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1. THEORY

1.1 Introduction

The purpose of crystal structure snalysis by x-ray diffraction
is to postulate a molecular structure whose diffraction spectra
mateh the experimentally obtained set. The principles used are
essentially those of physical optics since the x-ray diffraction
pattern obtained is the Fourier transform of the object, and
a subsequent inverse transform of the diffraction pattern will
give the image.

The diffraction pattermn 1s a map of the reeciprocal lattice
of the erystal; a plane [h,k,1] in real space diffracts x-rays
to form the reflection (h,k,l) in reciprocal space, the reciprocal
lattice vector h(h,k,1) being normal to the plane [h,k,1] of the
erystal lattice and of magnitude 1/d where d is the spacing of
(h,k,1) planes in the real lattice.

The cyclie nature may be represented schematically as follows:

object ————— diffraction pattern ———=image

real space —— > reclprocal space ——= real space

o(r) ———> PF(h) « T[o(r)] —=>0(r) = T"[F(g)]
r(x,¥,2z) = vector in real space

h(h,k,1) = vector in reciprocal space

T = Fourler transform

-1

T inverse Fourier transform
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F(h) = vector amplitude of the radlation scattered by the
crystal and received at the point h in reciprocal
space

11

= VJJJ'Q(E)exp 2ni h.r 4V (1)
Yr=0
where V = volume of the unit cell; p (r) is the electron
density at point r in the erystal, and since the erystal is
periodic in three dimensions may be represented by a three dimensional
Fourler series: i
o) = WV % % %-F(E)exp—zui h,r (2)
s ]
The structure factor F(h) is also represented by the equation:
N
F(h) = % £ (g)exp 2nl h.r (3)
where N = npmber of atoms in the unit cell
f.(h) = V jjf p(r-r )exp 2ni h.(r-r )av
J - x%'&zo

= scattering factor or form factor for the ,j atom

at position r (fractional coordinates xJ.yJ,zJ)

F(h) = 2 f, cos2n h.r, + iif sin2x h.r
- NELI =J e d =J

= A+ iB
| F(n)lexp 1 ¢
Thus the structure factor F(_}_1_) 1s seen to be a complex quantity
with magnitude |F(h)| and phase § = tan”'B/A. Tt is only possible
to measure the intensity (=(Amplitude)2) of the diffracted x-rays,
and hence obtain a value for the structure factor magnitude |F(§)|

but not for its phase (b Without knowledge of the phases,

h,k,1°*

equation (2) above cannot be used in determining a representation
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of the molecular structure.

However by using a Fourier summation with the squered amplitudes
as coefficients, this problem may be overcome since \F(p_)\g for any
reflection is directly proportional to the observed intensity.

The relationship of the Patterson function (Patterson, 1934 and 1935),
as this synthesis is called, to the electron density funection of

the crystal may be found by applying the Convolution Theorem.
T[F(h)F*(h)] = V ojﬂ‘o(r)ﬁ(r-r')av = P(r') = 1/v§£2ha(h)| expent h.r'
Since lF(t_a_)) = IF(_K_)\ by Friedel's Law, the Patterson function may
be represented by the series-
Plu,v,w) = 1/v ZEEIF(h)I cos2x(hu+kv-+iw) (%)
(u,v,w are fractional eocrdinates)
Thus, a centrosymmetric set of interatomic vectors can be obtained
from the measured intensities which has N(N-1)/2 unique vector
peaks where N = number of atoms. The interpretation of this vector
map is difficult if N is large and is much simplified if "heavy"
atoms with high atomic number Z are present in the molecule.
Since the size of each vector peak in the Patterson map 1s proportional
to the product of the scattering factors for the two atoms concerned,
the largest peaks can be identified and the positions of the heavy
atoms in the erystal lattice found. Thls is the method used for
the solution of the molecular structure of tetrachlorobispyridinesilicon (IV)

(S:lClu,aPy) and described in Chapter 4,

In the investigation of tetrafluorobispyridinesilicon IV (SiFu,ePy)
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discussed in Chapter > where apart from the Silicon atom, no one
atom is much heavier than any other, use was made of the expected
relative orientation of atoms and interatomlic distances to interpret
the Patterson vector set and position some of the atoms. The total
scattering power of the atoms thus located was large enough for
the investigation to proceed along the same lines as the "heavy
atom method".

The structure factor for any reflection as given by equation (3)
may be expanded in the form

F(h) = 2 £ exp2ui(h}5{+kyﬂ+lzn, + i _Lexpem(mL ky; 41z )

= F_+F

H L
where Fh = contribution from the M1 heavy atoms
3L = contribution from the remaining M2 = N-M.I light atoms
Fy 1is the dominant term in the expression for F(h) since fH:’fL’

and can be evaluated using the heavy atom coordinates (xHszH) found
from the Patterson map, Thus the phase ¢ of F(g) will be determined
mainly by the phase contribution ¢H’ from the heavy atoms, as

shown veectorally in the Argand diagram:

Imaginary part of F(h) = B
¢ = ¢H T ¢L F(o) R
=
~ by .
b $ Real part of F(h) =

The ecalculated phases (TJH are almost equal to the true phases q

and are assigned to the experimentally obtained set of structure
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amplitudes ]Fo(g)] . Using the structure factors |Fo(g)| exp 1 ¢H
in equation (2), a Fourier synthesis of the electron density 1is
computed, which will be sufficiently correct to indicate the positions
of the remaining atoms within the unit cell., The final electron
density distribution throughout the unit cell obtained from
equation (2) is not a perfect image of the object due to termination
effects in not summing the series from - @ to + «@ , and due to
errors In estimation of structure amplitudes lFBl from both
experimental measurement and physical factors.

1.2 The observed structure amplitude |FB(E}L

The quantity actually measured in x-ray diffraction experiments,
either by photographic or diffractometer techniques, gives the
integrated intensity I(E) of the diffracted beam for each reflection.
This 1s related to the structure amplitude IFO(_}_l_)lby the following
expression, which has its basls in the Thomson theory of the
scattering of x-rays by electrons, with subsequent deductions by
Bragg, James and Bosanquet (1921),

I(h) = E(h)w/I =Qdv = (N2.Kj’eu mecu) xLp F_(h) 2av  (5)
where E(h) = total diffracted energy at h

Io = Intensity of the ineident x-ray beam

8Sv = volume of crystal bathed in x-rays

(assuned so small that absorption efrects may be neglected)
w = angular veloclty of the crystal, which must be

rotated through the region of the Bragg reflection
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because of the mosaic structure of the crystal.

N = number of unlt cells ?er unit volume

The Polarisation factor p = %(14008229) is introduced since
the original expression assumed plane polarised incident x-rays.

In fact, the characteristic incident beam from the target is
unpolarised with a consequent reduction in the diffracted intensity
by the factor p, which is independent of the experimental geometry.

The Lorentz factor L is a measure of the relative time
opportunity for the various erystal planes to reflect x-rays, and
is therefore dependent on the experimental method.

For equi-inclination Welssenberg geometry, which was used for
all data collection reported in thils thesis, the Lorentz factor
can be shown to be 1/bosepsiﬁwr where the axis of rotation of the
erystal makes angle (mn/2 - p) with the incident beam and T is the
projection on the zero level of the angle 26 between 1lncident and
reflected beams.

Thus, for one particular crystal using radiation of wavelength A,
equation (5) may be rewritten simply as:

lEB(E)IE = constant x{Lp)"I(E} (6)
A set of relative structure amplitudes may therefore be obtained
for use in equation (4).

1.5 The atomlec scattering factor

The scattering factor fj used in calculating FB(E) from equation (3)

1s a measure of the efficiency of the Jth atom in scattering x-rays
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and is defined such that the atom scatters f times as much as a
single electron. It is a function of sin®/A and as © increases,

f, decreases because waves scattered by electrons in different

J

parts of the atom interfere destructively. As 6 — O, fJﬂ—» ZJ,

the number of electrons in the atom or ion.

Estimates of atomlc scattering factor curves fo have been

J

calculated for most atoms using various atomic models (International
Tables for X-Ray Crystallography, Vol. III, p. 201) but these all
assume that the atom is at rest and that the electron density

has a spherically symmetric distribution.

The form factor fo for the jth atom at rest must be modified

J
to take account of the thermzl motion due to temperature., The
effect of thermal vibrations is to reduce the structure factor
FB(E) because two equivalent atoms will no longer scatter in phase,
since displaced from their true positions. A more realistic
scattering factor is:
2 5.2
f, = f ., exp (-B sin“g/A") (T)

J oJ

The temperature factor B = 8n2 uJ2 where uJ2 1s the mean square

atomic displacement (Debye, 1914 and Waller, 1927). B is not easily

calculated theoretically and may be found for each atom by

comparing ]FB(E)‘ witthb(h)l for successive refinements of a

trial structure or obtained from an electron density map (Hamilton, 1955).
The scale and temperature factors may also be found by Wilson's

Method (1942) or by taking a compromise between Wilson's plot and
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rnother auxiliary curve., (Rogers, 1954). Rogers (1965) has
considered 1solating the orligin peak of the Patterson, the source
of Wilson's equetion, and transforming it to minimise the effects
of off-diagonal terms.

Although expression (7) is sufficiently accurate in the early
stages of structure determination, it does assume isotropic
thermal vibration, and during subsequent refinement must be replaced
by a more realistic expression, assuming ellipscidal anisotropic
atomic motion (Cruikshank,1956).

fJ = f‘oJ exp -(B”h2 4 5221(2 + 133312 + B12hk B kl + B jhl) (8)

The anisotropie thermal motion is represented by an ellipsoid
of vibration in real and reciprocal space., The six temperature

factors B for each atom define the principal axes and direction

iJ
cosines of the ellipsoid.

This was the procedure adopted in the structure analyses
described in Chapters 3 and 4.
1.4 Refinement

Once a structural model has been found by the methods already
outlined it 1s necessary to improve the atomiec coordinates and
temperature parsmeters by a refinement procedure. This may be
done by eilther Fourlier or least squares technigues and since the
latter method was used in this work only its relevant theory will
be given, The advantages of least squares refinement over Fouriler

syntheses are that there are no series termination effects, and

thus unobserved reflections can be safely exeluded. Also, an
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estimate of the accuracy of each 'Fo‘:l can be included as a welghting
factor Wy allotted to each reflection,

The method of least squares in x-ray crystallography consists
of minimising the welghted sum of the squares of the diserepancy

between the observed and calculated structure amplitudes, namely

2
R = ?1 w (\F 1y - |F,|,)" (Hughes, 1941)

= E Wiﬁie
1=1
where m = number of reflections included in the refinement.

R 1s a minimun when SR/ Bus = 01,e, T%’] Wy Ai 5\3&1 u =0 (9)

u, is one of n parameters to be adjusted.

The Ai are not linear in us(s = 1->n) and equation (9) therefore
represents a set of n simultaneous non-linear equations.

If however an approximate set of parameters u'r is known the

A may e expanded to the {lrst order of a Taylor series

i
n a
Ai - g ¢+ 21( &1/6111'\ gr where Sr = u, - u'r

Substituting th:las into equat.ion (9) one obtains
A
i n

g A, BAi
E[Wi—r— ZT ]__isz (10)
These n equations (for s = 1—n) are the normal equations and are
linear in the Ss which may thus be determined.

The factor Bﬁi/ aus - é\FG\ 1/ bus may be calculated
for each of the n parameters (Cruikshank et al, 1961) and the trial

values u'_ are substituted into equations (10). The following
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procedure 1s used in programme 3 (Appendix A). Solution of the
matrix is much simplified by meking the following assumptions:

1) no interaction between the parameters of different atoms
i.e. set terms of the type(ﬁlFJ / éxi) .(échl Fd éxj) - 0

ii) no interaction between the coordinate parameters and
temperature parameters for the same atom i.e. set terms of the
type(éch] /éx1§.(<§|Fc| /éBQ - 0
This is the block diagonal approximation (Cruikshank et al, 1961)
and reduces the normal equations matrix to the following submatrices:

N x5 matrices for solution of positional parameters

1

ij s

or 1x1 matrix for solution of isotropic temperature

N  6x6 matrices for solution of anisotropic B

parameter B

N = number of atoms whose parameters are to be determined.

For solution of the shift in scale factor applied to lFb‘,
a 2x2 matrix 1s used to take account of the interaction between
the scale and overall isotropic temperature factor. This interaction
is significant since a small decrease in scale has the same
effect as a small increase in the overall B.

In programme A% Schomaker's correction (1950) is applied
to the shifts of the individual temperature factors for each atom.
Thus 17 AB' is the overall i1sotropic temperature factor change
calculated from a 1x1 matrix and AB'' is the overall isotropic
temperature factor change calculated from a 2x2 matrix (interaction

with scale shift allowed for) then:
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AB = AB + D' - DB’
corrected apparent

Bij corrected = D

it L 2
BiJ apparent (AB'' -bB )Rij/l

where the Ri.‘,l 's are defined as given in Appendix A3,

Use of the block dlagonal approximation assumes that the
atoms are resolved in Fourler space, and it neglects the effect
of the thermal parameters of an atom with large vibration on the
coordinates of 1its neighbours.

The parameter shifts Sr calculated by least squares are
generally too large and to prevent the solution oscillating a
damping factor is applied to each'gr, suggested values being given
by Hodgson and Rollett (196%). The possible reasons for the
necessity of this fudge factor have been discussed by Cruikshank (1961),
Wegener (1961) and Sparks (1961).

An iterative procedure of least squares refinement is followed
until 1%1 wiﬂie has been minimised. An indlcation of the
agreemen: between the observed structure amplitudes ,Fb] and those

calculated from the proposed atomiec positional and thermal parameters,

F,,1s the R factor = Z\\FCJ - IFcl\ /ZIFOI

1.5 Weighting Schemes

For successful use of the least squares method of refinement,

sensible weights w, must be chosen since a bad weighting scheme

i
glves misleading conelusions., The observed structure amplitudes
are subject to random and systematlc errors due to the erystal

itself, the geometry of the experiment and the intensity
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measuring procedure.

In order to obtain the most accurate parameters with lowest
standard deviation, the best choice is wi(E) = 1/6’?(_1:1_) where
62 . variance of O, = (lFl - |7 |,). Two different

i i ol L
schemes were used in the refinements (a) for photographiec data
(b) for the diffractometer data.

(a) Absolute values of wi are unknown in advance and
relative estimates are made, by approximating to a simple function
of IFJ. It is assumed that 6& depends only on IFo\i since the
uncertainties are more strongly dependent on the random errors
in \Fb\ than on any other factor. The scheme used must ensure

2
‘thatZwﬁ 1s constant for any group of lFo' 's and the one used
wass:
- 2,-1

wom [0+ ((6F, - FryF)T] (11)

where F* was taken to be 8Fhin and F¥*,5F , . This is similar
2,-1
to that proposed by Cruikshank (1961) where w = (a + |F°] + cIFo\ I

acu2ﬁh and c:aQ/Fmax,and is effectively w = 1/F§, which was the

in
first scheme applied to structure analysis (Hughes, 1941).

(b) For diffractometer collected data with constant time
spent on each integrated reflection, Grant et al (1968) have
devised a suitable weighting scheme which takes into account
not only counting statistical errors but other random errors

as well.

Consldering counting statistics alone, the least squares weight
4Lp (IéB) . A
K I+B 2
§,%(n)

w(h) =
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where T = peak count and B = background count for IFO(E)] .
However in diffractometer experiments other random errors are
significant, for example due %o the peak being off centre.
An improved weighting schreme which assumes that for a given
erystal the peak shape near the centre is the same for all

refleetions, is:

1 K I+B 2
wm " i (TS ) + eaFo (h) (12)
- 6‘12(}3) + 0'22 (h) =6 2'(E)

where ¢ 1s a constant for a glven erystal.
Once ¢ has been determined an absolute numerical value of w(h)
may be assigned to each reflection.

By using the G-factor (Kitaigorodski, 1957) as a measure

of goodness-of-fit, 02 may be calculated relatively simply since
o bylr | T2y

> 2 2

2. |F ()] Z(F_ ()

by taking the estimate of 6(h) as 6( O (h)) = A(h) (Cruickshank, 1949).

G

Substituting equation (12) into this gives:

a m
> w] -17))? K_ (LB,
o i d -IF )y ) ; ¥ip IB /1 -

Z‘Zi IFo' 12 glFo\ i “

= Ge(theoretical) - Ge(eounting statistics)
K 1s a scaling factor which must ensure that all the terms
in equation (1)) are on the same absolute scale.
G(theoretical) is an estimate of the total experimentally

obtained discrepancy between all |F5|and FE since it is directly
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related to the correlation coefficient,.

G(counting statistics) 1s a measure of the error due to
counting statistics in the measured intensities, and thus ¢ is
equivalent to other errors incurred such as instrument inaccuracy,
crystal quality and erystal missetting.

For both sets of linear diffractometer data, collected for
SiFu,QPy and SiClu,zPy, least squares refinement was continued as
far as possible with the weighting scheme (a), and only then was
c2 calculated from earation (1%) using the best set of Fc's
available at that stage. Individual weights according to (12)
were then applied to each IFOI and refinement continued untilﬁinEe
was a minimum, and it will be seen in each case, close to its
theoretical 1imit of (m-n) when on an absolute scale, where m=number
of observations and n=number of parameters refined.

1.6 leccuracy of results

It can be shown (Cruikshank, 1965) that the estimated variance

632 of a parameter u_, given by the variance of the shift 5;, is:
2 -1 2
SS = (a ) ?.1 Ai /(m-n)

where (a_1)ss is a dlagonal element of the inverted normal equations

ss i=1

matrix (ef, equation (10))

For the diagonal approximation of the normal equations matrix,

m
this equation is simply: : 2
Z ""1&1_
s M o ( 3Pl 1 3_ m-n
i E:us

1=1
(Whittaker and Robinson, i0l4; Cruikshank and Robertson, 1953).



15

These expressions are for welghts w, = k/d'i2 where the statistical

i
expectation of Zw &2 is k(m-n) (k being a constant), and assumes
that a correct weighting scheme has been used.

The programme used for least squares refinement (A3) calculates

the variances and covariances of the atomic positional parameters

from the formula: Ei:
2 -1 2 o2
O g ™ B, B cos(sr) = ™ £§1 /(m-n) (A7)

where A_ and A  are cell edges and cos(sr) is the cosine of the

angle between edges s and r. a;; is an element of the inverted
submatrix in the block diagonal approximation of the normal equastions
matrix.

The errors in bond lengths and angles, which programme A3 also
evaluates, are obtained from the following formulae, assuming
independent atoms i.e. covariances G:r (s + r) set equal to zero.

For the error in bond length AE between atoms A and B:

GQ(AB) = d'g(ﬁ\,) + 62(B) where 6(A) and 6(B) are the standard
deviations of atoms A and B in the direction AB.

For the error in bond angle 3 subtended by atoms A and C at

atom B:
2
2 A 2 : f
52B) = S gaz 4 6°(B) T 12 _ _200s8 12]+ozgg)
AB  aB AB x BC  BC°  BC
LSt st , £°(c)
AB® aB%BC° BC®

6(2) and 6(C) are the standard deviations of atoms A and C in

the ABC plane in directions perpendicular to AB and BC respectively.
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s(B) is the standard deviation of atom B in the direction of the

centre of the circle through A, B, and C (Darlow, 1960).
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2 EXPERIVMENTAL

This chapter is mainly concerned with the Hilger and Watts
linear diffractometer wiilch was used to colleet intensity data
from single crystals of mercury dibenzyl (MIB), S1F),2Py and
SiClu,zPy. These structures are discussed in detail in Chapters 5,
3 and 4 respectively.

Section 1 is a description of bothi the mechanical and
electronic parts of the Instrument. Section 2 descrlbes the faults
and errors which were encountered during the use of the instrument
over a two year period and sections  and 4 discuss the techniques
employed once the instrument was eventually operestional. Whille the
diffractometer was out of action, photographie methods were
adopted for the measurement of diffracted x-ray intensities from
SiFh,ePy, and this procedure 1s outlined in the final sections.

2.1 The linear diffractometer (Arndt end Phillips, 1959,19061)

is an instrument for'"automatic'colleetion of single erystal diffracted
intensities and is essentially a mechanical analogue of the

Ewald sphere construction of the reciprocal lattice (Ewald, 1921).

The condition for a family of plaenes [hkl] to diffract radiation

of wavelength A according to Bragg's law (2dsin® = n\) is

equivalent to the requirement that the reciprocal lattice point

P(hkl) lies on the surface of the Ewald sphere of reflection,



Fipure 2.1.1
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Figure 2.1.1 represents a horizontal section of the Ewald sphere,
radius 1 reciprocal lattice unit (r.l.u,), and the two dimensional
arrangement of the diffractometer when P(hkl) is in its reflecting
position., AC and CP are the incident and reflected beams, C
represents the erystal and O is the origin of the reciprocal lattice.
OP is the reciprocal lattice vector d* of the reflection P(hil)
= ha*+kb¥*:1lc*, and of magnitude A/d(hkl). d(hkl) is the spacing
of the [hkl] erystal planes, represented by AP, perpendicular to
d*. The crystal is mounted with a real axis, say ¢, along the
goniometer axis ¢ and thus figure 2.1.1 1s of the a*b¥* plane,

The diffractometer comprises three slides representing two
reciprocal axes (a* and b*) and a real axis (c), to which the
motions of erystal and detector are linked, A detector is placed
on the bar CPF, of fixed length (= |r.l.u.), plvoted at C and pointing
towards C to receive the diffracted beam. The recliprocal axes
2* and b* are represented by the slides 0Q and QP, pivoted at O
and P, with OG=ha* and QP=kb*(r.l.u.) for the reflection P.
The crystal is pivoted at C, independently of the counter, and is
linked by means of the parallelogram CDEQ to the motion of the carrlage
Q along either slide 0 or QP, Tne crystal carrying arm CD bisectis
AGP.

The carriage © 1s moved in a llnear fashlon slong either slide by
driving the slides; the counter arm snd crystal follow, rotating about the

goniometer exls, and as successive reciprocal lattice points cit the



Firmure 2.,1.2
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surface of the Ewald sphere, the detector 1s always at the correct
angle 20 to the inecident beam,

Flgure 2.1.2 1llustrates the extension of the prineiple to
upper level data collection, Equi-inclination geometry is used
since then the upper levels are simllar to the zero level, A
third slide 00', perpendicular to the plane of the other two, is
kept parallel to the crystal axis ¢ by means of a second parallelogram
linkage CEFO, whiech also ensures equal rotation about CE and 00'.
Since the x-ray beam 1s fixed, the whole system of figure 2.1.1
is tilted to glve the correct height of level APO' as (= i%{r.l.u.)
= 00', The angle of tilt is independently set at p = sin” 3/2 to
put the counter in the correct orientation at angle (90°-p) to
the goniometer axis., Thus on each level, once §and p have been
set, onlyﬂr;nd ¢, the anguler positions of the counter and
crystal respectively, are changed as P moves round the cirecle APO'
by the usual method of linearly driving the slides 0'Q and QP,
and the counter moves round the cone of semiangle (90°-u).

Once the reciprocal lattice of the erystal 1s correctly
orientated with respect to the slide system, the normal measurement
procedure for reflections 1is to track along successive reciprocal
lattice rows on each level, keeping the stepping slide fixed on
each row at the appropriate value of ha* or kb*, and moving in
equal steps of b* or a* r,l,u, respectively along the other scanning

slide. Once the counter arm reaches a presetvraimit switech on a
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scan, the next intensity measurement is completed and the stepping
slide moves one translation., Scanning continues as before and
the process repeated automatically until the whole level is
recorded in a zig zag fashion,

A stationary detector-moving crystal technique (Cochran, 1950)
is used to measure the integrated intensity of each reflectlon.
Since the constant speed linear motion of the carriage along the
slides produces & very non-uniform rotation of the crystal, an
independent constant-speed mechanism (Arndt, Faulkner and
Phillips, 1960) is used to useillate the crystal about the goniometer
axls through the region of the Bragg reflection., This enables
the usual equi-inclination Welssenberg Lorentz factor to be used.

During each measuring cycle an initial stationary background
count b 1s taken for time t on one side of the reflection, after
which time 2t 1s spent counting the integrated peak N as the crystal
oscillates. Finally a second background b' is measured for time t
on the other side, and the erystal then returns to its ofiginal
position. The background corrected intensity of the reflection
is thus N-(b+b').

In practice the two oscillation cycles are done on each
reflection using a balanced filters unit (Ross, 1928) which
sequentially introduces a 3 filter for the first cycle and an o
ifilter for the second, between the crystal and detector (Zirconium

and Strontium respectively for Molybdenum radiation). The filters'
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K absorption edges bracket the Ko line of the radiation used and
thus the difference between the two background corrected integrated
Intensities glves the diffracted characteristic K¥ radiation.

The sequence of setting, measuring, printing and resetting
operations are controlled by secuencing circuits whieh employ
electromechanlical devices such as relays, uniselectors and batch
counters, and figure 2.1.% illustrates the measuring and control
system. Since Molybdenum radiation was used for all data collection,
a seintillation counter was used as detector. The x-ray tube is
supplied with smoothed d.c. power which gives x-ray intensity
constant to X%, An T.B.M. card punch was used to output the
results; the indlces h,k,l of the reflection are runched on one

card, together with b1,N1,b'1,b2,Né,b' the recorded counis of

2.'
the two oscillation cycles.
Fizures 2.1.4 and 2.1.5 show the diffractometer slice system

and electronle console,

2.2 Trials and tribulations

The following instrument faults were encountered when initially
attempting to use the linear diffractometer for collection of
Intensity data:

1. The crystal oscillation mechanism was found to be in error
in that the angle of crystal oscillation was not constant for all
reflections, and did not equal the angle set. This fault was

corrected,
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2. The gonlometer shaft was not long enough for a crystal, mounted
on a normal length of fibre, to be centred in the x-ray beam.
A new extended shaft cannot be used wlthout a goniometer extension
because of flexing.
B It was eventually discovered that a misplaced machined stop,
for the angle between the horizontal slides, gave rise to serious
instrument damage every time this angle was changed from 90°
to 60°, which inevitably occurred with the triclinic crystals
studied. The centre of the instrument was irreversibly moved and
a lengthy repair was necessary.

Before the cause of this damage was traced, it was thought
that when certain combinations of slide settings and angle between
the slides existed, a subsequent scan or step drive, in a
direction towards the instrument centre, could cause sufficient
strain to move the centre. A scale model of the horlzontal
slides and pantagraph system (¢.f. figure 2.1.1) showed that
this effect would be unlikely to csuse the amount of movement
required, other parts taking the majority of the stress and likely
to break first,

4, The first intensity measurements made on the instrument were
from a single crystal of mercury dibenzyl (MDB), The quality of
zero level intensity data seemed good and a two dimensional
Jourler map was satisfactory. The instrument was assumed to be

operating equally well for upper levels but the resulting three
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dimensional synthesls for MIB indicated that thils was not so, and
that upper level data was very unsatisfactory. This was confirmed
by collecting datz from a-glucose monchydrate {Fsrrier, Killean
and Young, 1962) and a-rhamnose monohydrate (Beevers and
MeGeachin, 195?) and comparing the diffractometer intensities with
previocusly obtained photographic values. The agreement for upper
levels was poor in both cases and indeed for a-glucose monohydrate
the parameters of the model previously obtained moved to impossible
posltions on attempted refinement. It was obvious that the same
effect would have been obtained with the a-rhamnose monohydrate
data.

Careful analysis showed that upper level reflection peaks
were displaced from thelr expected reciprocal lattice positions,
and that this movement worsened as the level increased. A
simple and quick test of the accuracy of the instrument was
devised.

When one horizontal slide is reading zero and the other slide,
representing d* (see figure 2.1.1) is driven from +X to -X, then
the angle of rotetion of the crystal is 20 where X = 2sinbd,
Theoretical and experimental values of 20 may be compared for
X =0,1=1 r.l,u., at intervals of 0.1 r.l.,u, for one slide and
a similar test made on the other slide. The process was repeated
on upper levels forfgso—»1 r.l.u, at intervals of 0.1 r.l.u., The

discerepancy E between the two values of 20 was plotted against X
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in each case, and figure 2.2.1 shows the results for {=0, 0.6 and
1 r.d.u.

It is seen that the Inaccuracy in the erystal rotational
position ¢ increases as the slide reading decreases, and also to
a greater extent as é increases., The latter error was finally
traced by experimenting to the equi-inclination angle p scale,
Tt was discovered that the $and p scales on the instrument were
not numerically linked, and when p was set to -sin"! $/o, for a
particular level of height §, 1t did not in fact equal this
equl-inclination angle,

The crystal setting angle ¢ is related to p by the equation
¢ = 180° - 't-oos-i((ge-l— ‘S2+2§sin;b/2§oosu). € and Tare the radial
and angular coordinates of the reciprocel lattice point., Thus
any inaccuracy in the equi-inclination setting p causes an error
in ¢, and as{ increases so does this error.

Once the p scale supporting vernier screws were remachlned
by the manufacturer, the instrument test described above gave a
10' error in crystal position { for both slides on all levels for
€>0.1 r.l.u. To minimise the effect of this remaining inaccuracy,
the detector arm CP (see figure 2.1,1) was kept to one side of
the instrument throughout intensity data collection from one crystal.

Arndt and Phillips (1961), Arndt (196%) and Binns (1064)
have considered the setting precision of the linear diffractometer,
and also show the lnaccuracy due to backlash of the horizontal

slides settings within 0.1 r.l.u. of their origin. Thus only
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reflectlions withEJ-O.E r.l.u. vere used for the crystal setting
procedure outlined in the followlng section.

2.5 Crystal alignment on the linear diffractometer

The object of alignment is to set the erystal with two of
its reciprocal lattice axes parallel to the two horlzontal slides
of the diffractometer. Depending on the erystal system the third
reciprocal axis may or may not be parallel to the vertical slide,
The best alignment procedure was found to be different for the
two cases.

A, a reciprocal lattice axls coincides with the real axls along
the goniometer axis ¢, as for MIB, mentloned already in section 2.2
and discussed in more detail in Chapter 5.

B. the triclinic systems of SiFh,QPy and SiClh,aPy (e.f. Chapters
5 and 4).

For both cases, the crystal 1s kept centred in the incident
x-ray beam by means of the instrument telescope, and, when the
peaks of reflections are studied, the crystal oseilleilon cyecle
is at the central position. A small collimator (1mm) is used.

A. Once the space group has been established by photographic
methods, only approximate crystal setting and lattice parameter
measurements need be made with cameras since these can be found
more accurately on the diffractometer. For MIB c and c* are
coineident, and lle along the needle axis of the crystal. Using

the diffractometer telescope, 1t can be approximately set by eye
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parallel to the vertical slide, A strong 00l reflection 1s located
and the goniometer arcs are adjusted until %60° rotation of the
erystal glves constant peak count indicated on the chart recorder.
The e¥* parameter 1s improved by varying the vertical slide reading,
and its assoclated pn, until maximum constant count is obtained,
The c¢* value and gonlometer arc settings are checked and confirmed
on other 001 reflections. Now ¢ and c¢* are parallel to, and
reciprocal lattice planes perpendicular to the vertical slide
and goniometer axis.

On the zero level with one slide at zero and the other (90°
apart since y*=90°) at the expected ha* position of a strong h0OO
reflection, the crystal is rotatéd until this reflection is found
and then clamped on the ¢ scale at the peak position. The
Friedel refiection hOO is alsc located by driving the slide to
-ha¥*; and the parameter a* refined on both sides of the slide until
both reilections are maximised and equal. A simllar procedure is
followed on the other slide to refine b* without unclamping the
erystal, and the values checked against general zero and upper
level reflections. Reflection peaks are now within 5-10' of the
centre of the oscillation eycle for automatic collection of data.
Corresponding Welssenberg photographs are a valuable aid for ease
in finding suitable strong reflections.

B. For this category of crystal system a complete and accurate

photographic study of the reciprocal lattice was found to be
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essential prior to transferring the crystal to the diffractometer.
This was achieved using Welssenberg and Precession cameras and
the results are given in Chapters 3 and 4 for the two triclinic
compounds studied. Since no reciprocal lattice axis coincides
with a real axls, the gonlometer arcs cannot be set by method A
and the crystal is set with a real axis, say ¢, along the goniometer
axis on a Welssenberg camera by the methods of Welsz and Cole (1948)
and Davies (1950). Once correct setting was assured, the "sira"
wax holding the erystal fibre or tube to the goniometer head was
generously coated with shellae to prevent any crystal motion
in the event of the wax becoming soft. After transfer to the
diffractometer any desired reflection may be located, knowing
the orientation of the three oblique reciprocal axes with respect
to the gonilometer head.

The angle between the horizontal slides is set at y* and
the crystal clamped by eye so that the slides are approximately
in the orientation of a* and b*, With the slides reading ha*
and kb* r,l.,u., for a strong hkO reflection, the crystal is slightly
rotated and clamped at the peak position, which for both tricliniec
crystals, was within 2° of the initial visual setting. Since
c¢* 1s not perpendicular to the a*b* plane, the plane of the
horizontal slides, the effeetive origin of upper levels is not
coincident with the slides both reading zero, and the offsets of

upper level origins along both slides must be found., With SiFa,zPy
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and 81014,2Py strong reflections on several upper levels were
maximised by successively varying the slide readings, and the
mean offset values used. Thils assumes that a* and b* values are
sufficiently accurate so that their errors do not contribute to
the offsets. In both cases the experimentally determined offsets
were found to be JInsignificantly different from the valiues
calculated as follows.

In figure 2.3.1, P represents the intersection of c¥* with
an upper l-level, Q is the origin of the horizontal slides
parallel to a* and b* and QA and QB are the displacements of P

along the slides.

A
A = S = ESIOPP (g4ne Rule in A oaP)
sinQAP

QP = OPsinw = 1(Ac*)sinw; QAP = 180°-y*
cosa*
sinw

A
and it can be shown that cosQPA = where w=angle between

¢ and c* = cos—1(1/cc*).

Substituting into the above equation gives for the offset

of P along the a* slide,

Sa* =( 1(Ac*)/siny* ) j;in2cx* - cosw

and similarly, ‘Sb* =(1(Ae*)/siny* ) sin?ﬁ*-cos%u

With both trielinic crystals refinement of the goniometer
arcs setting and lattice parameters was attempted on the
diffractometer but no significant improvement could be made on

the photographic values due to the number of possible variables
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which were difficult to isolate. There are five variables for
zero level reflections: the two goniometer ares, the horizontal
slides and y*, plus a further three for upper level reflections:
the vertlcal slide setting 1A/c and the two offsets. Strong reflections
were chosen and by varying in turn the goniometer ares and slide
settings, it was attempted to maximise the peak count.

The remaining setting problem for crystals of type B is to
clamp the crystal In the best mean position for all reflections.
The method adopted eﬁnsisted of choosing four strong zero level
reflections approximately 90° apart, and initially elamping the
erystal at the peak position of one of them. The sllides were
driven to the other three reflections in turm and the position
of arrival on the oselllatlon secale ¢ and the peak position noted
in each ecase. It was then possible to clamp the erystal to a
mean position such that the errors in peak missetting from the
point of arrival on automatic scan were minimised and evenly
distributed throughout the level. For both triclinie compounds
the crystals used for data ecollection were set to within 10-15'
for zero level reflections, using photographic values. The
setting was checked on upper levels and again found to be the
optimum, although the peak missetting did tend to increase
slightly due to additional inaccuracies from the equi-inelination

setting and offset values.
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2.4 Setting the diffractometer for data collection.

Before data colleetion can commence the following varisbles
must be selected:

2.4.1 Detector collimator and crystal osecillation angle.

A complete account of collimating and oseillation angle
conditions which must be fulfilled to ensure proper measurement
of integrated intensities is gilven by Furnas (1957).

The aim 1s to have maximum peak to background ratio (this
decreases in proportion to the unnecessary background ineluded
in the integrated peak count) and backgrounds approximately equal,
If the oseillation angle 1s too small then the background count
on one side of the reflection may include part of the peak.

For each crystal studied, several reflections of varying
intensities on various levels were selected to test combinations
of collimator sizes and osecillation angles. The final values
were chosen such that the above eriteria were satisfiled together
with Friedel equivalent intensities being equal to within two
or three standard deviatilons.

For upper level reflectlons, the crystal is not »otated about
an axls perpendicular to the plane of reflection and the effective
angular range of the reflections increases (Cox and Shaw, 1970;
Tunnell, 1939). A further reason is the vertical divergence of
the x-ray beam (Phillips, 1954) especially for reflections near

the origin of the horizontal slides. Consequently the oseillation
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angles for SiFu,QPy and 81014,2Py found most suitable for most
of reciprocal space as described above, were too small for the
highest levels and had to be increased,

2.4.2 Time spent at each reflection

There is a statistical uncertainty in the measurement of
diffracted intensities because of the random nature of emission
of x-ray photons. This can be reduced by prolonging the counting
process at each reflection for some length of time, but against
this must be weighed the amount of time available for data
collection.

The total time spent counting may be altered in two ways.

The time taken per oseillation cycle may be chosen as % or 1
minute (2 motors available) and the number of oseillation eyeles
measured at each reflection selected.

It was found that the differences between integrated intensities
obtained after counting for many oscillation cycles per reflection
and those values after only two eycles, were less than the standard
deviations fﬁrof the counts themselves. Thus there seemed little
Justification for spending any more time measuring each intensity
than was necessary for two cycles using balanced filters i.e. 1 card
per reflection.

Likewlse, with time at a premium, the eriterion used for

cliolice of osecillation motor speed was the magnitude of the
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-diffracted intensities from each particular crystal. The
largest peaks should give sufficiently high ecounts without
overloading the seintillation counter.
2.4.5 Electronies

The seintillation counter E,H.T, is selected by maximising
the peak count of a typical reflection with the pulse height
analyser in the middle of 1its working range. A subsequent pulse
height distribution curve glives the optimum low level and window
width settings for the P.H.A., The x-ray generator voltage is
set at least twice the exeltation voltage of the target material,
and the current chosen so that the counts obtained are within
the desired range.

2.4.4 Colleetion of data

The maximum attainable Bragg angle © on the linear diffractometer
is 70° and thus only those reflections within a hemisphere of
reciprocal space, of radius 2sin€=1 r.l.u.can be measured.

However, although Mo radiation produced all diffracted intensities,
the wavelength of copper Ka characteristic radiation 1s used
for calculating the structure factors (see programme 7, appendix A).

For radiation of wavelength A diffracted at the Brugg angle 6,
sing/A 1s a constant for that particular reflection. When
caleulating structure factors with CuKx wavelength, maximum siné
required is unity and the corresponding sin® value for MoKa

wavelength is A(MoKx) x 1/A(CuKx). Thus only those reflections



&*Eﬁ
+c” n@.@v slide
P il /, ,/ N

et ERRW
\C. TRe //./.V./

Co \.ﬂun + M%»nwﬁ

NDQ‘..._G 0:922 »~ AR

\ ////////////,
/7//// N NN NRNY

ﬁw <
louer slide
_ SiF,, 2Py a*¥=0,1125 r.1.u.
ho1l c*=0.1231 r.1l.u.

Figure 2.4 .1




- 0¢0726 I".:L.u.
;B = 0.2742 r.l.u.

o8 -+ uH:cr sft'Je l X-Rays
v

26=33°

TR
X\v«\\\\\\

Y\\\V\\\\\\\

wd\\\\&&\\\\\
I NN\

A NANANANARNANANANE
RANMNRRNRRRY,
NSNNMNNNWY;Y
MR R R4

Rad 0639 ¥ =Y

20=32"




)
inside the "copper sphere" of radius 2 x A(MoKa)/A(CuKx) =
0.9219 r.l.u. need be measured.
The radii Ty
sphere with each reciprocal lattice level of a erystal mounted

s of the eircles of interseection of the copper

on the diffractometer, may be calculated from the formula:

r, = [(0.9219)2 - %2 r.1.u. (see figure 2.3.1).

For the tricliniec lattices of SiFh,2Py and SiClu,ePy, every
reciprocal level mesh was drawn on polar graph paper and the
zero level only for M.D.B. since 2ll levels are the same. The
intersection of the goniometer axis with each level 1s at the
centre (, also the origin of the diffractometer horilzontal slides.
Examples of these are shown in figures 2.4,1 and 2.4.2, which
are respectively the zero and sixth levels of SiFh,EPy (mounted
along b). The values of slide intervals, offsets etc. are taken
from chapter 3, section 4,

The appropriate eircle of radius ry 1s drawn on each diagram
end the setting of theT 1limit switeh (maximum 60°) chosen such
that minimum time 1s spent measuring reflections outside the
copper sphere. Reflections In both halves of each level, except
the zero layer, were collected for the trielinic crystals in a
zlg-zag scan-step manner as shown and in a direction away from
the origin of the slides Q. The layer plots are a further help
in identifying those reflections in the lnaccurate reglon of the

instrument within 0.1 r.l.u., of @, and those likely to cause
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mechanlical damage 1f driven to automatlically.

As many reflections as possible are collected on automatic
scan, and those near the origin of the horizontal slides are
examined, If thelr backgrounds are very uneven they are centred
end collected individually (ef. section 2.2).

Some chosen standard reflection is returned to after each
level collected to check that the erystal has retained its correct
alignment and has not deteriorated in the incident beam. This
also provides a check on the stability of x-rays, detector and
counting eircuits.

2.5 Photographic method of recording integrated intensities

An integrasting Nonius Weissenberg camera (Wiebenga, 1947;
Wiebenga and Smits, 1950) was used to record the diffracted
intensities of SiFu,EPy.

For each equi-inclination Welssenberg level the following
values must be set:

a) equi-inclinstion angle u-sin-1(75/2)=sin-1[ain tan-1(2y/DF)]/2
T = height of level in r,l.u. obtainable from a rotation
photograph.

y = rotation film layer line height in mm.

DFP diameter of film cassette = 57.20mm.

b) shift of layer line screens from the zero level position
= S.tanp where S = effective radius of the layer line screens
(mean of internal and externmal values) = 24.,25mm, The

narrowest possible screen gap of “mm was used, to reduce



the background.

The integrating mechanism on the camera performs two movements
at the end of every usual Weissenberg film translation by means
of turning through 1 noteh a pinwheel with 14 notches.
1. a small horizontal translation parallel to the goniometer
axls,
2. a small vertlical rotation about the goniometer axis,

After one complete rotation of the notehed pinwheel the film
has traversed 14 times, 14 small displacements have been made
in both directions and the rotational position of the film
cassette returns to its original position., The horizontal
displacement may be continued up to %0 times more, when the cassette
begins to translate in the opposite direction for a further
14x%0 small treanslations until back at its original position.
For one rotation of the pinwheel, the rotational displacement =
total vertical displacement b, and the translation movement =
one horlzontal step a, and up to 30 or multiples of 70 translation
steps may be taken per exposure.

The total displacements must exceed the dimensions of the
spots to be measured, the size of the excess determining the
slze of the integrated intensity plateau. Thus initial trial
Integration settings were chosen by measuring the average spot
size, x and y m.m, horizontally and vertically respectively, and

choosing total film displacements of 0.5 m.m. in excess of those
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values, glving plateau sizes of approximately (0.3)2mm2. The
total vertical displacement b=(y+0,%)mm end the translation step
a=(x+0.5)/n mm are set on two scales on the camera. n=number of
translation steps in one direction made during the exposure (maximum
of 70). These settings must be chosen such that a large plateau region
is obtained consistent with no spot splitting, which occurs if
the integration steps are too large. Thils was especlally critical
for the crystal of SiFu,EPy since there were powdery fragments
surrounding it in the tube.

2.6 Measurement of photographic integrated intensities

For a reflection recorded on film as deseribed in 2.5 the
integrated intensity I(Q) of x-rays striking the film 1is the
effective intensity of the reflection in the plateau region.

This is linearly proportional to the effective film blackening
or optical density D of the plateau and is measured with a
Nonius micerodensitometer, represented schematically by figure 2.6.1.

The density D at any point is defined by 10310(I°/I1), where
Io is the intensity of light incident on the film, and I1 is the
transmitted intensity received by a solar cell and causing a
deflection on the galvanometer.,

The effective optical density D of the plateau
= density of plateau - density of background
= log.'o(Io/IP) - logm(Io/IB)
= log,,(Iy/Tp)

- 10310(B/P)
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IB and TP are the light intensities transmitted by the background
and plateau reglons respectively of the film and are linearly
proportional to the deflections B and P on the galvanometer.
Thus, for any reflection, the integrated intensity I(h) is proportional
to 10510(B/P), and for constant I  for one film, a set of relative
intensities recorded on the film is obtained.

At density values beyond a certain value, the relationship
with x-ray intensity ceases to be linear, smaller increments of
blackening occurring with larger exposure, and thus for all films,
only those spots with B/P ratio of less than 12,corresponding
to a maximum density of 1.079,were measured on the densitometer.

By comparing sets of Friedel equivalent reflections, very light
reflections with B/P<1.1 were found to have such a high measurement
inaccuracy as warranted their exelusion too. Thus the range of
integrated intensities on one film measurable on the microdensitometer
is 0.041 — 1.079.

The film to be measured is inserted in a holder which can
be moved by hand vertically or horizontally. A dummy film,
indexed by scratching the Weissenberg festoons on 1t, iz fixed
above and once aligned with the integrated film, a pointer indicates
on the dummy the spot belng measured below.

The light intensity Io 11luminating the film was chosen for
each film by varylng the rheostat such that on the lightest portion

of the film the galvanometer deflection was a maximum but not
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off scale,

With a focussed light spot and the smallest available
detector pinhole (0.8m.m.) the graining of the films caused such
oscillatory galvanometer deflections that the sensitivity of
the system had to be reduced. Testing was done on several films
to find the conditions for best peak resolutlion wilthout excessive
oscillations, and a_so for best agreemrent between Friedel equivalent
reflections, A 1m.m. pinhole was eventually used and the light
beam unfocussed by moving the light bulb further away from the
film (this assumes a2 one to one correspondence between the light
passing through the film and the pinhole).

The peak plateau reglon of each reflection was located by
slowly moving the film until minimum galvanometer deflection P
was recorded. The film was then moved vertically to either side
to obtain background galvanometer readings B1 and B2 with mean B,
White radiation streaks 1f present are therefore included in

the background.,
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3. THE CRYSTAL AND MOLECULAR STRUCTURE OF

TETRAFLUOROBTSPYRTDINESILICON (TV)

3.1 Introduction

Long wavelength infrared spectroscopy is now widely used to
investigate the structure of ccordination compounds, and it is
important that in some czelected cases other physical techniques
should be used to confirm the spectroscopie conclusions. No
adducts of silicon tetranalides, of the type Si(Halogen)a,
2(Ligand), have been examined in detail by single crystel
x-ray techniques although the infrared spectra have been reported
and interpreted usually in terms of six coordinate cis or trans
geometrical isomers., The infrared spectrum of SiF ,E(NCSHS) has
been interpreted in terms of a trans octahedral stereochemistry
(Beattie and Webster, 1965; Campbell - Ferguson and Ebsworth, 1967)
on the basls of one 1.r. sbsorption line in the Si-F stretching
region.

3.2 Description of crystals

The erystals were supplied by Dr, M, Webster and had been
prepared by heating the solid compound SiF, ,2Py with excess
pyridine in sealed tubes and allowing the tubes to cool slowly.
Using a dry-box the better crystals were transferred to lithium
borate glass capillary tubes and well sealed as these crystals

must be kept molsture free,
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Preliminary small oscillatlon x-ray photographs were taken
to determine which of the incepsulsted crystals were suitable for
single crystal x-ray diffraction study. Thils was difficult to
decide on the basls of = microscope examination only, as generally
they were of poor quality, being fairly large and fragmented.

Only one single erystal was found in the first sample and it
was used to determine the space group and unit cell dimensions
before it was unfortunately knocked off the goniometer. A second
sample of erystals agein produced only one suitable crystal,
1.7mm long and 0.6mm x O.5mm eross-section and this was used for
the structure determination, both by photographic and diffractometer
methods, This second erystal was lying in the Lindemann tube
in approximately the same orientation as the initial crystal.

3¢5 Unit cell dimensions

Rotation and equi-ineclination Welssenberg photographs were
taken using a Unicam camera for initial approximate measurements
of the cell parameters, and indicated that no cell angles were
equal to 90°. 8Since it was impossible to remount the erystal in
its tube in a different orientation on the goniometer head, it
was transferred to a Buerger precession camera on which all
necessary photographs for a complete study of reeciprocal space
could be taken, and with greater accuracy than on the Unicam camera,
Using copper radiation, a prominent reciprocal axis a¥* was

aligned parallel to the goniometer axis by the method of Fisher (1952 and 1953
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and an A-faced reclprocal cell with all sides and angles unequal
was located. From it a sultable triclinic primitive (P) cell was found

(a*_ along the dial axis) and its lattice parameters were determined,

P
Since not all real angles were > 90°, a Delaunay reduction was
performed (Delaunay, 1933) to find the reduced (R) primitive cell.

The veector transformations obtained were:

8p = "bp - C¢p 3 ba=2p3 Sp ™S
% = b * = g¥ ¥ = 0% . b¥
g~ 3 L el Pa= -

It was therefore possible by making appropriate changes to the
goniometer arcs and dial readings on the camera, to locate the reduced
triclinic cell itself (b*R along the goniometer axis) and measure its
lattice parameters directly.

The following factors were considered in obtaining accurate
reduced cell parameters:
(1) The crystal setting with b* along the dial axls was checked for
the four dial positions with hkO and Okl parallel to the film cassette.
(11) The horizontal and vertical separations of pinhole marks were
measured on undeveloped and normally developed film. Negligible difference
was found and thus no correction was made for film shrinkage.
(i11i) The crystal to film distance F, on the Buerger precession
camera, was calibrated as described in Appendix B and gave F=50,74mm,

The final reduced triclinic cell parameters are:

a = 7,254k b = 6.420R e = 6.987K(+0.008)

a = 109°4>3' 3 = 114°35" Yy = 95°42'(+10")
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Volume V = 266,71+ 0.068°

Measured density = 1.16 + 0,04gm/ce

Calculated density with 1 molecule per unit cell = 1.67%gm/cc

The space group is Pl or PI if the molecule has a centre of symmetry.

Linear absorption coeffieient pu for MoKy = 2.6c:m-1
For collection of intensity data, the erystal was realigned with the
b axis of the reduced cell along the gonlometer axls, and reflections
on equi-inelination Weilssenberg photographs were indexed with respect
to the reduced cell. This is especially tricky for a trieliniec cell since
the direction of displacement of upper level reflectlions relative to
the zero level 1is important, and if this shift is small, careful study
must be made to ensure thatthe axes are correctly orientated consistent
with maintaining a right handed set and all reciprocal angles acute.

The results from a study of the compound SiFu,EPy using the
linear diffractometer for measurement of diffracted intensities are
given in section A (3.4-3.7), and the photographic results in
section B (3.8-3.11).

Photographic work was well under way by the time diffractometer
data were collected, but due to the much longer time taken for
photographic measurements, the linear data were used for the Patterson
and initial Fourier syntheses from which the structure was essentially
solved, Comparisons between the two final structural models, obtained
after refinement using both sets of data, are given at the end of

the chapter in section 3.12.
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Section A Linear Diffractometer Data

3.4 NMeasurement of intensities

The same crystal used for the photographic recording of integrated
intensities was afterwards transferred to the linear diffractometer,
onice it was operating satisfactorily, and set up for data collection
as described 1n Chapter 2 (2.5 and 2.4).

The following values were selected:

1.5mm detector collimator 2°45"' oselllation angle

2 oscillation cycles 1 minute oscillation motor

P.H.A. : low level = 20 volts, window width = 40 volts.

Generator : 40kV 16mA

Scanning (lower) slide interval = a* = 0,1125 r,1,u.

Stepping (upper) slide interval = c¢* = 0,12%1 r,l.u.

Angle between slides = B* = 61°19'

Spacing on vertical slide between equi-inclination k levels =

A/b = 0.1107 r.1l.u.

As discussed in section 2.7, the displacements of upper level
origins relative to the horizontal slides were found experimentally,
and the values used for collection of data from the kth level were:

Offset along the upper c* slide = 0.0457 x k r.1l.u.

Offset along the lower a* slide = +0,0121 x k r.1l.u.

These experimental values compare favourably with those calculated

later as described in 2.7, and equal to 0,0452 and 0.0127 r.l.u.
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respectively. Missetting of a reflection by 0.0006 r.l.u. is not
significant since an integrated count is taken.

Intensity data were collected by the method deseribed in
section 2.4.4 from levels k=0—7 using Mo radistion (see figures
2.4.1 and 2.4.2 of the zero and sixth levels.) At the 5th level
it was noticed that the background counts on elther side of the peaks
had become very unequal, even for reflections >0.,1 r.l,u, from the slideg
origin., It was discovered that, when the erystal oseillation mechanism
was in its "CENTRE" position, it was 10' away from the true centre
of the oseiliatlion range. This instrument error was subsequently
corrected for future data collection but no doubt contributed to
the unequal backgrounds found with this erystal. Intensity profiles
of reflections on the highest levels were very uneven due to the
quality of the erystal and very elongated. Consequently, according
to the discussion in section 2.4.1, the oseillation angle was
increased, for the remainder of data collection from h51-hT71l, to
a2 maximum of 5°%5'., This was sufficiently large to encompass the
error in peek missetting, which for h51-h71 was as much as %0’
for some reflections for the reasons glven in 2.3. Using some
reflections on h51-h71 for testing, the net integrated intensity on
automatle secan with this increased oselllatlon angle was always within
two standard deviations of the value obtalned when the peak was
centred by hand. Background counts were now approximately equal

agaln, and to compensate for the subsequent decrease in total count,



45
the generator current was increased to 20mA,
Scaling between the two sets of intensity data collected under
different conditions was accomplished using those ten largest h51
refleetions common to both and with § > 0.2 r.1.u.

5.5 Data processing and Patterson and Fourler syntheses.

The data cards from the linear diffractometer were processed
using programmes 1 and 2 as described iIn Appendix A to give a set
of IFJ & and IFJ values. The multiplying factor for the h51-hT71
intensity estimates to put them on the same secale as the hOl-hl1l data
was 1,427, applied in programme 2 as part of the scale factor. The
"R" factor for the h51 reflections used for scaling = 2 MR Z1(h)=
0.048 where I(h)= intensity estimate with 2 3/4° oscillation angle
and A(h)=I(h) - 1.427 x (intensity with maximum oscillation angle).
Hence the scaling process will cause only a 2.4% error in IFJ
values, No correction for absorption was made since the effect 1s
small with Mo radiastion, and considering the irregular shape of the
crystal and its enclosure in a tube, difficult to evaluate significantly.
A Patterson synthesis was calculated with programme A4 using 1285|F42
values, 71 sections were computed for z/c = 0-1, and on each section
x/a = 0-% and y/b = 0-1, all at intervals of 1/30. Since the Si-F
bond length in r31F612' ion is 1.718, this is probably the order of
magnitude of the bond in the 51F4,2Py molecule, and thus 2 vector
sphere of radius 1.71&, centred at the origin of the Patterson vector

set, was considered. To confirm the existence of possible peaks on
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the sphere's surface due to Si-F vectors, vectors of length Z.42k
were also located.

In figure 3.5.1, O is the origin of vector space and centre
of both spheres. The decreasing radil of the eireles of intersection
of the spheres with the computed 7 sections are calculated from
simple geometry. The direction of displacement of the intersections
P and Q of the Z axis with successive sections makes angles 42°27'
and 5%°16' with the -X and -Y axes respectively when projected on to
the XY plane as shown. PR=OP sinw = Zaincos_1(1/cc*). Thus for
each Z section whose origin is P or Q, the position of R or S, the
centre of the appropriate eircle, may be found.

The computed values of P(u,v,w) at mesh points near the vector
spheres were plotted on polar graph paper, and remembering that the
Patterson function is centrosymmetriec and utilising all equivalent
parts of the vector set, pletures of both hemispheres for vectors
~1.7 and 3.4% were obtained.

Three reglons with high P(u,v,w) values were located on the
smaller hemilsphere and the coordinates of their peak positions
determined. The lengths of these interatomic vectors and the angles
between them were calculated to be 1.95, 1.49, 1.525 and 88.5°,
93.4°, 90.5°, which 1is quite satisfactory.

Corresponding peaks in the same orlentation appeared on the

larger hemisphere confirming that the above three vectors, together
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with those related by the centre of symmetry, are the four Si-F
and two Si-N bonds in the molecule. No attempt was made to distinguish
between them because of the approximate equality of the sizes of the
F and N atoms (7=9 and 7 respectively).

The triclinic vector set is difficult to interpret and it was
decided not to look further for interatomic vectors involving the
carbon atoms but to feed the lFo‘ values obtained already and the
coordinates found above into a structure factor calculation, according
to equation (), seetion 1.1, using programme A3,

The silicon atom was placed at the origin of the unit cell,
whieh for space group P1 may be chosen anywhere. The slx vector
peaks therefore give directly the atomic coordinates of 4 fluorine
and 2 nitrogen atoms and were allocated according to a ecis-configuration
in order to bilas away from the expvected trans-configuration of
the molecule (see section 3.1).

The first calculation of structure factors Fb was performed with
no refinement to obtain a correct scale factor 'Z]FOVZ]FOI to be
applied to the \Fol values in the second cyele, agailn with no refinement
on the atomlc parameters. According to the theory given in section 1.1
the calculated phases assigned to the |Fo| 's will not be exactly correct
since no carhbon atoms have been included. However the Si,4F and
2N atoms (232-618* Efe) form the majority of the scattering power
of the molecule (ZZ2 for the remaining 10 carbon and 10 hydrogen atoms=

370) and later inclusion of the other atoms will not greatly alter
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the phases of reflections with large]Foland F, values. 138 such
reflections from the secornd ayele output of programme A3 were used
to compute a Fourler synthesis throughout the unit cell using
programme A4 and as deseribed in section 1.1 (equation (2)).

Seventeen regions of high electron density were found in the
three dimensional Fourier map corresponding to all the atoms except
hydrogens in the SiFh,2Py molecule., The coordinates of the centres
of the peaks are shown in figure 3.5.4 projected on to the ab plane
(the displacement of inereasing 7 section origins was calculated
earlier-see figure 3.5.1). The molecule has a trans configuration
and the pyridine ring geometry 1s sensible.

3.6 Structure refinement

A structure factor calculation, computed using the seventeen atomic
positions gave an R value (see section 1.4) of 0,27 (once the scale
factor for thelFJ values had been determined as before)., Assuming
space group P1, a few cycles of least squares refinement of the
scale factor, atomic coordinates and isotrople temperature factors
(see section 1.4) reduced this to a minimum of 0.214, For all
rcflections, the real part A of FE was very much greater than B
(see section 1.1) and the departure of the structure from P1 was
less than the standard deviutlons of the atomie coordinates.
Refinement was thus continued with space group P1, the S1 atom being
placed at the centre of symmetry (0,0,0)., The Si formfactor values

were halved (see Appendix £3) and the positions of only 2 fluorine,



Table 3.6.1

k=level 1st Scale factor 81 end Scale factor S2
0 0.958 0.9821
1 0.951 0.9991
2 0.979 0.9908
3 0.941 0.9882
4 1.021 0.9%24
5 0.957 0.9691
6 0.958 0.9142
7 0.891 0.9494
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1 nitrogen and 5 carbon atoms given in the direectives for programme
A3 since the asymmetric unit of the unit cell contains only half the

molecule. Further refinement reduced R to 0,20 when the latest

isotropic B values, given below, were converted to anisotropie BiJ's
by programme 3. R fell instantly to 0.168.
ATOM S1 ™M F2 N C1 ca 05 ch4 C5

B 2.657 3.915 3.786 2.726 3.171 3.808 4,297 3.948 3.373
During subsequent cyeles, the following operations were executed:

(1) Because of inaccuracies in instrument and crystal setting, a
separate scale factor S, 5)F | /3|F |was found for each k level of
intensity data collected, using the largest values and programme A6,
They are given in table 3.6.1 and were applied to thelEJ values.,
(i1) The positions of the five hydrogen atoms in the pyridine ring
were calculated as described in Appendix C using the latest coordinates
of the other atoms. At this stage R=0.149 and the parameter shifts
were reduced to the 4th decimal place, The H atomic coordinates
are given in the final table of coordinates 3.7.1. It was not felt
necessary to recalculate them since subsequent molecular geometry
was sufficiently good (see section 3.7). Each H atom was given the
last isotropic B value of its corresponding carbon atom (see above),
since the thermel motion will be similar, and no least squares

refinement was attempted on the hydrogen parameters,
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(i1i) Reflections outside the copper sphere (section 2.4.4) were
removed and also those with net intensity estimate I less than 20
counts, since they have large counting statistics errors,
(iv) k level scale factors 32 were calculated for the second time
using all the latest ]Fc\and |F°| values for each level and are listed
in table 3.6.1.

Successive cycles of least squares refinement on the 79 parameters
were performed with the remaining 950 intensities until minimum
Zw ﬁa was resched and R=0.C887. A card output of this best ecyecle to
date was taken,

So far the weighting scheme given by equation (11), section 1.5
had been used (Fﬁin=0.44) but now the more realistic scheme (equation (12),
section 1,5) for diffractometer data was applied by means of programmes
7-11 {see Appendix A).

The scale factor K/4 applied to each level of data during the
processing of (I+B)/(I-B) (from A7) must be carefully evaluated so
that K is the correct factor to put the (I+B)/(I-B) values on to the
same absolute scale as the latest values of\FJ2 anleJQ. For
SiFu,EPy, therefore, K is the product of four terms: (the original
scale factor for processing each k level of diffractometer intensities)
x (level scale 81)2 x (level scale 32)2 (see table 3.6.1) x (latest
structure factor scale in A})e.

Substituting the results of three summations by A8 and A9 into

equation (13), section 1.5, gave 02-0.010836, e=0,1041,



Firure 3.6.1

A composite map of clectron density in SiF, ,2Py viewed
along a (from sections nearest centres of ‘peaks) .

. .
C1l-C5: first contour at 2e/A”, then at 1o/R° intervals.

N ¥l 223 first contour at 2e¢/A”, then at 2¢/L” intervals.

L - s o7
Si: first contour at 50/A9, then at 5e¢/A” intervals.
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G(counting statisties) = 0.029 and G=0,1092, These values indicate
that, as expected, the error in intensity measurement by the linear
diffractometer due to counting statistics is much smaller than other
errors, and hence the decislion to record only two oseillatlon cycles
at each reflection is Jjustified (see section 2.4.2).

The factor D = 0'99/JG;;x’ which is used to obtain a scaled set
of Jw values in the correct format for use in programme A3, was 0.13571.
The resulting output from A11 becomes the new lnput for further cycles
of SFLS calculations., The first cycle with this weighting scheme
gave a significantly smaller Zw ﬁg.

After three more cycles, a card output was taken and programme
A12 used to find those reflections with a difference A between the
observed and calculated structure amplitudes greater than 3 or 4
standard deviationss(=147). As many as 34 reflections had D>3¢
(on an absolute scale), probably because of the erystal quality, its
surrounding tube and the inexact setting of the triclinie erystal on
the diffractometer. 17 reflections with DY46 were probably subject
to non-random errors in intensity measurement and were glven zero
welight., Four of these reflections were in the inaccurate region of
the instrument, near the origin of the horizontal slides (see
section 2.2), and another reflection (6,0,2) proved to be a Renninger

reflection, discussed in section 3.10. No obvious cause of the large

inaccuracy in the other 12 intensities could be detected.
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Structure refinement continued until, after five further cycles,
Zw Aa was minimised and R=0.0758, Zw BE computed by A3 is on the
basls of the scaled[W values, and hence absolute Zw Be = (scaled
Z'.n 52)/]32. Account must also be taken of any change in the SFLS
scale factor between the calculation of absolute /i values and this
final cycle.

The final F_ and F_ values, (Fo)L and (Fe )L’ are listed in
table A at the end of the thesis. w2 o 901,186 on an
absolute scale and since (m-n) = 959-79 = 880, Z«rﬂg/(m-n) = 1,024,
which is close to its theoretical limit of unity (see section 1.5).

A Fourier synthesis was computed from the experimental\FJ
values with the phases (<1 or -1) caleculated from the final structural
model, See figure 5.6.1.

3.7 Discussion

The final fractional coordinates and thelr standard deviatlons
for the atoms in the asymmetric unit are given in table >.7.1 and
anisotroplc temperature factors in table 3.7.2. A perspectilve
view of the structure along the b axis is shown in figure 3.7.1,
drawn by the computing department programme PAMOLE,

Programme A5 was used to compute interatomic bond lengths and
angles and these are listed in tables 5.7.5 and 3.7.4 together
with thelr standard deviations obtained from the final SFLS
caleculation., No standard deviations are available for those values

involving hydrogen atoms since they were not included in least

squares refinement.
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Anisotropic teﬁperature factors x 104

B

11
167
263
260
167
217
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217

22
243
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244
282
359
283
258
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23
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184
165
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209
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46
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13
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3
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52
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-43
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101
79
77
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Bond

S1-F1
S1-F2
S1-N

N-C1

C1-C2
c2-C3
C3-Ch
C4-C5
C5-N

C1-H1
C2-H2
C3-H>
C4-H4
C5-HS

Table 3.7.

Intramolecular bond lengths

Length (R)
1.640
1.653
1.948
1.335
1.268
1.365
1.399
1.360
1.354
1.010
1.037
1.015
1.001

1.004

s(R)

0.003
0.003
0.005
0.006
0.01
0.009
0.008
0.01

0,007



Table 3.7.4

Intramolecular bond angles (°) s(®)
F1-81-F2 90.2 0.1
F1-Si-N 90.4 0.2
F2-S1-N 90.0 0.2
S1-N-C1 121.6 0.4
S1-N-C5 119.5 0.4
C1-N-C5 119.0 0.6
N-C1-C2 122.1 0.5
C1-C2-C3 120.3 0.5
C2-C3-Ch 117.2 0.7
CH=Cl-C5 120.7 0.5
C4-C5-N 120.8 0.5
N-C1-H1 115.6

C2-C1-H1 122.3

C1-C2-H2 118.9

C3-C2-H2 120.7

C2-C3-H3 123.1

C4-C3-H> 119.7

C3-C4-HY4 118.0

C5-Cl4 -H4 121.3

C4-C5-H5 121.7

N-C5-H5 117.6
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A5 gave the shortest intermolecular distances (< 3.23) as (in ﬁ):
F1-H1 F1-H2 F1-H3 F2-H3 H1-H4 H2-H5 C2-H5 CK-H2
2,571 2.643 2,800 2,720 2.599 2453 3,132 3,113
Due to sterie hindrance of the hydrogen atoms with the fluorine
atoms of adjacent molecules, the plane of the pyridine ring does
not bisect the angle F1-Si-F2, By dropping perpendiculars from C4
and C5 on to the line joining F1 and F2, and applying simple geometry,
it was caleulated that atoms C4 and C5 are rotated about the
S1-N-C3 axis towards F2 by 9.4°, The angle Si-N-C3 is 180° and
there are no unduly short intermolecular distances.

The best plane through the five carbon atoms was calculated as
described in Appendix D. It 1s given by 1lx"tmy'4nz' = p with
respect to orthogonal axes (x', y', z') chosen according to
Appendix C. 1=+0.9%799, m=-0.%2126, n=+0,1302L and p=+0.02138ﬁ.

The perpendicular distances of the atoms from this plane are (in A):
Si N C1 c2 c3 Ch c5
-0.021  -0,007 -0,008 +0,008 0,000 -0,008 0,008
m F2 H1 H2 H3 HY4 H5
+1,296 -1,011 -0,009 +0,012 -0,012 +0,013 -0.,010

The deviations of Si and N are not significant and thus the
Py-21i-Py pert of the molecule is plsnar. The pyridine plane 1is
confirmed to lie nearer F2 than F1,

The Si-F1-F2 plane, 1'x' + m'y' + n'z' = 0, was also calculated
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and the angle between the two planes, given by 003-1(ll'+m'+nn'),
found to be 89°15'., 1' = +0.06058, m' = +0.48878, n' = +0.87030.

With respect to the oblique axes of the reduced triclinie

x z
cell, the pyridine ring plane is : 2 +% e - 1; where

a = 0.022158, b = -0.06655% and ¢ = -0.10291% are the intercepts
on the axes (sece Appendix D).

If the welghts assigned to the diffractometer intensities according
to equation (12), section 1.5 and as deseribed in section 3.6 are
absolute, then the distribution of b/s values ( =/@A ) should obey

exp-3( 2 )%,

a Gaussian curve: N =
6J/2on
In order to cheek this, programmes A15 and A14 ware used to
AQ 2
plot log eN V. W where N 1s the number of reflections with wl)
values in each of the 106 intervals from 0-16 (the 17 reflections
with {i./A| >4 having been removed). The resulting graph is shown
in figure 3.7.2. Points with (A/s)2>8 have been omitted because
of the small number of reflections in each of these intervals.,
The best least squares straight line AB through all points except
the first was evaluated by the computer library programme CLPOLF,
Its slope = ~-0,50= -B and intercept on log eN axis=5.33wlogei\,
'B(a/a')a 1
where N=Ae . B equals the theoretical value of 5, The
deviation of the first point with (ﬂ/@)euo—n. from this normal
distribution could be because reflections, too small to be recorded
by the linear diffractometer and with (n/u‘ )2>1, have been omitted.

If included, N might increase for all points except the first one,
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keeping them linear with slope = -%, to give the normal distribution
represented by the line CD, with intercept = log A = 6.75.

Section B Photographic Data

3.8 Measurement of intensities

The linesr diffractometer not yet belng operational due to the
faults discussed in section 2.2, integrated intensities were
recorded on equi-inclination integrated Welssenberg photographs for
k=0 7 as deseribed in section 2.5 Test photographs were taken of
sections of various k levels with different integration settings
a and b (see section 2.5) and different exposure times. The range
of x-ray Intensities diffracted by SiFu,QPy was very large and
as seen in section 2.6, only a certain range of spot density can
be measured on the microdensitometer. Thus the film pack technique
(DeLange, Robertson and Woodward, 1979; and Robertson, 1947) was
employed with two films per exposure: an "industrial G" film
(nearer the x-rays) and a less sensitive, smaller grained B f1ilim
(Iball, 1954). The following exposures per level were found to be
the optimum using MoKx radiation:

1. ™ilms G.l and Bl' Each spot traversed 4 x %0 times (~57 hours)
with vertical displacement b=0,6mm and translation step
a=1,5/20 = 0,05mm, 40KV 20mA,

2, Films G2 and B2 . Each spot traversed 15 times (~ 7 hours)
with b=0.6mm and a=1.5/15 = 0,1mm, 40kV,

10mA for hOL - h%1  20mA for nhil - hAl



Table 3.8.1

No. of
No. of different
Level films §,=G,/B, 8,=B,/G, 5.=0,/B, reflections
nol 4 3,278 %.974 3.980 96
hi1l 4 7.945 3.530 3.420 150
h31 4 3516 .78  3.9% 157
h31 4 3.598 4,294 37 151
nk1 4 2,325 2.852 4,668 109
h51 3 357 2,069 92
hb1 2 3.961 84

h71 2 3,743 45
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The shorter exposure 82 film must contain the strongest
reflections, light enough for accurate densitometer measurement,

and the longer exposure G, film, as many measurable weak reflectlons

1
as possible,
All the films for one level were processed together in complete
darkness by agltating in fresh developer. It 1s essential that
each film on one level contains a sufficient number of measurable
reflections common to the next strongest and weakest films so
that the scale factors between the films on each level may be
caleculated. The factors to scale all films per level up to the
G, film are given in table 3.8.1. The vast majority of a total of
1535 reflections were measured by Mrs. J. Page, as described in
secticn 2,6, Of these about half were used for inter-film scaling,
884 unique intensity estimates remaining, as listed in table 3.8.1.
The accurscy in intensity measurement was found by compesring
Friedel equivalent intensities on both halves of three hOl films,
The mean ratios of such intensities were 1.06, 1.07, 1.09. The
mean intensity reduction between the G and B films in a pack is 3.72
(from the 1% values in table 3.8.1) and its standard deviation of

0.52 implies 14% accuracy.

3.9 Data processing

Precession photographs had been taken for scaling the intensity
estimates between k levels but were not used since the diffractometer

data were now available, By comparing the largest photographic
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intensities from each level with the equivalent diffractometer values,
a scale factor was found for each level to put all the photographie
data on the same scale as the diffractometer Intensitles.
Programne A2 was used to apply these scale factors and Lp corrections
and obtaianJ values.

By this time a set of atomic coordinates for the molecule
had been obtained from the solution of the Patterson vector set
and subsequent Fourier map described 1in section .5.

3.10 Structure refinement

The latest P1 atomic coordinates and anisotropiec temperature
factors from the present stage of refinement of the structural
model from the diffractometer data (section 3.6) were used for
an SFLS calculation by programme A% together with the photographile
|Fu‘values. The calculated hydrogen parameters (section 3.6 and
table 3.7.1) were also gilven but not included in least squares
calculations, The first calculation gave R = 0.270 and before
refinement on the 79 parameters, those reflections outside the copper
sphere (sin®> 0.461) were removed.

During refinement, each pair oleJ anleJ values was exaiiined,
and those reflections with a large discrepancy between them and
between the diffractometerIFJ value were traced back to the film
measurement stage. Some errors were found and corrected: namely,

reflections misindexed, specks of dust on the film measured Instead
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of the actual spot which often was invisible, mispunched intensities
on cards and some reflections included twice.

A scale factor ZlFol / ZlFOI wes calculated for and applied to
each k level (see section %.6).
Level  h0olL h7l w31 h31 nfi nhl wh2 Wl
Scale 0.9505 0.9891 0.9928 0.9752 1.1466 0.9232 0.8674 0.7677

When structure refinement had progressed to the stage where
R = 0,126, it was decided to check the space group by moving the
atoms away from theilr centrosymmetric configuration (m = 771,
n = 79) and proceeding with refinement usin. space group P1
(m = 771, n = 154)., After several cycles R and ZWAQ reached
minimum values, R at 0.154, Since 2w AE/(m-n) had increased to
1.%2 x 1ts value when P1 was assumed and the molecular geometry
was not so sensible, the centrosymmet=ic nsture of the moleculrs
was confirmed.

Welghting scheme (a) (equation (11), section 2.5) was used
throughout, being the most sultable for the photographic data
(F

min
The (6, 0, 2) reflection, having extremely poor agreement

= 0,84),

between Fo and F'c, was omitted from the refinement procedure which
was continued with the other 770 reflections until minimum Ewhg
and R = 0.0960 were obtained. With (&, 0, 2) included, final

R = 0,0975, which was thought to be satisfactory in view of the

quality of the erystal, its incapsulation and the errors involved in
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c2
c>
ch
Cc5

Table 3.11.2

Anisotropic temperature factors x 14{})‘l

1

112
179
201
124
160
184
165

158

3N

)

155
218
241
195
205
284
250
152
173

23

145
165
140
152

95
170

109

123

12

142

85
257
128

155
181

169
135

B
12

188
40

96
108

134
47



59
the photographic measurement of intensities.

The (5, 0, 2) reflection (FB%;FQ) is probably a Renninger
reflection (Renninger, 19%7) caused by double diffraction from the
[2, 0, 7] and [&, 0, 1] erystal planes. Using the polar plot of
hOl level (figure 2.4,1) the Ewald sphere of reflection was found
to pass through the reciprocal lattice points (2,0,7) and (%,0,1)
simultaneously. The (2,0,7) and (%,0,1) reflections are very
large and fairly large respectively, as seen in Table A where the

final Fo and Fc values, (Fo)P and (Fc) s, are listed, For the

P
photographlc data, the listed indlces of reflections are the
Friedel equivalents of those measured (k = 0-7) since diffractometer

intensities were measured for k = 0-7.

3.11 Molecular geometry

The final atomic coordinates of the refined structural model
obtained from photographic intensities are given 1n table 35,11.1
together with thelr standard deviations. Hydrogen coordinates are
not listed since they have been given already in table 5.7.1.

Anisotropic B,,'s are tabulated in table 3.11.2, and intramolecular

ij
bond lengths and angles and their standard devietions in tables
J.11.3 and 2.11.4,

A scan of interatomic bond lengths and angles by programme A5
showed that, as obtalned before for the structural model from

diffractometer intensities, the angle S1i-N-C3 is 180° and the

shortest Intermolecular distances are equal to those glven in



Bond

S1-M
Si-F2
Si-N

N-C1

ci-C2
ca2-C>
C3-Ch
C4-C5
C5-N

C1-H1
Ca2-H2
C>-H3
C4-H4

C5-H5

Table 3.11.

Intramolecular bond lengths

Length (R)
1.639
1.637
1.932
1.329
1.379
1.375
1.395
1.376
1.347
1.019
1.027
1.011
1.005
1.004

s (R)

0.012
0.013
0.012
0.015
0.017
0.012

0.012



Table 3.11.4

Intramolecular bond angles (°) §(°)
F1-Si-F2 90.1
F1-S1-N 90.2
F2-S1-N 89.5
S1-N-C1 121.8 0.8
S1-N-C5 i20.2 0.8
C1-N-C5 118.0 0.7
N-C1-C2 123.6 0.9
C1-C2-C3 119.2 1.0
C2-C5-C4 117.1 0.8
3-Cl-C5 120.8 1.0
C4-C5-N 121,2 0.9
N-C1-H1 1163
C2-C1-H1 120.0
C1-C2-H2 120.5
3-C2-H2 120.3
C2-C3-H> 12%5.4
C4-C3-H3 119.4
C3-CY-H4 118.5
C5-Cl-Hl 120.8
C4-C5-H5 121.1

N-C5-H5 WT.T
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section 7.7. Agein, the pyridine ring is rotated, by 9.1°, towards
F2 to ease the steric repulsion between hydrogens and fluorines
cf adjacent molecules.
The least squares best fit plane (see /ppendix D) through
C1-C5 was calculated to be:
-0,93866x' + 0,%2269y' - 0.12158z' = 0.00135 with respect to
orthogonal axes x', y', z' (see Appendix C). Atomic deviations
from this plane are (in ) :
Si N C1 c2 C> ch C5
-0,001 +0,002 :0,008 -0,009 +0.002 +0.006 -0.007
b F2 m’ H2 H> HY H5
-1.711 +0.985 -0.002> =-0.004 +0.037 +0.007 -0.009
Thus, it is again apparent that S1 and N lie on the plane,
which 1s nearer F2 than F1. The Si-F1-F2 plane was also calculated
with respect to x', y' and z': 0.06250x' - 0.49%09y' + 0.86773z"'
= 0, Ti.e angle between it and the plane of the pyridine ring
is 90°17'.

In terms of the reduced triclinic cell axes, the pyridine ring

plane 1s:
x z '
~ 0.00140 0.00419 0.0067%0

3.12 Coneclusion
Structural models have been found for SiFu,QPy from intensities

measured by diffractometer and photographic techniques. Comparison
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of both sets of results, given in tables 3.7.1 - 2.7.4 and 3.11.1 -
3.11.4, indicates no significant differences in atomic parameters
and molecular geometry.

The values of 1l,m and n for the best fit pyridine plane,
1x' + my' + nz' = p, calculated for both models (sections 7,7 and
.11) differ in the third decimal place. The angle between the
planes is 0' and their separation, gilven by P, + P, since they
are fractionally on opposite sides of the origin (Si atom), is
0.0E}K. The angle between both Si-I"1-F2 planes is 17' and
their 1l,m and n values also differ in only the third decimal place.

The final R factor for the linear diffractometer data, 0.0758,
is lower than that for the photographic observations (0.0975)
and the standard deviations of the diffractometer model are smaller
(ef. tables 5.7 and 35.11)., This is a consequence of the greater
precision of the counter data and the larger number of reflections
measured (m = 959 and 771 respectively).

Thiourea has also been used for a comparison of counter and
photographic observations (Truter, 1967) and gave similar results.
The centrosymmetric trans configuration of SiFu,EPy in the

solid state confirms the conclusions obtained from infrared
spectroscopy and is similar to that claimed for
tetrachlorobispyridinegermanium (TV) (Hulme, Leigh and Beattie, 1960).
Their crystallographic deductions are based on one two dimensional

Patterson map using 2 structure factors, the space group being
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postulated mainly on this basis.
The molecules of SiF'n,E’Py are arranged In the lattice with
the pyridine rings stacked one above the other, almost normal to
a of the reduced triclinic cell. Hence the separation of

adjacent pyridines is ~ia = 3,62K,
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4, THE CRYSTAL AND MOLECULAR STRUCTURE OF

TETRACHLORCBISPYRTDINESILICON (1V)

4.1 Introduction

The infrared spectrum of solid 81014’2(Nc5ﬂ5) has been
interpreted as the basis of a cis geometrical isomer from both
the number and position of Si-Cl stretching vibrations (Beattie et al,
1064). A single erystal x-ray examination of the compound was
briefly reported in the same paper (Hulme, personal communication).
Statistical tests (Howells, Phillips and Rogers, 1950) gave
inconeclusive results, but a trans configuration was execluded and
a cils isomer postulated.

The 1.r. spectrum of SiClu,EPy in the solid state has also
been reported by Campbell-Ferguson and Ebsworth (1967) and agrees
wilth the earlier work, although they suggest the prescence of
polymeric cations, DMore recent Raman spectroscopy measurements
have led to a revised and more cautious view on the stereochemistry
of the Si (Halogen)4, 2 Pyridlne systems. A single crystal x-ray
examination of 31014,2Py was undertaken, to establish its
structure unambiguously.

4.2 Deseription of crystals

The crystals of SiClu,2Py had been prepared by the same method
uced for SiFu,ePy but were of poorer quality and were sealed in

pyrex tubes, The crystals were supplied by Dr. M. Webster.



64
Triclinic cell parameters were established usins the best
erystal in an initial sample, and considerable time was spent trying
to set this crystal on the linear diffractometer as deseribed in
section 2.7 for collection of intensity data. The crystal was
fragmented and powdery, amd the intensity proflles of reflectlons,
seen on the chart recorder by tracking through the oseillation

scsle, were of the foims:

The profile of any one reflection did not remain the same
when different portions of the rather long crystal were centred
in the x-ray beam, Intensity profiles worsened as S increased
and Friedel equivalent intensities on the zero layer were very
unequal,

It was impossible to set the crystal either such that the
main intensity peak was 1isolated and set for all reflections at
the centre of the osecillation range, or such that the whole
profile of all reflections was included in even the maximum
oscillation range.

Thus the linear diffractometer could not be used for measurement
of intensities from this fragmented triclinic crystal. Intensity
estimates could have been obtained from integrated photograpns,
but by this time a second sample of erystals was available., The

best single erystal it produced [0.7mm by (0.6 x 0.4) mme] had an
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additional small fragment enclosed with it in the pyrex tube,
and this was seen from photographs to produce additional spots.
These however were generally well secparated from the main reflections,
and hence thils erystal was used for an x-ray diffraction study.

4.5 Unit cell dimensions

Preliminary rotation and equi-inclination Weissenberg photographs
were taken with a Nonius camera using VMo radiation and indicated
that the crystal was trieliniec. The most prominent unit cell was
chosen, ¢ along the goniometer axis, and values of ¢, a*, b* and
T*were obtained. By considering the Weissenberg geometry and
the displacement of upper level reflections, the cell axes were
labelled such that a right-handed system was malntained with real
angles obtuse and reciprocal cell agles acute., /bsences noted
were: n + k=2n+ 13 k+1=2n+ 1, h+1=2n ' 1, This cell
is therefore centred on all faces,

For further information the crystal was transferred to a
Nonius precession camera and c* was aligned along the dial axis,
Zero, first and second layer photographs with a and b perpendicular
to the film cassette were taken., The chosen unit cell was

confirmed to be an F cell and its parameters accurately determined,

giving:
ap = 13,071R b, = 12,5408 cp = 8.247A
ap = 95°8' Bp = 99°7' Yp = 104%40°
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Volume = 1275.26A" Veasured density = (1.71 + 0.02)am/cm
Calculated density = 1.70 gm/cm? for 4 molecules in the F cell.
Only a primitive cell may be reduced by the method of
Delaunay (1935°) and suitable parameters wers found from the foliowing

vector transformations:

=

1 1 - 4 - = X £5
Zp = hp *Gop s bp = Smp  Sep 3 gp = imp Iy

This P ecell had all real zngles acute and a Delaunay reduction
was performed., [our steps were ncccssary to glve six negative
scalar products a.b, b.c, c.a, a.d, b.d and c.d, where 4 =

'(E. b E), and hence all angles obtuse. The three shortest

vectors obtained for the reduced cell were:

i |
a=ap = 2bn 50
b=>0 - = _—}—b + 1
— —P —-p [t ??._F
-5 i
9- = —-tlp - EF' - "—T_C.F

glving reduced trielinie cell parameters:

a = 7.180% b = 7.806A e = 7.1524

]

@ = 117°9' 8 = 90°3" y = 117°27!
Volume = 319,368
Calcula ted density for 1 molecule in the reduced cell is 1.71gru/cm3.
The space group is P1 or PT,
Linear absorption coefficient p = 9.9c=m"1 for MoKy radiation.
If a zero scalar product oceurs, whieh means one 90° angle,
then the Delaunay reduction 1s ambiguous, since by "ehanging

the sign" of the zero term, another tri - obtuse cell
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may be obtained, perhaps with shorter axes (Patterson and ILove, 1957).
Consequently since B above is effectively 90°, the alternative
reduced cell was determined, but found to have one longer axis.
Hence the reduced cell with the three shortest non-coplanar
translations is as glven above.

The orientstion of the crystal iIn the pyrex tube was such
that 1t was impossible to align any of the reduced cell axes along
the ponlometer axils, without causing awkward absorption effects
due to very different path lengths through the pyrex for different
reflections.

Consequently, since c_, lay approximately along the length

F
of the tube, the necessary goniometer arcs' movements were

calculated and Cp Was accurately realigned along the goniometer

axls for measurement of diffracted intensities on the linear
diffractometer. Reflections were initially indexed and collected
with respect to the F cell, but converted to reduced cell indices

for subsequent calculations.

Throughout the measurement and calculation of ldtice psrameters,
reference was made to Hulme's published parameters for SiClu,EPy
(Beattie et 21, 1964) but no similarity or relationship between
them and the values reported in this thesis could be detected.

A rough check of the published values was made, using only

what information was available; namely the lattice parameters of
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the triclinie body centred I cell which was used for intensity
data collection, and the "reduced" cell values, suppcsedly

related to the I cell by the matrix glven as:

a F'1 0 0 ar
b - % % % RI
8 O e

If this matrix 1s applied to the I cell then one obtains the
published primitive cell axes, but angles which are all acute and
equal to 180° minus the published values. A Delaunay reduction
on this cell glves a reduced cell unlike both Hulme's and the one
determined above. Due to this inconsistency and thre conclusion
that the given T cell must also be incorrect, no confidence can
be placed in these earlier crystallographic deductions about
81014,2Py.

4.4 Measurement of intensities

The ecrystal was set on the linear diffractometer as described

in section 2.3 and intensity data were collected for 1_ = 0—=>10

F
using Mo radiation (see section 2.4),
1L mm eollimator 2°45' oscillation angle
2 oselllation eyeles % minute oscillation motor

P.H.,A, : E,H.T, = 1045 volts, low level = 0 volts,
window = “8 volts.

Generator : 40KV  16mh
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Experimentally determined offsets for upper level lF:

- 0.0146 x 1_ r.1l.,u, along the lower %; slide

F

- 0.0086 x 1 r.l.u. along the upper bk slide

Calculated offsets : - 0.0145 r.,1l.u, :nd - 0.0081 r.1,u,
respectively,

For levels with even lF’ only reflections with both hF and
KF even are present, and for odd lF’ hF = 2n 1 and kF =2n + 1,
Hence, to avold counting systematically absent reflections, the
intervals on each level were set as:

scanning (upper) slide interval = 2b¥, = 0.1183 r.1.u,

stepping (lower) slide interval = Qa*F = 0,144 r,1,u,

‘ngle between slides = y*, = 74°135"

Since the indices recorded on cards by the linear (hL,kL,lL)
inerease by 1 after each interval, the resulting intensities will
not be correctly indexed with respect to the F cell, For 1, = 2n,

F

= ~h £ = Z2K_. = \
hF eh, and kF 2kL For lF 2n + 1, the ( 1,1,1F reflection

was labelled (O,O,lF) with respect to the diffractometer and thus
hg = EhL + 1 and kF = ERL i

Several reflections with very uneven backgrounds were
examined with reference to the Welssenberg photographs, and
found to consist of the main peak, set to within 20', plus a
small adjacent peak due to the extra fragment of erystal present
in the tube (see 4.2). These reflections were corrected.

For the highest levels, 1_ = O and T0, the oscillation angle

F
was increased to 5°20' for the reasons given in sections 2.4,1
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and 3.4, 56 reflections on hk8 were recollected and used for
scaling between the two sets of data.

4.5 Data processing and Patterson and Fourier syntheses

The diffractometer data cards were first reindexed for the
F cell by programme 415, and then processed by Al and A2, The

additional multiplying factor for data with 1, = O and T0, to put

F
them on the same scale as the rest, was 1.694, No absorption
corrections were made. The F cell indices of the set ofIFJ and
IFJE values were changed to those of the reduced primitive cell
(see section 4.%) by programme A16, Reflections outside the copper
sphere, and those with zero |F°L were removed, prior to computing
a Patterson synthesis with the remaining 1;601FJ2 values., The
same intervals were taken as for 3iF, ,2Py 1n section 3.5.

The first problem was to determine from the Patterson map
if possible, whether the one molecule in the reduced cell was
cis or trans., The interatomic vectors involving chlorine atoms
will give much larger peaks than other vectors, since ?61= 1T
(Unlike SiFk,EPy, where a Fourier synthesis was necessary before
its trans nature was established). The vector sets, for the
silicon and four chlorire atoms in both cases, are illustrated
in figure 4.5.1. There are 10 interatomic vectors but in the

trans case (L), only 6 are unique., They are planar as shown and

4 have double weight. For a cis configuration (B), there are 9
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unique vectors, 5 in a plane and only 1 of double welzht,
The expected relative sizes of these vector peaks are glven by:
- - 7 = 8 = 6
81 - Cl=Zy, X Zg, = 2 x 2 = 47
Cl - Cl=z 2 =289 x2=578

‘CL

Hence the largest peak expected is (C1-Cl) x 2 or (Si-Cl) x 2
for either vector set (A) or (B) respectively.

Since six large peaks were found in the computed vector map,
and the largest was [.23 from the origin, a trans configuration
was indicated. It was discovered timt, of these slx peaks, two
of equal height, had coordinates which were almost half those of
another two equally sized peaks, The peak height of the former was
1,66 times that of the latter, and since the expected ratio
(s1 -C1) x2 / (C1 - C1) is 1,65, these vectors were undoubtedly
pairs of Si - Cl (double weight) and C1 - Cl vectors respectively.

The six vectors were finally and unambiguously allocated
according to case (A), figure %4,5.1 and thus the trans configuration
of the molecule was confirmed. Mean ratio of peak helghts
(CL-Cl)x2 /(81 -Cl) x2 =1,; expeet 1.2. The difference
between the coordinates of every pair of vector peaks was calculated,
and found to equal the coordinates of another vector, or the
difference between another two vectors i.e. all vector coordinates
obtained from the Patterson map tied in with vector set ()

1
to within 2/240 e of the reduced cell edges.
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The lengths of both 81 - Cl vectors were calculated to be
2.14 and 2,18 A and the angle between them 91°44"',

Placing the silicon atom at the origin of the reduced unit
cell, the coordinates of the Si1 - Cl vectors position the two chlorine
atoms directly (plus another 2 chlorines related by the centre of
symnetry) and a structure factor calculation was computed using
these coordinates and the set of\Fg's with reduced cell indices.

After one cycle to obtaln a sensible scale for thelFJ's,
another was computed (no least squares refinement) whose output
was used for a Fourler synthesis with x/a, y/b, z/c from 0=%,1,1
respectively at intervals of 1/ 0. The R factor for the largest
]FJ and F, values was 0.26. The electron density map will be
centrosymmetric becsuse the chlorines were put in with centrosymmetric
coordinates, and therefore all Bc’s = 0,

As discussed in seetlon 1.1, not all the phases calculated
from the contributions of the heavy atoms located from the Patterson
map will be correct. For the centrosymmetric case, this means
that not all reflections will have the same sign for F as was
calculated for I‘H Considering the function (sze/ZfL2)?1€ ~
(ZZ 2/Z.‘ LQ)% = 1.70 for this case, about 88% of the IFol terms in
the Eomputed electron density function will have had thelr signs
correctly determined (Sim, 1961).

A pyridine ring was identified from the Fourier; nine regions
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of high electron density appeared, whose centres are shown plotted
in figure 4.5.2, looking vertically down the ¢ axis of the reduced
triclinic cell, The projection of a onto this plane perpendicular
to ¢ is a sing, and of b, b sina. The angle between them = 180° = y*,

4.6 Structure refinement

Once thelFJ scale had been adjusted, the first meaningful R
factor was 0.245 for a structure factor calculation using the reduced
cel! coordinates for Si, Cl1, Cl2, N and C1 - C5 obtained from
the Fourier. The space group was initially chosen as P1. If the
structure is not centrosymmetric, it will not refine and its
mo_ecular geometry will be poor with large standard deviations.

The Si atom was given an isctropic temperature factor of 2 and
the remaining atoms B = 4, being approximately the corresponding
values for SiFu,EPy (see section 3.6).

After a few cycles of least squares refinement of the 4
parameters, R had slightly inercased, and although the scale shift
was very small,ZlFOI»ZIFc]. The B shifts for Cl1 and Cl2 were lavge
and negative and since they are the largest scatterers, it was
concluded thelr thermal parameters were too high, causing the
calculated F's to be too small, It is also seen from equation (7),
section 1. , that thls effect should increase with sin@, and this
was observed.

Hence the chlorine lsotropic temperature factors were decreased

to 2, and four { rther cycles were sufficlient to reduce all coordinate
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and B shifts to the rd and 2nd decimal places respectively. At
this stage R = 0,146 and the B values were :
Si Cl1 Cl2 N C1 c2 c> ch C5
1.768 2.421 2,291 1,987 3.087 3,102 2,341 2,750 2,201

Before converting these to anisotropic B, ,'s, hydrogen

1)

coordinates with respect to the reduced cell were calculated as

described in Appendix C for inclusion without refinement in

subsequent structure factor calculations. They are listed in

the final table of coordinates, 4.7.1. Each H atom was glven the

last isotropic B value of its corresponding carbon atom (see above).

I estimates of the hydrogen positions are not included at this

stage, then the ellipsoid of thermal vibration of each carbon will

be falsely elongated in the direction towards its bonded H atom,

to aceount for the hydrogen's unincluded contribution to Fc'
Reflections with net intensity estimate I less than 20

counts were removed and refinement of the 79 parameters was

continued untlil after eight cycles R was a minimum at 0,119,

A card output was taken and its reduced cell indices were changed

to F cell indices by programme A17 in order to find a scale

factor for each equi-inclination lF level of date collected. The

card output from A17 was sorted into lF levels, and for each

level, Z"Fc\ and 'Z]Fol were computed by A6, The scale factors

Z\Fc\/ Z\Fo\ are:
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1;=0 T 2 3 5 5 & T 8 g 1
0.959 1.179 0.925 0.89% 0.916 0.954 0.971 0,961 1.070 1.010 1.21>
£ simple SPS programme applied the appropriate scale to each
of the|FJ values (F cell indices). The indices were converted back

to reduced cell values by A16 for further SFLS calcultions.

Before layer scaling, nine reflections, all with h+ka= lF - 1y

had poor agreement between Fo and FE, but these discrepancies
disappesred afterwards. The (1, T, 0) reflection also had a large
A, which was not improved by the scallng procedure., This
reflection has indices (2, 0, 2) wit! respect to the F cell and,
although was very close to the origin of the diffractometer slides,
had not been centred and measured by hend. H-ence it was exeluded
from the calculation of lF scale factors and from further structure
refinement,

After scaling, R fell to 0.09.7 and further cycles, with
1245 reflectlons, reduced ZW &2 snd R to minimum values (R = 0.0872).
A more realistic R velue with (7, 7, 0) included was 0,0887.

At no time during refinement was 1t felt necessary to depart
from space group P1, since the molecular geometry was very satisfactory
and the i value above is the same as was obtalned for centrosymmetric
S1iF,,2Py at the same stage (see section %.6). The deviation
of the pyridine rings from a centrosymmetric confilguration is less
than the standard deviations of the atomle coordinates, and hence

too small to be detected, Thne limiting values of the standard



Firure L.6,1

A composite map of clectron density in SiClI,HPy, viewed
along ¢ (from sections nearest centres of péal—:s).
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deviations are determined by the quality of intensity data, which
in turn is dependent on the erystal quality, setting precision of
the ecrystal, diffractometer and counting statisties errors.

So far welghting scheme (a) (seetion 1.5) had been used
(Fhin = 1.18), but now scheme (b) was applied, according to the
procedure described for SiF, ,2Py in sectilon 3.6 and in programmes
A7-A11, The (T + B)/(I - B) were processed with respect to the
F cell used for data collection. 02 was calculated = 0.0173574 -
0.000977 = 0.012597. Hence ¢ = 0.1122, G = 0.1165 and G(counting
statistics) = 0.0%1%, confirming again tht counting statistics
errors are very small,

(x/41pXT + B)/(T - B) values were reindexed from the F cell
to reduced cell by A16 before using A10 to compute absolute fw
for each reflection. 211 applied a scaledJfv to eachIFJ data card
for further SFIS calculations (reduced cell indices). D = 0.29013
(see A11 and section 3.6).

The first cycle gave a very much reduced z&t&e and four eycles
later, the card output was used to find reflections with QA>36 or
4 (A12) : 28 and 10 in number respectively. Two of the latter
10 reflections had been measured near the slides' intersection
(one was (7, T, 0)). Another six had 1F =7 (p=2°8") and
since thils level had a large sealing factor, 1t suggests that the
diffract meter equi-inclination setting 1s very sensitive at such

small p, With SiFh,QPy this effect did not appear; its smallest p =
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Table 4.7.2

Anisotropic temperature factors x 104
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17
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FIGURE 4.7.1
SiC|42Py




r
3°10' for k = 1. The remaining two reflections with N4 /W were

on the 8th and 9th 1_ levels, where the instrument and crystal setting

B
inaccuracies are more significent (cf., sections 2.2 and 2.3).

When these 10 reflections were glven zero weight, Zwﬁzz dropped
by 167 and after six more cycles reached its minimum value of
1286 on an absolute scale. R = 0.0878, m-n = 1246-79 = 1167 and
ZWQQ/(m-n) = 1,102,

Table B at the end of the thesis lists the IFO\ 's with the
phases obtained from this final calculation of strueture factors,

and the resulting electron density map is shown in figure 4.6.1,

4.7 Volecular geometry

The atomic coordinates of the final model are given in
table 4.7.1 as fractions of the reduced cell edges, together with
their standard deviations. Final anisotropic Bi J's are listed in
table 4.7.2 and bond lengths and angles and their standard deviations
in 4.7.3 and 4.7.4. A perspective view of the structure along the
b axis is shown in figure 4.7.1, drawn by PAMOLE.

A molecular scan by A5 gave the angle Si-N-C3 as 180° and
the shortest intermolecular distances ((,’5.55) as (in A):

Cl1-H3 Cl1-I4 Cl1l1-H5 Cl2-H? Cl2-H4 Cl2-H5 C5-H2 C2-H5 H2-H5
3,199 3.122 3,398 3,196 2,185 3.379 3.446 3457 2,437
Intermolecular distances are generally larger than those

of 31F4,2Py, and the looser packing of SiCln.EPy enables the pyridine



Table 4.7.3

Bond Length (A) _s(R)
S1-C11 2,186 0.001
81-C12 2.192 0.002
Si-N 1.966 0.007
N-C1 1.385 0.007
C1-C2 1.363 0.015
C2-C3 1.370 0.013
C3-Cl 1.381 0.009
C4-C5 1.351 0.014
C5-N 1.356 0.010
C1-H1 1.014

C2-H2 1.027

C3-H3 1.006

C4-H4 1.006

C5-H5 1.015



Table 4.7.4

Intramolecular bond angles (°) s(°)
C11-8i-Cl2 91.0 0.1
Cl1-Si-N 90.0 0.1
Cl2-Si-N 90.5 0.2
S1-N-C1 120.9 0.6
S1-N-C5 121.2 0.4
C1-N-C5 118.0 0.8
N-C1-C2 122.4 0.8
C1-C2-C3 119.3 0.6
C2-C3-C4 118.4 0.9
C3-C4-C5 120.6 0.7
C4-C5-N 121.3 0.6
N-C1-H1 118.9

C2-C1-H1 118.8

C1-C2-H2 119.3

C5-C2-H2 121.4

Ca-C>-H> 121.0

C4-C3-H> 120.6

C3-Cl-H4 119.2

C5-Cl-HY4 120.1

C4-C5-H5 117.2

N-C5-H5 121.5
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ring to lie in a position equidistant from Cl1 and Cl2, unlike
S1F),2Py (see section 3.7). By dropping perpendiculars from C1
and CZ onto the line C11-Cl2, it was calculated that the pyridine
ring bisects the angle Cl1-Si-Cl2 to within 20',

The best plane 1x' - my' - nz' = p through C1-C5 was found
as deseribed in Appendix D with respeet to orthogonal =xes x',
y', z' chosen according to Appendix C. 1 = -0.129482, m = -0.45491,
n = +0.86897 and p = +0.021778, Atomic deviations from this plane
are (in E):

S1 N C1 c2 C3 (o2} Cc5
-0,021 ~0.,005 +0.002 =-C.00> +0,001 +0,001 <0,001
c11 c12 H1 H2 H> HY4 H5

41,536 -1.,584 +0.014 -0,039 0.009 -0.043 +0.013

Thus, as with SiFn,ePy the structure is planar, and it is
confirmed that the perpendicular distances of Cl1 and Cl2 from
the pyridine plane are insignificantly different.

The plane S1-Cl1-Cl2 was calculated :

- 0.77127x' - 0.47381y' - 0.42503z' = O
The angle between 1t and the best fit pyridine plane ziven above
is 90°12'. The pyridine plane has the following intercept equation

with respect to the reduced trielinic cell,

___..___2.:._...._ = ————1—-—-— + _Z.-..—-. = 1
9.41569 0.04608 0.02137



Figure 4,7.2
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The pyridine rings are layered, almost perpendicular to ¢
of the reduced cell, with separationsic = 3.58%; since 3 = 90°,
the pyridine planes are also approximately parallel to g_(cf. large
intercept on a, 9.4168, of the best fit pyridine plane given above.)

The absoluteness of the weights applied to the‘FB\values was
checked as deseribed 1n section 3.7 for SiF, ,2Py, and gave the
results shown in figure 4,7.2, Best least squares straight line
AB has intercept logeﬁ = 5.79 and slope = -B = -0,47, which is
almost the theoretical value of % for a normal distribution, The
first point deviates from this Gausslan curve as in figure 3.7.2
for SiFu,QPy, and probably for the same reason glven in section 3.7.
4.8 Conclusions

A comparison of the final structural models for SiFu,QPy
and SiClu,ePy indlcates that the pyridine ring geometry 1s the
same, within the listed standard deviations (cf. tables 3.7.3, 3.T.4
and 4.7.3, 4.7.4). Mean Si-F and S1-Cl bonds are 1.65 and 2.10R.
Standard deviations of equivalent atomie coordinates, bond lengths
and angles are larger for the chloride complex, as are Zwﬁe/ (m-n)
and R, Both compounds are layered iIn the crystal lattice, with
approximately equal separation between the pyridine rings (~%.6R).
SiClu,EPy temperature factors are lower (ef. tables 3.7.2 and
4.,7.2) and hence Fourler peaks are higher (cf. figures 3.6.1 and 4.6.1)

due to less thermal vibration.
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The molecular orientation in the reduced triclinic cell is
not identical for both compounds, and a comparison of the reduced
cells' parameters (a of 81iF,,2Py = ¢ of 31014,2Py) confirms that
they are not isomorphous. Another pair of primitive tricliniec
cells may exist, in which both molecules have identical orlentations,
and if these were 1ldentified from appropriate vector transformations,
then a comparison could be made between them to test for isomorphism,
It was declded however that thls problem was not of sufficlent
importance to pursue further.

The structure of 81014, 2Py has been shown to be molecular
with a centrosymmetric trans configursation. This result contradicts
the stereochemistry assipgned from infrared vibrational analysis.

The infrared spectra of addition compounds of the type
MHuL2 where M is silicon, germanium or tin, H = halogen and L is
a monodentate 1ligand, have been interpreted using a simplified
model in which the coupling between M-H and pyridine vibrations
was neglected, For a trans adduet only one fundamental M-H
stretching vibration of perturbed planar MH4 was prei%fted. By
considering the MHL residue of 2 cis isomer 96’ ql
distorted as shown due to the addition of the  180(SiZf120°
ligands, =and using group theory arguments, a I

Cl

closely spaced triplet of 1.r. absorptions was predicted with a

weaker vibration at lower frequency (all M-H stretching vibrations).
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The infrared spectrum of SiCln,QPy followed this pattern and
also was similar to the spectra of bidentate ligand adducts of
silicon tetrachloride, which can exist only in a cis configuration,
The neccssary distortion of a trans isomer to produce the observed
SiClQ,EPy absorption bands was considered to be too great,

Crystal-field effeets, causing separation of degenerate peaks,
are one of the possible reasons for misinterpretation of absorption
spectra, listed by Beattie et al (1965). However this cannot
be the case with SiClu,QPy since 1t was shown in section 4,7 that
the pyridline rings are completely symmetric with respect to the
chlorines, The packing symmetry of the fluoride adduct 1is
lowered however due to repulsion between Intermolecular close
contacts (see sections 3.7 and 3.11), but this has not caused any
resolution of the Si-F streteching band.

The erystallographle results reported in this thesis clearly
show that the assumption that the MH4 unit can be treated separately
when interpreting i.r. spectra is not generally valld, In view of
these results, recent force constant calculations (Beattle, Gilson
and Ozin, 1968) using the whole $1C1,,2Py molecule have indicated
how the 1.r. spectrum with three strong lines in the M-H stretching
region can arise for a trans isomer,

Further pyridine adducts of tetrahalides of Group IV metals,
whose stereochemistry has been deduced from their solid state

spectra on the basis of the simple model discussed sbove are:



82

GeF, , 2Py trans (0zin, 1967)
SnF),, 2Py cls (Muetterties, 1960)
GeCl, ,2Py trans (Hulme et al, 19605
Beattie et al, 1963)

SnClu,EPy trans (Beattie et al, 1963)

eis (Clark and Wilkins, 1966)
S1Br) , 2Py eis (Beattie et al, 1964)
SnBr,, , 2Py eis (Clark and Wilkins, 1966)

The eis assignments obviously require revision.

Preliminary x-ray investigations of SnClu,EPy and SnBra,ePy
have subsequently been carried out in this laboratory and confirm
(Clark and Wilkins, 1966) that they are isomorphous in monoclinic
space group C2/m. A two dimensional Fourier synthesis indicated
a trans configuration for the chloride complex and hence also
for the bromide., Miss M, Milne, Chemistry Department, University
of Southampton 1is analysing the i.r. vibrations of SnBru,QPy in
more detall utilising the whole molecule, and has calculated that
the observed complex spectrum is consistent with a trans
stereochemistry.

None of the octahedral complexes MH4L2 so far studled in any
detall by x-ray diffraction techniques has been a cis 1somer, and
further x-ray investigations would be desirable to confirm that

the whole series 1s trans.
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5. AN X-RAY DIFFRACTION STUDY OF MERCURY DIBENZYL

5.1 Introduction

The structural chemistry of mercury compounds has been
recently reviewed (Grdenic, 1965) and it is apparent that there
is a lack of structural data for the di-alkyl and di-aryl
derivatives, although recent data presented at the 7th International
Congress of Crystallography has improved the situation (Pakhomov, 1966).
Several mercury dialkyl and diaryl compounds were available
and mercury dibenzyl, (C6H5.CH2)2H3, was selected for structural
Investigation since some additional data concerning bond energles
had been determined kinetically for this compound (Calvert, 1958).
From the unusually low mercury-carbon bond dissociatlon energy

1t was anticipated that these bonds should be especially long.

5.2 Desceription of crystals

Pure mercury dibenzyl had been made by D, Calvert using the
method of Hein and Wagler (1925) and was recrystallised from
spectroscopic grade iso-octane under vacuum conditions, Colourless
needle crystals of approxlmately rectangular cross-section were
obtalned. On prolonged exposure to x-rays 1t became apparent that
the erystal was decomposing, a black deposlt of free mercury being
observed in those parts of the crystal exposed to the beam. A
similar decomposition was also detected on exposure of the crystal

to visible 1light,
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5.3 Unit cell dimensions and space group

Rotation, Welssenberg and precession photographs indicated
that the structure was tetragonal with a = 12,91 1_0.023 and
e = 7,08 :.0.0ﬁﬂ, along the needle sxis of the crystal, Measured
density = 2.19 + 0.03 gm/om . Caleulated density = 2.155 + 0.015 gn/om’
for four molecules in the unit cell.

The following conditions limiting possible reflections were
noted: hkO + h + k = 2n3 001 ¢ 1 = 2n, This suggested Pllg/n as
the space group with eight symmetrically related positions in
the unit cell, Therefore one half of the molecule is the
asymmetric unit and the mercury stoms must be at special positions.
It was observed that those lines with 1 = 2n were very much
stronger than those with 1 = 2n + 1. Applied to space group
P#e/h, this special condition gilves the equivalent mercury positions
as + ( 3/4,1/4,2z3 */4,1/4,1/2 + z) when the unit cell origin is
at the centre of symmetry.

Further strong reflections due to diffraction by the Hgz atoms
were :t h + k + 1/2 = 2n for 1 even, which implies near body-
centring of the Hg atoms in terms of ¢ = 3.545, with equivalent
positions (x,y,z) and (x + 1/2, ¥y + 1/2, z + 1/4) in the unit cell.
Combining the two sets of eaquivalent positions gives the following

mercury atomiec coordinates, where the z coordinate mevy only be

a close approximation : + ( /4,1/4,%/8; */4,1/4,7/8).



5.4 Absorption
The linear -bsorption coefficient p = OZ pi(u/ e} ):l

where p = density of crystal
Py = fractlional welght of element 1 in the unit cell
(u/lJ)i = mass absorption coefficient of atom 1 for the
radiation used.
Therefore for MDB, p =p[p, (1/p )Hg + P/ P) + pyln/P),]
= 133.5 om™! for MoK radiation.

Thus the mercury atoms in crystals of MDB absorb x-rays to
a great extent and in ordér that comparatlvely simple absorption
corrections cculd be applied, initial attempts were made to
grind erystal surfaces to a cylindrical or sphericsl form using
a modified version of Bond's method (1951) but these were
unsuccessful,

To minimise absorption effects, very small crystals with
eross-section as square as posslble were selected for alignment
on the linear diffractometer as deseribed in section 2,3 (case A)
with ¢ along the goniometer axis. However, several initial crystals
had to be abandoned because very variable peak counts for 001
reflections were obtained when the crystal was rotated through
?60° (see section 2.3). Since the best available crystal still
gave significant fluctuations, corrections for x-ray absorption

were necessary and were applled to diffrescted intensitics using a
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programme written by Dr. A.J. Cole of the Computing Laboratory.

The view along the needle axis (¢) of the crystal was

determined as /ﬂa

For each reflection recorded by the 450 0:027mm
s

diffractometer, the positions of the 0-067mm+ 0-003

crystal and detector, ¢ and ‘Y-, with respect to the incident x-ray
beam (see figure 2.1.2 and section 2.1) are found from the formulae:
Y= Qsin—1[(h2 4 ke)%a*/acosu]
(Pa Y/2 + 00° - tan'1(k/h)
for a* initially parallel to the incident beam (Buerger, 1960).
Assuming a rectengular crystal of infinite length the absorption
programme calculated the path length rof x-rays through the erystal
for each diffraction maximum, and evaluated the corrected intensity
pr

Je .

5.5 Two dimensional analysis

MIB was the first compound studied, using tiie linear
diffractometer, and the very considerable instrumental difficulties
discussed 1n section 2.2 had not in some cases been dilscovered and
in others resolved., Several attempts were made to measure accurately
the Intensities of diffracted MoKi radlation in one quadrant of
the copper sphere as described in section 2.4, a* = b* = 0,0551 r.1l,u.
c* = 0,1004 r.1l.u., From preliminary experiments, a low generator
current was chosen and data were collected quickly in order to

minimise radiation damage to the crystal., Zero level intensitles



Figure 5.5.1

Projection of electron density in MDB,

for two of the four molecules in the unit cell.

Contours at equal but arbitrary intervals.
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were satisfactory and gave the results reported in this section.
X-ray form-factors for mercury have been calculated recently from
relativistic Hartree-Fock atomic fields (Doyle and Turner, 1967).

hkO data were processed as usual and structure factor calculations
were computed using the mercury x and y coordinates determined
from space group considerations alone. Several cycles of refinement
of the scale and isotropic temperature factor reduced R to 0.146,
when a two dimensional Fourler synthesis was computed with the
|F5\values and calculated phases (O or m). This is sl own in figure
5.5.1. Using a model of the molecule, only one posslible molecular
orientation was found which fitted the projection of electron
density and is shown on figure 5.5.1., The four molecules in
the mit cell appeared to pack with two Hg atoms on each four-fold
screw axls, % cell apart, and the attached benzyl groups stacked
one above the other, all having the same orientation but each
successively rotated through 90°.

x and y coordinates were determined for the 7 carbon atoms
in the asymmetric unit and all atoms were assigned isotropic B
values. Four SFLS cycles to refine the 23 parameters reduced
coordinate shifts to the 4th decimal place and R to a minimum at
0,084, The final fractional x and y coordinates and B's are
given in table 5.,5.1. Another two dimensional electron density
map was computed with the last Fb values but the resolution of

the benzyl group was no better than in figure 5.5.1 Thils lack of



Table 5.5.1

Atom x/a e B 2/e
Hg 0.7500 0.2500 447 0.6
c1 0.5882 0.3177 5.74 0.36
c2 0.5:91 0.2969 3.81 0.51
C3 0.4741 0.2135 3. T4 0.54%
ch 0.4186 0.2014 3.29 0.69
c5 0.4209 0.2596 4,64 0.87
cé 0.4976 0.7516 5.12 0.86

Cc7 0.5457 0.7%667 4,07 0.67
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improvement, iIn spite of including the carbons, was a result of the
excessive heaviness of the mercury (Z = 80)., Most of the magnitudes
and phases of the overall structure factors were equal to those
calculated from the mercury position alone, and tlhe contributions
of the lighter carbons to the Fc’s were as small as the experimental
error Involved in the measurement of Intensities. The Hg-C1
bond length was estimated as 2.268. No further refinement could
be achieved using only zero level intensity data.

5.6 Three dimensional analysis

An investigation of the three dimensional structure of MIB
was undertaken with intensities from levels 1 = 0—-6, prior to
discovery of instrument fault (4) (section 2.2). Since considerable
time was spent attempting to analyse the data, which were
subsequently found to be erroneous for 1>0, a brief summary of
the methods employed is given.

The first problem considered was to determine if the Hg
atom of the asymmetric unit was situated exactly at z = 3/8
1.e. was the condition for diffraction by mercury atoms,

h +k+ 1/2 =2n for 1 even, exact or only a close approximation,
The 1 = 2n + 1 diffraction maxima were receiving no contribution
from the Hg atoms from symmetry considerations (see section 5.,3).
Using different parts of the observed data for SFLS caleulations
and including only the Hg, R was reduced to a minimum in each case

given below,



89

Data Hg position R
h+k+1/2=2n, forl=2n 0.75, 0.25, 0.375 0.110
all 1 = 2n 0.75, 0.25, 0.7546 0.103
h+k+1/2=2n, forl=2n 0.75, 0.25, 0.7546 0,097

h+k+1/2=2n+1, 0.75, 0.25, 0.7546 0.161
for 1 = 2n + 1

It was therefore concluded that Hg z-coordinate was not exactly
3/8. This was borne out by the observation from photographs that
the intensity difference betweer h + k¥ + 1/2 = 2n and 2n + 1
reflections (for 1 even) decreased with increasing sin®, Calculations,
with the structure factor equation for P#e/h end Hg not at z = 3/8,
showed that as 1 increased, the mercury contribution toc h *+ k + 1/2
= 2n + 1 reflections increesed, and to h - k + 1/2 = 2n reflections
decreased.

A three dimensional difference Fourler synthesis was computed
with (Fo - Fe) for all 1 = 2n reflections, where Fc was caleulated
from the Hg position given above. A difference Fourier eliminated
the diffraction ripple in a Fourler synthesls surrounding the
heavy Hg atomic peak due to serles termination. This could have
affected the positions of the light atoms and especilally those
nearest the heavy atom,.

All 7 carbons were located; the x and y coordlnates obtained
were equal wlthin 0.01 to those values found from the electron
density projection and given in table 5.5.1. The z coordinates

obtained are given in table 5,5.1. Using 653 reflections with
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intensity estimates »>100 counts from all levels 1 = 0-6 least squares
refinement of the atomle positims and B values was attempted. R was
reduced to 0.09 but the geometry of the benzene ring was poor with
large stendard deviations (’*0.13 for bond lengths and ~6° for

bond angles), This situation could not be improved because of

the poor quality data and the dominance of the structure by the
mercury, Additional difficulties were due to the Hg occupying a
special position, and the 1 = 2n + 1 intensitlies being so weak

with a high measurement inaccuracy. The R factor with the carbons
included was insignificantly different from the value obtained
using only Hg., Any Fourier synthesis would tend to show only the
Hg 2tom elearly; carbon atoms would be seen with difficulty and
thelr positions would always be inaccurate.

Photographic techniques using a Nonlus integrating precession
camera were adopted for more accurate determination of Intensities,
and initi=1 films were measured. However photographic measurements
were termincated in view of the results deduced from the space group
conslderations outlined in the followlng section,

5.7 Space group considerations

On the basis of space group P#a/h, 1 = 2n reflections are
recelving contributions from all atoms in the molecu e and
Intensities with 1 odd from only the benzyl groups. Hence the

expected ratio of intensities is :E: 22/ ;E: 7? = T7.3/1.
iHg,C1-CT  C1-CT7
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But the ratio observed was ~30/1 and possible reasons for this
anomaly were considered. Pseudo-symmetry within the asymmetric
unit could result in carbon contributions to 1 = 2n + 1 levels
very nearly cancelling, causing those intensities to be very
small., The benzene ring of the asymmetric unit is situated with
its centre at approximately (1/2,1/4,1/2), or equivalently
(0,1/4,1/2) (see table 5.5.1 and fisure 5.5.1), which are pseudo-
specilal positions.

For cpace group P42/h with origin at 1 there are four expressions
for A (Vol. I, International Tables for X-ray Crystallography)
for the followling four combinatlons of indices:
(I)h+k=2n (1) h+k=2n (1i1) h+ k =2n+1 (dv) h + k = 2n+1

k+1=2n k +1 = 2n+1 k+1=2n k + 1 = 2n+1
The plane of the benzene ring is approximately parallel to ¢ with
a mirror plane through 1ts centre almost parallel to the ab plane.
Expressions (iii) and (iv) for A contain the factor sin2mlz, and
hence with 2 mirror plane at z = O or 1/2, vanish for 1 odd and
even, considering carbons C2-C7, An inversion centre was
assumed for the benzene ring at (0,1/4,1/2); trigonometrical
manipulation of the structure factor equations for cases (i) and
(11) in conjunction with possible combinations of h, k and 1,
gave the result that expression (1) equalled zero for 1 = 2n + 1,
but did not vanish for 1 = 2n, and vice versa for expression (1i).

Thus considering the atomic positions of C2-C7 of the benzyl group
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their contribution to F for PhE/n would be small for a2ll 1 values
except where h, kX, 1 =2n and h, Xk =2n, 1 = 2n + 1, These
calculations therefore showed no reason why 1 odd levels were so
much weaker than 1 even levels.

It was conecluded that the unit cell has ¢ = 5.5@1 and contains
two molecules, with stacking faults causing the appearance of
very weak intermediate 1 layer lines and pseudo-tetrzgonal symmetry.
Since tetragonal symmetry can no longer be obeyed, the space group

must be monoelinic with ¢ the unique axis, y = 90° and systematic

* *
el
absences on hkO, h + k = 2n + 1, om b,b\bm am
New axes (subseript m for
monoelinic) were chosen as shown,
a,a
looking down e. >
am
Y, = 135° T, = 45°
a, =23 b, =k-23 ey=S
h =h ; X =X-hj L
m m

Conditions for reflection are now : hkO; k = 2n, The space group
is therefore P2/b with four symmetrically related units, equivalent
positions + (x,¥,23 X, 1/2 - y, z) and half the MDB molecule as
the asymmetric unit. The mereury atoms lle on special positions
(0,1/4,2) and (0,3/4,2).

Strong reflectlons recelving most of the mercury contribution
are k¥ + 1 = 2n, and hence the Hg's are nearly A-faced centred with

equivalent positions (x,y,z) and (x,y + 1/2, z + 1/2). Hg stomic
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positions are therefore (0,1/4, ~ */4) and (0,5/4,~1/4) which are
equivalent to (5/4,1/4,5/8) and (1/4,5/4,1/8) with respect to the
original tetragonal unit cell (ef. section 5.3).

It seems likely that the crystals of MDB exdist as blocks of
single crystals of space group P2/b. These blocks are intermittently
turned through 90° about the needle axis ¢, glving rise to an
apparent space group P42/n and the two benzyl group orientations
seen in figure 5.5.1., Isolation of any one block to determine
the true atomic locations would be impossible. In addition, due
to radiation damage to the erystal, any accurate determination
of intensities would require one crystal per level, which would
involve careful correlation between each level of intenslity data,
especlally in view of the high absorption of x-rays.

An accurate determination of the detailed structure of MIB
would be difficult, if not impossible, due to the reasons given
above, and it was decided that the relative unimportance of the
compound did not justify the length of time necessary. The required
estimate of the Hg-C bond length had been obtained and the study
undertaken so far had provided considerable experience, both
experimental and theoretical, for the subsequent structure

investigations reported in Chapters 3 and 4.



BEGIN RNCD
SF
SF
SF
SF
SF
SF
SF
SF
SF

m
CARD-T79
CARD-7
CARD-14
CARD-21
CARD-28
CARD-35
CARD-42
CARD-45
CARD-48
CARD-51

CARD-50,CARD-49
CARD-47,CARD-46
CARD-44 ,CARD=-43

H,CARD-50
K,CARD-47
L,CARD-44
INTS,ZEROT

INTS,CARD-30
INTS,CARD-16
INTS,CARD-2
INTS,CARD-37
INTS,CARD-23
INTS,CARD-9
CARD-T79
CARD-7
CARD-14
CARD-21
CARD-28
CARD=-35
CARD-42
CARD-45
CARD-48
CARD=51

CARD-50,CARD-49
CARD-47,CARD-46
CARD-U44 ,CARD-4 3

H,CARD-50
LOOP3
K,CARD-47
LOOP3
L,CARD-44
LOOP3

B
LOOP?% TD
™
TD
b
CF
MR
TF
CP
MP
TR
CF
MF
SP
TR
CF
CF
MF‘
SF
by
CF
BNF
TR
NFLAG WNCD
PRN
c
BNZ
H
CARD DS
H DS
K DS
1 DS
INTS DS
ZEROT DC
oOUT1 DS
oUT2 DNB
oUT3 DS
OUT4 DNB
oUT5 DS
OUT6 DNB
OUT7 DNB
RECRDMDC
TEST DC

contd.

LOOP?
OUT3,ZEROT7
OUT%-3%,ZERO7
OUT*-6,ZEROT
oUT2+2,H
ouT2+1
ouT2+3,0UT2+2
ouT2+5,K
ouT2+4
ouUT2+6,0UT2+5
ouT2+8,L
ouT2+7
oUT2+9,0UT2+8
INTS-5

OUTS, INTS
INTS-5

oUT4+1

oUT5, INTS
CARD-58
OUT1,CARD-54
ouT -4
NFLAG,0UTS
oUTS,ZERO7 -1
OUT1-4

oUT! -4
TEST,H

LOOP1

- %
O

OIS

o
(o)}

27

®

2,99

:
%
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APPENDIX A Computer Programmes

The following programmes were used on an IBM 1620 Model II
computer, which has 60,000 digits of core store, card input and
output, line printer, digital plotter and three disk drives.

All programmes were written by the author in symbolic programming
system language (SPS), except A2-A5 which are Computing Department
library programmes.

A.1 Data processing for linear diffractometer

For each palr of oscillation cycles using balanced filters,
a card is obtained from the linear diffractometer IBM card

puncin 1n the form:

columw 29 -’_‘;' 4l 4§ Se & S ] A n R’ al
xxixxixx-xxxm 2EEO000 poe oo oo oeod R o000

1 L]

h k 1 1'.)1 N‘I b1 b2 N2 b2

where x represents a digit from O to 9.
The net integrated intensity I(hkl) = [N,-(b, + b;)]-[NQ-(be + bé)]
is calculated and, 1f more than one card is present for all
reflections, the intensities are added together for each

reflection. The card output, sultable for input to A2, is of

the form:
column - ’_: 2 1
XX~XXIXX~ AXXXXX
h k 1 I(hkl)
A.2 Intensity data processing programme Ly E.J. Gabe

This programme reduces the intensity estimates I(hkl)

obtained from A1 for linear diffractometer data or measured as
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described in section 2.6 from equi-inclination Weissenberg
photographs, to a consistent set oleJ2 anleJ values by applying
appropriate scale and Lp_1 factors., Reciprocal cell parameters
are suppliled in directive cards together with sineu and a scale
factor for each equil-inclination level of data, For each

reflection the card output is in the format:

col b o 19 23 2 W 13
X XXXX xx:*_xxmxxj_ XXXX  XEO00EXX
sin® nh x 1 |r] |R)?

o o

A.? Structure factor and least squares programme (SFLS)

Written by G.A. Mair the programme 1s in three parts, Part 1,
the input routine, interprets a series of directives and stores
the 1nput]FJ data (from A2) on to disk. Part 2 calculates structure
factors F  according to equations (5) (1.1) and (7) or (8) (1.3)
and accumulates the least squares totals. The final part calculates
parameter shifts from the least squares totals (see 1.4), the
new parameters,jiwﬁ;e and R. Also calculated are positional
variances, covariances, new bond lengths and angles and their
standard deviations from the equations given in section 1.6. Atoms
may be given either 1sotrople or anisotropic temperature factors,
a mixture being permissible, and not all the atoms ineluded in
the structure factors caleculation need be included in the least
squares refinement procedure. Structure factors Fb are stored
on disk and may be printed and/or punched together with]FJ,

Ay -!FJ cosd) and B, -]FJ sind.
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Some of the directlve cards required are worth mentioning.

The "unit cell” directive requires the six Rj_‘j values for the

cell, calculated from the formula:

s1n% = (A%/4) |ax(nk1)? (ax(nk1) 1n A7)

= (12/4)(hga*2+k2b*2+120*2+2k1b*c*cosa*+2hla*c*cosﬁ*+2hka*b*cosy*)

=u’R, + KR, 12395 + KIRy, + hIR,, + hkR,,
Values of atomic scattering factor fo, for each atom 1necluded

in the F_ calculations, must be given in the "formfactors"

directive at intervals of singc. Mair has already calculated

these for some elements using CuKx wavelength from the values of

fb given at intervals of sin8/A in International Tables, Vol, III,

Other atomic formfactors required were read off a graph of fbv. sin?e

(calculated using CuKi radiation), and thus in the above formula

for the RiJ

was 1.5418ﬁ even though Mo was used for all data collection,

's, the wavelength A used, and given in the directive,

Alsc given in directive cards are the fractional atomic coordinates,
temperature factors, the lattice parameters and equivalent positions
of the unit cell and tke scale factor for the Fo values to put
them on the same scale as the Fé's. One of four welghting schemes
could be used. For photographic data and initial diffractometer
data cycles the scheme given by equation (11), section 1.5
was used, and for the final stages of structure refinement with
diffractometer data, equation (12)., This latter scheme requires

Jw(hkl) punched in colums 79 and 80 of the|Fbldata cards as 0,xx.
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The number n of parameters in the least squares calculation,
for no atoms in special positions, is: 9 x (no, of atoms with
anisotropic Bij's) + 4 x (no. of atoms with isotropic B) +
1 (the scale ractor). The fudge factor (section 1.4) was normally
chosen as 0,5, increasing to 0.8 as refinement neared completion.

A Fourier programme by G.A. Mair

A three dimensional Fourler synthesis 1is calculated using the
data output from /3. The programme may also be used to compute
a Patterson synthesis from the]FJz output of 12, but extra care
must be taken with the directives.

The input data cards are sorted so that for sections of x,
y or z constant (xj), h, k or 1 respectively is the most rapidly
moving index (hj). On each section, the horizontal direction (x1)

has 1ts corresponding index h, least rapidly moving,

1
The equation for the electron density or Patterson function
(equation (2) or (4) in section 1.1) must be expanded for the

appropriate space group to glve a sum of terms of the form:

C

<( + + - + i P Ytrg2nh, x, trgl2nh x, trglnh_x.
v Rh1h2h) Rhlhghﬁ Rh,heﬁj Bh1h2hj 11 272 33
where C = constant, V = volume of unit cell and trg = cos or sin.

Xy %y and xj are fractional coordinates with respect to the

unit cell edges. This expansion is shown for the triclinic cases

of S1F,,2Py and SiCl,,2Py.
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+ o0
P(u,v,w) = % jizégtF(hkliecos2n(hu + kv + 1lw)
hkl

+20
= —%222]F(hklj20032n(hu + kv + 1w)
hkl-o

“+ o0

2 - -
=5 EZZNF(hkl )24tF(hk1 )& |F(hk1 )12+ |P(nkI 12]e032uhucosenkvcoae1tlw
hkl
+ [= X + - Isin2rhusininc. cos2nlw
+ [- 4 - Isin2nhucos2nkvsin2nlw
+ [= - . - Jeos2nhusin2nkvsinonlw

For P1 ,‘o(xyz) = ,—:r-Ekzlgf(hkl)\cos[21t(hx+ky+1z)-€9(hkl)]

= % ZZZ]F(hkl )\ cos[2n(hx+ky+1z)-0(hkl]
hkl=o

+ |P(Ak1)| cos[2n(-hx+ky+1z)-Q(Ak1)]
+ |F(hkl ) cosl2n(hx-ky+1z )-0(nk1)]

|F(nkI)| cosl 2n(hx+ky-1z )-§(nkI)]

+20

- ézkzlzo [A(hkl)+A(hk1)+A(hKL )+A(hkI)Jeos2nhxcos2nkycos2nlz
i ’ + - 1s s c
+[= 4 - ]s e s
+[- - 4+ + ]le s s
+[ B(hkl)-B(Rk1 )+B(nk1)+B(hkI)]s c c
+[+ + - + e s e
[+ + + - le e s
+[= 3 i Is ‘s s

A(hkl) -1Fo(hk1)} cosd(hkl) B(hkl) = |F Jsing(hk1)
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The number of terms in the expansion of P(uvw) orp(xyz) is
given in the directives and also for each term the signs of the
R coefficients ( F02 for a Patterson and A and B for a Fourier)
together with the trig factors. The R's are chosen to be Foe,
Fo’ A or B according to the setting of further directives. Mesh
intervals must be integrals of 1/240 of the cell edges, and for

all synthesés intervals of 1/°0 of the cell edges were chosen,

A5 Scan of bonds, angles and intermolecular distances by
F.R. Ahmed

This programme carries out scans of Intramolecular bond lengths
and angles and of intermolecular distances, given the fractional
atomlc coordinates in the asymmetric unit of the unit cell.

A6 During structure refinement the latest SFLS card output
from A3 1is sorted into equi-inelination levels, and at the end
of each level a blank card 1s inserted. Using the whole deck of

cards as input, A6 evaluatesZkFol andilFJ for each level and

ol 1 39 b
prints the results as P 006.6.0.0.¢.066686.664
Ury 2R

Programmes 7 - 11 were written in SPS by the author to find
the absolute weights w(h) (equation (12), 1.5), for reflections
measured on the linear diffractometer, and to put them into
sultable format for input to A3. Decimal points are not punched
and all programmes require a blank card at the end of the input data.

A,7 Using the linear diffractometer data cards as input (see A1)



CARD

BEGIN

ZEEZRB

CD

atalnlna
s B IS B |

9933593449495 33924°E9 29 39 » 23

=
=3

CARD-21

CARD-14

CARD-7
CARD-30,0

END
CARD-57,CARD=-23
CARD-37,CARD-16
CARD-7,CARD-2
B,CARD-37
CARD->7,CARD-20
CARD->7,CARD=-9
CARD-3%0,CARD=-9
CARD-30,B

o4 ,CARD-57
89,CARD-*0

87

9_.31 5’ 10
IB-53,92
CARD-50,CARD-49
CARD-47 ,CARD-46
CARD-44 ,CARD-473
CARD-51

CARD-48

CARD-45
IB-68,CARDS0
IB-65,CARD-47
IB-62,CARD-44
1B-67,IB-68
IB-64,IB-65
IB-61,IB-62
IB-29

IB-79

WNCD IB-79

PRN
B

IB-T79
BEGIN

CALL EXIT
DEND BEGIN

CARD

ZERO
START

BEGIN

CARD
NOF
SIB

EEGIN

CARD
NOF
FO2
FOFCZ

BEGIN

CD

B=>E°g2 38 8RR Y

888 Y gg

2

PRN
DEND

FO,CARD-53
FC,CARD-473
BEGIN

FO-7

START

A8

80

5,0

12,0

1,®
CARD-79
CARD-49
CARD-42,0,7
END
SIB,CARD-42
NO®,1,7
BEGIN

NOF=4
BEGIN

A9

80

5,0

12,0

10,0

1,

CARD-T79

CARD-57
CARD-53,0,7

END

CARD-47
CARD-43,CARD=-53
CARD-55,CARD=-53
FO2,99
CARD-45,CARD-4 %
FOFC2,99

NOF, 1,7

BEGIN

NOF-4

BEGIN
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(I + B)/(I - B) is evaluated for each reflection, where I = N1~N2

and B = (b1 - b;) - (b2 + bé), and the result is given on cards

@l 1 14 22 21
and the line printer as: xxtxocixxd K. XXX
h k¥ 1 (1+B)/(1-B)

The output from A7 is processed by A2 to form (K/4Lp)(1+B)/(I-B)]
for each reflection as x.xxxxxxx, The scale K/4 for each equi-
ineclination level of data must be sultably punched in the directives,

m
A8, 5 -1-‘-%; (22) 1s evaluated and given on the iine printer

I-B
1 1 s 3 X
in the form: XXX XXXXK o XKXXXK

o

m m
2 2
. - ‘
A.9 §1 |Fcl and 21 (F) -IF) )° are calculated from the latest

card output of A3 and printed as:

| 5 [A 17 g z1
XXX 2000000, 200X 20T, 20X

m Zir? ey - ¥ J)?
A0 W= [Egs (%Eg) + 02F02]~§ is calculated for each
reflection and given on cards and the llne printer as:

;xixxixxg . 300K

h k 1 Jw

The input data consists of two cards per reflection, palred
on an IBM card sorter. The first card 1s from the latest SFIS
output and the second contains (K/4Lp)[(I+B)/(I-B)] as described
above, 02 = 0.0xxxxx 1s punched in the appropriate programme
card (in the listing given, as 12597 for 31014,2193;). If pairing

has been done incorrectly then a checking procedure causes no card

to be punched for that reflection, and the[W value for the previous



CARD1
CARDZ2

FO2

XNPLA1

BEGIN

SQRT

Q
o

EEEEEEPEEREEELEPEEEEE R
o

L ERE T EEEE A LT

1 ERROR
1

CARD1-79
CARD1-55,0,7

END
CARD1-68,CARD1-67
CARD1-65,CARD1 -64
CARD1-62,CARD1-61
CARD1-535,CARD1-5"
F02,99
F02,12597,7
CARD2-79
RW-61,CARD2-61
RW-64 ,CARD2-64
RW-67,CARD2-67
CARD2-62,CARD2-61
CARD2-65,CARD2-64
CARD2-68,CARD2-67
CARD2-68,CARD1-68
ERROR
CARD2-65,CARD1-65
ERROR
CARD2-62,CARD1~62
ERROR

96,CARD2-42

86

A,96

XNPL1,A

XN, XNPL1

XNTEST, XNPL1
79,0,7

92, A

89,XN

XN, 88

XN,50,10

XNPL1,97

XNTEST, XNPL1
XNTEST

XNTEST, 5

SQRT

CARD1
CARD2

BEGIN

ERROR

END

-FELERAE
2

gt::!
Ftﬂ
if;

:

Q
o

CARD1-79
CARD1-50,0,7

END
CARD1-50,15714,7
87

9 ,55555,7
CARD1-68,CARD1-67
CARD1-65,CARD1-64
CARD1-62,CARD1-61
CARD2-T79
CARD2-68, CARD2-67
CARD2-65,CARD2-64
CARD2-62,CARD2-61
CARD2-68,CARD1-68
ERROR
CARD2-65,CARD1-65
ERROR
CARD2-62,CARD1-62
ERROR

CARD2,88

CARD2-1
CARD2-67,CARD2-68
CARD2-64 ,CARD2-65
CARD2-61,CARD2-62
WNCD CARD2-T79

PRN CARD2-79

B BEGIN

CALL EXIT

DEND BEGIN

FEEPECEEEEEPELE:
v

FEEEFRTE)-
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correctly paired reflection 1s repeated on the line printer,

The direct square root operation in SPS requires numbers to
be converted to floating point format and to avoid this, Newton's
method was used to find the square root. This 1s an iterative
cyelic procedure given by the formula x ., = %(A/xh 4 xn) where
A 1s the number whose square root is required. X041 is the
improved approximation for[A from X which 1s initially chosen

as A, X

o becomes X, for the next cycle, and so on until the

difference between X 41 and X is less than the least significant
digit required for fw, when the process is terminated.

A.11 Two paired input cards are again needed for each reflection.
The first isfw from A10 and the second, the original]FJ input

card for A%, which requires{w punched as 0.%% on 1t. This
programme multiplies each absolutefw by D = 0.9Qﬁﬁ;;£ and forms

a new set of data cards for SFLS calculations, plus a line

printer output. D 1s punched as .xxxxx on a programme card

(in the given listing D = 0,13714 for SiF4,2Py). If the input
cards have been incorrectly paired then, for that reflection,

no card 1s punched and/w appears as 00 on the prirter,

A.12 This programme finds those reflections which have, on an

absolute scale, D= \E% -IFg] > s8¢ where 6= 1/4W. 8 was taken as
3 or 4 and is given on a programme card. The input data contains
two paired cards per reflection and a pairing check 1s incorporated

into the programme., The first card is the latest SFLS ocutput



A2 A13 contd.

CARD2 DS 80 TF D2,99
CARD1 DS &80 RNCD CARD-T9
x 1,® M CARD-50,D
BEGIN RNCD CARD1-79 AM  99,55,10
CM CARD1-53,0,7 SF 87
BE END TF CARD-30,97
MF  CARD1-68,CARD1-67 AM  CARD-50,5,10
MFP  CARD1-£5,CARD1-64 M CARD-51,CARD-51
MF  CARD1-62,CARD1-61 AM  94,55555,7
S  CARD1-53,CARD1-43 TF W,89
CF CARD1-53 M W,D2
RNCD CARD2-T9 SF 89
MF  CARD2-68,CARD2-67 TF CARD-50,99
MF  CARD2-65,CARD2-64 PRN CARD-79
MF  CARD2-62,CARD2-61 WNCD CARD-T9
C  CARD2-68,CARD1-68 B BEGIN
BNE ERROR END CALL EXIT
C  CARD2-65,CARD1-65 DEND BEGIN
C CARD2-62,CARD1 =62 -
BNE ERROR CARD DS 80
LDM 92,40000,7 ¢ 50,0
D 95,CARD2-50 OUTPUT DC 30,0
AM  88,5,10 oc 1,
8 CARD1-53,87 BSBA %412
BNP BEGIN BILXM *+12,1276(A2)
TFM CARD1-45,0,7 CF OUTPUT-T9
ERROR MF CARD1-67,CARD1-68 CF  OUTPUT-29
MF  CARD1-64,CARD1-65 BEGIN HRNCD CARD-T79
MF  CARD1-61,CARD1-62 BLXM *+12,-80(A1)
PRN CARD1-79 SM  CARD-56,100,7
B BEGIN BNN NEXT
END CALIL EXIT SF  QUTPUT+1(A1)
DEND BEGIN AM  OUTPUT 5%!1.1 ;,1,7
CF  OUTPUT+1(A1
m3 BCXM BEGIN,-1(A2)
W DS 10 B NEXT+24
D DS 5 NEXT BCXM BEGIN-+24,5(A1)
D2 DS 10 B NEXT -2l
CARD DS 80 WNCD OUTPUT-79
¢ 1,9 PRN OUTPUT-79
BEG RNCD CARD-79 CALL EXIT
CM  CARD-5%,0,7 DEND BEGIN-48
BE END

S  CARD-57,CARD-4 5
TF D,CARD-53
M  CARD-53,CARD-5%
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during the final stage of structure refinement using the correct
iffractometer data weighting scheme, and the second data card
contains absolute/w (from A10), The value of (\Bl =s& )>0 is
printed as gxx.xg together with the indices of the reflection in
the usual format, A blank card is required at the end of the
data.

A.13 The same input data is used for A13 as for A12 and (W |B|

and wflg are evaluated for each reflection. The results are
punched and printed with w ﬁa in cols 20-30 as XXX ,XXXXXXXX

and {w|D| in cols 40-50 as xxx.xxxxxxxx (indices in usual format).
A.14  The card output from A135 is used to find the number N of
reflections with wN\° values in each of the 16 intervals O -0.99,
1 =-1.99 up to 15 - 15,99 and the values of N are glven on the
line printer (16 numbers, each of five digits). Index registers
are used to modify the addresses of certaln instructions and the
total number of cards is given in the programme e.g. 1236 for
SiClu,QPy.

A.15 This programme was written for SiClu.2Py to change the

h and k indices (hL and kL) on the data cards obtained from the
linear diffractometer (see A1) to those of the F cell (hF and kF)
according to the equations given in section 4.4,

A,16  For 81014,21’3;' the set oleG| values from A2 has F cell indices

(thFlF) and A16 changes these to reduced cell indices (hkl) by



CARD

BEGIN

ODD

FINISH

CARD

BEGIN

BEH“T""HS55588

-]

AlS

80

2

2

CARD-79

CARD-51

CARD-48
CARD-45
CARD=-50,CARD-49
CARD-47,CARD-46
CARD-44 ,CARD-4 >
H,CARD-50
K,CARD-4T7
99,CARD-44
98,2,10

0DD, 99
CARD-50,H
CARD-51
CARD-49,CARD-50
CARD=-47,K
CARD-48
CARD-46,CARD-47
CARD-45

CARD-4 ,CARD-44
FINISH
CARD-50,99
CARD-47,99
EVEN

CARD-70

BEGIN

BEGIN

116

80

2

CARD-79

CARD-49
CARD-42,0,7
END
CARD-68,CARD-6T
CARD-65,CARD-64
CARD-62,CARD-61
K,CARD-65
CARD-68,CARD-62
CARD-65,CARD-62
CARD-62,K
K,CARD-62
99,CARD-68
98,2,10

FINISH

CARD

BEGIN

POS
FINISH

A6

contd.

EEEECEERE

CF

o

SF
WNCD

o7

CALL
DEND

SE3283

oo
g

SF

3

E35999~°9>>"Y

CF
B
SF
WNCD
B
DEND

CARD-62,97
59,CARD-65
98,2,10
CARD-68,97
99,K

98,2,10
CARD-65,97
CARD-67 ,CARD-68
CARD-64 ,CARD-65
POS,CARD-62
CARD-62

FINISH

CARD-61

CARD-79

BRGIN

EXIT

BEGIN

A17

80

2

CARD-T9
CARD-68,CARD-67
CARD-65,CARD-64
CARD-62,CARD-61
CARD-69
CARD-66

CARD-67
K,CARD-65
CARD-65,CARD-68
CARD-68,CARD-62
CARD-68,CARD-62
CARD-68,K
CARD-62,CARD-65
CARD-65,K
CARD-62,K
CARD-69
CARD-66

CARD-67%
CARD-61,CARD-62
CARD-64 ,CARD-65
POS,CARD-68
CARD-68

FINISH

CARD-6T7

CARD-T9

BEGIN

BEGIN
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application of the unit cell vector transformation equations

given in section 4.3 1i.e.

h 0 t 3 hy,
1
1 L ) - 1
| N L-E " a L F |

A blank card at the end of the input data terminates the calculations.
A.,17 This final SPS programme written by the author converts

the reduced cell indices (in cols 11-19) of a deck of cards

(e.g. output from A3) back to F cell values. The matrix used

is inverse to the one above:

r—areduced cell indices

F cell |-1 -1 -2

according to the notation in
indices

+1 -1 0 International Tables, Vol.I.

+1 +1 0]
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APPENDIX B Calibration of the Stoe precesslon camera

A Buerger precession camera (Buerger, 1944) was used to
photograph layers of the reclprocal lattice of SiFu,aPy (section 3.3).
The original black cardboard in the film cassette between the
crystal and film had become buckled and worn and was replaced by
cardboard and black paper., Calibration of the crystal to film
distance F, set at 60mm for zero level photographs, was therefore
necessary.

Quartz has been widely used as a standard for calibration (Bradley and
Jay, 19%3; Evans et al, 1949; Barnes et al, 1951) and its le ttice
parameters have been accurately determined by many workers
including Miller and Du Mond (1940) and Lipson and Wilson (1941).
Although quartz gives differences in lattice spacing, depending
on its variety and origin (Keith, 1950 and 1955), these are
significant in only the 4th decimal place. Due to inaccuracies
in measurement of reciprocal lattlce spacings from precession
photographs, the minimum error in SiF, ,2Py cell dimensions was
0.00Sﬁ, and hence no greater accuracy than ~0.1mm was necessary
for the determination of *, Quartz parameters were therefore
sufficlently accurate for the purpose required, and a single quartz
erystal was supplied by the Geology Department.

Using unfiltered Cu radiation the crystal was aligned on the
precession camera by Fisher's method (1952 and 195%), which consists

of locating the centre of the circle of precession, formed by the
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ends of prominent Laue streaks. The angle p, between the 1lncident
beam and the normal to the plane being photographed, was initially
taken as 10°, increasing to 20° ard 25° as crystal setting was
improved by calculated corrections to the dlal and gonlometer arcs.
Account must be taken of the angles that the arcs make with the
horizontal and vertical directions. The erystal was finally set,
to within 5' on the dial and 10' on the goniometer arcs, with c*
along the dial axis and b as the axis of precession,

hOl was recorded with CuKx radiation, A = 1.54178%, and p = 20°.
The layer screen with annular radius rs, 1s set at a distance s
from the crystal, where s = rs cot 003-1(cosp - d*), d* is the
height of the reciprocal level in r.l.u. and hence for zero level
photographs, s 1s simply rscotu.

The l&ttlice parameters of the quartz hexagonal unit cell are:
a = 4.9027kX, ¢ = 5.3934kX or 4.9126% and 5.4043A (1kX = 1.00202%).
a* = 2/aJ3 = D/nFA where D is the distance in mm measured on
the film over n spacings parallel to a*, Similarly F may also
be found from c¢* = 1/¢c. The mean of all F values obtained was
59.74 + 0.0%mm, which was used for subsequent calculations of
reciprocal lattice parameters from precession photographs

recorded by this camera,
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APPENDIX C Calculation of hydrogen positlons

For both SiFu,EPy and SiCln,E‘Py the first step was
orthogonalisation of the oblique axes of the rediced triclinie
unlt cell.

Choose standard orthogonal axes x',y',z' sueh that y' coincides
with b, x' is the projection of a on to the plane perpendicular
to b and z' 1s perpendicular to x' and y'., In terms of oblique
coordinates (x,y,z) (in &), orthogonal coordinates (x',y',z')
(in &) are:

x' = xsiny + z(cosp - cosacosy)/siny

y' = xcosy + y + zcosa

cosB - COsSxCOoSsY )2 ]'%

2
1 . s
z z[sin"a - ( Sy

For SiFu,EPy this becomes:
’-x'_ |_0.9951 0 -0.45171— X
v' | =|-0.09928 1 -0.33737 N
g 0 0 0.82595J Z

- - —

and for SiClu,2Py
x'| [o.91785 o -0.19805 | | x
yv'| =[-0.3979 1 -0.4563

'
z'| | o 0 0.8673wJ
In the pyridine ring shown,

N-C3-H3, H1-C1-C4-H4 and

H2-C2-C5-H5 are stralght lines.

The coordinates of N and C1-C5 were

taken from the latest SFLS ecycle and were orthogonalised using
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the appropriate matrix sbove. The C-H bond length 1is 1.08R%
(Pauling, 1948) but for calculation of H positions it was assumed
to be 1 R, both for simplicity and because the carbon coordirdes
used have been calculated with no hydrogens included. To
compensate for thelr absence, the carbon positions have been
moved slightly from their true positions towards thelr corresponding
H atom,

Express the orthogonal coordinates of C4 with respect to C1 as

1" L 1 n ) |
origin e.g. X 4) = X )=X . Now, x HT/X ch = (-1)/C1-C4 and

" 2 1" 2 1 2 ] i 4 1
C1-C4 -j(x cy) + (7 oy)” + (2 Cu) . Hence x'p, = x"; 0+ x'00

the orthogonal x' coordinate of H1 may be calculated, Similarly

for y'H1 and z' The orthogonal coordinates (x',y',z') of all

H1°®
the hydrogens were found by this method, and then converted to

reduced cell oblique coordinates (x,y,z), for inclusion in structure

factor calculations, by application of the appropriate inverse matrix below.

S1F) ,2Py: [x7 [1.00492 0 054959 [«
y | =|0.09977 1 0.46303 y!
lz| L © 0 1.21073| | z' |

sic1,,2py [ =x7] [1.08998 0 o.248%| [ x']
vy | =|0.43770 1 0.62515 y'
z| | o 0 1520 | z'_J
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APPENDIX D Least squares best plane

A least squares determination of the best plane 1x' + my' -
nz' = p through the five carbon atoms of the pyridine ring in
SiFu.aPy and SiClu,2Py was made according to the theory given in
section 1,4, Atomic coordinates with respe'ct to the reduced
triclinic cell were orthogonalised by the appropriate matrix in
Appendix C, and initial approximate values of 1, m, n and p were
obtained by calculatins the plane through C1, C3 and C5., With

1

respect to orthogonal axes x', y', z' thils plane has equation:

%! y' z' 1
1 ] 1

*e1 Y1 Ze1 L = 0
1 L] 1

Xa5 Yo 26> L
L] ] L} 4'

*c5 Yes %cs

Ax' -+ By' + Cz' + D=0,

1l, m, n and p were found from the equations:

sh sB sC sD
l=e"f Wm=-TF » D=-"%> E

where s = sign of D and E = (Ae +B® 4 CE)%

The deviation of atom 1 from this plane is 1x] - myj" + Nz, -

i i
p = Ai’ where xi, yi, zi are the orthogonal coordinates in R of
5

atom 1. It is required to minimise > A 12 with respect to

i=1 4 8
the three independent variables m, n and p. (1 = (1 - me « ng)?).

JAV

This occurs when Ai 5-3— =0 for u=m, n, p.

i=1
Ai is not linear in m, n and p but gu =1u - u', where u' is
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the approximate value of m, n or p,and ﬁ can be represented by

= mi
the first two terms of a Taylor series: = & + S
Us=ll,N,P

This gives the 3 normal equations for u = m, n and p:

YA 3\ A
R ZRA--EAT

U=mM,N,pP

It can be shown that 3%_ = - 1 + .?1 H

éAi = -nféﬁ - zi ; %éé% = =1, Hence:

_me 2 2m 2 mc 2 n m m NI [m

(Tl - by 2y") (T2 T y-Tixz+ fyz) (T2x-2y))| |8, Ibe-iﬂﬂ

2

(%er—%z?w“?{xy-rfyz) (%223(2-%[:{%222) (I{-fx—iz) Sn = %Zﬁx—f_ﬁz
(TB-29) (2x-52) IR

Using the initial 1, m, n and p values and the known orthogonal
coordinates of the five carbon atoms, the three simultaneous equations
were solved for the shifts 6;1: 2 Sn and Sp, giving improved values
of 1, m, n and p. These, together with the new residuals,[\, were
used for a 2nd ecycle, which gave shifts significant in only the
6th or 7th decimal place in all cases.

The best fit plane 1x' + my' + nz' = p was found with respect
to the oblique axes (x.,y,z) of the reduced cell by means of the
equations and appropriate matrix given in Appendix C. When
¥y=2=0, x'" = xsiny, y' = xcosy and z' = 0, Substitution into
1x' + my' + nz' = p, gives x = a, the intercept on the x axis.
Similarly for intercepts b and ¢ on y and z, and the least squares

best fit plane > +1+- = 1 1s obtained.



Table A

SiF

4.2Py

Observed and calculated structure factors for

linear diffractometer (L) and photographic (P) data
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Table B

SiClu.QPy

Observed and calculated structure factors
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