainly on the mirror
Plane. These peaks could not be readily interpreted es
forming a chemically possible structure, Attempts to refine
proposad sets of carbon atoms along with the copper and
rhosrhorous atoms Tor this structure ware unsuccessful,
Consequently, this structure was re jected,

The centrosymmetric map based on the phase angles
determined from the positions of the copper and phosphorus
atoms in i#lg. 16 (b) clearly revealed the positions of the
five carbon atoms of the ring. One ring carbon was found

to lioc on the mirror plane and the other four occurred as
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two pairs reflected across thé mirror plane. The positions
of the methyl carbon atoms were also indicated on this map.,
Thus, the positions of the copper, phoSphorus, ring carbon
and end carbon atoms of the ethyl groups, conform to the
space group le/ho There remained two sets of chemically
possible positlions for the inner carbon atoms of the ethyl
groups as shown in Figs. 17 (a) and (c¢). The electron
density peak of each carbon atom in either set of methylene
carbon atoms was poorly resolved and was half the helght of
a methyl or ring carbon atom.

C. THE METIICD OF LEA3T SQUARES

(1) Theory

Initial approximate parameters for atoms may be obtained

from en electron density map. More accurate parameters for
the atoms may be found by refinement of these approximate
parameters by the least squares method. The least squares
method assumes that the best parameters for the atoms,
minimize the sums of the squares of the properly weighted
differences between the observed and calculated structure
amplitudes., In our 1east squares method, the quantity

minimized is D = 2 W( [F IFCI)Z, where W 1s the weight

given to the reflection considered and[FO,and [Fcl are its
observed and calculated structure emplitudes. IFO and IFCI

are on the same scale., The summation is over the structurally
different observed reflections,

The calculated structure amplitude, ch s 18 determined

by the scale factor and the positional and thermal parameters
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() ——_
(b) mirror
blane

. .

Fig. L7 Projection of the ethyl carbons along the Cu~P bond;
() and (c¢) are the two enantiomers and (b) is
their superposition,
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of each atom. There are N such parameters p, (j = 1,N).

J

For minimization, the derivative of D with respect to each

of these parameters 1is taken and set equal to zero,

;g_j—- hzkﬂ W(lF| - IFo | _gj_%gl_ = 0,

There are N such equations. These equations may be rewritten

as 29, WAF la F:_L = 0, jJ= 1,2..sN The gummatien is over the
3 D.
=)

hk

observed refléctions.

The original parameters, pj, are assumed to be close
to the parameters, pj + bj’ in the refined structure, where
the bj's are the shilts relating the original paramsters to

the finel parameters. A Taylor's expansion of AF as a

function of pj + b. is

J
N
AP%pj + bj) =AF(p,) - b, > abb(Pi)! neglecting higher

order terms., Substitubing this value of AF into the

previous equation glves

N
giQWPXF ~1ﬁj%il achL:Jalel =0, j =1, N rearranging gives
=l 9Py apj
S uS alrl ol lp. =S wE als
W ZE i, | o |F, | b, = WAF 3| F j=1, N,
{hk i=1 ap,; apj y hk § R ’ ’

These W linear equations are called the normal equations.

The A" and IFc,'s are calculated with the assumed parameters

pj°

These normal equations may also be expressed in matrix

form, AB=V » Where the elements of the NgN A matrix are
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a,,. = > W a[FplAaJFc[_ , those in the column matrix B

v hk 9Py apj

are the parameter shifts bJ and those in the column matrix

-1 4p = a~1y

Vare v, = > WAF a|F.| . Using matrix algebra, A
v hicd apJ

B=A"V

where Aal is the inverse matrix of A. Thus, bty cbtaining
the inverse matrix of A and performing the multiplication
on the right hand side otf the equation, the matrix B, whose
elements are the shifts in the parameters, i1s obtained.
If the original parameters were sufficiently accurate
sprroximations, these parameters plus the shifts should give
hetter values for the parameters. Several iterations are
performed, with the starting parameters [or each repetition
being the final parameters derived in the preceding calculation.
This process is repeated until convergence 1s achieved, 1l.e.
the shifts in the parameters are negligibtle compared to
the parameters themselves,

If the originsl parameters were not sufficlently close
to those of the true structure, the refinement may diverge
(preducing a very large R index) or converge to an unsatisfactory
structure, A structure would he unsatisfactory if the R index
vwere too large and/or if the bond distances and angles
differ greatly from chemically similar known bond distances
and angles. Some or all of the original parameters would
have to be adjusted and the refinement repeated.

The NRC-10 Structure TFPachtor Least Squsres program
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uses a block diagonal approximation in'solVing the normsl
cquetions, The interaction bétween the paraméters of different
stoms 1s neglected by setting the A matrix clements aij = 0

1f 1 and j 2re paramseters of different atoms., The normal
equations mey then be exnressed in separate rlocks, esach

block contalniing the paremeters of one etom, For anisobropic

nd

V]

vibration

ty there iz 2 9 x 9 matrix block for the X,7,Z

ABl* rarameters of each 2tom, The scale paremcter {which

rlaces [FCI and ,HU‘ on the same scale) and a single

overell -isotropic thermal parameter are included in a

separave 2 x 2 bPlock. ‘The matrix blocks are inverted separately
and the corresponding parameter shifts are obtained.

The NRC-10 S,F.L.S, program was converted into a full

motrix least squares program. This rewritten program 1is

glven in Apperndix TII,
The full matrix program uses all the elements in the
A metrix, 1.0, the interactions between the atoms sre

considered, The parameter shifts are obtained by the

]
[ 5]

Geussian elimlnation method using the GLDLS subroutine of

Ehe

[
(@]
[

entiiic Jubroutine pPackage supplied to the IBM 3460/65
computer at the University of Manitoba,

In general, the full matrix program requires a longer
computational time and greater storage area then the hlock
dingonal approximation; howaver, the former usually converges
Fo the best parameters much more rapidly ttan the lstter,
Also, the block diagonsl method usually has more difliculty

than the full matrix method in refining the parameters from
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atoms which are close together.

Both  the block diagonal and full matrik programs were
used in the least squares refinement of the structure of
CSHSCuP(CEHS)y,

(i1) The weighting schemse

A weighting scheme, which considers the probable error
of measurement of a reflection, is used in the least squares
method. The method used in calculating the weights is
essentiaily that given in Stout and Jensen (1968).

Unit weights were assigned to the reflections in the
intitial stages of refinement. Near the end of refinement,
mean vaiues of IAF| versus mean IFOI 's were plotted for
groups of reflections of simitar magnitudes. At least
fifty reflections were included in each group. From the
resulting graph;,ZFI was approximately given by

|a7| = 1,23 + 0.0540 ,'5; « The weight W is taken as

for a reflection.

W 1 =

= 1 .
'I'A'Ffa”“'“ (L.23 + 0.05L0 [F [
The statements, added to the NRC-10 S.F.L.S5. program,

which are required for the calculation of the weighting
scheme and the applicatioh of the weights are given in

Appendix igo

(111) The estimated standard deviations from the least

squares method

The estimated standard deviation (e.s.d.) of a parameter

: 2
Py from the least squares method is Gpj = a}é (E%Q QAFI Yo

M-I
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where the summation 1s taken over the observed reflections,

AF = 'FOI - ‘Fcl for a reflection with W being the weight

given to the reflection, a3§ is the diagonal element of

the parameter j in A~ (the inverse of matrix A), m is the
number of reflections and n is the number of variable parameters
in the structure. The block diagonal program was used to
calculate the estimated standard deviations (e.s.d.'s) of

the parameters since the elements of A~l, the inverse

matrix of A, were calculated in the block diagonal program

but not in the fuli matrix version.

D. LEAST SQUARES REFINEMENT OF THE CYCLOPENTADIENYL-

(TRIETHYLPHOSPHINE)COPPER(I) STRUCTURE

In section B of this chapter, the approximate electron
density map with phase angles based only on the copper and
phosphorus atoms clearly revealed the positions of all the
cyclopentadienyl ring carbon atoms, the end carbon atoms
of the ethyl groups, the copper and the phosphorus atoms,.

All of thexatoms conform to the requirements of space group
le/m» However, two sets of chemically possible positions
remained for the methylene carbon atoms as shown in Figs.
17 (a) and (c)o,
Least squares calculations based on le symmetry and

including only one of the enantiomers (shown in Figs. 17 (a)
and (¢) without ring carbon atoms) in the structure led
to unsatisfactory results i.e, some bond distances and angles
were too far from chemically similar known bond distances
(the C~C bond distances in the ring varied from 1925'3 to

o, o
Loltb R with each vatue having an e.s.d. of 0,05 A whereas




71

the chemically exvected value is around 1.0 E)a The R

index for this structure was 0,157. Another model, a which
each molecule was forced to have a mirror plane by nlacing

'C (5) on that plane and relating C (%) to C (7) by reflection,
was also unecceptable since some bhond distances and angles
vere too far from their chemically expected values (R=0,158),
Thus, a single molecule conforming to either space group

P. did not completely describe the

5 or spacs group P

1 29/m
crystal structure. Only a disordered model containing two
enantiomers each with one-half occupancy refined to a structure
consisting of chemically reasonable bond distances and angles
and R = 0,151, Such 2 model satisfies the requirements of
the space group le/me The two onantiomers are shown without
the ring carbon atoms in a projection along the Cu-P bond
(almost parallel to the a axis) in Figs. 17 (a) and (e},
with their superposition throughout the structure shown in
Fig. 17 (r). Fig. 18, is an electron density map
through the mean plane of the methylene carbon atoms using
the final structure factors., A comparison of this map with
Fig. 17 (b) shows the close correlation between the electron
distribution snd the disordered structure.
Fige 19 1s also a projection of both enantiomers along

the Cu~P bond. One enantiomer is shown in closed circles and
the non-identical portion of the other is siven in dashed
circles. Within its estimated standard devistion, C (%)

13 in a 4identical position in both enantiomers., However,

best refinment was achieved with this atom slightly
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mirror plane

Fig. 18 Electron density map of the mean plane through
the metgylene carbon atoms: the lowest cog?our
is 1 e/A°with the contour interval 0.2 e/A” ;

L denotes "Low",




Fig. 19

Projection of the molecule along the Cu-P

bond. One enantiomer is shown in closed circles
and the non-identieal portion of the other is
given in dashed circless

73
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displaced from the mirror plane. .

Considering the observed reflections only, refinement
of the disordered structure was carried out using several
cycles of lsast squares fitting of the positional parameters
of all the non-hydrogen atoms snd of the tempersture factors,
initially isotropic but later anisotropic. Slow convergsnce
led to s finsl R index of 0.151. The R index was lowered
to 0,145 with the inclusion of a set of hydrogen atoms at
chemically expected positions and refinement of the parameters
of all the atoms except the hydrogens. These refined
parameters are within the estimated standard deviations of
the refined parameters before the hydrogen atoms were
included, the latter being those shown in Teble L (a), p, 77,
The hydrogen atom parameters are given in Table L (b),

The following stetements show that convergence was
achleved in the least squares calculation., In the final
least squarss cycle, the largest and the average sbsolute
value of the stomic coordinate shifts (ekpressed in fractional
coordinates) were: for the cooper atom A X 10"'5 and 5 x 10—5,
for the phosphorus atom 3 x 10-S and 2 x 10"5 and for the
carbon atoms 81 x 10"5 and 37 x 10"50 The maximum pesitional
parameter shift was less than one-third of the e.c.d.
whereas the average positional parameter shift as a fraction
of the e.s.d, was less than one-tenth.

E. THE DIFFERENCE FOQURITR SYNTHESIS

A difference Fourier synthesis shows the agreement

between the proposed model snd the true structure., A
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difference synthesis may be expressed by the Fourier series,

o0 O O
eolX,¥,2 -ec(x,y,z)=%? %F@O@th:u %_Jg-ochOGAC)COS 2w (nx+ey+z)

+(BO—Bc)sin 2W(hX+kY+ﬁZ)} , where the difference betwesn

the otserved (eo) and calculated (ec) electron density
functions 1s taken andZSFOOO i3 the number of residual
electrons in the unit cell (i.e. the number of electrons

In the true structure not included in the assumed structure) .
A difference map is virtually free of the series termination
affect since the serles termination errors in both electron
density functions are essentially subtracted out in the
difference function,

Tn the last stage of refinement of the structure of
CSHSCuP(CZHS)B, 8 difference Fourler synthesis was carried
out using the structure factors calculated with the hydrogens
included., This difference map revealed a peak of 1.6 Q/XB
between the copper and phosphorus atoms. This peak 18 small
when compared with the copper and prhosphorus peaks of 30 e/ﬁ
and 15 e/}\?3 regspectively occurring on the electron density
map. JThe remainder of the difference map was between 1.0 and

o3 )
-1.2 ¢/A” with the maxima and minima occurring on the mirror

plane.




- ”
CHAPTER IX

RESULTS AND DISCUSSION

A. X-RAY ANALYSIS

The results which were obtained from the X-ray crystal-
lographlic structure determination of cyeclopentadienyl=
(triethylphosphine)copper{I) are tabuiated as follows:
the final atcmic coordinates (Table li), the observed and
calculated structure tactors{xl0)using the refined parameters
before hydrogen atoms were included (Table 5), the tond
distances and interbond angles (Table 4), the thermal
vibratlion tensor components (Uij's) of the atoms (Tahle 7)
and the mean plane between the cyclopentadienyl ring carbon
atoms (Table 8),

The X-ray analysis revealed the presence of twa
enant jomers distributed apparently equally and randomly
throughout the crystal. A projection of the unit cell
viewed along the ¢ axis is shown in Fig. 20. The atoms of
one enahtiomer are illustrated In solld circles and the
non-identical portion of the other is given in dashed
circles. The copper, phosphorus, ring carbon and the
methyl carbon atoms off the mirror plane, ¢ (8) and
C (89), have identical positions in both enantiomers.

C (5) is on the mirror plane within its estimated standard
deviation; however, best refinement was achieved with this
atom treated as two half-atoms (mirror images of one another)
8lightly displaced from this plane. OCnly the methylene
carboun atoms do not conform to leﬁﬁ symmetry in both

enantiomers,




TABLE U,
Cu

P
c(1)
c(2)
c(3)
C (Iy )3
C(5)
C(6H)==
C(7)
c(8)
H

H

H

He

Hss

Hse
Ha=
He
Hse
H:e
Hs
Has

H

H

H

Atomic coordinates

A, Non-hydrogen atoms and their
deviations (x 10l4),

x/a y/o z/c
=0.1288 (L) 0,2500 (=) 10,1110
0.,1348 (8) 0,2500 (=) 0.1589
-0.3237 (31) 0,2500 (=) 002347
=0.,3501 (24) 0,3528 (23)» 0:1159
=0,3979 (28) 0.3151 (28) =0,0632
0.,1701 (62) 0.3146 (66) «0,0,88
000760 (50) 092).‘.08 (9,4.) °092u36
0.,2367 (L46) 0,0945 (41) 0,2053
0.2809 (40) 0.3451 (42) 063632
0,221 (uh) 0.4703 (37) 0.3750
B. Hydrogen atoms(Bigo = 6,0 for each)
-0.3308 0,2500 0.3733
=0,3401 04167 0.2282
-0,1128 0.3940 =0.1499
00302)4. 003060 "’O .0260
001’.],00 0.L|.1}.|.0 "O 00620
0,.3588 0.,1339 0.,30Uu6
0.1980 0,0340 0.0720
0,3430 0.3782 0.2750
0,3140 062990 0.5020
=0,0541 0,2360 =0,3000
0.,1942 0.1920 =0,2540
0.1017 0.2940 =0,3520
0.2267 0.4755 0,5117
02849 0.5435 0.3259
00,0814 0.4870 00,2966

estimated stangard

N s ey o oy o, o,
VAN O WA E = On
COMNNKWO DR~
N N Ne et s Nt Nt i S

These are the hydrogen atom positions adopted

on chemical grounds,

# has an occupation factor of 0s5

and_the corre
Cu+1

The atomic scattering factors for H, G, P and Cutl

ction for anomglous dispersion for P and

were taken from the International Tableg for X=Ray
Crystallography (1962, Vol. III),

77
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TABLE & The observed and calculated structure factors(xlo) for
Csﬁscup(02H5)30 :
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TABLE 6. Interatomic distances and angles and their
catimated standard deviations.

o
Cu-P 2.136 0,009 &
P-C (L) 1,885 0,065
P-C(5) 1.891 0.0LL
P-C(7) 1.858 0,047
Average P=C 1.378 0,053
c(l)=Cc(5) 1.587 0.095
c(7)=C(8) 1.489 0.0562
c(h)=-C(8) 1.540 0,052
Average ethyl C=C 1,539 0,072
Cu=C(1) 26252 0,031
Cu=C(2) 2,229 0.024
Cu"C(B) 20239 00026
Average Cu-C 2,238 0,026
C(1)=C(2) 1.412 0,032
c(2)-c(3) 1.321 0,03}
Cc(3)=C(3") 1.138 0,0l
Average ring C-C 1,381 0,035
P-Cu=C{1) 148.7 0.7°
P=Cu=C(2) 148.0 0.7
Pulu=C ( 3) 1”.8 05 007
Average P=Cu=C 1484 0.7
Cu~P=C (L) 1134 2.,0°
(‘u"D-b(6) 113e9 103
(‘u"p"'J(?) 11505 10,4.
Average Cu=P-=C 11h.3 1.6
P-C(L)=C(5) 113,56 LS
P-C(7)=0(8) 116.7 3.0
D"’?(‘J)-C(a') 1129& 207
Average P=C-C 11L.2 3.5
C(L)=P=C(6) 105.8 20lL
C(lL)=P-C(7) 101.9 2.5
c(6)=P=C(T7) 105.2 1.9
Average C=P=C 10463 263
c(1)=c(2)=C{3) 108.1 263
c(2)-C(3)=C(3") 108.3 2ol
C(Z)eC(l)eC(2') 1070 202
Aversage ring C=C=C 107.8 263
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The largest estimated standard deviations are

0.003 for the copper atom, 0.006 for the phosphorous
atom while the standard deviations range from

0,011 = 0,103 for the carbon atoms,

O
<

Qoo
Lamn P W N B e T P T
DO~ VLELo N
Nt e s S S N e o N?

Uy U U U U U

11 22 33 23 13 12
0,050 0,087 0.094 0.0 0.029 0.0
0,043 0,068  0.071 0.0 0.021 0.0
0,027 0.169 0,087 0.0 0,028 0.0

0.050 0,065 0.132 0.032 0.050 0,013
0,073 0o133 0,082 0,014 0.041 0,006
00081 00183 093.61 ‘OQOOS 00088 "00012
0,09 0,368 0,130 0,236 0.0L6 0.054
0.059 0,060 0.058 =0,028 -0,002 0,027
0,033 0,051 0,12l =0,035 0.0y =0.012
0.151 0.142 0,108 <0,068 0.046 =0.031

TABLE 8. Cyclopentadienyl ring: mean plane and distances.

1

The equation of the mean plane through the 05H€ ring is
-0,9877X + 0,0002Y - 0,15647 - 3.2382 = 0

where X,7,7 refer to the orthogonal set of axes, X along
8, ¥ along b, and Z along ¢™,

o
Distances of atoms from plane (4)

c(1) 0,018
c(2) ~0.01Y
c(ar) ~0,015
Cc(3) 0,006
c(31) 0,006
Cu ""1090)_}_
P =11.040

The difference between the copper and phosphorus

distances to the mean plane through the CSH ring
is equal to the Cu-P bond length. Therefdrsd the

Cu=P bond 1s normal to this mean plane,
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The random distribution of the enantiomers can be
understood from a consideration of possible intermolecular
interactions. The positions of the methyl carton atoms,
which form an almost equilateral trianglie as shown in
Fig. L7 and in Fig. 19, are those that might be expected fromk
packing considerations. Since C (5) liies on the mirror
plane within its e.s.d., ail of the atoms except the methylene
carbon atoms form a set which conforms to lehn symmetry,
Because of this symmetry, this set of atoms can show no
preference in its interactions with right-or left<handed
molecules, Once the positions of the members of this set
are fixed only intermolecular interactions between methylene
groups could induce ordering of the enantiomers. However,
the shortest intermolecular distance between methylene
carbon atoms is L.}h3 go If hydrogen atoms are considered,
the closest intermolecular distance of approach between
methylene hydrogen atoms is approximateiy 2.3 Xu The
closest intermolecular distance between any pair of non-
hydrogen atoms 1is 3,76 Xo Hence, any molecular interactions
are relatively weak which is in accord with the high
volatility of the compound, .

An examination of Table 6 shows that each individual
bond length (within its e.s.d.) 1s equal to the average
bond length (within its e.s.d.) of all chemically equivaient
bond distancese.

o
The Cu-~P distance is 2.ll4 A, From the sum of the covalent




83

radii of Pauling (1967) the predicted value for a Cu=P
bond length is 2.45 ge However, this experimental value of
the Cu-P distance can be compared with the experimental
average value of 2.23 X obtained by Corfield and Shearer
(1966) in the structure of phenylethynyl(trimethyilphosphine)-
copper(I)., The P-C bond distances average 1.88 X. Summing
the covalent radii of Pauling (1967) gives 1.87 X for a P-C
bond length whereas the average experimental value of
1.83 X was obtained by Corfield and Shearer (1966).

The Cu-C ring distances, presented in Table 6, average
2.2 ge Table 8 shows that the distance of the copper atom
from the mean ring plane is 1.90 X, and that the Cu-P
bond is normal to the mean ring plane. Clearly, the
cyclopentadienyl ring in CSHSCuP(CZHS)3 is T~bonded to
the copper atom rather than being e-bonded as proposed
by Wiikinson and Piper (1956) and siso by whitesides and
Fleming (1967). Figs. 19 and 20 distinetly iitlustrate the
T-bonding of the eyclopentadienyl ring to the copper atom.
The presence of a Tr-bonded CSHS ring is in accord with
the thermal stability of the moleculé. In'W«CSHSCuP(Caﬁs)B,
copper achieves an inert gas configuration making the copper
atom igoelectronic with the nickel atom inTr~cyclopentadienyli=-
(nitrosyi)nickeig‘W=C5H5N1N0a A Ni=C bond distance of
2,11 % in*anSHSNiNO was found by Cox, Thomas and Sheridan
(1958) using microwave spectroscopy. This distance may
be compared with the average Cu=C ring distance of 2.24 Xa

o)
The average C-C bond length in the ring is 1L.38 A. This
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is similar to the average C-C bond length of 1.40 g in the
T=¢cyclopentadienyl ring of (ﬁaCSHS) Fe(CO)g(G@CSHE) whose
crystal structure was determined by Bennett et ai. (1966)

B, ATTEMPTED DIELS ALDER REACTION

Wilkinson and Piper (1956) reacted the dienophile
maleic anhydride with cyclopentadienyl(tristhylphosphine)-
copper{I). Red precipitates which could not be characterized
were formed. However, triethylphosphine also reacts with
maleiec anhydride.

More recentiy, in the author's attempted reaction of
the dienophile hexafluoro-2<butyne (CFBCECCF3) with
T-cyclopentadienyl(triethylphosphine Jcopper(I) in petroleum
ether solution, only starting material could be identified.
The structure of a possible Dieis-Alder adduct of CFBCECCFB

with CSHSCuP(Czﬁs)B is given in Fig., 21,

CF5

P(c:2 H5)3

Fige 21o A possible Dieis-Aider adduct.
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Hexaf luoro-2-butyne 1is such a strong dienophile that it even
forms a Dieis-Alder adiuct with the benzene derivative,
durene (Krespan, McKusick and Cairns (1960) ). At room
temperature, CFBCECCFB glso reacts with nickelocene
NiGTaCSH5)2 to form a Diels~Alder adduct (McBride, Dudek
and Stone (1964) )., However, with tne formation of the
adduct, ﬁhe nickel atom achieves an 1inert gas configuration.
If the cyeclopentadienyl ring in C5H50uP(02H5)3 were
T-bonded (Fig. 1 (a) ), the copper atom would already have
the inert gas configuration; the subsequent formation of
a Diels=Alder adduct wouid destroy this stable electron
configuration. In this case the Diels-Alder reaction
would be less likely to occur for cyciopentadienyl-
(triethyilphosphine )copper(I) than for nickelocens.,

If the CSHS ring in CSHSCuP(CZHS)B were o’=bonded
(Fig, 1 (b) ) to the copper atom, the compound would be
aexpected to readiiy form a Dieus-Alder adduct with
CF3CECCF3; if the ring were T=bonded, the formation of
the adduct would stiil be possible but not as probable.
The fact that the author was not able to isoiate a Diels-Alder
adduct of hexafiuoro-2-butyne with cyclopentadienyli-
(triethylphosphine Jcopper(I), strongly suggests that the
CSH5 ring is T=-bonded to the copper atom when the compound
is in petroleum ether solution.

C. LOW TEMPERATURE NUCLEAR MAGNETIC RESONANCE (NMR) STUDIES

A low temperature nuclear magnetic resonance study

was performed by Bennett et al. (1966) on the compound
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ﬁTaJSHS)Fe(CO)z(d-CSHS) from 30°C to =100°C in carbon
disulfide solution, At 3OOC, two resonance peaks are seen
in the proton magnetic rescnance spectrum, one atT 5.6
which 1s assigned to the W;CBHS ring protons and the other
at 4.3 which is assigned to the ¢-CgHg ring protons.

Upon cooling to -100°C, the peak atT 5.6 remains a single
peak. The peak atT L .3 collapses with cooling and three
new resonance peaks appear from —6000 to -100°C. Two of
these peaks occur at aroundT li and the third atT 6.5.

The three new peaks have the approximate intensity ratio
of 2:2:1 respectively.

The room temperature nuclear magnetic resonance (NMR )
spectrum of CSHSCUP(CZH5)3’ obtained by Piper and Witkinson
(1956) in toluene solution, showed a single sharp pesk for
the protons of the CSHS ring. More recently, Whitesides
and Fleming (1967) performed a Llow temperature study
{(between OO and ~TOOC) of the NMR spectrum of this compound
in various solvents., In sulfur dioxide solution at UOC,
these Latter authors observed a single sharp peak atT 3.7
for the protons of the CSHS ring. Upon coocling to -7OOC,
this peak broadens and splits to form three peaks at
T values of 3,05, 3.43 and 5.5L. These three peaks had
relative areas of approximately 2:2:1., The same authors
reported that qualitatively similar spectra were obtained
for the ring protons in proprionitrile and petroleum
ether solutions. However, in triethylamine and triethyl-

phosphine soiutions of the organcmetalilc compound, enliy
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a single peak for the cyclopentadienyl ring protons was
observed upon cooling to °7ooCo From these observations,
Whitesides and Fieming (1967) assigned a o-<bonded C5H5

ring to the structure of eyclopentadienyi(triethylphosphine )=
copper(I) (Fig L (b) ). They also excluded the possibility
that the compound whose spectrum was observed in sulfur
dioxide solution was actually an adduct of the organometailic
compound with suifur dioxide.

The fact that the single peak for the cyciopentadienyi_
ring protons in CSHSCuP(02H5)3 split with cooling to =70°C,
in some, but not ail solvents, is evidence that there is
a solvent effect involved in the splitting.

Low temperature NMR spectra of the compound CSHSCuP(CZH5)3
conducted by the author are given in Fig. 22, 23 and 24.

Fig. 22 shows that simiiar results were obtained in suifur
dioxide sotution as those reported by Whitesides and Fleming
(1967). The peak at T 3.4 in the OOC spectrum is due to a
decomposition product. The sotution was ailowed to stand

at -5°C for three days. The subsequent NMR spectrum at

0°c showed that the peak at ¥ 3.7 was absent and that the
peak due to the decomposition product at T 3.4 was increased
in height. This decomposition peak did not split when the
sample was cooied to m?OOCo

Cohtrary to the results of Whitesides and Fleming (19b7),
no splitting of the single peak due to the protons in the
CSHS ring of cycxopentadienyx(triethylphosphine)copper(I)

Wwas observed in petroieum ether soiution
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-40°C

Fig. 22 Low temperature nuc lear magnetic resonance spectra
of CSHSCuP(CZHS)3 in sulfur dioxide solution.
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Fige 23  Low temperature nuclear magnetic resonance spectra
of CSHSCU'P(CZHS)B in petroleum ether solution.
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|

-20°C

i -s0°C

X ) 3 ]

3 4 ' 5 1

Fig. 24 Low temperaturs nuclear magnetic resonance spectrs
of CSHSC“P(CZHS)B in toluene solution.
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upon cooling to -100°% (Fig. 23). In toluene solution
(Fig. 2L4), the single peak due to the ring protons of the
compound was still sharp at =90°C. These latter results
in hydrocarbon solvents are consistent with that sxpected
for the protons of a TT=honded cyclopentadienyl ring. In
sulfur dioxide solution, some solvent effect occurs. The
observed spectrum may be that of a &-bonded CSHS ring;
however, the organometallic compound may not exist as such
in sulfur dioxide solution. In any case, these NMR studies
refer to the compound in solution, whereas in an X-ray
structure determination one 1s dealing with the molecule
In the s0lid state.

D. MASS SPECTRUM

The mass spechtrum of ”‘CquCUP(C255)3 obtained by
the author is given in Fig. 25, Whitesides and Fleming
(19A7) reported a clearly defined parent ion in the mass
speetrum of the compound at m’e 247 and 24,9, The parent
fon actually occurs at m’e 245 and 248. These two peak
helghts are in the isotope ratio of Cu?3 to cu’>., The
absence of peaks corresponding to a dimeric or other polymeric
species indicates that the compound is probably monomerié
in the gaseous state., TPhe peaks corresponding to the ion
CuP(J2H5)3+, m/e 181 and 183 are in the same ratio as the
parent peaks. Whitesides and Fleming (19467) state that
the absence of a strong peak corresponding to the ion

(CSHS)Cu+’ m/e 128 and 130, strengthens the postulation of

a o0=bonded CSHS ring. Mass spectra have been obtained for
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cyclopentadienyi - containing compounds of eilements of
the first transition series (Frieaman, Irsa and Wiikinson
(1955) )o Very significantliy higher yleids of the ion
C5H5M+ were obtained from the ionic cyclopentadienides
in comparison to those obtained from the r-cyciopentadienyds
compounds., The presence of a strong CSH5M+ peak in the
mass spectrum is an indication of an ionicaily-bonded
rather than a T-bonded 65H5 ring, Thus, the absence of
a strong peak corresponding to the CSHSCu+ ion sﬁggests
that the CSH5 ring is not ionically bonded. However, the
peaks due to this jfon may still contribute to the peak
heights at m/e 128 and 130,
E. SUMMARY

Various methods were employed to determine the nature
of the bonding of the cyclopentadienyl ring to the copper
atom in cyclopentadienyl(triethylphosphine)copper(I).
The Infrared and chemical evidence of Wilkinson and Piper
(1956) was inconclusive, nevertheless, these authors
postulated a o=bonded C5H5 ring for the compound (Fig. 1 (b) ),
The X-ray strueture analysis of the compound by the author
clearly shows that in the solid state the cyclopentadienyl
ring 18 Tr=bonded to the copper atom as postulated in Fig, 1 (a)
(see Figs, 19 and 20 and also Table 8), The presence of
the parent peak at m/e 2446 and 248 in the mass spectrum
of the compound and the absence of a dimeric or other
polymericﬂspecies9 indicates that the ecompound is monomeric

in the gaseous state. This is an indication of the wesak
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intermoieculrar forces found in the X-ray analysis° Thus,
the motecule in the vapour phase is iLikeiry to be simiiar
to that in the solid state.

The author's attempted Dieis-Adier reaction of hexafiuoro-
2-butyne with the organometailic compound in petroleum
ether solution stronglLy suggests the presence of a T-bonded
C5H5 ring. The low temperature nuciear magnetic resonance
studies by the author of the compound in petroleum ether
and toluene soiutions aiso suggest a TT=-bonded C5H5 ring
for soiutions of the compound in hydrocarbon soivents. Low
temperature NMR spectra of solutions of the compound in
sulfur dioxide obtained by both Whitesides and Fleming
(1967) and the author indicate that a o-=bonded CSHS ring
may be present. However, a solvent effect occurs in the
sulfur dioxide solution. Thus, the compound may not exist

as such in this solvent.
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THE CRYSTAL STRUCTURE OF F63A82(00)9
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INTRODUCTION

Mond, Langer and Quincke (1890) discovered the first
metal carbonyl compound, nickel carbonyl (Ni(CO)u)@ Since
this discovery, many more carbonyl and substituted carbhonyl
compounds have been prepared. The preparations, the reactions
and the structures of many metal carbonyl compounds are

compiled in Organic Syntheses Via Metal Carbonyls (1968).

Foust, Foster and Dahl (1969) have recenﬁly published the
preparation and structure determination or some new arsenice
cobalt carbonyl compounds as part of their comprehensive
Investigation in the field of arsenie-metal carbonyl
compounds,

A new compound in the arsenicametal carbonyl series,
PeEAsz(CO)q, was isolated as one of the products in the
reasction of arsenic trifluoride with iron pentacarbonyl
by L. Kruczynski (private communication). The composition
of the compound was determined by mass spectrometry and
by chemical analysis. The compound formed red crystals
with well-developed faces upon re-crystallization from
petroleum ether solution. ¥rom an analysis of the infrared
spectrum of Fe3A32(CO)9 (bands at 2035.2 s , 2005.1 m,
199L.3 mw (cm”l), nujol mull), L, Kruczynsk! (privste
communication) proposed the following structure for the

compound in Fig., 26,
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Fig., 26 Proposed structure for FeBAaé(CO)9 by L. Kruczynski
(private communication),

He also supplied erystals of the compound to the author.
An X-ray analysis was then undertaken by the author to

dstermine the actual structure of the compound,
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CRYSTAL DATA

A, DESCRIPTION OF THE CRYSTAL

The red crystals of F93A32(00)9 resembled tetragonal
dipyramids (distorted octahedra). A single crystal of
F63A82(CO)9 was mounted about the elongated axis on the
reflecting goniometer. The angle between this axis and
the normal to each crystal face was approximately 600 ps lo@
Thus, this crystal did not belong to the cubic system
(for octahedral crystals this angle would be 109028ﬂ/2)e
Assuming the crystal system is tetragonal or at least
orthorhombic, the other twe axes of the crystal are normal
to this elongated axis, cailed the ¢ axis. Fig. 27 (a)

and (b) show the two possible sets of axes in a projection

along the ¢ axis of the crystal,

%/Cry stal Fcce\g/
(a) (b)
Fig. 27. Pogsible sets of axes of a crystal of Fe3Asz(GO)96

For either orientation, these two axes of the crystal
appeared to be equal in length. Single erystal X-ray

photographs were used to determine the axes, the crystal
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system, the possible space groups and the unit cell
dimensions of the crystal,

B. PRECESSION PHOTOGRAPHS

The form of the single ecrystals of FejAs,(CO)g
indicated that the erystal system was 1ikely tetragonal
or orthorhombic, In both of these erystal systems, the
direct axes of the erystal coincide with the reciprocal
axes. The crystal was mounted for rotation around the
¢ axls by the use of a reflecting goniometer. An
orientaﬁion photograph taken on the precession instrument

#
confirmed that the ¢ and ¢ axes coincide in the crystal, -

The crystal was then mounted for rotation about
this axis for all subsequent precession photographs,

A zero level precession photograph was taken: the
precession axis was one of the two possible axes of the
get in Fig. 27 (a). Another zero level photograph was
recorded with the precession axis being the other axis of
Fig, 27 (a). Similarly, two more zero level precession
photographs were taken with the precession axes being the
tWwo possible axes in Fig. 27 (b).

One set of possible axes, either the set in Fig., 27 (a)
or that in Fig. 27 (b), corresponds to the actual crystal
axes and the other set corresponds to the diagonals
between these axes. For the crystal to belong to the
tetragonal system, the zero level photographs corresponding
to the true axes must be identical to each other; |

simililarly, the zero level photographs corresponding
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to the diagonals must also be identical to each other,

However, for the crystai to beiong to the orthorhombic

system, only the zero level photographs corresponding

to the dlagonals must be identical te each other., For

the single crystal of Fe3A52(00)99 the two zero level

precession photographs correspcnding to the axes in

Flg, 27 (a) were identical to one another whereas the two

corresponding to the axes in Fig. 27 (b) were different

from each other, Therefore, the crystal belongs to

the orthorhombic system and is only pseudo-tetragonal

and the crystal axes correspond to those in Fig. 27 (b).
The zero level precession photographs corresponding

to the axes of the crysta. are given in Figs. 28 (a) and

(v)e A cone axls photograph of the single crystal of

Fe3A32(CO)9 Was taken: the rotation axis was g* (also

¢ [poi]) and the precession axis was b [Qldle The

measurement of this cone axls photograph and the subsequent

calculation of the reciprocal lattice spacing d%01oy

established that the spacing measured along the 3%

directlon in Fig. 28 (b) corresponded to d*OlO and not

some multiple of a The true spacing might have been

010°

g multiple of a* because of some systematic absences, A

010
precession photograph of the (hlﬁ)* reciprocal lattice plans
was then taken. This first level photograph confirmed that

the spacing along the gf and g* directions in Fig. 28 (a)

corresponded to d 100 and d 001 regpectively and not
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{a) nof, precession photograph,

{(b) ok precession photograph

Fig. 28. Contact prints of precession photographs of E“eBAsZ(CO)%
Mo Ky radiation, @ = 25, F = 60 mn, .
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some multiple of these spacings., The spacing measured
along the 2* axls in Fig. 28 (b) actually corresponds
to twice the d%OOL spacing due to the systematic absence,
Ok f reflections preéent only with ,Q: 2n i.e., present
only with ﬂlevena

The (hOR)* and (Ok&)% reciprocal lattice plane
photographs, given in Figs. 28 {a) and (b) respectively,
show that the g* and E* axes are normal to the g* axis,
5ince both of these photographs were taken at right angles
tc one another, g* is also normal to E*@ The symmetry of
the zero and first level photographs and the fact that
x;%zmufﬁare right angles confirm that the crystal belongs
to the orthorhombic system. The reciprocal lattice spacing
along the axis normal to g* in Fig. 28 (a) is slightly larger
than that along the axis normal to g* in Fig, 28 {(b)o
Therefore, the axis in Fig. 28 (a) is called g% and the axis
in Fig, 28 (b) is cailed E* to retain the convention in
direct space of ao<§oe The original assignment of the
elongated axis of the crystal as the ¢ axis is maintained
to emphasize the pseudo-tetragonal symmetry of the crystal form.

An outstanding feature evident on the photograph of the
(Okﬂ)* reciprocal lattlice plane Fig. 28 (b) is the
pseudo-trigonal or pseudo-hexagonal pattern consisting of
six very intense reflectlons (02h, 025, 0LO, OLO, 025, and 02l).
I7 the structure contains a triangle of iron atoms as
postulated Iin Pig. 26, than this pseudo-trigonal pattern

strongly suggests that the iron triangle is perpendicular




102

to the precession axis of this photograph i.,e. perpendicular
to the a axis of the crystal,

C. DETERMINATION OF THE SPACE GROUP

The following systematic absences in the reflections

Wwere observed in the precession photographs:

hkﬂ: present only with b +_£ = 2n
Okﬂ: present only with I = 2n
nofds present only with h +_ﬁ =2n
hkO: present only with h = 2n, k = 2n
h00: present oniy with h = 2n

0kO: present only with k = 2n

004 present only with £;= n

These systematic absences correspond to the foliowing
space groups: Bm2,b, B2mb and Bmmb (Nuffield (1966),
Table A3=3)e. By interchanging the crysial axes, the
space groups corresponding to the normal orientations
of the crystal are obtained. In the normal orientation,
Bmzlb is equivalent to Cmc21 (No. 36), B2mb is equivalent
to Ama2 (No. 40) and Bmmb is equivalent to Cmem (NOo 63).
The normal orientation space groups are found in the
International Tatles for X-ray Crystallography (1962, Vol. I).
D. DETERMINATION OF THE UNIT CELL DIMENSIONS OF A STNGLE

CRYSTAL OF Fe,ASQ(CO)g

Accurate cell dimensions of a single cecrystal of
FeBAsz(CO)9 were obtained from zero level Weissenberg
photographs by the method of C,L. Christ (1956). This

method involves the calibration of each film as a
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function of ® . The powder pattern of a known standard
substance is recorded 6n both sides of a zZero level
Welssenberg pattern of the single crystal.

A zero level Weissenberg photograph of a single
crystal of F93A32(00)9 rotating around the ¢ axis was
obtained using the method deseribed in Chapter V.

The transiation of the camera was restricted to leave
1,5 cm of unexposed film on either side of the Wéissenberg
pattern, The goniometer head containing the crystal

was removed and was replaced by another containing a
thin atuminum wire (99.99% Al.). The camera drive was
disconnected and the aluminum powder pattern was
recorded on the film on both sides of the Weissenberg
pattern. Unflltered copper radiation (Cuﬁxgﬁ) was used
in recording the Weissenberg pattern and nickel-filtered
copper radiation (CuK,) was employed for the aluminum
powder pattern. The resulting photograph is shown in
Figo 29,

Swanson and Tatge (1953) have accurately determined
the length of the cell edge for aluminum as ap = L.O494 go
Accurate values of © theor were calculated for each
reflection in the asluminum powder pattern using this
value of aj . The aluminum powder pattern on toth sides
of the fiim was measured with the use of a device similkar
to that in Fig, 7. Values of © meas, for the reflections
in the powder pattern were obtained from these measurements.

The vaiues of k (©) = ©theor were plotted versus © meas.
meas,
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aluminum
lus 28,648 mm,

camera I‘&é

®
2

‘radlation

Cu/Ni

hkO Weissenberg photograph, Cu/- radiatio
powder pattern,

Fige 29.
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for each reflection in the aluminum pattern. This graph
is given in Fig. 30. 'he positions of the hu0 and 0kO
reflections were measured on the Weissenterg photographs
and the values of © meas, were obtained for these
refiections. For each © meas. value, the corresponding
value of k (©) is read from the graph in Fig. 30. The
corrected © value is given by ©Scorr = k (6) ©Omeas.
Accurate cell dimensions are obtained from the ©corr,
values, These calculations and the accurate cell
dimensions of FeBASZICO)g are given in Table 9, Table 9
also shows that the cell content Z = l4 1.e. there are
four molecules of Fe3A32(00)9 per unit cell.

E., INTENSITY COLLECTION

An intensity scale was made using the method
described in Chapter VII. An oscillation photograph
taken of another crystal of F93A32(CO)9 rotating around
the a [LOO] axis showed very few reflections for levels
higher than 10 kﬂo Thus, levels higher than this were
not recorded for the intensity collection,

Equi-inclination Welssenberg photographs of the
okl to 10k} levels of a single crystal of Fe3A32(C0)9(02x,2103mm0)
rotating around the a axis were recorded by the triple
£1lm pack technique using zirconium-filtered molybdenum
(Kx) radiation, The intensities of the observed reflections
on these photographs were estimated by visual comparison
with the intensity scale,

The Lorentz and polorization factors were applied
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A. Accurate cell dimensions of a single crystal

The hkO Weissenberg photograph of Fig. 29

L
(rm. )
59620
56,60
;2 .00
36,70

31.65

TABLE 9.
of Fe,As,(C0)g
was measured,
2o
Index Reflection R
(mm., )
400 g 104 .40
e 107000
1G00 @ 121.45
~ 126.75
1200 (3 131,70
X 139050

Since the x and x* axes

o]

2o

- - +
a b dloo - 10082 hind oOl

Index Reflection R

060

080

0,100

¢

¢ KN o> %

(mm, )
105,05

106,60
112,15
115.80
120.85
126,00

23.75

26
(°)
415.80
50,40
'?‘9 ) )-LS
90,05
100,15

115,75

of the crystal

(o]

A (average of

1
Smsd
56,95
Slel45
L47.80
I2.55

37.25

5

45.50
119.65
60,70
68,00
78.30

88.75

"o ey

22,50
25,20
39.72

5,02

50,07
57.87

22.92
25.25
140,00
L5e42
50.61
58465

coincide,

the last four

em °
23??5
2l .82
30635
34,00
39.15

L .37

6(30 T,
(o]
22,77
2ly487
30.46
34,17
39.41

Ll o76

Since the y and y© axes coincide in the crystal,

by =

d

010

o
= 10,96 ¥ .02 A (average of the last four results).

deorr
(%J

1,787 .

1,807
1,083
1,082
0.9007
0.9027

d100
S
10.84
10,83
10.62
10.81

10,81

results).

onrr.

(A)
1.797

1.833
1.370
1.373
1,096
1,095

dp10
10.7
11.00
10,96
10,98
10,95

10.95%

The similar measurement of anOkB Weissenberg photograph and then

a similar calculation gave values of

O
b, = 10.96 ¢ .01 & and ¢, = 13.29 = .02 A

continued on next page




TABLE 9,

a, = 10,82
bO = 10,956
CO = 13029
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(continued)

Be

i+ 04

b4

Init cell dimensions of a single crystal of

The best values obtained from the hk0O and Okﬁ
Welssenberg photographs are:

01 £  Each of the unit cell dimensions is the
o mean of four values calculated from the

02 A Welssenberg photo§raph9° the values used
2 fall within the I range quoted,

]

The volume of the unit cell is V = 1576,0 23

The density and cell content (%2)

The density ¢ of a single crystal of Fe3As,(CO)g,

obtained bg flotation in an aqueous potassium
mercury iodide solution was 2.33 gm/cc,

The number of molecules/unit cell Z = VON

1576,0 x 10"°%s 39x6 023x 1023 = 3,88
569,10

There are four molecules/unit cell in F33A32(CO)99

8ize of crystal, linear absorption coefficient(p)

and pRe

The crystal used for the intensity collection
was approximately 0,2x.2X.3 mm, ,

The linear absorption coefficient, B =72 em” -1
and pR = 0.7 ,
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to the reflections using the NRC=2 Data Reduction
program producing IFO’Z and IFOI for the reflections,
The levels Ok to lOkﬂ Wwere brought onto the same
scale initially by length of time exposure. The hkO
and hkl cross axis Weissenberg photographs were taken of
another crystal rotating about the ¢ axis. However,
these cross axis photographs were unsatisfactory in
scal ing the Okl to 10k£ level photographs because of
the systematicaily absent reflections, hkﬁ present only
with h +{ = 2n,
Only the even h levels had reflections in common
with the hkO cross-axis picture and only the odd h
Llevels had reflections in common with the hkl cross-
axis photograph. Therefore, near the end of refinement
a rescale factor for sach OKE to LOkB level was calculated

as described in Appendix II and applied to the level,




CHAPTER XTI
STRUCTURE DETERMINATION

The unit cell dimensions and the possible space
groups of a single ecrystal of Fe3A32(co)9 Wwere determined
in the previous chapter. The intensities of the observed
refiections occurring on the Welssenberg photographs
of the Okl to LOk] 1evels were measured and \FOIZ and
1Fo| were calculated for these reflections. The next
step employed in the structure determination was an
application of the heavy-atom method. The positions of
the eight arsenic atoms were located by means of a
Patterson map but the Fe-As and Fe=Fe vectors were
not strongly evident on this map, An approximate
electron density map with the phase angles based only
on these arsenic atoms was ecomputed., For a moleculs,
this centrosymmetric map located the iron atoms in a

plane mid-way between the two arseniec atoms. This

110

plane was perpendicular to the line joining the two arsenie

atoms of the molecule. Equllaterai triangles of iron

atoms were consistent with this map. A single equilateral

triangle of iron atoms in a molecule led to neither a
satisfactory electron density map nor to a low R indexe.
Successful refinement was only achieved with a model
consisting of one molecule randomly distributed in two
orientations related by a crystallographic two-fold axis,

A. THE POSSIBLE SPACE GROUPS: THEIR SYMMETRY AND

EQUIVALENT POSITIONS

The possible space groups for the single erystal of
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F93A32(00)9 are Bm2,b, B2mb and Bmmb for the orientation
of the axés of the crystal. By interchanging the crystal
axes, one obtains the equivalent space groups Cme2;,(No. 36)
Ama2 (No. 4O) and Cmem (No., 63), respectively (Bunn (1961),
Appendix 8) which are in the International Tables For X-ray
Crystailography (1962, vol, I), The symmesry elements for the
possible space groups are given in a projection of the
unit cell along the x-axis in Figs. 31 (a), (b) and (c).

The necessary equivalent positions for each space

group (excluding those positions related by the B-centering
and a centre of symmetry if present) are:
for Bm2 b: (X,Y,2);(X,Y,Z2):(X,% + Y,Z) and (X,% + Y,Z)
for B2mb: (X,Y,Z);(X,Y,Z)s(X,% - ¥,2) and (X,3 + Y,7)
for Bmmb: (X,Y,Z);(X,?,Z);(X,% - Y,Z) and (X,% +»Y,Z) .
These equivalent positions were obtained from the normal
orientation of the space groups in the International
Tables for X-ray Crystallography (1962, vol, T)e
Be PATTERSON SYNTHESIS

A series of Patterson sections parallel to (1L00)
was computed using both the NRC-8 Fourier program and

the values of‘ Fo 2 obtained from the NRC-=2 Data Reduction

program. The space groups Bm2,b, B2mb and Bmmb in direct
space correspond to the space group Bmmm in Patterson
space. Thus, Bmmm was the space group used for the
Patterson synthesis, The Patterson fuction used was

P(X,Y,Z2) =
R O D

2
? Fth! cos 2uhX eos 2ukY cos 217
8 giO EiO =0 \
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(a) Space group Bm2

b with projection of the unit cell
along the Xaaxi§

Mirror Plcme
( —Two Fold Rotation Axis

——21 Screw Axis

(b) Space groups B2mb with projection of the unit cell

along the Xeaxis,
10BN g0 —1 0%,

J ﬁ_ ?
% e . 3éiz-—Two Fold Rotation Axis

(¢) Space group Brmb with projection of the unit cell
along the x-axis,

Fig, 31 Symmetry elements of possible space groups of FeBAsz(CO)g

( Adapted from the International Tables for X-ray
Crystallography (1962, Vol. I) ).




113

where, the non-equivalent reflections are inciuded in
this expression,

Some very strong vector pesks occurred on the Patterson
map. These strong peaks were assigned to the As-As vectors
in the unit cell. The As-As peak, attributed to thé vector
occurring between the arsenic atoms of the same molecule,
was along the x-axls at sbout X = 0,332 in fractionatl
coordinates. The position of this intramolecular As-As
vector was consistent with both the structure posulated
in Fig., 2¢ and the strong suggestion in Fig. 28 (b) that
the presumed triengle of iron atoms would be perpendicuiar
to the x-axis., An unsuccessful attempt was made to locate
the positions of alLl the Fe<-As or Fe-Fe peaks. The
arsenic atoms alone were then used to determine the
phase angles of the first electron density mape.

Since there are four molecules of F63A82(00)9 in
the unit cell (from Table 9), there are eight arsenic
atoms present. From an interpretation of the As=As
vector peaks on the Patterson map, the arsenic atoms of
a molecule of Fe3A32(00)9 were pliaced at (0,166, 0,25,
0.25) and (=0,166, 0,25, 0.25) (expressed in fractional
coordinates) to satisfy the symmetry requirements of all
three pogsible space groups.

The symmetry elements of the spaece group B2mb
(equivatent to No., [4j0) would generate the other six arsenic
atoms {rom this pair. Actually for space groups Bm21b

(equivalent to No., 36) and Bmmb (equivalent to No. 63),
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which have a mirror plane at X = 0, Fig. 31, the position

of only one of the arsenic atoms is entered in the structure
factor caiculation. The symmetry elements of these two
space groups generate the remaining seven arsenic atoms

in the unit ceil. In any case, any one of these space
groups would produce the same map with these arsenic

atoms alone determining the phase angles.

Co ELECTRON DENSITY SYNTHESIS

The space group Bm2, b (equivaient to No. 36) was
used to calculate the eiectron density map with oniy the
arsenic atoms determining the phase angles. The positions
of the arsenic atoms generate centres of symmetry and
mirror planes (at Y = 1/h, 3/4 and 2 = 1/4, 3/4) in
addition to the symmetry elements of space group
Bmzlb. The strongest electron density peaks on this first
electron density map, aside from the arsenic atom peaks,
occurred on the mirror plane at X = 0, Thus, the iron
atoms of the molecuie are in this piane. Since the
expected Fe-Fe bond distance was around 2.6 2, the
arrangement of the peaks couid oniy be interpreted in
terms of a molecule with three iron atoms at the apices
of an equilateral triangle,

For a single molecule of FeBAsz(CO)g to conform to
the symmetry requirements of space groups BZ2mb (equivaient
to No., J0) or Bmmb (equivalent to No. 63), one iron atom
must be on the mirror plane at Y = 1/l and the .other two

must be related by this mirror piane (Fig. 32 (a) ).
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Mirror{ Plane o Tz Mirror| Plane
/\ Z:%—
' Y Yy
l |
Y= Y=g

{a) ()
Fige 320 A molecule of Fe3As;(C0)g conforming to B2mb and Bmmb,

The faise symmetry elements present in the first eiectron
density map wouid generate additional peaks from those

of this triangle of iron atoms (Fig. 32 (b) )., Two of thege
six  peaks must occur on Y = 1/ly, The strong peaks

which were actuaily observed on the mirror piane at

X =0, on thiszfirst electr?n density map are ghown in Fig. 33,

Electron density map
with phase angles based
only on the arsenic
atoms,

Figo 339 ' y

YI%

However none of these strong peaks occurred on the mirror

piane at Y = /4, Therefore, a single moleculs of
F93A82(00)9 could be interpreted from this map as conforming
to oniy space group Bm2,b (equivaient to No. 36)., From

an examination of the positions of these peaks and from
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the expected Fe-Fe distance of 2.6 2, only one choics
existed for the iron atom positions.

A second electron density map was calcuisted with
the phase angles based on both the arsenic atoms and
these iron atoms. The map which was obtained showed
that the electron density peaks corresponding to the
iron atoms were not symmetrical. Thése peaks were
extended in specific directions. The shape of the peaks
suggested an overiap of each iron atom peak with another
strong peak i.e. there was a suggestion of a statistical
occurrence of two triangies of iron stoms. Leaving
this latter possibiiity for the moment however, an
attempt was made to locate the carbonyl groups for
one molecuie,

There are nine carbonyl groups in the molecule.,
Three terminal carbonyl groups were assigned to each
iron atom in the molecule as postulated in Fig. 26, For
the carbonyi groups in the molecule to conform to the
space group Bmzlb (equivalent to No. 36), one carbonyi
group bonded to each iron atom must be in the mirror plane
at X = O, The other two carbonyi groups bonded to an
iron atom must be reiated by this mirror piane. The
expected C-Fe~( angles in an Fe(co)3 group of a molecule
are about ninety degrees. Possible orientations of the three
cartonyl groups Located in the plane at X = 0, are given
in Figs. 34 (a), (b) and (¢). A consideration of

intermoiecutar steric requirements and the positions of
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(a)

]
\

(b)

(e)

Fige 3. Possible orientations of the carbonyl groups
loecated in the X = 0 plane,




118

the peaks on this second electron density map led to oniy
one possible set of carbonyl groups, that in Fig. 3) (a).

D. LEAST SQUARES REFINEMENT

Least squares refinement in space group Bmzlb
(equivaient to No., 36) of the arsenic, iron,carbon and
oxygen atom parameters obtained from the two eLectrqn
density maps and using the NRC-LU Structure Factor Least
Squares program gave unsatisfactory resuits, Some of
the bond distances and angles were too far from chemicaily
similar known bond distances and angies and R = 0,242,

The red crystalis of F93A32(00)9 were pseudo -
tetragonali in shape and they appeared to have a centre
of symmetry as the crystal faces appeared to be eqQus LLy
deveioped. In generatl, if there»is no centre of symmetry
in the space group of the crystax, none appears in the
crystal form. The faces which wouid be equivalent if a
centre of symmetry was present, generaily do not deveiop
équally. A centrosymmetric space group is suggested for
crystais of Fe3Asz(CO)9 by the fact that these crystais
appear to have equaily devesoped faces., The only centro-
symmetric space group possibie is Bmmb (equivaient to No. 63),
However, the eiectron density map with phase angleé based
oniy on the arsenic atoms indicated that a single moiecuie
of F83A82(00)9 dia not contorm to the centrosymmetric
Space group Bmmb (nor to the non-centrosymmetric space
group B2mb)., As a resuit the non=gcentrosymmetric space

group Bm2 b (equivaient to No, 36) was initiaily used in
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attempts to soive the crystali strﬁcture. However the
attempts to refine a proposed structure in this iatter
space group faiied. From an examination of the electron
density maps and a consideration of expected bona angies
ana intramoirecuiar steric requirements, this proposed
gstructure was.the oniy structure possibie.

The crystal form suggested that the crystas beionged
tb a centrosymmetric space groupe. Aiso, the map of electron
density, based on the phasing moder of the arsehic atoms
and the triangle of iron atoms using space group Bmzlbf
(equivaient to No. 36), showed that the eiecuron aensity
peaks corresponding to the iron atoms were extended in
specific directions.

A third electron density map was computed using the
centrosymmetriec space group Bmmb (equivalent to No. 63)
with the phase angles determined from the arsenie atoms
and two orientations of the triangle of iron atoms., Each
orientation had one-half occupancy and was related to
the other orientation by the two-fold axis at X = 0,

v = 1/l (or by the mirror plane at Y = 1/L in Fig, 31 (e¢) ).
This arrangement of atoms and haif-atoms is consistent

with the strong peasks which occurred on the mirror plane

at X = O for the first electron density map. The original
triangle of iron atoms interpreted from this initial
electron density map is the same triangle used in the
centrosymmetric space group (with one=half occupaney ).

The symmetry elements generate the other orientation of
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the triangie of iron atoms (the two-fold axis at X = 0,

it

Y = 1/l4 or the mirror plane at Y = 1/lj), There was
one-half of a molecule of FeBAsz(CO)9 per asymmetric
unit in Space group Bm2,b (equivaient to No. 36). <the
other half of the molecule was generated by the mirror
plane at X = 0., In the centrbsymmatric space group
Bmmb (equivalent t¢ No. 63), there is one-half of the molecule
per asymmetric unit but this one-half of the molecule
has only one=half occupancy.

The electron density map based on the arsenic atoms
and the two orientations of the triangle of iron atoms
using space group Bmmb (equivalent to No. 63) reveatied
the positions of the carbonyl groups. The positions of
one set of carbonyl groups corrsesponding to an orientation
of the triangle of iron atoms are very close to the positions
of the set of carbonyl groups corresponding to the other
orientation (Fig, 35). Least squares refinement indicated
that some carbon and oxygen atoms were best considered
as coincident in the two sets of carbonyl group (e.g.
C(S) and O (2) in Fig. 35). Refinement of the arsenic,
the iron, the carbon and the oxygen atom positions and
the thermal parameters (inittiaily isotropic but Later
anisotropic) produced a final set of parameters with an
R index = 0,107, Thesebfinal parameters are given in
Table 10,

Unit weights were initially employed in the refinement.,

In the last cycles of refinement, a weighting scheme was
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|

Mirror Plane

Fige 35. The two orientations of the molecule in a
projection along the x-axis of the unit cell,
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TABLE 10, Atomic coordinates and their estimated standard
_deviations (X10%) expressed in fractional coordinates.

X Y 7

As 0.1659 (2) 0.2500 (=) 0.2451 (1)

Fe(l)* 0,0000 (=) 0.3394 (4) 0.1608 (3)

Fe(2)s 0,0000 (=) 0.2869 (i) 0.3536 (3)

Fe(3)#  0,0000 (=) 0.1116 (4) 0,2186 (k) -
0(1)= 0,0000 (=) 0.2349 (98) -0,0401 (20)
0(2) 0.0000 (=) 0.5494 (18) 0.3868 (15)
0(3)% 0.1907 (37) 0.5314 (19) 0,131 (19)
ol )= 0.1946 (22) 0.2686 (21) 0.,5058 (14)
0(5)s= 0.1992 (24) -0,0057 (18) 0.1027 (4i4)
C(i)s 0.,0000 (=) 0.2783 (21) 0.0L4S (29)
cl{2)% 0,0000 (<) 0.41437 (24) 0,3715 (25)
C(3)s 0.0000 (=) 0,0092 (40) 0.3334 (27)
c(lL)s 0.1212 (29) 0.2712 (14) Oolh7h  (23)
c(s) 0,1187 (18) 0.0398 (16) O.rlbl (11)

s+ has an occupation factor of 0.5

The atomie scattering factors for C, O, Fe and As were
taken from the International Tables for X-Ray Crystallography
(1962, Vol, II1), No correction was made for anomalous
digpersion,
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calculated as described in Chapter Viii and used in

caleulating the parameter shifts. The weighting scheme

was W = 1 o
(T 50,160 [Fo 12

The intensities of very strong reflections occurring

at very low angles may be considerably reduced by extinetion
" (Buerger (1960) ). The reflections 024 and Oh4O appeared

to show this effect and thus were removed from the last
stages of the least squares refinement and from the
calculation of the R index,

In the final least squarses cycle, convergence wWas
achieved. The largest and the average absolute values of
the atomie coordinate shifts (1n‘fractibnal coordinates)
Wwere the following:

5

3 x10 7 and 3 x 10°S for the arsenic atoms,
3 x 10""5 and 2 x 1075 for the iron atoms,
329 x 10""5 and 62 x 10°% for the oxygen atoms,
and 101 x 10> and 39 x 1075 for the carbon atoms. The
maximum positional psrameter shift was less than one
third of its estimated standard deviation (e,s;de) and
the average positional parameter shift was one=tenth of
its e.8.4,

A difference Fourier synthesis was carried out for
the last cycle of refinement using the NRC=-8 Fourier
program° The maxima and minima on this difference map

03 ‘ 03
were between le/A” and -le/A” showing the close agreement

between the proposed structure and the actual structure.
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CHAPTER XIIT
RESULTS AND DISCUSSION

The following results of the X-ray analiysis are
tabulated: the final atomic coordinates (Table 1U),
the observed and caiculated structure factors (Table 11},
the bond distances ana futerbond angies (Table 12) and
the thermal vibration tensor componentsg‘Uij's(Tabie 13),
The X-ray analysis reveaied the presence of two orientations
(each with one-halif occupancy) of one molecule of F93A52(00)9
distributed apparentiy equally and randomly throughout
the crystal. A projection of the two orientations of the
molecule viewed along the x-axis of the unit cell is
glven in Fig. 3. In Fig. 35, one orientation of the
molecule is filustrated in closed circles and the second
orientation is shown in dashed circles, This second
orientation of the molecule is generated from the first
by a rotation about the two-fold axis gt X = v, Y =1/l
(or refiection through the mirror plane at Y = 1/l,
Fig. 31 (e¢) )o The presence of the two orientations of
the molecule may be understood by an examinstion of
the outer portion of the molecule i.e. the oxygen atoms,
These nine ongen atoms coincide either completely or
at least to a great extent in both orientations. When
only the external part of the molecule is viewed i.e.
looking at oniy the oxygen atoms, both orientations are
almost identical. Therefore, piacing one molecule in

either one or the other orientation in the unit cell
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TABLE 12, Interatomic distances and angles and thelir
estimated standard deviations,

A. Bond distances

As=Fe(1)
As=Fe(2)
As-Fe(3)
Average As-=Fe

Fe(l)=Fe(2)
Fe(l)-Fe(3)
Fe(2)=Fe(3)
Average Fe=Fe

Fe(l)=C(1)
Fe(l)=C(5*
Fe(2)=C(2)
Fe(2)=C(l)
Fe(3)=C(3)
Fe(3)=C(5)

Average Fe=C

)

C(1)=0(1)
c(2)=0(2)
C(3)=0(21)
C{4)=0(y)
C(5)=0(5)
C(5')=0(3)

Average C=0

c
Fe(l)=0(1)
Fe(1)=0(3)
Fe(2)=0(2)
Fe(2)=0(4)
Fe(3)=0(2")
Fe(3)-=0(5)

Average Fe<0
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0,003 A

0.003
0,003
0,003

0,006
0,007
0,007
0,007

0.036
0.019
0,027
0,031
0 .034.0
0,018
0,028

0,060
0,033
0.0L45
0,037
0,030
0,037
0 0014.0 ‘

0,049
0,032
0,020
0,022
0,021
0.023
0,030
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TABLE 12. (continuted)
B. Bond angles

Fe(l)=As=Fe(2)
Fe(l)=As=Fe(3)
Fe(2)=As=Fe(3)
Average Fe=As=Fe

Fe(l)=Fe(2)=Fe(3)
Fe(l)=Fe(3)=Fe(2)
Fe(2)-Fe(l)=Fe(3)

C(L)=Fe(L)=C(5")
C{57)=Fe(L)-C(5101)
C(2)=Fe(2)-C(4)
C(h)=Fe(2)=C(l'?)
C(3)=Fe(3)=C(5)
C(S)=Fe(3)=C(5%¢)
Average C-=Fe=C

0(1)-Fe(1)-0(3)
0(3)<Fe(L)=0(31)
0(2)=Fe(2)-0(4)
O(l4)=Fe(2)=0(l*7)
0(2¢)=Fe(3)=0(5)
0(5)~Fe(3)=0(5'1)
Average O=Fe=0

Fa(1)=C(L1)=0(1)
Fe(l)=C(5%)=0(3)
Fe(2)=C(2)=0(2)
Fe(2)=C(4)=0(4)
Fe(3)=C(3)=0(21)
Fe(3)=C(5)-0(5)
Average Fe=C<0

68.4°
676!
67
67 .9

59.6
60.1
60,3

100.8
87 .6
90,00
92 o).&
99.9
91.9
9.8

99,8
88.0
87.9
92,0
98,1
93,0
93.8

17946
177 9’4
177.9
17660
17462
17761
1770
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no
°
"

" refers to the equivalent atom from the one in Table 10
rafiected across the mirror plane at Y = 1/l

'? refers to the equivalent atom from the one in the parameters
list (Table 10) refiected across the mirror plane at X = O,

199 refers to the equivalent atoms from the ome in the
parameters iist reflected across beth the mirror planes at

Y =1/l and X = 0,
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o
TABLE 13, Thermal vibration tensor components Uij (Az)

Uy Upp Us33 Upg Uy 3 Uio

As 0,010 0,050 0.037 0,000 0,000 0.000
Fe(1l) 0,016 0,033 0.030 0,000 0.000 0000
Fe(2) 000.1.2 000&.2 00032 “’09006 00000 00000
Fe(3) 0,015 0.035 0,038 =0,009 0,000 0,000
o(L) O.16lL 0.075 0.029 0,033 0.000 0,000
0(2) 0,151 0.061 0,065 =0,043 0.000 0,000

0(3) 0,181 0,037 0,069 =0,042 0,098 =-0,054
o(lL) 0,030 0,04l 0.065 =0,023 =0,025 0.012
0(5) 0,048 0,050 0.029 0.923 0,023 0,019
c(4) 0,108 0,000 0,041 0,011 0.000 0,000
c(2) 0,056 0.016 0,037 0,006 0,000 0,000
Cc(3) 0.023 0,056 0.036 =0,005 0,000 0,000
c(l) 0,037 0,000 0,075 0,003 0,020 0.003
c(5) 0.049 0,069 0.047 =0,025 0,000 0,016
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makes little difference stericélly to the pitacing of

the next moieculie, As a result, the packing of the

moieculies is random throughout the crystali.

The statistically disordered structure of Fe3A32(CO)9

is simiiar in some respects to that of FeB(CO)LZ whose

crystal structure was determined by Wei and Dahi (1969).

In the erystal structure of F°3(C°)12 there is a random
kkkkk distribution of an FeB(CO)lZ molecule in two orientations.
The two orientations are related by a crystallographic
centre of symmetry with each orientation having one-~haif
occupancy. The crystal packing in F33(CO)12 was also
random due to the near coincidence of the carbényl groups
in both orientations of the molecuie. The smallest
intermoiecular distance in the crystal structure of
FeBAse(CO)9 is 3.1 2 (between oxygen atoms). The smailest
intermoiecular distance in the erystaL structure of
FGB(CO)LZ is 3.0 X and this distance also occurs between
oxygen atoms. Flig. 36 is a projection of the unit cell of
F63A82(CO)9 along the x-axis with the arsenic and iron

atoms of the two orientations of the molecule shown,

*—1 ngA

Yy

Fige 36. Projection along the x-axis of the unit cell of Fe3Asz(C0)g
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A projection of the molecule along the x-axis of the
unit cetl is given in Fig. 37@ Another projection of the molesule
(along the line in common with the plane through As,Fe(l) and As!!
and the plane at X=0)is given in Fig, 38, Figs, 37 and 38
show that the moiecular structure of F63A82(CO)9 is
identical to that prmposed by L. Kruczynski (private
communication) in Fig. 26,

I Table 12 contains the bond distances and angles,

- The As-Fe distances average 2,35 ge The Fe-Fe distances
average 2.62 g and are squivalent within their sstimated
standard deviations. Thus, the Fe3As;(C0)g molecule
contains an equiliateral triangie of iron atoms. '‘The
iron atoms in Fa3A32(CO)9 are chemically equivalent in
contrast to the iron atoms in the structures of FeB(CO)Lg
(Wei and Danl (1969) ), HF@B(CO)LL (Dahl and Blount (1965) )
and Fe;,)(CO)llP(CéHS)3 (Dahm and Jacobson (1968) )}, 1In
the latter molecules there were 1sosceies triangies of

. iron atoms., The Fe=Fe distances determined in each of
these crystal structures are:
for Fe4(C0),pt 2067, 2,68 and 2,56 §
for HFeB(co>zls 2,68, 270 and 2,58 A
for F93(C0)11P(Cbﬁ5)3 (two isomers per asymmetric unit):

2,70, 2,67 and 2.57 & for one isomer and 2,70, 2,7L and
256 £ rfor the other isomer.

The average Fe-=C and C-0 bond distances in Tabie 12
average 1,80 and 1,12 g respectively. These Fe<=C and C=0

bond distances may be compared with the average Fe-C and
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Mirror Plane

Fig. 37. Projectlion of the molecule along the x-axis
of the unit cell.




.
(3]
AV

Fig. 38, Projection of the molecule along the line in
common with the plane through As, Fe(l) and Az"
and also the plane at X-= ¢ ,
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C-0 bond distances of 1,79 and L.12 2 respectively

obtained in the crystal structure determination of

Fe(CO)S by Donohue and Caron (196l4). These values may
also be compared with the average Fe~C bond distance of
1.82 3 and the average C-0 bond distance of 1l.li £ obtained
in the structure of Fe(CO)g by Beagley ot al. (1969)

by electron diffraction,

The C-Fe-C bond angles in F83A32(00)9 average 9u,8°
and the Fe=C-0 bond angles average 177.0° (Table 12),
These values may be compared with the average C-Fe«C
and Fe=C-0 bond angles of 99;0O andl78°3orespective1y9
in the crystal structure determination of Fe(CO)BCEHb
by Miiis and Robinson (1963),

The idealized molecular symmetry of Fe3A32(CO)9
can be seen to be 3/m<63n) by an examination of Fig. 37,
A few individual bond distances and angles in Table 12
vary somewhat from the average values, However, a
more accurate value of these bond distances would
probably be an average over the idealized B/m(CBh}
symmetry, .

The TT=cyclopentadienyl{triethylphosphine)conper(I)
erystal structure may be compared with that of F93A32(CO)90
Crystals of the latter are much more stable than those
of the former. The crystal of F33A32(00)9 which was
used for the intensity collection, remained intact
after the X-ray photographs were taken. However, the

crystal of‘ﬂacsﬁscuP(CZH5)3 which was used for the Intensity
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coirlection, decomposed soon after all the photographs
Were taken. In the crystal structure of FeBAsz(CO)g,
the disorder is due to this large moieculie assuming a
random distribution in one of two orientations which
are rsiated to one anotheﬁ by a two=-foid axis (of a
mirror piane). In the crystal structure of-anSHSCuP(Caﬁg)Bg
the disorder is due to the few nonmidenticaiwcarhon
atoms of two enantiomers which are distributed rgndomLiy
throughout the crystal, '‘he FoqAs8,(C0)qg molecule has
oxygen atoms at its outer portions and is mors |
rigid than the'ﬂ505H50uP(02H5)3 moiecuie wWhich has

hydrogen atoms at its outer regions,




APPENDIX T
Calculation of the Uijﬂs and the eigenvalues and the
eigenvectors of the thermal ellipsoid of vibration from

the Bij anisotropic thermal parameters of an atom.

The following statements are added to the NRC-12 Bond Scan
Program after the numbered computer cards (numbered in
columns 77-80),

The statements feollowing computer card 110 are:

DIMENSION BIJ(2056)sU(2Cs6) s TENS(6)sVECTI9)5sAD(3s3)UADT(353)

DIMENSION NM(20)

The statement following computer card 870 is:

SINB=SINA(2)

The statements following computer card 1210 are:
READ(READR9008) SYMNO(I) sSYMBOL(I)sATOMNOI(I) s (XO(IsJ)sJd=1s31)s

INMIT)
NM{T)=NM(T)-1
NN=NM(T)

where the computer cards 1220, 1230, 1260 and 1270 are removed

The statements following computer card 1350 are:
IF(NUM) 18+19518

18 READ(READRS9009) (SYGX(IsJ)sJ=1+3)
19 IF{NM(I)) 21521520
20 READ(READR»9010) (BIJ(IsL)slL=1s6)
901U FORMAT(20Xs6F10.5)
UlTs1)=(BIJ{Is 1) *¥AXAXSINB*SINB) /{2:%9,8696)
UlT2)=(BIJ(Is2)%B*¥B)/(2:%3.8696)
UtTe3)=(BTJ(Ts3)%CHCH*SINB*SINB)/(2:%9.8696)
UlTet)=(BTIJ(Is4)#B*CHSINB)/(4.%#9.8696)
UGTe5)=(BTIJ(Ts5)#A¥CHSINBESINB) /(46498696
UlTs6)=(RTJITs6)¥A%¥RASTIND) /(4 ,%¥5,8696)
The statements following computer card 18LO are:
WRITE(PRINTRS3012)
9012 FORMAT(* ATOM NO, B1l1l B22 B33 B23
1813 B12%)

DO 91 I=1-NATOMS
IFI(NM(I)) 915914594

94 WRITE(PRINTRs9C11) SYMBOL(I)oATOMNO(I} o {(BIJ(IsJ)sJ=106)

©
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9011 FORMAT (' ' sA4s1434Xs6F1065)
91 CONTINUE
WRITE(PRINTR9013)
9013 FORMAT(' ATOM NO. U1l uz2 u33 u23
1U13 u12+)
DO 92 1=1,NATOMS
IFINM(I)) 92592595
95 WRITE(PRINTR39C11) SYMBOL(I)sATOMNO(I) s (U(TsK) sK=156)
92 CONTINUE
AD(151)1=1./SINA(2)
AD(152)=Cs0
AD(153)=COSA(2)/SINA(2)
AD(251)=060
AD(252)=1,
AD(252)=CaC
AD(351)=0eC
AD(352)=0,0
AD(3s3)=1,
DO 93 I=1,NATOMS
IF(NM(1)) 93593596 |
96 UADT(1s1)=U(Is1)*AD(1s1)+U(Is6)*AD(152)+U(155)%AD(153)
UADT(152)=U(Ts1)%AD(251)+U(1s6)*AD(252)+U(155)%AD(253)
UADT(13)=U(Ts1)*AD(3s1)+U(Is6)%¥AD(352)+U(1s5)%AD(353)
UADT(251)=U(T56)%AD(1s1)+U(TIs2)%#AD(1s2)+U(I+4)%AD(153)
UADT(252)=U(T56)%AD(251)+U(T52)%AD(292)+U{Is4)%AD(2s3)
UADT(253)=U(T196)%AD(351)+U(Ts2)%AD(352)+U(Is4)%AD(353)
UADT (351 )=U(T95)%AD(1s1)+U(TIs4)*¥AD(152)+U(T+3)%AD(153)
UADT(392)=U(T195)%AD(251)+U(Ts4)%AD(292)+U( T3 )%AD(253)
UADT(353)=U(T155)%AD(351)+U(Ts4)%AD(3s2)+U(1+3)%AD(353)
TENS(1)=AD(1s1)%UADT(151)+AD(152)%#UADT (25 1)+AD(1s3)%UADT (351)
TENS(2)=AD(15s1)*UADT(152)+AD(1s2)%¥UADT (252)+AD(1s3)%UADT(352)
TENS(3)=AD(251)%¥UADT(152)+AD(252)%¥UADT(252)+AD(253)%UADT(352)
TENS(4)=AD(1s1)*UADT(193)+AD(152)*UADT(253)+AD(153)%UADT(353)
TENS(5)=aD(251)*UADT(153)+AD(252)%UADT(253)+AD(2+3)¥UADT (353)
TENS(6)=ADI351)%UADT(153)+AD(3s2)*UADT (253)+AD(353)%*UADT (353 )
MO=3
MV =0
CALL EIGEN(TENSsVECTsMOsMV)
WRITE(PRINTRs9014) SYMBOL(I)sATOMNC(I) s (TENS(J) sJ=156)>

T(VECT (K} sK=159)
9014 FORMAT(* 'sA4sIbs/t 16F10e5s/ % F9F10.5)

93 CONTINUE

The preceeding statements are the modifications made by
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APPENDIX IT

Calculation of the rescale factors for the levels and the

re~cycling of the NRC-1l0 Structure Factor Least Squares program.

The foliowing calculatlons apply to the hOf to h9f levels
of a crystal, Slight alterations are necessary to apply
the method to levels of a crystal axis other than the b
axis. |

The quantity minimized in the calculation of the rescale

2 ,
factors is S =%%Z (Py ‘Folhkﬂ -»I Fc[hkﬂ) , wWhere P}{ is the

scale factor that the kD jevel is multiplied by to bring
it onto the same scale as the other k levels,

For a minimum,

%% =0= g% [B(Pleolhkﬁ “,Fc’hkﬂ)lFoq »

k
where k = 0,1,2:069

2
" n,’l! Fol it = %:B[Fc[ il | Fo el
Ppo= > \Fcihkﬂlpo hkl

h2
>

2
ng IFol hkl

for each k level.

The computer cards containing the Indices of reflsetien
whiech are read into the NRC=2Z Data Reduction program must
be arranged so that the levels are in descending order i.e.

fr‘om 16\!813 ggagaaooootc 00




777

949

779
778

810

811

950
951

300
882
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The following statements are added to the NRC-10 Structure
Factor Least Squares program to re-cycle the program, to
calculate the rescale factors and to apply these factors
only after the first cycle,

The statements following computer card 30 are:

DIMENSION TOP(20)sDEN(2C)sP(20)
INTEGER vL

[n the statements following computer card 9460, NTYM is

the number of consecutive cycles of least squares desired

and NLVL is the number of levels (10).

The first data card must contain the values of NTYM AND NLVL:
KTYM = 1

READ(READR9) NTYMsNLVL
WRITE(PRINTRs 1) NPAGE

Lv=0

vi=0

DO 949 M=1sNLVL
TOP(M)=0,C
DEN{M)=0,0
LMAX=NLVL
MLAX=NLVL

The statements following computer card 1280 are:

[IF(KTYM = 1) 77857784+779
SCALE = SCALEP
XFTH = XFTH#XFTH

The statements following computer card 5080 are:

IF{QRS) 81048105811
QORS=0,9

1Q=0

GO TO 249

CONTINUE

The statements following computer card 5930 ars:

IF(LMAX-TK) 95153005951

LMAX=LMAX~1

Lv=LV + 1

GO TO 950

IF{IEXCL)Y 95259525303

TOP(LV)=TOP(LV) + ABS{AMPLI(4))*ABS(AMPL(1))
DEN(LV)I=DEN{LV) + AMPL(1)#AMPL (1)

GO TO 261




953

954

971
970

781

780

900
501

800
801

802
803

804
805

The statements following COmﬁuter card

DO 953 M=1,sNLVL

P{M)=TOP(M)/DEN(M)
WRITE(PRINTR9954) (P(M)eM=1sNLVL)
FORMAT (' LEVEL SCALES ARF'310F1063)

The statements following computer card

IFIKTYM = 1) 970s9715970
AMPL (1) = AMPL(1)*P (VL)
CONTINUE

The statements lollowing computer card

IF(KTYM - NTYM) 781, 780s 780
KTYM = KTYM + 1

GO TO 777

WRITE(PRINTRs 29)

The statements following computer card

IF(BISO(IR)) 900+900+901
BISO{IR)=0.0
CONTINUE

The statements following computer card

IF(BI1(IR)) 8U0s8UUs8U1]
Bl1(IR)=0,0
CONTINUE

The statements following computer card

IF(B22(IR)) 8025,802+8C3
B22(IR)1=0,0
CONTINUE

The statements following computer card

IF(B33(IR)) 804,804,805
B33(IR)=0,0
CONTINUE

The preceeding statements are modifications, to the NRC-10

S.FoLo.S. program, made by the author.,

6280

6760

6970

8290

8360

are:

are:

are:

are:

are

are:

are:

bt
Lt

O
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11
12
14
15
16
17

18
19
29
21
22
23
24
25
26
27
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APPENDIX ITIX

Full matrix revision of NRC-10 by the suthor,
CRYSTALLOGRAPHIC PROGRAM NOe10s STRUCTURE FACTOR LEAST SQUARES
BLOCK DIAGONAL. FIRST VERSION. (AHMED, APRIL 1966)

FULL MATRIX REVISION. { DELBAEREMCBRIDE 1968 )

DIMENSION F({10)sFD(10)sAF(10)sAFD(1C)sNREF(10)
DIMENSION DFM{125)sVECT(125)s5UM(8C00)
DIMENSION TOP(20)sDeN{(23)sP(20)

INTEGER VL
INTEGER READRsPRINTRsTYPEWRs TAPEAS TAPEBs TAPECsFSTsPUNCH

INTEGER TITLE(20)s LISTA(12)sSERA(12)sL1S5TB(12)sSERB(12)
INTEGER SERLASSERLBsCENTREsSYSTEMsR(393924)sCENT(16)sNPOS(16)

INTEGER MATCES(24+16)sW(32)sSERL
INTEGER SYMN(35)sSYMB(35)sATOMN(35)sVIB(35)sINDTRS(35)sCRV(35)

INTEGER SYMBOL(1C)+ORDINDSPARITYICODEP( 9),1COM(10)
INTEGER PHISANOMLSs(CS(128C)sSYMsSSYMB(20) sSATOMI20)sSIND(200)

REAL LAMBDAsGQT(9)s T(3s24)sEXPL(201)sHS(9524) sJRS

REAL X{35)sY(35)9Z2(35)eSX(35)s5Y(35)s52(35),5sBIS0O(35)

REAL B11(35)sB22(35)5sB33(35),B23(35)5B13{(35)5s812(35),0CCFR{35)
REAL CONST(90)sA(3U0)sC(30CYsB(300)sD(3CO)YsTPHS(3524)

REAL AMPL(10)sFF(1U)eTS{24)sSHIFT(10)+S5YGMA(1Q)sDF(10)

EQUIVALENCE (AMPL(9)58C)s (FOsAMPL(1) s (XNETsAMPL(5))
EQUIVALENCE (AMPLI(4)sFC) s (AMPL(6)5A0) s (AMPL(7)sB80) s (AMPL(8)sAC)
FORMAT (' 1PROGRAM NOo.1Us STRUCTURE FACTOR LEAST SQUARES?' 78X

1*PAGE's14)

FORMAT(20A4)

FORMAT ('O 520A4)

FORMAT(6X5212s3(13s17)s215)

FORMAT('OIDENTIFICATION OF RESULTS TAPE IS',111)

FORMAT( *OMOUNT INPUT TAPE(S)*)

FORMAT('OIDENTIFICATION OF INPUT TAPE I5%,113)

FORMAT('OWRONG TAPE MOUNTEDs TRY AGAIN AND CONTINUE')
FORMAT(312912Xs12912(1Xs12512))

FORMAT('3JOB NOe='5135/'0DIRECTORY OF RESULTS TAPEe SERIAL NOe's
1147707 35X LIST NOo'93Xs 'SERIAL NOot/)

FORMAT(312:14X5215)

FORMAT('OIDENTIFICATION OF DUMP TAPE 15's114)

FORMAT(6X s 1492XsA45T1493F106e59F1C6392155F563)
FORMAT(12XsAb4s14s6F1065)

FORMAT(*ODIRECTORY CARD IS OUT OF ORDER®")

FORMAT(*0JOB TERMINATED BY PRCGRAM NO.10s SAVE INPUT AND OUTPRPUT TA
1PESY)
FORMAT(10Xs1291351X991192F5629F5e05F5e6391593F562515+F1064)
FORMAT(9XsI29s9Xs12)

FORMAT ( *OPARAMETERS LIST IS OUT OF ORDER?Y)

FORMAT('OLIST NOetsI&s? ON TAPE 1S OUT OF ORDER?')
FORMAT(*OSYMBOL FOR ATCM NGCo?'sl4s? IS INCORRECT?Y)

FORMAT (6X+314s [297XsF862940X9F503)
FORMAT(1Xs4159F10e&92F1062)

FORMAT(1Xs4159F10e4s6F10Ce2)

FORMAT (P47 22X %1

FORMAT (1?19 920A4 942X PAGE "5 1449/%0 H K L INDR  SIN sQ
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1 F ORS F CALC A 0BS B OBS A CALC B CALC CEL
2F 10C(DEL F)Y/FO'/)
28 FORMAT('OSUM F ORS =1sF12e299Xs? SUM F CALC='35F12.259X5'SUM DELTA
1F=15F1262s/ 0OR-INDEX=%9F8045s9Xs " VALUE OF SCALE K EMPLCYED=*%5sF804)
29 FORMAT('OEND OF JOB. DISMOUNT AND SAVE INPUT AND OUTPUT TAPEST)

30 FORMAT(10XsF5e351315)

31 FORMAT(12XsA451451011)
40 FORMAT('ONEW SCALE='3F9c4:9Xs?*SUM (WeDF)SQ='5F15.45/'0NOe OF REFLE

1ICTIONS INCLUDED IN LeSe SUMS=1516)
41 FORMAT ("1t 920A4514X e "SHIFTST1 22X 'PAGEYs14)
42 FORMAT("1'520A457Xs"STARTING PAReSe SERIAL NOo=15s13+5X9e1PAGE s [4)
43 FORMAT('1'520A4s7Xs 'NEW PARAMETERSe SERIAL NOo=1513s5Xs 'PAGE's14)

44 FORMAT('0OSYMs SYMBOL NO. X/A Y/8 ZsC B IS0,
1 OCCesFRo B11 B22 B33 B23 313 B12¢
27)

45 FORMAT(' ®31355X5A4514511F1065)

46 FORMAT(17X911F106.5)

47 FORMAT(312s? PARAMETERS t9215)

48 FORMATI(2(312s1492X9A451493F10659F10e35215sF5639/))

49 FORMATI(31291492XsALs1tsbF10a5)

51 FCRMAT('CPLEASE MAKE THE TAPE ON UNIT'sI4s!' AVAILABLE FOR OUTPUT?)

52 FORMAT('ORESULTS ARE DUMPED ON TAPEe DUMP NOe='sI4s4Xs! SFOsSFC»sSD
1ELFsR="93F10e2sFBalis/)

53 FORMAT("+1t59CXsF10025F1061)

54 FORMAT('ONO. OF AMPLITUDES MUST B8E 5 OR 97%)

55 FORMAT('ONO. OF ATOMSs ATOMIC PARAMETERSs A(IsJ) ELEMENTS TO BE CO
IMPUTED =1,43110)

56 FORMAT('CATOMS IN SPECIAL POSITIONS AREf*s/f'0ATOM NOo» INDICATOR
15ts/)

57 FORMAT(' '9A451652X51012)

60 FORMAT(*OLISTs SERIALs RECORDSs WORDS/RECORD ='5415)

61 FORMAT(t+1'565Xs "DUMP NCe's135s? IS SKIPPED?®)

62 FORMAT('0A115A12+A22581sB82 =135F16e4)
LR S R R TR R R LR LR T R EE R R R R

READR=5
PRINTR=6
TYPEWR=6
PUNCH=7
NPAGE=1
GENERATE EXPONENTIAL TASBLE
DO 100 I=1+5201
100 EXPLIII=EXP(~Ue05%(1~1))
READ TITLE AND DIRECTORY AND CHECK IDENTIFICATIONS
KTYM = 1
READ{(READRs9) NTYMsNLVL
777 WRITE(PRINTRs 1) NPAGE
DO 838 I = 197
FII) = 0.0
FDIIY = 060
NREF(I) = 0,0
838 CONTINUF
Lv=0
vL=0
DO 949 M=1,sNLVL




TOP (M)=0,0
949 DEN(M)=0,.0
LMAX=NLVL
MLAX=NLVL
NPAGE=2
READ(READRs2) TITLE
WRITE(PRINTRs3) TITLE
READ(READRs4) NTAPESsNMOUNTsTAPEASIDAs TAPECSsIDCsTAPEBSIDBsFSTHLAST
IF(FST) 10351035101
101 WRITE(TYPEWRS6)
WRITE(PRINTRs6)
102 CONTINUE
103 READ(TAPEA) 1DT
WRITE(PRINTRs7) IDT
IF(IDA-IDT) 12451055104
104 WRITE(PRINTR»8)
WRITE(TYPEWRS8)
GO TO 780
105 IF(NTAPES-1) 11251125106
106 READ(TAPEB) IDT
WRITE(PRINTRs12) IDT
IF{IDC-IDT) 10441135104
112 WRITE(PRINTRs12) IDC
113 WRITE(PRINTRs5) 1DB
READ(READRS9) JOBBsLSTBsSERLBINLISTBs(LISTBII)sSERB(I)sl=1512)
IF(LSTB) 107+1144107
114 WRITE(PRINTRs10) JOBBsSERLSB
WRITE(PRINTRs19) (LISTB(I)sSERB(I)sI=1oNLISTR)
READ SFLS DIRECTIVE CARDS

FIRST CARD
READ(READRs18) ISFRsJSERsIPARSILSeILHSsIPRINTS ITAPEsIOBSs IUNOBSS

11SINSQsIPLANEs XFOsXFTHs THRESH s SINSQMoNWeP1sP2sP3sNSPECL s SCALE
IF(KTYM - 1)778s778+779
779 SCALE = SCALEP
778 XFTH = XFTH*XFTH
ILS=ILS~-1
IPRINT=IPRINT-1
10BS=10BS-1
TUNOBS=TUNOBS-1
ISINSQ=ISINSQ-1

P1 = P1/SCALE
P2 = P2/SCALE
P3 = P3/SCALE

SECOND CARD

READ(READR30) FUDGE sNPESDsNDUMP sNRFLD sNAMPLP 5 (ICODEP (1) 5I=159)

IF (NAMPLP-5) 11551175116
116 IF{(NAMPLP-9) 11551175115
115 WRITE(PRINTRs54)

GO 7O 108
117 IF(NSPECL) 40054005118

READ SFLS 3 DIRECTIVE CARDS
118 WRITE(PRINTRs56)

DO 128 I=1sNSPECL

K=10%1




[

128

107
108

120
121
125

122

129

130

131

143

J=K-9
READ(READR31)
WRITE(PRINTRs57)
GO TO 400

ENTER WHEN ERRORS ARE DETECTED
WRITE(PRINTRs16)

REWIND TAPEA

REWIND TAPEB

REWIND TAPEC

SSYMB(I)sSATOM(I) s (SIND(LYsL=JsK)
SSYMB(I)sSATOM{TI) s (SIND(L)sL=JsK)

WRITE(PRINTRs17)

CALL EXIT

WRITE(PRINTR-21)

GO 70 108

LST

WRITE(PRINTR-22) 1

GO TO 108
WRITE(TAPECQC)

READ THE LISTS FROM
JOBASLSTAsSERLASNLISTAS(LISTACLI)YsSERA(T)sI=1512)

RZAD(TAPEA)
IA=0

IB=0
WRITE(TAPER)
WRITE(TAPEB)
IB=1B+1
IA=TA+]
READ(TAPEA)
IF (LST-4)
WRITE(TAPEB)
[IF(LST=-2)

IDC

INPUT TAPE

Ina

JOBBsLSTBs SERLBsNLISTBs (LISTB(I) sSERB(I)s1=1512)

LSToSERLSNRCRDSNWORD
122913445160
LSTsSERB(IB)sNRCRDsNWORD
12751299132

TO SKIP A LIST

DO 124
READ(TAPEA)
GO TO 121
UNTTCELL

READ (TAPEA)
WRITE(TAPER)
READ(TAPEA)

WRITE(TAPEB)

[=1sNRCRD

(LIST 1)

(W{I)oI1=156)sLAMBDAW(T)sW(8)
(W(T)sI=196)sLAMBDASWI(T7) W (8)
(WEI)eI=1sNWORD)
(WEI)YsI=1sNWORD)

READ (TAPEA) (GQT(I)sI=1sNWORD)
WRITE(TAPEB) {GAT(I)sI=1sNWCORD)

READ (TAPEA) (WlI)sI=1sNWORD)
WRITE(TAPER) (W{I)sI=1sNWORD)

GC TO 120C

SYMMETRY (LIST 2)

READ (TAPEA)Y NMATXsNSYMsCENTRESLATsSYSTEM

WRITE(TAPER)

NMATX sNSYMs CENTRE gLAToSYSTEMoI ol ol olololoelsl

DO 130 K=15sNMATX

READ(TAPEA)
WRITE(TAPEB)

MATNO o {IR(TIsJoK)sI=153)sJ=13)e(T(IsK)sl=153)
MATNOS {(R(IsJsK)s1=5193)eJd=193)s(T({IsK)slI=153)

DO 131 K=1sNSYM

READ (TAPEA)
WRITE(TAPER)
READ (TAPEA)

WRITE(TAPEB)

CENT(K) sNPOS(K) s {IMATCESIMsK)sM=14911)
CENT(K)oNPOS(K) s IMATCESIMoK) sM=1511)
(MATCES(MeK) sM=12424)
(MATCES(MoK ) sM=12524)




ik

GO TO 120
FORMFACTORS (LIST 3)
132 DO 133 K=1,sNRCRD
READ (TAPEA) {W(I)sI=1sNWORD)
123 WRITE(TAPER) (W(I)sI=1sNWORD)
IF{IPAR) 12051205141
PARAMETERS (LIST &)
134 IF{SERL-ISER) 12391369123
136 WRITE(TAPEB) LSTsSERLsNRCRDsNWORD

DO 137 K=1sNRCRD
READ (TAPEA) SYMN(K)sSYMBI(K)sATOMN(K) sX(K)sY(K)sZIK])sSX{K)sSY(K)>»

1 SZ(K)s BISO(K)sVIBIK) o INDTRS({K)sB11(K) ¢B22(K)}sB33(K)>
2B23(K)sB13(K)sB12(K)sOCCFRI(K)

137 WRITE(TAPEB) SYMN(K)sSYMBI(K) s ATOMNIK) oX{IK)sY{K)YsZ{K)sSX(K)sSY(K) s
1 SZ(K)os BISO(K)sVIB(K)s INDTRSI(K) sB11(K)sB22(K)sB33(K)s
2B23({K)sB13(K)YsB12(K)sOQCCFR(K)

NATOM=NRCRD
GO TO 120
TO READ LIST 4 FROM CARDS
141 READ {(READRs11) JOBsLSTsSERLINATOMs ISYGMA
IFILST=4) 14251449142
142 WRITE (PRINTRs2C)
GO TO 1u8
144 NRCRD=NATOM

NWORD=19
WRITE(TAPEB) LSTsSERLSNRCRDSNWORD

DO 150 K=1oNATCM A
READ(READRS14) SYMN(KY s SYMB(K) s ATOMN(K) o XIK) sY (K)o {K)sBISO(K)
IVIB(K) s INDTRS{K) s OCCFR(K)
IF(OCCFR(K)) 13951385139
128 OCCFR(K)Y=1,0
139 IF(ISYGMA) 14651465145
14% READ (READRs14)  Wl1l)oW{2)sW(3)sSX{K)sSY(K)enLtK)
IFCATOMN(K)Y=wW(3)) 14291474142
146 SX(K)=Ue
SY(K)=0o
SZ{K)=0Co
147 TF(VIB(K)Y~1) 14891485149
148 B11(K)=0o,

B22(K)=0,
833(K)=0.
R23(K1=0,
R13(K)=0Co
B12(K)=Co
GO TO 159

149 READ(READRS15) W{1)sW(2)9eB11(K)sB22(K)sB33(K)s323(K)sBL13(K)eB12(K)
IFCATOMN(KY=W(2)) 14251505142
150 WRITE(TAPEB) SYMNIK) sSYMB(K) s ATOMN(K )Y s X(K) sY{K) sZ{K)sSXIK)sSY(K)»
1 SZ{(K})s BISO(K) sVIB(K) s INDTRS{K) sBL1(K)sB22(K}sB33(K) s
2823(K)9B13(K)sB12(K)»OCCFR(K)
I18=1B+1
ISER=~1SER
GO TO 120
COS AND SIN TABLE (LIST 5)




5

160 N=1.
DO 161 K=13sNRCRD
M=N+31
READ(TAPEA) (CS(L) sL=NsM)
161 N=M+1
IA=1A+1
C © DERIVE LATTICE FACTOR AND SCALE
GO TO(1711725173s174917217251725173)sLAT
171 TEMP=1,0
GO TO 175
172 TEMP=2,0
GO TO 175
173 TEMP=3,0
GO TO 175
174 TEMP=440
175 GM=TEMP/SCALE
C RESET INDICATORS AND SUMS
SYSTEM=SYSTEM-4
ONE=1.0
RLSG=1o/(LAMBDA*LAMBDA)
NCTRE=1
BHKL=Oo
DHKL=0.
170 NINCL=D
SFO=3»
SFC=OO
SDF =00
SWDFSU=0,
< PLANES LIST (LIST 6)
162 READ (TAPEA) LSTsSERLsNRCRDsNWORD

I[F{LST-6) 10951635109
163 READITAPEA) FOOOSNPLNSsI15sI29I3sNAMPLIsNCRVESsCl9C29C3s (W (L)

1L=1sNAMPL ) s (SYMBOL (N} sN=1sNCRVES)
NVEC = 125
NSUM = NVEC*¥(NVEC+1)/2
WRITE(PRINTRs52C) NVECsNSUM

520 FORMAT(' NVEC'HsI11Us" NSUM!5110)
DO 517 J=1sNVEC

o 517 VECT(J) = 060
RENR DO 518 I=1sNSUM
R 518 SUM(I) = 060

155 NREFL=NPLNS

156 NELMNT=0
MPAR=0
LINES=0
ISER=TABS(ISER)
NWORD=11+NAMPLP+NCRVES

159 NP=NREFL

151 WRITE(TAPEC) LSTsSERLsNPsNWORD

C DERIVE CONSTANTS FOR THE ATOMS

DO 181 I=1sNATOM
IFCATOMNCTI)Y) 14091435143

14C NCTRE=0

143 IF(LINES)Y 15791575158




146

157 WRITE(PRINTRs42) TITLESISERsNPAGE
NPAGE=NPAGE+]
WRITE(PRINTRs44)
LINES=5D

158 J=1
ISYMB=SYMB(I)

164 IF(ISYMB-SYMBOL(J)) 16591665165

165 J=J+1
IF(J-NCRVES) 16451645110

166 CRVI(IY=J
K=SYMN(T)
IF{CENT(K)) 16751675168

167 CONST(1)=GM*QCCFR(I)
GO TO 169

168 CONST(I)=GM*OCCFRI{I)*2,

169 MPAR=MPAR+INDTRS(1I)
IF{INDTRS(IIN=-9+ILS) 1761775176

176 NELMNT=NELMNT+INDTRS(I)*(INDTRS(IV+1)/2
GO TO 178

177 NELMNT=NELMNT+27

178 IF(VIB(I)~1) 181,180,181

180 vIB(Il)=2
BP=BISO(1)¥*RLSQ
B11(11=8P*GQT{1)
B22(11=2P%GQT(5)
B33(1)=RP*GQT(9)
R23(1)=RP#GQT(61%¥2,C
B13(1)=RP#GQT(3)%2.0
B12(1)=RP*GQT(2)%260

LINES=LINES-1
181 WRITE(PRINTRs45) SYMN(I)s ISYMBsATOMNICI)sX(I)sY(I)sZ{I)sBBISOCI)>

10CCFRIT)Y»B11(T1sB82211)e8B33(1)+323(1)5813(1)5812(1)
WRITE(PRINTRs55) NATOMsMPARSNELMNT
WRITE(PRINTRs27) TITLESNPAGE
LINES=50
NPAGE=NPAGE+1
IF(IPLANE) 20052005182

182 READ(RFEADR$23) NIHsNIKsNILsINDRPSFOPPsiWHKLP
GO 70 200

183 IF(IH-NIH) 20151845201

184 TF(IK-NIK) 20151855201

185 TF(IL-NIL) 201,1869201

186 TF(INDRP-1) 19351935192

192 TEXCL=1
GO TO 195

193 INDR=INDRP

195 IF{FOPP) 196519745196

196 FO=FOPP

167 TF(WHKLP) 19851945198

108 WHKL=WHKL?

194 READ(READR$23) NIHsNIKsNILsINDRPSsFOPPsWHKLP
IFINIH-99) 201,1885188

188 IPLANE=O
GO TO 201




C TO EXCLUDE THE UNOBSERVED REFLECTIONS

190 IF(INDR) 215521545191

191 AMPL(4)=0,

TEXCL=1
GO TO 299
C READ THE RECORD FOR ONE PLANE

200 READ (TAPEA) IHo IKs ILs INDReJSIGNsORDINDsPARITY sMULT 9 SINSQ s WHKL ¢

1(AMPL (M) sM=1sNAMPL) s {FF(M)sM=1sNCRVES)
Y - IEXCL=D
T AMPL(2)=AMPL(3)

AMPL(3)1=AMPL (4)

IF(IPLANE) 18352015183

201 IF(ISINSQ) 20652065207

207 IF(SINSQ-SINSQM) 191520652C6

206 IF(IUNOBS) 19042155215

C COMPUTE THE EQUIVALENT INDICES

215 DO 20% KX=1sNMATX

202 IF(SYSTEM) 20542035203

203 DO 204 J=1s3

204 HS(JeK)=TH#R (14 JsKI+IK¥R(2oJsKI+IL*¥R(39JsK)
GO TO 208

20% HS5(1sK)=IH*R(1s1sK)
HS({2sK)=1K¥R(2s23K)
HS({3sK)=ITL¥R{(3453sK)

208 TSIK)Y=TH#*T(1eK)+IK¥T(2sK)+IL¥T(3sK)
HS{4oK)=HS{1sK)¥HS(1:K}
HS(5sK)=HS(2sK)Y*¥HS(2sK)
HS(69K)=HS({3sK)#HS (3K}
HS{T7eK)=HS{2sK)I*¥HS(35K)
HS{8sK)1=HS({1:K)¥*¥HS(3+K)
HS{9sK)=HS (1K) *¥HS( 2K}
TPHS(1sK)=HS({1sK)#*#6,283185
TPHS(2eK)=HS(25K)%#6,283185

209 TPHS({3sK)}=HS(3sK)*¥6.283185
SINSQP=SINSQ*RLSQ
AHKL=Co
CHKL=0.

INDX=1

IF(CENTRE) 211521045211
210 BHKL=Co, '

DHKL=0e

Y

s CALCULATE CONTRIRUTIONS TO THE STRUCTURE FACTORS
211 DO 260 IR=1,NATOM
IF(ATCMN(IR)) 21252135213
212 ANOMLS=1
GO TO 214
213 ANOMLS=0
214 IF(VIB(IR)) 22152215224
221 QRS=BISO(IR)*SINSQGP
1Q=QRS*20,0
IF(1Q=-200) 22352235222
222 1Q=200
223 XQ=QRS-1Q%#0,05
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TX=EXPLIIQ+1)#(1e-XQ*(16=0e5%XQ))
224 1=CRV{IR)
FFR=FF(I)#CONST(IR)
IF (ANOMLS) 22652265225
225 FFI=FF(I+1)*%CONST(IR)
226 SYM=SYMN(IR)
N=NPOS(S5YM)
DO 254 MTX=1sN
[S=MATCES{MTXsSYM)
ANGLE=HS(1sISI*¥X{IR)I+HS(2sIS)#Y(IR)I+HS (35 IS)¥Z(IRI+TS(IS)
COS AND SIN ROUTINE
231 PHI=ANGLE
IF(ANGLE) 23292359233
232 PHI=10000e% (ANGLE+1600005-PHI)
GO TO 234
233 PHI=10000* (ANGLE+0,C0005-PHT)
234 NN=(PHI+1250)/71250
GO TO(2375238923992409241924292439244) 5NN
235 FCO0S=1.0
FSIN=0.0
GO TO 246
237 K=PHI+1
1CO0S=CS(K) /10500
ISIN=CS(K)-10000%ICOS
GO TO 245
238 K=2501-PHI
ISIN=CS(K) /10000
[COS=CS(K)=10000%ISIN
GO TO 245
239 K=PHI-2469
ISIN=CS(K) /10000
ICOS=10000%#ISIN-CS(K)
GO TO 245
240 K=5001-PHI
1CO0S=CS(K)/(~-100CC)
ISIN=CS{K)+10000*I1COS
GO TO 245
241 K=PHI=-49929
[COS=CS{K)/(-10000)
ISIN=(~1C000)*¥ICOS~CS(K)
GO TO 245
242 K=7501-PHI
ISIN=CS(K)/(~-1000U)
ICOS=(-10CCC)*ISIN-CS(K)
GO TO 245
243 K=PHI~-T74909
ISIN=CS(K)/(-10000)
1COS=CS(K)+10000%ISIN

GO TC 245
244 K=10001-PHI

ICOS=CS(KY /10000

ISIN=13000%ICOS-CS(K)
245 FCOS=FLOAT(ICOS)#U,0001

FSIN=FLOAT{(ISIN)*¥0.C0O01
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246 IF(VIBIIR)) 25042505247
267 QRS=HS{4sIS5)#B11(IR)I+HS (55 1S)%¥B22(IRI+HS(65ISI#B33(IR)+HS(T7,15)*
1B23(IR)+HS(8sIS)I*B13(IR)+HS(9,15)1%¥B12(IR)
IF(QRS) 81043105811
810 QR5=060
I1Q=0
GO TO 249
811 CONTINUE
1Q=QRS*2C.0
IF(1Q-200) 249+2495248
248 1Q=200
249 XQ=QRS-IQ%*Us05
TX=EXPLIIQ+1)#(1e~XA%¥(1e—-0s5%¥XQ})
250 FFT=FFR#TX
A{INDX) =FFT*FCQOS
BOINDX)=FFT*FSIN
IF{ANOMLS) 25252525251
251 FFT=FFI*TX
CUINDXY=FFT*FCOS
DUINDX)=FFT#FSIN
CHKL=CHKL+C(INDX)
CIF(CENTRE)Y 252923G9252
230 DHKL=DHKL+D(INDX)
252 AHKL=AHKL+A(INDX)
IF{CENTRE) 25392535254
253 BHKL=BHKL+B{INDX)
254 INDX=INDX+1
260 CONTINUE
AFO=ABS(FO)
PHASE ANGLE
IF{CENTRE) 25692569255
. 255 IF(NCTRE) 25692565259
256 AC=AHKL-DHKL
BC=BHKL+CHKL
FC=SQRT(ACHAC+BC#BC)
AFC=FC
CALPH=AC/FC
SALPH=BC/FC
IF(CENTRE)257+9257+258
257 AO=FO*CALPH
BO=FO*SALPH
GO TO 271
258 FO=SIGN(FOsAHKL)
FC=SIGN(FCsAHKL)
GO T0 271
259 FC=AHKL
CALPH=SIGN(ONE »FC)
SALPH=C,
FO=SIGN(FOsFC)
AFC=ABS(FC)
DELTA F ANALYSIS
271 DELF=AFC~AFC
ADELF=ABS(DELF)
IFLISINGSQ)Y 2784277277
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IF(SINSQ-SINSQM) 286452784278
IF (INDR) 28152815272

UNOBSERVED REFLECTIONS
272 TF(IUNOBS) 28692865273
273 IF(DELF) 27452865286
274 1F (ADELF-AFO-AFQ) 2902905286
OBSERVED REFLECTIONS
281 IF(I0BS) 290+282+282
282 IF(ADELF-XFO®AFQ) 29052904284
284 IF{IORBS) 290,286,285
285 FTHSQ=AFO*AFO*¥THRESH/XNET
IF(DELF#DELF=XFTH*FTHSQ) 2902905286
286 TEXCL=1
OUTPUT OF THE STRUCTURE FACTORS CON THE PRINTER
290 IFCIPRINT) 299452915291
291 FOP=SCALE#*#FO
FCP=SCALE®*FC
ADELFP=SCALE*ADELF
822 IF(ABS(FOP)~ 20.) 82358235824

N
~ =4
0o~

823 1 = 1

GO TO 829
824 IF(ARS(FOP)= 40.) 825+825+826
825 I = 2

GO TO 829
826 IF(ABS(FOP}- 700} 8279827828
827 1 = 3

GO TC 829
828 IF(ABS(FOP)—- 100.) 8305830,831
830 I = ¢4

GO TO 829
831 IF(ABS(FOP)~ 140,) 83258324833
832 1 = 5

GO TO 829
823 IF(ABS(FOP)— 190.} 834+834,835
834 1 = 6

GC TO 829
835 1 = 7
829 F(I) = ABS(FOP)+ F{(I)

FD(I) = ADELFP + FD(I}

NREF(I) = NREF(I) + 1

IF(AFO) 1292512911292
1291 RINDX=0.0
GO TO 1293
1292 RINDX=ADELF#100./AFO
1293 IF(CENTRE)Y 29352935292
292 WRITE(PRINTR+24) IHs IKsILsINDRsSINSQsFOPFCP
GO TC 294
293 AOP=SCALE*AQ
BOP=SCALE*BO
ACP=SCALE*AC
BCP=SCALE*BC
WRITE (PRINTR925) IHsIKsILsINDRISINSQeFOPsFCP s AOP ¢BOP ACPsBCP

294 ITF(IEXCL) 29892985295
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295 WRITE(PRINTRs26)
GO TO 296
298 WRITE(PRINTRs53) ADELFPSRINDX
296 LINES=LINES-1
IF(LINES) 29792975299
297 WRITE(PRINTRs27) TITLEsNPAGE
NPAGE=NPAGE+1

LINES=50
OUTPUT ON TAPE
299 WRITE(TAPEC) ITEXCLsIHsIKsILsINDRsJSIGNSORDINDsPARITY sMULTsSINSGs

1IWHKL 9 (AMPL (M) sM=1 e NAMPLP )} s (FF (M) sM=1sNCRVES)
950 IF(LMAX=IH) 951453005951
951 LMAX=LMAX-1

LV=LV + 1

GO TO 950
300 IF(IEXCL) 95259529303
952 TOP(LV)I=TOP(LV) + ABS({AMPL(4))%*ABS(AMPL{1))

DEN(LV)=DEN(LV) + AMPL(1)*AMPL (1)

GO TO 261

ACCUMULATE TOTALS FOR THE RESIDUALS
201 SWDFSQ=WDELF*WDELF+SWDFSQ

SFO=5FO0+AFO

SFC=SFC+AFC

SDF =SDF+ADELF

NINCL=NINCL+1
303 NREFL=NREFL-1
414 IF(NREFL)Y 30543055200
305 END FILE TAPEC

DO 953 M=1sLV
953 P(My=TOP (M) /DEN(M)

WRITE(PRINTR954) (P{M)sM=1sLV)
954 FORMAT(*' LEVEL SCALES ARE'310F1063)
304 REWIND TAPEA

REWIND TAPEC

SDSQ=SWDFSQ/ (NINCL-NPESD)

RINDX=SDF/SFO

SFO=SCALE*SFO

SFC=SCALE*SFC

SDF =SCALE*SDF

SWDSQ= SCALE#SCALE*SWDFSQ

WRITE(PRINTRs28) SFOsSFCsSDFsRINDX s SCALE

DO 837 I = 1.7

AF(T) = F(I)Y/NRFEF(I)

AFD(I) = FD(I)/NREF(I)

WRITE(PRINTRs836) IsAF({I)sAFD(1)sNREF(I)
836 FORMAT(I2s" MEAN FO IS*'sF10e59% MEAN DELTA F IS'sF10050

1'* NO OF REFLECTIONS' 15
837 CONTINUE

IF({ILS) 353,370,370

STORE COS AND SIN TABLE
353 IF(ITAPE) 35993594358
358 NRCRD=40

NWORD=132

LST=5
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WRITE(TAPEB) LSTsSERB(IB) sNRCRDsNWORD
N=1

DO 354 I=1+40

M=N+31

WRITE(TAPEB) (CS(L)sL=NsM)

354 N=M+]

341

342

958
955
71

956

998

999

997

356

73
348

967
T4
357

IB=18+1

STORE LIST 6

SFO=0,

SFC=0.

SDF =0,

NRC=NPLNS+1
NWD=10+NAMPLP+NCRVES

LST=6
WRITE(TAPEB) LST»SERB(IB)sNRCsSNWD

NREFL=NPLNS
WRITE(TAPEB) FOOOsNPLNSsI1s125sI3sNAMPLPsNCRVESsC25C39SCALES

1(ICODEP(I)sI=1sNAMPLP)s (SYMBOL(N)sN=1sNCRVES)
READ(TAPEC)

READ(TAPEC) LSTsSERLsNRCRDsNWORD
WRITE(PRINTRs 60) LSTeSERLsNRCRDsNWORD
IF{LST=-8) 35593429342

READ(TAPEC)

GO TO 341

DO 357 I=1sNRCRD

READ(TAPEC) IEXCLsIHsIKsILsINDRosJSIGNsORDINDSPARITYsMULTsSINSQ>»
IWHKL 9 (AMPL (M) sM=1 oNAMPLP } o (FF (M) sM=1sNCRVES)
IFIMLAX-IH) 95559565955

WRITE(PRINTRs71) IH

FORMAT( ' ?985XstH=1,13/t 1,83XstK L FOBS FCAL')
MLAX=MLAX-1

vi=vL+1

GO TO 958

IF(FO) 998+5999,999
[FO=(IFIX{SCALE*#FO*¥200—1e))/2
[FC=(IFIX(SCALE*¥FC%*20e=10))/2

GO TO 997

IFO=(IFIX(SCALE*FO*¥20e+10))/2
IFC=(IFIX(SCALE*FC¥20e+10e))/2

CONTINUE

IF(IEXCL) 967935645967

AFO=ABS(FO)*SCALEP

WRITE(PRINTRs73) IKsILsIFOSIFC

FORMAT(* "580Xs14513.215)

AFC=ABS(FC)*SCALE

SFO=SFO+AFO

SFC=SFC+AFC

SDF=SDF+ABS{AFO=-AFC)

GO TO 357
WRITE(PRINTRs74) IKsILsIFOSIFC
FORMAT (v 179X %1 5149135215)

WRITE(TAPEB) IHsIKsILsINDRIJSIGNSORDINDsPARITY sMULT s SINSG
TWHKL » (AMPL (M) sM=1sNAMPLP) s (FF (M) sM=1sNCRVES)
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NREFL=NREFL-NRCRD
IF (NREFL) 3435343,341
343 RINDX=SDF/SFO
WRITE(PRINTRs28) SFOsSFCsSDFsRINDXsSCALEP
359 CONTINUE
REWIND TAPESB
REWIND TAPEC
IF(KTYM ~ NTYM) 781, 7805 780
781 KTYM = KTYM + 1
GO TO 777
785 WRITE(PRINTRs 29)
CONT INUE
CALL EXIT
WEIGHTING SCHEMES. ENTER IF REFLECTION 1S INCLUDED IN LS SUMS
261 GO TO (26292655267+2685269) sNW
262 IF(AFO-P1) 2635263264
263 RTW=AFO/P1
GO TO 270
264 RTW=P1/AFO
GO TO 270
265 IF (AFO=P1) 26632665264
266 RTW=1,
GO TO 270
267 RTW=(AFO-P2)/P1
RTW=1e/SQRT(1e+RTWXRTW)
GO TO 270
268 RTW=1e/SQRT(P1+AFO* (1e+AFO% (P2+AFO%P3)))
GO TO 270
269 RTW = 1e/(1s + 0e169%ABS(FOP))
270 WDELF=RTW*DELF
IF(ILS) 30153115311
PARTIAL DERIVATIVES WRT THE PARAMETERS
311 IM=1
©1v=1l
INDX=1
KT=1
DFM(KT)= RTW*FCP
ISPCL = 1
ISIND = 1
DO 234 IR=1sNATOM
SYM=SYMN( IR)
N=NPOS(SYM)
IFCINDTRS(IR)) 31053185312
310 INDX=INDX+N
GO TO 334
312 NPAR=INDTRS(IR)
DO 313 K=1sNPAR
313 DF (K)=0o
DO 327 MTX=1sN
IS=MATCES(MTX5SYM)
IF (ATOMN(IR)) 31453175317
314 IF(CENTRE) 31553155316
ANOMALOUS AND NONCENTROSYMMETRIC
315 GRS=(A(INDX)=D(INDX))*CALPH+(R(INDX)+C(INDX))*SALPH




JRS=(BUINDX)+C(INDX))*¥CALPH=(A(INDX)=D(INDX))*SALPH
GO TO 320
C ANOMALOUS AND CENTROSYMMETRIC
316 GRS=A(INDX)*CALPH+C{INDX)*SALPH
JRS=B(INDX)*CALPH+D(INDX ) *SALPH

GO TO 320
317 IF(CENTRE) 31843185319
C NON-ANOMALOUS AND NONCENTROSYMMETRIC

318 GRS=A(INDX)*CALPH+B(INDX)*SALPH
JRS=B(INDX)*CALPH-A(INDX)*¥SALPH
GO TO 320

C NON-ANOMALOUS AND CENTROSYMMETRIC

319 GRS=A(INDX)*CALPH
JRS=B{INDX)*CALPH

32C DF(1)=DF(1)-TPHS(151S)*¥JRS
DF (2)=DF (2)~TPHS(2sIS)*JRS
DF (3)=DF (3)-TPHS(3515)*JRS
IF(NPAR-9) 32493265325

324 DF (4)=DF (4)+GRS
GO TO 327

325 DF(10)=DF(10)+GRS

326 DF (4)=DF(4)=HS(4s1S5) %GRS
DF (5)=DF (5)-HS(5515) %GRS
DF(6)=DF (6)=-HS (65 IS)*GRS
DF (7)=DF(7)=HS(75s1S)*GRS
DF (8)=DF (8)-HS (85 1S) %GRS
DF (9)=DF (9)-HS (95 15) %GRS

327 INDX=INDX+1
IF (NPAR~5) 32953285330

328 DF(5)=DF (4) /OCCFRIIR)

329 DF(4)==DF (4)%SINSQP
GO TO 332

330 IF(NPAR=9) 332,332,331

331 DF(10)=DF(10)/0CCFR{IR)

332 NU = NPAR

R NC = 1
f IF(NSPECL) 37633765379
' 379 IF(SYMB(IR)- SSYMB(ISPCL)) 37653805376

380 IF(ATOMN(IR) =~ SATOM(ISPCL)) 37693835376
383 DO 389 I=1510C
ICOM(I) = SIND(ISIND)

389 ISIND = ISIND + 1
ISPCL = ISPCL + 1
DO 500 I=19NPAR
IFCICOM(TI)) 50165025501
501 NC = NC + 1
GO 70O 500
G2 DO 504 K=NCsNPAR
DF(K) = DF{K+1)
NU = NU -1
500 CONTINUE
376 DO 333 JU=1sNU
333 DF{J) = DF{J)*RTW
DO 335 1 =1sNU

U

n
(v

&

\J




335
334

506
505

370

516

377

378

508
509
510

511

513

512

507
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KT = KT +1

DFM(KT)Y = DFI(I)

CONTINUE

1 =1

DO 50% J=1sKT

DO 506 I=1sJ

SUM(IJ) = SUM(IIJ)Y + DFM(I)*DFM{J)
IJ = 1J + 1

VECT(J) VECT(J) + DFM{J)I*WDELF
GO TO 301

NT = 1

EPS = 26,001

CALL GELSIVECT oSUMsKTsNTsEPSeIERSDFM)
WRITE(PRINTRs516) IER

FORMAT (Y JER =95110)
WRITE(PRINTRs515) VECT(1)
FORMAT(*OSCALE G CHANGE IS5f9F1065)
SCALEP = SCALE/(le + VECT(1)*SCALE)
WRITE(PRINTRs40) SCALEPs SWDSQsNINCL
ISIND = 1

I1SPCL=1

IL =1

IK =1

LINES=0

DO 390 IR = 1+NATOM

IF(LINES) 37743779378
WRITE(PRINTRs41) TITLESNPAGE
NPAGE=NPAGE+]

WRITE(PRINTR»44)

LINES=50

JSPCL=0

NPAR = INDTRS(IR)

IF{NSPECL) 50755075508
IF(SYMB(IR)-SSYMB(ISPCL)) 5079509507

IF(ATOMN(IR)=~ SATOM(ISPCL))I537+510s507
DO 511 I=1+10

ICOM(I) =SIND(ISIND)
ISIND ISIND + 1

ISPCL ISPCL +1

DO 512 1=1,NPAR
IF(ICOM(I)) 51395145513
SHIFT(I) = 060

SYGMA(I) = Qe

GO TO 512

IL=IL+1
SHIFT(I)=VECT(IL)

IK = IK + IL

it

H oH

SYGMA(T) = SQRT(SDSQ/SUM(IXK))
CONTINUE

GO TO 537

DO 537 I=1,NPAR

IL=1L+1

SHIFT(I)Y=VECT(IL)
IK = IK + 1L




156

SYGMA(TI}) = SQRT{(SDSQ/SUMIIK))
537 CONTINUE
OUTPUT OF PARAMETERSs SHIFTS AND ESD'S
TEMP=0.
SHIFT(10)=060
SYGMA(101=C,.0
X{IR)=X(IR)+SHIFTI(1)
SX{IR)=SYGMA(1)
Y{IR)=Y(IR)+SHIFT(2)
SY{IR)=SYGMA(2)
ZUIR)Y=Z(IR}+SHIFTI(3)
SZ{IR)=5YGMA(3)
IF(NPAR-5) 38253815384
381 OCCFRI(IR)=0CCFRI(IR)+SHIFT(5)
382 BISOI(IR)=BISO(IR)+SHIFT(4)
[F(BISO(IR)) G0Cs900,901
900 BISO(IR)=0.0
901 CONTINUE
WRITE(PRINTR945) SYMN(IR)s SYMB(IR)sATOMN(IR) s (SHIFT(I)sI=1sNPAR)
WRITE(PRINTRs46) (SYGMA(I)sI=1sNPAR)
GO TC 388
384 IF({NPAR-9) 38643865385
385 OCCFR{IR)=CCCFRIIRY+SHIFT(10)
386 R11(IRY=B11I(IR)+SHIFT(4)
IF(B11(IR)) 80C+800,801
8C0 BI1{(IR)=J,0
801 CONTINUE
B22(IR)=B22(IR)+SHIFT{5)
IF(B22(IR)) 8U2+8024+80U3
802 B22(IR)=060
803 CONTINUE
B33 (IR)=B33(IR)+SHIFT(6)
[F(B33(IR)) 804,804,805
804 B833(IR})=0,0
805 CONTINUE
B23(IR)=B23({IR)+SHIFT(7)
BI3(IR)=BI3{(IR)+SHIFT(8)
BI12(IR)=B12(IR)I+SHIFT(9)
387 WRITE(PRINTRs45) SYMN(IR) SYMBUIR) s ATOMNCIR) s SHIFT(1)sSHIFT(2)
ISHIFT(3) s TEMP o SHIFT(10) s (SHIFT(I)sI1=4+9)
WRITE(PRINTRs46) SYGMA(1)sSYGMA(2) sSYGMA(3)sTEMPsSYGMA(1C) s
1(SYGMA(T)sI=4+59)
388 LINES=LINES-2
390 CONTINUE
OUTPUT OF THE NEW PARAMETERS ON CARDSs PRINTER AND TAPE
LST=4
ISYGMA=1
NWORD=19
WRITE(PUNCHs47) JOBBsLSTsJSERSNATOMs ISYGMA
LINES=C
WRITE(TAPEB) LSTsJSERsNATOMsNWORD
DO 396 I1=1sNATOM
IF (LINES) 393,393+394
393 WRITE(PRINTRs43) TITLEsJSERSNPAGE




WRITE(PRINTRs&4)
LINES=50
NPAGE=NPAGE+1
394 WRITE(PRINTRs45) SYMN(I)s SYMB(I)s ATOMN(I)eX(I)sY(I)sZ(I)>
1BISO(I)s0OCCFRII)eBL1(1)s322(1)sB33(1)sB23(1)5813(1)sB1l2(1)

LINES=LINES-1 )
WRITE(TAPEB) SYMN(I)s SYMBU(I)sATOMN(I)sX(I)sY (L) sZ{T)aSX(I)s

1SY(I1)sSZ(1)eBISO(I)sVIB(I)sINDTRS(IVI311(1)sB22(1)s833(1)5823(1)5

2B13(1)eB12(1)s0OCCFRI(T)
WRITE(PUNCHs48) JOBBsLSTsJSERsSYMN(I)s SYMB(I)sATOMN(I)sX(1I)5
1Y(T1)sZ(1)eBISO(I)sVIBII)s INDTRS(I)sOCCFR(I)sJOBBsLSTsJSERSSYMNIT )

2 SYMB(I)sATOMNI(I)sSX(IV1sSY(I)sSZ(I)

IF(VIR(I)Y) 39643965395
395 WRITE(PUNCHs49) JOBBsLSTsJSERsSYMN(I)s SYMB(I)sATOMN(I}»B11(I),

1322(1)sB33(1)s823(1)s813(1)sB12(1)
396 CONTINUE
[B=1B+1
GO TOC 353
END

This program employs the CGELS subroutine of the I.,B.M,
Scientific Subroutine Package in calculating the parasmeters!?
shifts., This revision uses the Gaussian elimination

method for the solution of the normal equations. The

inverse matrix of A is not celculsted.
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APPENDIX IV
Welghting scheme additions to the NRC-10 Structure

Factor Least Squares program by the author.

The statement following computer card 30 is:

DIMENSION FU10)sFD(1C)sAF(10)5sAFD(10) sNREF(10)

The statements following computer card 9460 are:

DO 838 I = 157
FITI) = 0,0
FD(I) = 0,0
NREF(I)Y = (L0

838 CONTINUE

The statements following computer card 5720 are:
822 IF(ABS(FOP)- 20,) 8235823,824

823 I = 1

GO TO 829
824 IF(ABS(FOP)~ 40e) 82558254826
825 1 = 2

GO TO 829
826 IF(ABS(FOP)- 70e) 827827828
827 1 = 3

GO TO 829
828 IF{ABS(FOP)— 100.) 8305830,831
830 I = 4

GO TO 829
8321 IF(ABS(FOP)~ 14C.) 83298325833
832 I = 5

GO TO 829
833 IF(ABS(FOP)—- 190.) 83458345835
834 I = 6

GO TO 829
835 1 = 7
829 F(I1) = ABS(FOP)I+ F(I)

FD(IY = ADELFP + FD(1)

NREF (I} = NREF(I) + 1

The statements following computer card AlI0 are:
DO 837 I = 17
AF(TI)Y = F{I)/NREF(I])
AFD(I) = FDCI)Y/NREF(I) .
WRITE(PRINTR836) IsAF{TI)sAFD (I sNREF( )
836 FORMAT(I2s% MEAN FO IS19F1Ce5se! MEAN DELTA F ISt'sF1065s
1t NO OF REFLECTIONS3'I5)
837 CONTINUE
The atatement replacing computer card 7160 ia:
269 RTW = 1e/(le + 0c169%ABS(FOP))
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