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This thesis 1s divided into three parts, and

describes the resulis of structural studies carried oub

1

by X-ray, neutron, and electron difiraction techniques.

s

In Part I are the resvlts of two gas-phase electron
diffraction studies, Pert II is concerned with hydrogen
bonding in the crystalline acid salts of dicarboxylic
acids, while Part III contains the results of least-
squares refinements carried out on crystalline poly-
phosphate compounds.

In the introductory chapters of Part I the
techniques of gas~-phase electron diffraction are briefly
discussed., Thereafter are given the results of studies

of the molecular structures of tetramethyldiphosphine and

unsym-dimethylhydrazine, compounds containing, respectively,

[¢] o]
P~-Pand N -1 single bonds., Values of 2,1924 and 1.455A
have been determined for the lengths c¢f these bonds.

Apert from a chapte eviewing hydrogen bonding

p]
H

with special reference to a-id salts, Part II contains
the results of X-ray structure analyses of the acld salts
caesium hydrogen succinate monohydrate and potassium
hydrogen succinate, together with a neutron diffraction
study of the latter., Both compounds have been showm to
possess 'very short! hydrogen bonds lying across

crystallographic elements of symmetry.
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Pert III describes leas uares refinements of

-9

ct

{

the crystal structures of two polyohosphate compounds which
had previously been refined only by electron-density
difference syntheses (Jost, 1961 and 1965). Some apparent
anomalies in the lengths of P - O bridge bonds in one of
these structures, Kurrol!'s sodium salt, Type A, have been
removed.

Three appendices are also included. Appendix I
contains a procedure for calculating the molecular
geometry and interatomic distances in tetramethyldiphosphine.
The second appendix contains a program for refining the unit
cell dimensions of a ecrystal, given the h,k,}, and sin®
values of a number of high-order reflexzxions. Appendix Ilf
consists of a paper on the refinement of Kurrol's sodium

salt, Type A, described in Part ITI,
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PART I

STRUCTURAL STUDIES BY
GAS-PHASE EILECTRON DIFFRACTION



CHAPTER 1

INTRODUCTION



It has been lknown for some time that bond lenzths
show marked deviations from sir *18 additivity. TFor instance

the values for the half-lengtiis of the C - C bond in ethane
and the F -~ F bond in fluorine are C 77& and O, 72%
ively. However, the C - F bond length is not 1.4
one might predict on a simple additivity basis. In CFs the
C - F bond length is 1.522, and in CH3zF it is 1.593.

Therefore, not only is it impossible to predict, on a simole

additivity basis, the length of a bond between two pariiculz

{\1

atoms A and B, but this A - B bond length 1is itself nov

constant in all molecules, being a function of several factors,

such as the ionicity of the bond formed, the bond order, and
the hybridisation of the two bonding orbitals (Wilmshurst,
1960). Therefore, any theory which attempts to predict
bond lengths must take such factors into account.

The first theory to try to do this was that of
Schomaker and Stevenson, (1941), who noted that shortenings
in bonds occurred most frequently when the atoms differecd
in electronegativity. To take account of this they derived
an equation,

AR = Tp + rg - 0.09 [Xy - Xpl,
where ra,rp are the single covalent radii of atoms A and B,
and x5, xp are the electronegativities (Pauling, 1939) of

the atoms. The values rj were derived from the bond lengths
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of symmetrical molecules containing A - A howopolar sinzle

(&

bonds such as Fg, Holo, HoHa, However, this rule breaks

~
)

down in cases such as CFz and CHzI where both types of C -

=

b

bond would be predicted to have the same length. In fact,
~the difference in this case may be ascribed to differences

in hyﬁridisétion (Bent, 1960). The carbon atom in CF4 must
use sp° hybrid orbitals, while in CHzF, the large difference
in electronegativity between hydrcgen and fluorine causes

the carbon atom to concentrate s charscter in the C - H bonds,
and ‘therefore the C ~ F bond becomes richer in p character,
and consequently becomes longer.

A more recent empirical relationship between
tetrahedral covalent radius and effective nuclear charge was
derived by Beagley (1966)., There was shown to be a closely
linear relationship between the radius of the atom and the
reciprocal of Slaterts (1930) effective nuclear charge, Zefr,
viz, for bonds between first-row elements,

Reg(cale) = 1.234 (1/Zepp) + 0.3874A.
However, there are certain restricting factors affecting the

use of this equation, viz.,

(i) the two atoms involved must be cc-ordinated
tetrahedrally,

(1ii) one, but not both of the atoms may have lone
pairs in some of the positions of
tetrahedral co-ordination,

(iii) if two or more atoms with lone pairs are attached
to a given atom,; none of the bond lengths
involved can be predicted on this simple basis.
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A similar, much more tentative eguation was also devived for

bonds between seccnd-row elemsnts,

3

he effects of steric repulsion have also, in
certalin cases, been reduced to a linear equation. Foxr
example, the empirical relationship

X = 0,00073¢ + 1.4662,
has been proposed (Chapman and Schaad, 1966) to relate the
‘length of the central C - C bond in ortho-substituted
biphenyls, to the interplsnar angle ¢ . In this case the
rost important effect determining the angle ¢ 1s the non-
bonded interactions between ortho-substituents on the two

rings.

However, in order to determine the validity of
such linear relationships, or indeed, of any other type of
relationship, and to extend them to predict all types of bond
length, one nust obviously acquire considerably more accuratbe
structural informaticn than is at present available. In
order to determine the stereochemical effects of such factors
as hybridisation, lone pair - lone pair repulsions, non-tonded
interactions and dq - Pn bonding one must study very
accurately molecules where these types of inbteractions occur,
preferably in the gas phase where intermolecular interactions
are at a minimum, At present the two most suitable techniques
for making such accurate studies are microwave spectroscony

and electron diffraction, both of which can determine, in



suitahle cases, bond lsngths to a few thousandths ol
Angstrom unit. Since, as mentioned in the introduction o
Chapter 2, microweve svpectroscopy is limited tc moleculss

having an electric dipole moment, and to fairly simdle

molecules, the best methed of study is probadbl

e
o
i,_.'
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(el
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o
=

diffraction.

In Part I of this thesis, the technique orf
gas=-phase electron diffraction has been applied to the study
of the molecules of tetramethyldiphosphine end unsym-direthyl-
hydrazine. Originally it had been plenned to ctudy and
compare the stereochemistries of tetramethyldiphosphine
(MegPPMep), dimethylaminodimethylphosphine (MegNPieg), and
tetramethylhydrazine (Megllileg), and various related compounds.
However, once the data for the two studies described in
Chapters 3 and 4 had been collected, the electron diffraccion
apparatus was moved to Manchester, so on completion of these

studies; this part of the work was terminated.



CHAPTER 2

EIECTRON DIFFRACTION METHODS



2.1 INTRODUCTIOW

Gas-phase electron diffraction is a most important

technique for elucidating the molecular structure, and

1923
=y

of isolated molecul

[
]
(&)
]

determining the internsl motion 5 o
One ‘may obtain average values for internuclear distances,
and values for the corresponding root mean-square amplitudcs
of vibration to an accuracy of a few thousandths of an
Angstrom unit. Information méy also be obtained, in
favourable cases, on conformational problems and barrisrs

to internal rotation, Unfortunately there ars certain
limitations on the method. The most important of thess
relates to the size and symmetry of the molecules studied,
which must be small or medium~sized, as the methods used

to derive the structural parameters become steadlly less
tractable the greater the number of independent distances

in the molecule. Great difficulty may also be experienced
if several of the interatomic distances in the molecule are
approximately the same, The molecule must also have quite

a high vapour pressure (~ 50mm of mercury), at some
accessible temperature. Finally, several grams of material
are necessary to collect full photographic data, although a
rough structure may be obtained from a single plate. This
last criterion is of considerable significance if only a

small supply of material is available, or if the sample is



of an unstable nature.

The only other gas—phése technique of compsaradble
accuracy 1is microwave spectroscopy, which should, however,
be thought of as a complementary rather than competitive
technique. This can probably determine structural parameters
_sligﬁtly more accurately than electron diffraction, using
a much smaller supply of material, However, electron
diffraction can cope with much more complex molecules more
guickly as it is not restricted by the time-consuming, and
often difficult problem of isotopic substitution. Microwave
spectroscopy is also restricted to molecules possessing an
electric dipole moment. However, despite this, it has

certain other inherent sdvantages in that it can determine
dipole moments and quadrupole coupling constants, which
provide valuable information about the electron~distribution
in the molecule,

Gas-phase electron diffraction has, however,
developed considerably since the earliest experimental
studies were carried out by Wierl (1931). These were
rather inaccurate, owing to the fact that the diffraction
patterns recorded showed a rapid fall-off of electron
intensity with scattering angle (see section 2.2) and

microdensitometer traces showed 1little sign of the

diffraction rings, the accurate measurement of which
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determines molecular structure, However, following the

o
(&)

suggestion of Debye (1939), the introduction of a rotabin:

13

sector just above the photograr

2708

(el
[6)

nic plate enabled pst
to be obtaeined which had much less steep intensity graodients,
and showed much clearsr dif'fraction rings. Consequently the
molecular intensity function which depends on molecular
geometry and motion could be much mcre asccurately measured.,
As the experimental techniqué became more refined, it was
possible to apply the theoretical wori of Karle (e.g.1945)
and Debye (1941) on the»effects of molecular mection to the
problem of interpreting diffraction patterns. Since theil
time the technique of electron diffraction hes steadily
improved owing to improvements in scattering theory, .
computational methods, and experimental technique. Probatly
the greatest advance in theory was the realisation that the
use of real atomic scattering amplitudes, based on the first
Born approximation, was inadequate in many cases, and that
it was necessary to use amplitudes which were complex
functions of the scattering angle (Schomaker and Glauber,
1952). There are, however, far too many improvements to

be covered fully here. A few of the problems are discussed
in the part of this chapter devoted to the theory of
electron diffraction, but for a rather more coumplete review

one is referred to Clark (1968) and the references contained



therein., One may also consult Bonham (1288) and Barbell

(1268).

(8]

The contents of this chapbter have been divided
into three sections devoted to electron diffraction theo:y,
experimental technigue, and dabta-processing, respectively,
and have been written in such a manner as to attempt to give

a reasonably complete, if abbreviated, guide to the method

of gas-phase electron diffraction.

Q

THE THECRY UNDIRLYING THE S

ATTERING OF ZIECTRONS BY MOImCULES,

A very brielf synopsis of the gquantum-mechanical
treatment of the scatbering of fast elsctrons by free
molecules is given in the following section. The definitions
and equations, presented without proof, are sufficient to '
describe the diffraction process and to demonstrate how
information on interatomic distances and vibrational
amplitudes is extracted from the experimental data which
consist of measurements of the diffracted intensity as a
function of the angle of diffraction. The analysis is by
no means rigorous, and for a much fuller discussion of the
subjects covered, and justification of the steps assumed
without prcof, one should consult Clark (1968) and
references contained therein,

In an electron diffraction experiment, a cylindrical

monochromatic beam of electrons collides with a Jet of gas
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incident beam collide with the fas mclscules, and a proyor:
¢stion of the elsctrons are scattered in all directions,

In the usual tyve of zpperatus usezd
photographic plate is placed at righfman
as shown in Figure 2.1. In this diagram, the incident beam
is shown moving along the z-axis in a positive direction and
striking‘a small quantity of vépour issuing from the nozzle
at 0, The plate lies in the plane X'BY!', with the centre
at the point B, and the eiectrons fwpinging upon it have
been deflected through an angle 8 , where the value of 6
ranges from Q° at B, to some limiting value, debtermined by
the size of the plate, and its distance from 0. From the
nature of the experimental conditions, it is evident that
the distributbtion of scattered electrons is independent of
¢, and the pattern obtained is circularly symmetric about B,
showing a diffuse series of concentric rings of varying
intensity.

The variation in intensity occurring along any
radius of the pattern may be measured experimentally using
a microdensitometer (see section 2.3), and may be expressed
as a function of the scattering angle 0 . The purpose of

this section is to relate this varistion in intensity with

the structure of the diffracting molecule.
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IT the incident electron beam has in ty Io,
then the scattered intensiby at‘point A with position
vector r, I(r), is given by the equation

I(r) = Ioo(8)/r3, 2.1
where o(0) is calleJ the differential scattering cross-

section, and the ba51c problem is to

7

A

guantum mechanically. Thecreticall

<

solving the time-independent Schrodinger equation appropr

to the case of an electron moving in the presence

molecule, but this is muel

so initially it 1s better to consider the case of

by a spherical force field

the molecule as a set of independent

determine this quantity

this could be done by

- an aton,

too difficult to solve

and then to

atoms,

O

If the collisions are assumed to be complebe

elastic, then the problem may be treated in terms

electron moving in the vicinity of a spherical potential

r

a

exact

sly

of an

V(r) situated at the origin of a set of orthogonal co-

ordinates., If it is assumed that the electron comes from
minus infinity, travels along the + z direction, interacts

with the potential V(r), end after deflection,

.infinity, the appropriate Schrodinger equation is

2

L—~— v + V(r) ]4(x) = E¥(x)

where r is the position vector of the electren,

depends only on the modulus of r.

rmoves off

2.2

and V(r

An asymptotic solution

.
]
e

""d 2

~lat

to

&
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to this equation, valid when r is large compared to the
range of V(r), and if V(r) falls to zero faster than a

Coulomb field, is
'Lfoa(_x:) = A[elkz + %f(Q)elkr], 2.3

where k% = 2mE/h°, - | 2.4
this solution consisting of an incident plaﬁé ﬁave e 1Kz
and a spherical scattered wave. By considering the intensity
of scattered electrons at a point with position vector r,
where r is very large, it can be shown that

I(zx) = I {£(8) 2/x2, | 2.5
and so o(8) = 1f(9)f2. ' 2,6
Consequently the problem is reduced to determining an
expression for £(8), a quantity known as the scattering
amplitude for electrons. This may be carried out by a
method first introduced into scattering theory by Faxen and
Holbtsmark (1927) - the partial wave method. Using this
method it may be shown that the solution to 2.2 can be
written as

¥(x) = ; aLPL(cosﬁ)Rz(r), 2.7

4=0 :

where each term in this series is itself a solution to 2.2,

provided that each Rz(r) must satisfy a differential



eguatlon of Tyge,
1 3 2 3R 2 9.{ £
L2028y w0 suy - Y e ) 2 0 2.8
r° or ar - ‘
.- AN
where U(r) = (55 V(). 2,9

ﬁz
In equation 2.7 the ay are no“meWi ation constants and the
Pyp(cos 8) are Legendre polynomials, By comparing equations

2.3 and 2.7 in the region whesre r is large, :

45}
"5
)’)J
o’
<
o]
]
=
P«b
O

some mathematical manipulation, Fazen snd Hollsmark were

able to derive an expression,

) .
£(8) = T (2041) (21 41)P, (cose). 2,10

1
2ik

o]

)

From this equation it is evident that ©(3) is a complex
number and the main difficulty in evaluating it is in deter-
mining the phase shifts &, in the partial waves, These
can be calculated by applying numerical methods to 2.8 and
suriming the series 2.16. However the soluticn of 2.8 1is
usually rather difficult, and Born showed that, in the case
of weak potentials and great electron energy, 6, will be

D

small, and in this situation a useful real expression for

wimabion made in deriving this result is kncwn
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as the first Eorn spproxinabion. We may further expreas

f( 8 )BOl”'ﬂ as

f(e)Born:gaT_fLZ—FS)] , 2.13
¢}

where F(s) is the atomic scattering factor applied in X-ray
structure anzlysis, and Z is the atomic number.

If chemical bonding is neglected, and a molecule
is assumed to be a configu ration of independent atoms, then
the molecular scattering may be treated by summing the
spherical waves scattered by each atom. This approximation
should be valid, pfovided the range of interaction of the
electron with each atom, and the electron wavelength, are

muach smaller than the interatomic distances This proxi-

'S

1
.

[An]

b

o

mation should thus be most sultable in the case of fast

electrons and lignt atoms. These are also the most favourable

conditions for utilising the first Born approximation,
Suvposging the molecule to be a rigid system of

atoms, the orientation of which 1is fixed relative to a set

of orthogonal co-ordinates, the wave scattered elastically

from atom i, and travelling outwards to some pointAA with

position vector r, wnere || is much larger than the inter-

atomic distances has equation,

- ikri
e .
b (x) =~ £.(8,), 2,14
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and the resultant wave received at A is therefore
N ikrj
¢ (z) =% £.(9.)
result i=l i

where ¥ is the number of atoms in the molecule. If f3(p1)

is written as & complex number of form
_ ini
£.(8,) = \?i(ei)!e . 2.16

where N3 is a phase angle dependent on g3 and the nature of
the atom i, then we may rewrite equation 2.15 as

;7 ikri

(x) -
result i=1 i .

[ l"'\i

2.17

y

Now, as A is very distant from the origin we may approximate

Gi end ry by 8 and r, and equation 2.17 becomes

i(kr; + ny)

2.18

=] ]_ N
- (_1;) =-I-;Z lfi(9)|e
result i=1 ‘

«©

The scattered intensity at A is proportional to geéglt X

0
4 (p)* and therefore we may write
result .

T
\ ]

N
Mo g2 {2 12;(0)1° +i8j:llfi(a)Hfj(e)lcos[Anij—a»k(ri-J.)}},
#3) '

(o=t

3
(i 2.19

where AN is a function of the scattering angle 8 , butb

1]

is indspendent of the relative positicns of the atoms, and



k (r1 - PJ) nay be considersd ag o difference in pha
between the waves scattered by atoms i and J. Furt

maniopulation of this equation, followed by allowzance for

the fact that the orientaticns of the molecules with rezvect

to the beam are completely random leads one to the equation

N
Tp> = 25{ T L)1 + 5]

+i’_:1\fi(9)l\f3(9)lcosAn JSln{r s)/r. .Sl, 2.20
(i#3) -

where the term S; is included to take into account atomic

ﬂédrdz I~

inelastlc scattering, and rjj is the interatomic distance
between atoms 1 and J.

However the above equation was derived by assuming the
molecule was rigid. In reality molecules are non-rigid and
undergo molecular vibration, and so at any instant there
will be a large number of molecules distorted from the
equilibrium configuraticn of minimum energy. Consequently
at any instant there will be a range of rjj values surrcunding
the equilibrium value rij.  This distribution may be
described by a probability function Pjj(r), where Pjj(rjdr
is the fraction of molecules having a value of rij in
the range of r to r + dr, In conseguence, the term Sin(fijfl

rjijs

in equation 2.20 must be replaced by the average of this

(]

function over all values of r,this being [P_j(r)iiﬂiﬁildr
¢ 1 Irs

Q



If one assumes that the atons only execute swz2ll harmonic

moticns, then each Pij(r) function may be gssumed to be a
gaussian function symmetric about the equilivrium distance
€ .
rij. In this case,
: 1 1 2,,. 2
P..(r) = 5= » =——exp|~(r-r..)"/2u.. 2,21
307 = 2 0 gl tery /20 2.

and Integration over all values of r gives values of either

sin(r..s)

rijs _ rijs ij "ij ij

depending on the approx cimation made in evaluating the integral,
In the present study the first approximation wasz substitutzd
in 2.20. Following Bartell (1955), we mey denote ths
distances obtained by applying these expressicns in eguation
2,20 as rg(l) and rg(o) respectively. We see that

r,(0) = r (1) + uijz/rije, | 2,22
and in fact rg(l) is the centre of gravity of the corres-
ponding peak in the redial distribution curve o(r)/r. The

-0 .1 .
parameter (rag) 2, which should be close to a spectroscopic

ro value, is given approximately by

(r ~2)_% =1 (0) - 2/2r.. 2.23
av g ij .

ujj is the rcot mean-square deviation of the rjj's from the
e

equilibrivm distance T3 j and is temperature dependent, Since

the order of magnitude of these corrections 1s often of the

same order as the differences in bond-lengths in related



molecules, great care should be tsolen in comparing bond-

lengths Obtained by differsnt
In the present worl:, because the nmolecules vere

fairly light, and of similar atomic number, the CORL N 3 ternm

of equation 2.20 was assumed to be alwavs very near to unity

and the amplitudes f3(8) and fj(e) were assumed to be

A given by Born'!s expression, 2.13. Conseguently the expressio

for the total scattered intensity is given by

J

N
1 L2
TioplZ) < 57 {.2 [(2;-F;)° + S
r’s i=1

i
N sin(ri.s) e-
L 0

If I(r) is replaced by I(s), and the 1/r2 included in the

constant of proportionality, then

1, (s { 2 [(5 -F)% 4+ s, ]
sin(r..s) lu..252
+ 2 (z,-F, )(4 ~F. )[—————%g—— e 2 *J ]} 2.
1#3) H

It is to be noted that the rjj's obtained from this equation
are rg(l) values. This expression describes the intensity of
scattered electrons wnich wculd ideally be received on a

spherical surface of radius r centred at 0, the point of

scattering (see Figure 2.1). In practice the scattered

:-
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electrons are recorded on e flat photographic vlate placed

erpendicular to the electron beam, and a mebal sector (see

o]

section 2,3) rotates above the plate, multiplving the
intensity of the scattered electrons by a kncwn factor als).
To correct the observed intensity at every point the
expefimental value must be divided by a(s)cosd(s). The
coss(g) takes into account the fact that an area element on
the surface_of a sphere is nearer the origin 0 by a factor
of cosg(e) and also, on projectlon, the area is increased by
a factor cos (8). The exberimental data are also multinlied

by s% in order to give a function called, because of its

shape, an 'upgoing' or uphill curve, which has the form,

N
Typ(s) = K{iz [(z;-F)% + 5]

1
N sin(ri.s) _1“1-252 N
+ T [(2,-F)(2,-F)———=b— 72 % ]} 2,26
L2 M At B r;3S ',

(i)

It is clear from this equation that the terms in the first
sunmation apply only to atcmic scattering, while those in
the second summation are dependent only on the geometry of
the scattering molecule. We may therefore write

Iyp(s) = K[Iag(s) * E(s) + Ipee(s)], 2,27
where E(s) is an extra term included to account for
extraneous scabtering of electrons by the diffraction

apparatus itself. The first two terms of this equation ere



independent of The melecular gocomstery, and this cum, callsd
the background curve, ig usually

steadily increasing

O

function of s. Since E(s) is not usually

"

known very accurately, this background curve is ususlly
drawvn empirically through the uphill curve, and subtracted
from it to leave a molecular intensity curve, Ipngy(s),

which has the form

N _sin(r;:s)
1 ,(s) :Ki ?_1(Zi-—Fi)(Zj—Fj)[ rijs:’ ]exp(—%uijzsz)‘ 2,28
=
(i#3)

In the work described in this thesis, the Ipps(s)

function was modified by multiplying it by,

s/{01-7 /2 1017, /2 1}

where m and n refer to two commonly occurring atom tyves
in the molecule. The resulting modified molecular

intensity function, Ip(s), is given by the equation

! . a 2 2
Im(s) =K Z Aij[Sln(rijs)/rij]eXP( 2, s ) 2.29

J b
where Aj; = N;g 2,2, (1-F;/2;) (1-Fy/2) /(1-F (2 ) (1-F /2 ) 2.30

Nij is the number of equivalent distances of type 1ij

w

and the sumation is over all non-egquivalent distance type

only a very slowly changing function of s, and in some




In the present work, ths mcdifiled intensity curve was
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lesst=squares refinement was used to calculate ths besh
values of the rjj's and uij's. The Ajj's were calculzted
as functions of s, and were not assumed constant.

Equation 2.27 may be written in the more general

ferm

Im(s) = 51n§rs! P, r)dr 2,31

0

e M
C.
.

This may be rearranged to give

Im(s) | J(EAlJPlJ (r)/r)sin(rs)dr, 2.3?

and by a Fourier transformation we obtain

..}
Oifl = 113 i (r)/r e I Im(s)sin(rs)ds . 2.33
o

This function o(r)/r is known as the radial distribution
function, and visual examination of such a curve, which is
a sum of ‘probability distributions, provides structural

information not apparent when one examines the corresponding

2

Im(s) curve. In practice the experimental data run from a
lower s linit, spip, to an upper 1imit Spex, so the integral

in 2.33 must necessarily be an approximation. The
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omissicn of data below sp3pn causes the base line of the
function to be curved instead of straight (the envelope
effect), and omission of data beyond spyx introduces a
noise ripple. The former effect may be dealt with
empirically by drawing in an envelope and subtracting

this from the o (r)/r function, or by adding theoretical
intensity data below s = spin. The lack of high s data
is compensated for by multiplying Im(s) by e-ksz which
has the effect of damping down the noise ripple. k is a
suitable small constant usually having a value of between
0,001 and 0,005, the exact value depending on the uppervs
limit of the data transformed, and the quality of the data.
Since, il completely harmonic motion is assumed, In(s) may
be written in the form 2.29, then this expression may be

substituted into the equation

-]

2
° (D)« [ 1 (s)e™ sin(rs)as, | 2,34

0

and integration performed to give

L . 2157 2 2,
i~ mig{Aij/[rij(k + uy4°/2) ]}GXP[-(rij—r) /40, | /zq

2.35

cal »adiel distribution curve being suitable for
Q9

e

comparison with the experimental one.
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n give a
quantitative explanation of the diffraction pattern ovbtainsd.

The molecular intensity function which depends on the

geometry and vibrations of the molecule has bsen assumed to
be superposed on a smooth backgrouhd curve which depends on
the ﬁature of the atoms present, and not on their spatial
distribution or motion. Throughout this work the scattering
amplitudes have been derived according to thé first Born
approximation, and the vibrational amplitudes have been
assumed to be harmonic., It is to be emphasised that the
distances cbtained by least-squares refinement of the Ip(s)
curve are rg(l) distances.

Although the equations presented are sufficiently
exact for many purposes, the theory is necessarily approximate
¥o account has been taken of anharmonicity in the vibrations
(Bartell, 1955) or of internal rotation, (Karle, 1945).
The independent atom approximation also mekes no allowance
for the effects of chemical bonding on the electron
distribution, molecular inelastic scabtering, multiple
interatomic scattering, etc., and it is necessary.to assume
these effects are small,

Despite these sources of error, the structural

results obteined by applying the simple theory are usually

quite satisfactory.
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Conteined in this section 1s a brief description of the
electron diffraction apparatus, and the experimental technique

by which diffraction patterns are recorded and measured.

General Description

In the structurasl investigations described in Chapters
3 and 4 of Part I of this thesis, the intensity of the
scattered electrons was measured on a commercial instrument,
the Balzers Eldigraph KD - G2. A photograph of this is shown
in Plate 2,1 and a schemetic diagram in Figure 2.2. As may
be seen from this figure, the Eldigreph consists of two
sections, the smaller of which is the electron gun assembly,
while the larger consists of the diffraction chamber and th;
heavy tsble supporting the entire apparatus, together with
the gas nozzle, cold-trap, sector asserbly, and photographic
plate box. A ball valve separates the two sections so that,
when the valve is closed, they may be evacuated independently,
the evacuation system for the two sections consisting of
separate sets of o0ll diffusion end rotary backing pumps.

The control console shown in Plate 2.1 is used to control

the pumping system and electron bean.

Electron Beam and Focussing Svstem

The high tension supply required to accelerate the



PLATE 2,1

THE BALZERS ELDIGRAFH XD G2
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The high tension supply line,

The cathode.

The anode aperture.

The condenser lens. :

The outlet to the electron gun
vacuum pumping assembly,

The condenser aperture.

A ball valve separating the gun
from the diffraction chamber.

A liquid nitrogen container
connected to the cold trap.

The cold trap.

The nozzle asssmbly.

The sample tube.

The nozgzle tip and attached
collimeter,

The nozzle vosition for the
twentyfive centimetre distance.

The cold trap position for the
twentyfive centimetre distance.

The nozzle position for the
eleven centimetre distance.

The cold trap position for the
eleven centimetre distance,

The outlet to the diffraction
chamber punping assembly.

Scattered electrons.

The beam stop.

The rotating sector.

The photographic plate.

The microscope.

The photographic plate box.



electrons was normally adjusted to a value of about 50 w.V.,

o+

and was highly stabilised
o]
the beam (~ 0.054) 4id not vary durving the course of the

0 ensure that the wavelength of

xperiment,

The electrons are gensrated at the cathode (2) - a

-

heated filament charged to a high negative potential, and
accelerated towards an anode at zero potential. The
'wehnelt!, a small metal cylinder maintained at an even
higher negative potential, surrounds the cathode and allows
a preliminary focussing of the beam on to the anode, An

ad justable aperture in the anode (3) allows the electrons
to pass through into a condenser lens (4) where they are
focussed into a fine cylindrical besm, which passes through
the condenser aperture (8), and, provided the ball valve (7)

ffrazction

[_Y'

is open, into the diffraction chamber. Inside the d
chamber a fluorescent screen may be swung into position, just
above the sector (18), so as to view the behaviour of the
beam during centering, and to view the diffraction patterns
being obtained during an experiment. Various centering
devices on the outside of the gun are adjusted, one by one,
to ensure that the beam passes centrally through the 1ehses
and apertures, and impinges on the screen. Finally, one
may éllow the beam to pass through the beam-stop (17) at the

centre of the sector on to a small screen underneath, where
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a beam current of 80 - 100 pA was normally used, and the
beam 1itself was usually about 0.2 mm in dismeter. Ths bean
voltége wes continuously monitored on a digital voltmeter,
and was constantly adjusted so as to maintain the same

standerd reading.

Nozzle Asgembly and Cold Trap,

The gas nozzle consists of a metal tube with a
platinum jet at one end, and an external connecticn to a
glass sample tube. A needle valve regulates the flow of gas
through the jet, and the inlet tube is surrounded by a metal
~jacket, through which hot water or alr may be pumped, in
order to heat the incoming gas. There are four possible
positions of the nozzle with respect to the photographic
plate., Three of these are indicated in Figure 2.2, and
correspond to jet-to-plate distances of 50, 25, and 11
centimetres. The 100 cm position, shown in Plate 2.1, can
be set up by bolting an extra section of casing between the
diffraction chamber and the gun.

The jet-to-plate distances are calibrated before
each experiment by setting up a measuring rod of standard

length, mounted on a tripod, standing on a vhotographic



plate locked in
cn the nozzle allows it to be sat at the correct nheizht =nd
then fixed in position. The sideways, ralisl, and in-oub

ad justments are still varisble, and are reaouired later to
centre the nozzle and ccllimator relstive Lo the electren
beam,  Also near the tip of the nozzles are & thermocouvic to
measure the temperature of the issuing gas, and a2 holder
containing a polycrystalline sample ol thallous chloride
which may be rotated into the beam. Since the unit cell

dimensions of this compound are lmown very accurately

(Hambling, 1953), measurement of the lines on a powder
photograph taken at the 100 cm distance enables one to
Getermine the wavelength of the beam with considerable
accuracy.

During the course of the experiment, the gas
continuously entering the diffraction chamber must be removsad
immediately scattering has occurred, in order to maintain the
necessary high vacuunm. Consequently the gas is condensed on
to a 'cold-trap' - a metal surface cooled by liguid nitrogen
which surrounds the nozzle as shown in Figure 2,2. Circular
holes are cut out of the top and bottom of the trawp in crder

to avoid interference with the incident or scattered beams,

Sector Assembly

As mentioned in the introduction, microdensitometer

traces of early diffraction patterns did not give very clear



indications of the diffrsction rings necessary for the
elucidation of molecular structure, the reason being that
the scattered intensilty Irg4(s) 1s a function of 1/34, and
consequently the scatbered intensity falls off steeply with
increasing scattering angle.

To minimise this difficulty a flat metal plate,
the sector, mnust be rotated just above ﬁhe photographic plate.
If the sector is cut in such = ﬁay that the section cut from
the plate increases with increasing radius, then this has the
effect of multiplying the intensity by a function of s in
such a way that the pattern recorded has much less radial
variation in optical density, and the diffraction rings are
clearly visible on the plate. Naturally, one must know the
precise function of s by which the intensity is multiplied.
In the present work two sectors were available, one for use

at the 50 and 100 cm distances, and the other for use at

25 and 11 cm.,

Introduction of Sample

Before the sample is intrcduced, it is necessary
to ensure that the beam has been correctly centred, and that
the cold trapvis at a sufficiently low temperature. This
having been done, the diffraction chamber is isolated from
the electron gun by closing the ball valve, and the sample

introduced. A sample btube is attached to the nozzle assembly



and surroundied by a sultable coclin

6]

reduce the vapour pressuve of the sample to & nerlicible

Qu

value. The nee;ie valve 1s then slowly opened and all air
end volatile impurities are pumpsed off. When these have
been remcved the sample 1s allowed to warm up, or, if
necessary, heated until a suitable vapour pressure (- 50mm)
is obtzined. The sample is then allowed to flow through
the nozzle and condense on the cold trap.

When the pressure in the chamber has fallen to
approximately 5 x 10™9mm, the ball valve is opened, the
electron besam pascses through, and a diffraction pattern
should be observed on the fluorescent screen above the
sector. 4n examination of the pattern allows adjustments
to the gas flow, beam current, and centering until a
suitable pattern is obtained, The screen is then removed,
all windows shuttered, and the centering of the beam checked
in the microscope. If the centering is correct an exposure
shutter is switched on to prevent the beam enﬁering the
diffraction chamber, and a photographic plate wound out of
a light-proof plate box into position underneath the sector.
The rotating sector is switched on, an exposure timer set
for a suitable interval, and the shutter opened. After
exposure the sector is switched off and the plate wound
back into the plate box. This procedure is repeated as

many times as is necessary. On completion of a run the



gas suoply dis cubt off, The nall valve close
chamber vented with dry nitrocen

Exposure times vary, devending on the compound, the
beam current, and the type of photogravhic plats usged, but,
in general, the time increases as one decrsases the jet-to=-

plate distancs. Typical values for unsym-dimethylhydrazine,

distance, 4 minutes for the 50 cm distance, and about 6 minutes
for the 25 cm distence. Examoples of 25 and 50 em diffraction

patterns for this compound are shown in Plates 2.2 and 2.3.

Micyrocdensitometry

l"‘;)

The conversion of the diffraction patterns on the
photograpnic plates to optical density data suitable for
processing by computer is carried out by microdensitometer.
In this instrument, a beam of light is split by prisms into
two identicsl beams, one of which passes through the photc-
graphic plate, while the other passes through an optical
wedge - a glass plate blackened in such a way as to give a
gradient of optical density along its length, The two
transmitted beams are compared, and the optical wedge moves
through the beam until the two beams are of equal intensity.
During the course of the present work two micro-
densitometers were available - a manual instrument in which

the movement of the wedge causes a pen to trace out a curve on



PLATE 2.2

THE 25 cm ELECTROIN DIFFRACTION PATTERN
FOR UHSYM~-DIMETHYIHAYDRAZINE







PIATE 2,3

THE 50 cm ELECTRON DIFFRACTION PATTERN
' FOR UNSYM-DIMETHYISYDRAZINE
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ng of the
diffraction pattern relative to the light beam, ths beam
scans a diameter of the pattern, outputting the apvropriste
data. In the case of the automatic instrument the beam does
not scan continuously, but moves in equal steps of 0,2 mm
across the pattern, and this gilves about 750 readings per
diameter. In genersl, selscted dilameters of the plates were
examined on the manual instrument, and when a suitable
diameter had been located, this was scanned automatically.
Because of the method of operation, the data from the
autonatic machine may be agssumed to be much less correlated
than data taken from a hand-smoothed pen trace. On average,
about two traces wére taken from each of four plates at each

distance.

2.4 DATA-PROCESSING

The data processing system consisted of a series of
programs, written in Algol by Beagley, Crulckshank and Hewitt
(1967), and established on the KDF9 computer in Glasgouw.

Only a brief description is given here; for a fuller account
reference should be made to the original paper, and to Clark
(1968).

The experimental data, as mentioned in the previous

section, consist of a number of series of microdensitometer



oo, 3 ]

E N . LN -« - 4 v N N
08 0.2 mm across the dilamsters

Initially, using calibratisn dats aoprovriate to the optical
wedge used, the microdensiiomstor readings were converted
into absolutse optical densitiss, These optical density
readihgs were then used to find the centre of the trace,
Since, ideally, the trace should be sypmmetrical about its

mid-point, the centre isg obbained by finding the mean of the

|6}

distances between symmetricazlly esquivalent features such as
maxima, minima, and the edges of the central hole in the
pattern caused by the beam stop. Since the data from the
automatic microdensitometer tend to be rather ragged, 1t was

often more convenient to find the centre manually,

(63}

Once the centre of the trace had been obtained,
the 's - Scale! prégram was used to assign s values, at equal
intervals, to points on the optical density curve. A correction
program then averaged the two sets of data from opposite sides
of the trace, modified the results to take into account the
non-linear response of the photographic plate to incident
electron density (blackness correction), and the non~sphericai
nature of the plate (planar plate correction), divided the
intensities by the sector function a(s), and finally multiplied
them by s% to obbtain the 'uphill! curve.

In all ezperiments numerous microdensitometer traces

were processed for each jet-to-plate distance, and the
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resulting uphill curves ave
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ed in the program 'combiaat
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crie' to form a 'como&uei uphill curve! for each distance,

Ag has been mentioned previously the uphill curves
consist of contributions from the molecular-gscattering
atomic elastic and inelastic scattering, and extraneous
expérimental scattering, and in some manner one must extract
from this the contribution from the molecular scattering
(Bartell, 1963)., In the pressnt work, a smooth backsround
curve 1s drawn through the uphill curve. The first empirical
background curve adopted 1is drawn by computer by drastically
smoothing the combinsd upnill curve. To do this the uphill
curve 1s divided into a small number of overlapping sections,
a parabola is fitted to the roints in each section, and the
parabolas are combined to give a smooth empirical curve
which is then suﬁtraoted from the uphill curve to produce
an Imol(s) curve. In practice it was usually found necessary
to adjust the background curve by hand, especlally in the
low s region, as the computed curve usually failed to bend
round sharply enough to pass through the point et which
s=0,04"1, The modified molecular intensity function,
Im(s) was obtained by multiplying the Imol(s) curve by
s/ (1 - Fm/7m) (1 - Fn/gzn) as discussed previously. The
required sets of X-ray scattering factors were taken from

Hanson et al., (1964), and intervolated for each s value.



AL this point the Igls) functions prodused for cach
different jebt- LO“Dlau“ distance were scaled and combined

em called
tcombination two', The first two single distance curves
were compered in the s region where they overlapped, and
the set with the larger s interval was interpclated to
give the same data points as in the first curve. The
curves were then scaled together and corresponding readings
averaged. The third curve was then combined with the
averaged curve, and the process repeated again if 11 cn
data were available. In this way all the curves were
scalecd together, and the connecting scale factors obtained,

Fourier transfermation of the combined molecular

intensity curve by calculating the integral

smax
Q%El = f Im(s)exp(~ks2)sin(rs)ds,
smin

for a series of equally spaced r values produces the
experimental radial distribution curve. An examination of
this experimental radial distribution curve gives a good
indicabion of the structure of the mclecule being studied,
and once a model of the molecule has been constructed one
may calculate theoretical molecular intensity and radial
distribution curves, using interatomic distances deduced

from the experimental radial distribution curve, and
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and ezperimental curves agres reasonadly well, one may start
the process éf ref inement,

In the vresent cese the method of iterative least-
squares refinement was used to fit a2 theoretical curve of

the form,

1. .
— ; <3 1,271
Im(s) = KEAij[sln(rijs)/rijJe J

to an experimental Im{s)rcurve. In the present refinements,
although the Im(s) functions for each Jet-to-plate disteance
were scaled together in the 'combination two! progrem, the
data used in the reifinement were not combined. Cocnseqguently
the least-squares refinement was carried out on meny more
data points. The Ajj values were chosen in the manner
described in the theoretical section and the program
calculated them as functions of s by interpolating input

sets of X-ray scattering factors. The rij and uij parameters
were refineable, as was a scale factor, though any required
number could be held at a constant value. In mest rolecules
the rij's of the above expression for Im(s) are not all
independent, certain of them being expressed in terms ol a
chosen set of independent values, and when this occurred
only the independent rjj's were refined, and the remaining

distances were calculated after each cycle by a procedure



'DEFEIDENTST written jnto the least-squarss program fow
each molecule studisd, A4As an ezemple the vrocedure for

tetrametbyldlybo sphine 1s showm in Apperdizx II. In

addition to calculating the depsnden
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procedure also calculates partial derivatives of the type
dcp/ar.nd, these also being required in the least-squeares

calculation. In the present work the uij's were always

considered to be independent variables, so no similar

problems arose, The quantity minimised in the refinement

was Zwihi2 = Twi(Ijobs - Iica10)2, where wy 1s a

i i
weighting factor. The form of the weighting factor used

for each molecule 1s given in the relevant chapter.

Once the refinement had converged, the oubtput
parameters were used to calculate a theoretical molecular
intensity curve which was subtracted from the uphill curves
Iyp(s) to give new unsmoothed background curves, which were
hand- or computer-smoothed as before. Thils process was
carried out in a program tad just background!, and after
this the backgrounds were subtracted to give new Ipg#(s)
curves. The whole refinement procedure was repeated until
no further improvement in the refinement was possible, as
evidenced by a constant set of scale factors, interatomic

distances and vibrational amplitudes. At this point the

refinement was considered complete.

The microdensitometer data for the second molecule



studied - unsym-dimethylhydrazine were processed using a
comprehensive program, weltten by Clark (1968), which
combined all the programs up to the Fourier transformation
stage, and, provided the centres of the traces were deter-
mined by hand, one could derive an experimental radial
distribution curve from the input data in ons step - a
considerable saving in time and effort compared with the

original system.



CHAPTER 3

THE MOIECULAR STRUCTURE CF
TETRAMETHYIDIPHOSPHINE
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S.1 LTRODUCIION
The lengths of bonde between phosphorus atoms have

besn of interest'ever since the first structural studies
were carried out on crystalline black phosphorus (Hultgren
et al., 1235). Since that time o considerable number of
velues have been obtained for the P - P single bond length,
and these have been recorded in Table 3.1.

However, in most of the compounds so far studied,
the trigonal phosphorus atoms are linked together in a ring
system, or in some type of bridged sysbtem, in which there
must be considerable angle strain., In the acyclic systems
studied the phosphorus atoms are usually tetrahedrally
bound, as in the tetraalkyl diphosphine disulphides (Dutta
and Woolfson, 1961). |

With the exception of an carly electron diffraction
study of P4 vapour (Maxwell et al., 1955), all these compounds
have been studied by single-crystal X-ray methods. Despite
the variety of compounds, and the varying degrees of strain
inherent in many of them, the average value of the P - P
single bond, irrespective of the co-ordination of the
phosphorus atom, appears to lie in the region of 2.21ﬁ,
which is in reasonable agreement with the value of 2.203
predicted by Pauling (1932) from his studies of covalent
radii,

However, all these studies were carried out in the
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crystalline state, and it was felt that an electron Airic.ch .-

study of a gasecus diphosphine, in which the phosphorus atom:

were trigonally co-ordinated, would enable a more accur . ieo
velue to be obtained for the single P - P bond length,
especially as there would bs no intermolecular forces %Hc Sak:
into account. Accordingly an electron diffraction study of
gaseous tetramethyldiphosvhine was undertalken.

No accurate value has been obteined for ths T -7

o

distance in molecules of type PoXy, where X represents eithor

a halogen atom, or an alkyl or aryl group. Apart from icls,
where the bond length of 2,212 obtained by X-ray crystaiioc-
graphy (Ieung and Waser, 1956) has sn estimsted standexd
deviation of 0.063, the only values cbtained have been for

structures where the diphosphines have been co-ordinatel to

bis (monokorane)

other atoms, as in tetramethyldiphosphine
(Carrell and Donchue, 1968), and in bridged transition watal
carbonyl complexes, such as p - tetramethyldiphosphinz -
bis (tetracarbonyl iron) (Jarvis et al., 1968) in which %he
diphosphine acts as a bidentate ligend, linking the two
halves of the complex. The extremely long P - P distsance

of 2.282 in the corresponding nickel analogue of tetra-
phenyldiphosphine (Mais et al., 1967) may be explained in

terms of strain caused by steric repulsion between the bullky

phenyl groups.

A second reason for studying tetramethyldishosphine
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was to try to destermine the velative orientations of the
methyl groups. With a compound of type PoXsz there are
several possible rotvational isomsrs, some of which can,
however, be excluded on the basis of steric repulsion
between the X groups (Cowley, 1965), even when X represents
a hydfogen atom., In consequence, the expected configuration
would be either trans or gauche. For small rotational
barriers 1t should be possible to have an equilibrium
mixture of staggered forms, and for very small barriers,
essentilally free rotation would lead to overall Coy symmetry.
So far investigation, mainly by infrared, Raman,
and nuclear magnetic resonance spectroscopy, has been mainly
confined te the compounds where X represents I, Cl, F, H,
and Me respectively. It has been shown conclusively that
both P2Ia (Leung and Waser, 1956; Frankiss et al., 1966) and
PoCly (Frankiss and Miller, 1965) adopt a trans configura-
tion in all three phases, while #here ls some evidence that
PoF4 (Rudolph, Taylor and Parry, 1966) also adopts this
configuration. In PgHy, a gauche form has been assigned on
the basis of the number of Raman-active modes of vibration
(Baudler and Schmidt, 1957). This was also indicated by
infrared studies (Hixon, 1956) on the solid and gas phases,
and by an W,M.R. study (Lynden-Bell, 1961). However, the
N.M.,R. results were also consistent with fixed cis and trans

forms. .
Not much is known about the configuration of
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tetramethyldiphosphine except that a 15 H.1L.R. study of tne
liquid phase (Harris and Hayter, 1964) indicates that the
methyl groups, albthough in similar eaviroenments, are not
magnetically equivalent, thus ruling out a fixed trans

form,

EXPERIMENTAL

A sample of tetramethyldip;osphine (B.Pt. = 140°C)
was prepared by desulphurising bis(dimethyithiophos?hine)
by reaction with tributylphosphine, according to a method
described by Parshall (1660). The purity was confirmed by
mass spectroscopy. I thank Professor D.S. Payne for a
generous gift of bis(dimethyltﬁiophcsphine).

The experimental conditions adopted during the
electron diffraction investigation are summarised in
Table 3.2. OQwing to a tendency for the diphosphine to
condense on the tip of the nozzle, considerable difficulty
was experienced in obtaining sultable patterns, and several
runs were carried out at each Jet-to-plate distance. As
condensation effectively terminates the experiment, and
since condensation becomes more likely, the longer the
diphosphine is passing through the Jjet, the 25 cm
diffraction patterns were rather unsatisfactory. For the

same reason, no 11 cm data were collected.

In order to try to avoid condensation, the nozzle

was heated to 170°C by passing through the outer casing a




stream of compressed air, hecated by passing over an electric
heating coll., The temperature of the diffracting vapour was
assumed to be the arithmetic mean of the nozzle and sample
temperatures (Clark, 1968),

As showm in Taeble 3.2, three sets of intensity data
were obtained at jet-to-plate distances of 100, 50 and 25 cn,
covering the ranges:

. C
s = 0.88 by 0.02 to 9.084"1
O _n
1.95 by 0.05 to 17.95A %
£,80 by 0.10 to 34,4081,

However, owing to the poor quality of the 25 cm plates, data
beyond s = 25.OAO"l was discarded.

The variation of optical density across dlameters
of the plates was measured on an automated Joyce Ioebl
" microdensitometer (see Chapter 2.3), and recorded on punched
tape. This dabta was reduced to uphill curves by the normal
Glasgow method (Chapter 2.4), and these curves are listed in
Table 3.3. Vhen the empirical‘background of atomic and
extraneous scattering had been subtracted from the uphill
curves, the damped sine wave form of the molecular intensity
curve, Im(s), was obtained by multiplying the Ipof(s) curve
by S/(l—F/Z)P(l-F/z)P, and the data for the different
distances scaled together, but not combined by the program

'combination two!,

The theoretical form of the molecular intensity
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curve on which the least-squares refinement of the structural

parameters was based 1is

I S = KZ A. .e){p —211.1 S S.Il I S Y 3 ]-
m( ) o - 1’ ( ij ) * ( ii )/ii’ ¢
.h (=] ' - N poy 0} - 7 -— 2
W eI’.: A-. = l\.-Z-Zo(l P/Z)c(l F/—J) -/(l F/Z) 302

is a constant when the atoms i and J are phosphorus atoms,-
but is cotherwise a slowly varying function of 's. In this
work the Ajj's were calculated as functions of s within the
least~squares program, and were not assumed constant. The
background adjustments were carried out in the manner
described in Chaplter 2.4, the computer drawn curves being

ad justed by hand in the low s region.

IEAST-SQUARES ANATLYSIS

The molecular geometry of tetramethyldiphosphine
is fairly complex and certain simplifying assumptions were
made., The dimethylghosphino groups were assumed to possess
Cs (or m) symmetry, the mirror planes containing the P - P
bdnd, and the hydrogen atoms of the methyl groups being
staggered with respect to the opposite P - C Dhonds. The
methyl groups were assumed to have Czy syrnmetry, end the

of the methyl group was assumed to be

o
©
>
s
[07]

three-fol
coincident with the C - P bond. The molecule was also
assumed Lo be comnstructed of two identical dimethylphosphino

seted aboub a dihedral angle,d , from the eclivsed,
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completely: the three bond lengths C -~ H, C - P, P - P, the
three bond angles CFC, PCH and CPP, and ¢ , the dihedral sngle
defining the amount of rotation of one dimethylphosphino group
relative to the other. A diagram of the molecule is shown in
Figure~5.l. Since the least-sguares program is written in
such a manner as to refine only interatomic distances these
angles must be expressed in terms of the directly-related non-
bonded interstomic distances C(1)...C(2), P...H, C...P, and
C(1)-..C(3). These four non-bonded distances, together with
the bonded distances make up a set of seven independent
distances; Tsngs from which all the angles and other inter-
atomic distances in the molecule can be calculated. The
simplest method of calculation was to set up an orthogonal
co-ordinate system, with its origin at the centre of the P - P
bond, and to express the position of each atom in terms of its
co-ordinates with respect to this origin. This was easily
done, each co-ordinate being expressed as a function of the
seven independent distances in the molecule. The precise
nature of the calculation was a slightly more complicated
version of that used by Beagley and Hewitt (1968) in the

refinement of dimethylamine.
Initially, the co-ordinates of each of the atoms
of one dimethylphosphino group were evaluated with respect to

an origin locatsd at the mid-point of the straight line joining
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atoms C(1l) and C(2). The origin was then transformed to

0 (R

final position at the centre of the P - P bond, end the co-

Tl

ordinates of the first grouo re-calculated. To create the
gsecond half of the molecule, the co-ordinates of the first
nine atoms were reflected in a plane, perpendicular to the
P-P bond, and the new group was then rotated through the
dihedral angle ¢ to obtain the final co-ordinates of the
second group.

ror the geometry assumed in tetramethyldiphos-
phine there are forty-five dependent distances. The most
important of these consist of the distances between the
vhosphorus and the carben atoms in one dimethylphosphino
group, and the hydrogen atoms in the other group, together.
with interactions between the two methyl groups in the same
dimethylphosphino group., There are also two long C...C
interactions, C(1l)...C(4) and C(1)...C(3). All the
remaining dependent distances are between hydrogen atoms,
and contribute 1little to the electron scattering. However,
throughout the least-squares refinement, the total scattering
from all fifty-two distances was calculated and compared
" with the observed molecular intensity data. At the end of
each cycle of refinement the dependent distances were
calculated from the independent ones. The independent
distances and the amplitudes associated with these distances

were refined, together with a scale factor, using the full-
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matrix least-squares program. Convergence was accelerated

.

by considering all interscitions of the type dr../3r i
iy ind

These partial derivatives were calculated from the c¢o-
ordinate partial derivatives for each étom, 3x/3r.

ind ’
3y/3r.

1 dz/3r.
snq e and i /3 i

nd*

To illustrate the type of procedure used to
evaluate the dependent distances and partial derivatives,
the procedure 'DEPENDENTS! for this molecule is included
as Appendix II. This procedure was used as part of the
full-matrix least-squares refinement program.

In the two refinements in this thesis the
weighting function w(s), used to weight each intensity
value fitted by least-squares, consisted of a central
region where w = 1, flanked by two exponential damping

curves., In this particular refinement the weighting scheme

used wasg -~
8 < 6,0; w= exp[-0,07(6 -35s)
6 < s8<19.,0; w=1,
s > 19.0; w=exp [ -0.11(s - 19)].

The exponential at low s values is intended to weight down
intensity data subject to errors from uncertainties in the
background, while the exponential at high s values is
intended to damp out the poorer quality intensity values
derived from the 25 cm plates. The s limits of the central

section were obtained by a careful consideration of the
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In the initial refinements carried out, the A1 3
values were treated as constants. In these refinements,
which were carried out in pairs, the dihedral angle was
either fixed at 180°, i.e. the molecule was assumed to be
in a trans configuration, or was allowed to refins.

However, in both these refinements the discrepancy between
theoretical and experimental radial distribution curves In
the region r = 2.C - S.OK was congiderable, At this point,
in view of the rather high temperature at which the vapour
was passed through the platinum nozzle, it wes felt that some

of the tetramethy rvhine might have decomposed, and there
.y & 3

*"ﬁ

might possibly be a significant proportion of dimethylphosphine
in the diffracting vapour. Consequently, several refinemsnts
rere carried out in which the proportion of (le)oPH was
varied. However, the values of Ethzfor these refinemsntbs
were all significantly higher than those carried out on the
assumpbion that no dimethylphosphine was present.
Consequently one must assume that none was present.

However, once the Ajj's were calculated as functions
of s, and another background adjustment carried out, some
improvement in the discrepancy between theoretical and
experimental radial distribution curves was obtained. The
final values for the parameters defived from the refinements

where ¢ was fixed at 180°, and where it was allowed to vary,
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are listed in Table 3.4, 1In botb cases attempts to refine
the P.++H and C(1l)-:+C(2) vibrational amplitudes werse
unsuccessful as these am?litudes immediately refined to
unrealistically high values, and convergeﬁce could not be
obtained. Consequently these were fixed at the average of
the values obtained by Bartell (1960) for dimethyl- and
trimethylphosphine, though these may be unrealistically low
in view of‘the temperature at which the experiments were
carried out. In the case where ® was allowed to vary the
P..+H and C(1)---C(2) distances themselves could not be
properly réfined, and so were held constant at the wvalues
obtained in the refinement with ¢ = 18007 Attemphs to
refine the vibrational amplitudes assoclated with the
distances C(1):-:C(3), C(1):-:C(4), C(2)--:C(3), =nd the
longer P...H distances also proved fruitless, and these
were fixed at values of 0,138, 0,120, 0,120, and O.léOX
respectively. The interatomic distances in Table 3.4 are
rg(0) values (Bartell, 1955).

Equation 3.1 assumes that the cosANij factor,
which should be included, is always close td unity. When
atoms i and j differ this assumpbion 1s not strictly correct,
and as the difference in atomic numbsr between the atoms
increases, the ervor becomss greater, the consequance of
this being that the ujj paramebers have abnormally high

values, Therefore, the values in Teble 5.4 have been
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corrected according to the method of Bonham and Ukaji (1962).
The estimates of reproducibility in this Table are roughly
equivalent (Beagley, Cruickshank and Hewitt, 1967) to three
standard deviations, and take into consideration uncertain-
ties from all sources, systematic as well as random.

The final experimental combined molecular
intensity curve is shown in Figure 3.2, togebher with a curve
showing the differences in intensity between the experimental
curve and a theorstical curve calculated on the basis of the

final parameters obtained from the refinement with &

variable. The corresponding radial distribution curves are

O

2

shown in Figure 3.3, the damping constant k being 0.0044
The expression for the modified molecular
intensity (®qn 3.1) is based on the assumption that each
pair of atems (ij) may be treated as a harmonic osgcillator,
and this approximation is usually quite adequate for bond
distances, but may be rather rough for non-bonded distances,
especially if internal rotation is involved. To analyse the
torsional motion for the non-bonded distances dependent on
the dihedral angle @ , one should replace
exp(-%uiisz)sin(rij(¢)s)/rij«D)
in equation 3.1 by

T

i 1.. 2 2\ . .. (D)
Jesplctagb@)F)minl i) v



vhere P( D jdd is the probability that the dihedral angle

is between ¢ and @ + dd, and ufr(¢) iz the fremework
vibration (Almenningen, Hartmarn and Seip, 1968). Since
this correction was not made, the long Cfl)...C(S) distance
which defines the angle @ is probably too short owing to
molecular vibration. Therefore the value of 163,7° obtained
for & 1is probably tco small,

In an effort to make some correction for bthe
effedts of torsional oscillation, theoretical sigma curves
were calculated on the following basis:~

(a) the interatomic distances and vibrational parameters
independent of ¢ were kept at their refined values,
(b) a potential function of the form. V(d)= %9(1 - cos2d )
was assumed, and a sigma curve was calculdted from
a sum of sigma curves weighted according to
exp -V(P)/kT .
Unfortunately the results of this calculation were worse then
the sigma curve for ¢ = 163.7°, as shown in Figure 5.4,
In this figure the theoretical sigma curves calculated for
$ = 180°, 163.7° and ® oscillabing about 1800, are compared

o
with the exverimental curve in the region r = 3.0 - 5,04,

where the main differences lie.

DISCUSSION

A comparison of the molecular dimensions of

tetramethyldiphosphine with those of the methyl-substituted
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Teble 5.1
e A
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A comparison of kaown P - P bond lengths.

Comnound

P(Black)

Psa vapour

Poly

PaSy

P4Ss

P4S3

PaIoSs

PySez

(PSMePh) o
P(Hittorl's)
PoSo(Et) 4

(PCF3)4

(PCF3)5

(PPh)s

(PPh)e6

PoMeyq .2BHz
(0C)3Ni(PPhg)oNi(C0) 3
(0C) 4Fe (Pileg) 5Fe (CO) 4

PoMe

Bond. 1ength(g)

2.224(2)
2.244(2)

2.21(2)
2.21(8)
2.35(1)
2.20(2)
2,23(1)
2.20(5)
2.25(5)
2.21
2.219(4)
2.22(1)
2.213(5)

2.,223(17)

2.217(6)
2.237(5)
2.204(5)
2.277(4)
2,231(7)

2,192(9)

Reference

Brown and Rundquist
(1965)

Maxwell, Hendricks, and
Moseley (1935)

Leung and Waser (1956)

Vos and Wiebenga (1956)

van Houten and Wiebenga

(1957)

Ieung et al. (1957)

Wright and Penfold (1959)

Keuler and Vos (1959)

Wheatley (1960).

Thurn and Krebs (1868)

Dutta and Woolfson (1961)

Palenik and Donohue (19562)

Spencer and Lipscomb
(1961)

Daly (1964)

Daly (1965)

Carrell and Donohue (1988)
Mais et al., (1967)

Jarvis et al. (1968)

This work.



A summary of the sxpsrimental details for the
tetramethyldiphosphine investigation.

Jet~-to-plate

T distance 100 cm 50 cn 25 cui
(o]
Wavelength (A) 0.0511¢1 0.051191 0.051247
e.s.d. 0.000022 0.,000022 . 0.000015
Sample
temperature 3310 328° 313°
(°K)
Nozzle
temperature 448° 443° 443°
(°K) |
Gas temperature
assumed (°K) 389° | 386° 3780
No. of plates .

used 4 4

No, of traces ' : . :
used 4 6 6



Tetramethyldiphosphing,Combined Uphill Curves.

range(1):

8 ] 7}'1‘0]3

1.0255

1.166y
‘10367D

1.538y

1.679

1.853y
2.054,
2 © 2742{)
2-563m
' 2.908m
30336E
3c788m
L" ° 3201{)
B 86Ty
5462y,
6.097p
6'727m
7+35Cn
T.942y
84731
9.C15y%
9,528
9.978y
1 001"5]{)
1.C92y%
1146y
1 L] 201 1
1.264y
1 . 33310
1.407y
1 04761()
1.554
1.612y

1.66Cy

1.7C6p
1.73%0
1.763y
1.7761
1.77Cyp
1.7670
1.757w

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
-+
+4
+4
+1
+4
+4
+4
+4
+4
+4
+i
+4
+4
+4
+i
+4
+4
-+

9.C75p
1.C45,
1 .20810
10402m
1.569;,
1.71Cp
1.892y
2,096y
2,326y,
2.63CyH
2,985
3-43Um
3.891p
4 Lok
4,992y
5.5851
6021710
60855%
T45%
8,065y
8.586y
9.1205
9.615y
1.CC8y
1.C555
1 Q]OSID
]0157m
1.213p
1.276n
1.347yp
1.423
1.492y
1.563y
1.625p
1.671y
1.7130
1.T44y
1.7665
1 9778]0
1.77Cp
1.764y
1.7570

S

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+4

+4

+4
+4
+4
+4
+4
+4
+4
+4
+4
-+
+U
+4
+
+i
+i
+4
+4

TABLE

e

3.5

o -1
C.88 by ¢.C2 to 8,984

9QAGCE
1.C654
1.248,
10437m
1.597y
1.746,
1.93Uy
2.14Cy,
2.381y
24700y
3.0665
3.521y
4 ,0C0x,
4.53Cy
5.114y
5.708y
6.337x
6,982y
Te574:
861755
8.698;
g.22l,,
9.7C2yp
1.C18y
1.065y
1.114y
1.169;,
1.2273
1.289;,
1.362;
14355
1.5C9;,
1.572»
1.637
1.681y
1.72Cy
1747
1.768p
1.7770
1.77Cx
1 076010
1.757n

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
-+
+4
-+
+4
+4
+4
+h
+4
+4
+i
+4
-+
+4
+i
+4
+i
+
+4
+4

9:71Cxy
] 96901{)
1.289,
1.472;
1,624y
1.731p

+2
+3
+3
+3
+3
+3

n +3

+3

w +3

109 +3

1.C27p
1.C74y
1,125y
1.179%
1239
1.303p
1.376p
1.448y
1.525p
1.582y
1.6464
1.691y
1.727w
1.754y
1.771w
17745
177Cyp
1,758

1.758y

+3

0 +3

+3
+3
+3
+3
+3
+3
+3
+3

e +3

+3
+3
+i
+4
+4
+4
+4
+
+4
+4
+4
+4
+1
+
+4
+4
+4
+4
+1
+4
+4

9995y
1e1244
1.329,
1.5C6y
1650y
7.8]7m
2.C14y
2.228,
2.500h
2 083810
3.2L2,
30694w
4,218y
5 »
6.59C5
70233D
7 8201
82367m
8,914y,
9.429;,
9.88Cy
1.C36p
1.C835
1134y
1
1
1
1

+2
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+3
+4
+4
+4
+44
+4
+4

w i

+4
+4
+4
-+
+1
+4

o i

+4
+4
+4

w +4

+U



2+9C9p
2.937n
2.99Cy
3,025y
3. b61m

_w
300 ONGD RS O O3 U 2 0B ONUT O

= CAO ONJTUINO Lo O COWLNAD

bR g A
SRS S SO < S C S G N SO S S S S

+U

+4

l =

o

+U

+4

882y
- 969y
0 960
+CC3yp
«C39
0664
C81y
<093
. 1264
0 122y
01091{)
123
1135

WwWwWwwwwwlwww N P N

6. U0,
6u6£

+4 +95Ty

1757,
+1 1,756y

—ﬂ 1770y,
o 1,797y
o 1 1830y

+4 1,877

X '}‘}"!‘ 1092619

+4 1 987n
+ 2,058,

2,11k, -

+4 2,190
+ 2,254,
+4 2,326
-+ 2,304,
+4 2,441,
+4 2,500y
+‘,‘l' 2055110
+4 2,596,
+4 2,637y
+4 2,669,
+4 2,708
+4 2.7284
+4 2,762,

w 2. 777w

+4 2,805y

3 +1l 2083910

+4 2,871y
+L,' 2.88710
+4 2,973
+4 2o9$2m
+4 3.C1Cy
+4 3, o&6m
+4 3.,08910
+Ll' 3010310
+H 3
+4 03
+4 3,112y
3
3

o
+1
44
+4

-+
+4
+4
+U

'4,*
+4
-+
+4
+i
+4
-+
-+
+4
+4
+4
4
+it
+4
-+l
+4
+i
-+
+4
+4

+i
+4
4

+U
+1
+4

+0
4
+4
+4



9,380y
1.C39;
1e175y
1342y
] 91%9219
1,532y
15995,
15555
1.536@
1548y,
1735y
1.8644
1.987p
2.C87p
2.158y
20 ] 98}3
2.260y
20317m
2.38Cy
2,423
24214
2.4C5y
2.}-1"0}-‘!-]0
2.4364
2504
2,594y
2 070610
20-81 910

3.143;,
3. 1760

+i

B
A
—ad —d e e w3 (D)
©

2
+5
-;.5

—~

+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5

w 5 2

+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5

@)

o

& ©
Tomn

NG OV ¢

e

o
LT CuUn
KO ==~ — CONON

e v
NG L OO

i
-

ot
AT GG 4

mmmmm_;_n—s-;u—a_.n_a._;__n—x...n\(a

$

P SR S W O W

o @
N C -

) c L]

3

2 6 & e e o
OO\~ Lo
)
3

L] °

-] ° ]

CTw

- o b

3Cy -

'
[

Lo

A
(ARG RS R A1

T i I T e
ARG AN ARG AN ARG I RS A2 RS2 R0
PPN MNOMNDMNONN = = =t e v s (O
e L] -] L] ° ° L}
o
~J
=

1

+ o+
UVI\Iy

&H&d

+ 4 + 4+
HEEEEGGEEEELES

+
N

O g
(2001010 RS2 R0 10600 )|

4
\S2

L] e o ® © & L]

[ L]
— CO COMUTUTUIWUI G - 1O — 10O
S O S0 -3 O OV U G AR

oy e et e L Y VYN
S B8 EY Yy By y g

L] - L]

o
3
~

LT = OO0 I3 C AN ~3 Y 4

O

L

3:77%0

+4
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5
+5

w 5

+5

w 5

+5

n +5
o +5

+5
+5
+5

» 5

+5
+5
+5
+5

n 5
5 +5
0 5

+5

n 5
+5
o 45

+5
+5

» 15

+5
+5

w 15

+5
+5
+5
+5

s +5

+5
+5
+5
+5
+5

1,149,

1309,
1 oJ‘J’650
1,570y
1 9601"

7056111) ]
1539y

1542,
1.6C1y
1.7C9n
1. 83910
1.962y
2-068m
2. 1454
2192
2.219y
2. 250m
2.3045
2.369
29&18@
2,423,

2.4C9y +

2.4Chy,
2.4275

20”‘871@ "

2.5725p
2,685
2. 793m



9. 9553 ;

1.037»
1.C43,
1 00281{)
1.065;,
1o142y
1 022310
] 0268}0
1.2765
1 029110
1.316p
1 .368}(}
‘l 011‘27]{)
1479
1509
1 .51810
1.5315
1 0572}0
1.624,
1.686;
1.749y
1-792E
1 08]4}0
1.843y
1 090210
1.9535
2.032y
2-097m

2
Q-3 —~J

Ui D C = — LU =0 o

VIO =\ =
58 B588 G5B

e o o o
N~
Rra A
<o

L]

°

S wWwwW LW
e
WO — (“\O Q0 O0—-3

L] L)

] 003110 X

1-077m

1.160m ;

1e 2351‘0

1.276p +

1.278y
1.295p
] . 32219
1.386y
14365
1 0488}()

1.5C8;

1.522y
1053910
1.581y
1.645]0
1.6955
1.76Cy
1.795p
1.820p
1.852y%
109]710
1.968p

2,041, +

2,099

——

JTU U Ui

I AT LWL Lo
L] Q -3 © =]

e

= 4:80 by

6.369,
760599
8.059,
8,.8C6,
9,2Q7w
9,569

1.C17yp -
1,0”8m s
1~0392 R

100373
1.092;
1177
1.243

1 ° 27830 -

1.279
1.298y,

1,328y -

1 0398]0
1.448y
1,497y,
1 050910
1.524,
1.549y
1.590m
] 0662B
1.70%0
10771m
1 079710
1.823%

1.865, +

] ° 93319
1.9%0y
2.0565
2,108y

(o]
C.]C to 31""’AOA

+5
-}_5
+5
+5

s ww
e g o L
\d

o @ L] @ i~}
SO COC0~I-3
OV 10O O
N — Lu~1L0 O

395

6.533
Te23 T
8235y
8.920y
9 ebuo
9,702y
1.C244,
1050y
1.039y
1,045,
Te ]bgm
1.1S4,,
1,249,
1o27“m
1,282y
1.302y
] ° 338}.0
1.4C6y
1.46Cy,
1.5Cky,
1509
1.525y
1.5585
1.60Cy
1.671p
1 ° 72620
1.780y
1.8C1y
1.829
1.878%
1,944,
2,0C6y
2.077n
2.118p

3
-i“D
+5
+5
+5

n 5
m 5
‘f‘5 } ®

+5
+5
+5
+5
+5
+5
+6
+6
+6
+6
¢6
+6

+6 1.25

+6
+6

+6 1

+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6

6.669;,
r?QLl'L!]m
8.3971
9-029m
90300m
9-832w
1,030y
1.C48y
1.C33p
1-055m
1:.125p
1 920919
57w
1 027310
1 0286}0
« 309y
1.351y
1.416;
1e470m
1.5C8;
1.5135
1 052710
1.566p
1.61Cy
1a677m
1739
1.7885
1.8CT7p
1.835p
1.86085
1 09“ 810
2,020
2.093n
2.1284

o 5
+5

-

.}. )
+5

w +5

+5
+5
+5
+5

» +5

+5
+5
+5
+5
+5
+5
+6
+6
+6
+6
+6
+6
+6
+65

+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6
+6



Gy +5
>

o +6
o +0

+5

0 +6

0 +0

+6

+6

0 16

+65
+6
+6
+5

o +5

+5
+65
+6
+6

+6

+6
+6
+5

+6
+6

e ® © © o

—

5=

Lt bed b3 g \ v
SRR CHE SR SR SRS S

e e
C =3 OVA= == 1O O0\D O

M MO N O MO OO TO D
L]
WY ONO — LU0

° &«

2777

o

2 . 8741@ 'I'
2,927, -

3.003
3-073m

31524 -

3,221,
33471
3423,
3 052210
3.603p
372310
3.8159
3.920y
4 ,chBy

+
C

NCYIN

-+ 4
J

e @ 2 o
N C

R
O

L] <

+ +
[@2YE)

«
N

— C\O O~I~J N L0 0N —
ko
NG

« o
4
ARGAY

+
o)

‘\1‘\,—0 V) O\OOCNE\) =3 =W
(o)

(G

s

L+ ++ 4+ +F+ 4+ +
AR DO YOYOYOYONON

L) e o

8 ©o o o o

P gy

e
558888 0

° o [
GO 00 CO~I OYONUT &L
= U\ Lo Vo1 C

N~ —= L ONC O

® © o o
—
SRR,
J O
o
<

986y
. 09810

02‘:‘(}3{) -1 y 6
) X +
'v/"_l +6
8., +6
o +6
0 +6

P
o

+6

P

+6

+6
+6
+5

o 16

+5

= « +6

+6
+6
+6
+6

+6
+6

+5



The rolecular
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C.O.P

Pe..H
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CPP

PCH
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R

2.445(15)
0,112

2.829(24)
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4,648(21)
0.138
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4 comparison of the moleculsy dirension.
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derived by electron dilf

rg(o) distances
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Figure 3.1 The molecular geometry

- and numbering of the atoms in

tetramethyldiphospnine.
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Figure 3.3 IFinal experimental and difference
radial distribution curves for tetramethyl-

O
diphospnhine. The demping fector , k=C.CCLA .



phosphi‘nes (Ea‘ftell, 1¢60) i ziven in Table 3.5, n

general,considering the higher standard deviations obtaine

Q.l

03

in the present study, the agresment lc reasonably good, the
stersochemistry round the phosphorus abom being quibte normal.
The nuclear magnetic resonance coupling constants Jd++*F

for the moso-, di- and trimethyl phosphines are 4,1, 3.6,

and 2.8 c/s respectively (G, Mavel, 1968), and since these
are related to the s-character of the C - P bonds, and
consequently to their length, the value of 2.9 ¢/s found for
tetramethyldiohosphine indicates a bond length of between
1.847 and 1, 855f, and the measured value of 1.8535 agrees
with this. Since the electronegativities of P and H are
both 2,1 (Pauling, 1939) one would thus exvect the C - P
bend length to be ruch the same as in dimcfhylphosphine°

The P - P bond length of 2. 192l agrees quite well

with the values recorded in Table 3.1, The most comparable

o

h>

value is probably that of 2.,204(5)A found by Carrell and
Donohue (1968) in MesaPo.2BHz. If one uses the value of
1.0952 for‘the covalent tetrahedral radius of phosphorus
predicted from the empirical relationship of Beagley (1966),
then the predicted P - P bond length is 2.1903. However,

as Beagley points out this empirical rule has certain very
strict limits in that both of the atoms in the bond must

not possess lone pairs, and also the radius of P appropriate

to a 3-co-ordinate phosphorus atom with inter-bond anglss
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covalent radius
It should also be noted that the valus of 1
for the.covalent radius of P in this compound does not

agree with the value of 1.0824 found in trisilylphosphine
(Beagiey, Robiette and Sheldrick, 1968), although, since
each phosphorus atom has a lone pair of electrons, this

is not necessarily to be expected.

The value of 163,7° obtained for the dihedral
angle ¢ is rather puzzling although, if one were to rely
solely on.the results of the least-squares refinement, then
the reproducidbility of 22.5° on ¢ is enough to cover a
trans configuration. However, as shown in Figure 3.4, the
theoretical curve calculated for & = 180° has a significant
peak at approximately 5.7&, caused by the C(1):++C(4) and
c(2)+-+C(3) distances being the same length, and since no
such peak is present in the experimental curve, the molecule
cannot be locked in the trans configuration.

There is, however, the possibility of torsional
oscillation about the P - P bond, and a conseqguent shrinkage
(Almenningen, Bastiansen, and lHunthe-Kaas, 1958) in the
C{1)-++C(3) interatomic distance used to determine ¢ .

This shortening of the long C - C distances has also been
found in Siolleg, Snglieg (Honaghan, 1969) as well as in

Mng (C0)10 (Almenningen, Jacobsen, and Seip, 1969), with the
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ult that the value of © detsrmined in the least-squsares

w

re
refinement may be considerably in error. The most
plausible explanation 1s that the molecuie is iﬁ the trans
configuration, but is not rigidly locked in that configura-
tion, and is undergoing torsional oscillations of about
+30°, This does not explain why the calculated sigma
curve based on torsional oscillation does not agree with
the experimental curve, while the fit is much better when

¢ = 163.7° although the discrepancy may simply be caused
by rather poor data, as evidenced by the final R factor

of 0,198, The oscillation would also explain why an N.M.R,
study (Harris and Hayter, 1964) of the diphosphine shows

that the methyl groups are magnetically similar but not

equivalent.




CHAPTER 4

THE MOLECULAR STRUCTURE OF
UNSYM-DIMETHYILHYDRAZINE




Originally (ses Chepter 1) it was intended to

prepare and study tetrarmethylhyirazine. However, since

}.

-other methyl-substituted hydrazines slso have interesting

features, it was alsc decided %to examine unsym-dimethyl-

hydrazine. ZEarly theoreticsal caleulations (Penney and

Sutherland, 1834) predicted that hydrazine should have a
dihedral angle ($) of approximately €0°, and HNH angles of
about 110°. An early electron diffraction study (Giguere
and Schomeker, 1943) confirmed the values of the bond
angles but was unable to provide any information as to

the value of the dihedral angle. A further electron
diffraction study by Beamer (1948) on sym- and unsym-
dimethylhydrazine was also unable to determine the angle
¢, although there were definite indications that sym-
dimethylhydrazine was not in the cis configuration,

In 1959 Yaméguchi et al. studied the far-infrared
spectrum of hydrazine itself and provisionally reported a
value of 90-95° for ¢ . A subsequent electron diffraction
experiment (Morino et' al., 1952) confirmed the values for
the other molecular paramebers, but, since the dihedral
angle depends on a very long and very weak H...H inter-

action, could not provide conclusive proof for the value

of ¢
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Althouzh 1o more structural work has been carricd
out on hydrazine itself, two other substitubed hydrazines
have been studied by electron diffraction, viz., tetraki
(tbrifluoromethyl) hydrazine, (CFz)olili (CP3) o (Rartell and
Higginbotham, 1965) and tetrasilylaydrazine (Beaglev,

Robiette and Sheldrick, 1969). In the first of these the

b

value of ¢ was 88(4)° while the second has a value of 97,5°
Recent theoretical calculations ( Veillard, 19866)
indicate that ¢ should have a value of 94° in hydrazine

itself,
Consequently, as well asg providing information
about covalent bonding, it was hoped that .a study of

unsym=-dimethylhydrazine might provide some more informaticn

on the value of the dihedral angle.

EXPERIMENTAL

Commercial unsym-dimethylhydrazine (Koch-Light
Laboratories) ﬁas purified by vacuum distillation before
use. The experimental conditions adopted during the electron
diffraction investigation are summarised in Table 4.1.
As shown in this table, three sets of inténsity data were
recorded at jet-to-plate distances of 100, 50, and 25 cm
covering the ranges:-

o.
s = 0.86 x 0,02 to 8.983° %

(]
2.45 x 0,05 to 17.85471
7.70 x 0.10 to 35.3037%,



i

An attempt was made to recovrd the pattern at the 11 cm

L e 2 + 1q T o e - s -
distance, but the plates proved too light to be of any use.

-
Data beyond s = 31.047% was also discarded. The variat

on

e

in optical density across the plates was measured on the
Joyce-Loebl automated microdensitometer, the centres of

the plates were determined manually, and the output data
was processed in the usual way, except that an integrated

program was used which

(a) produced uphill curves direct from the
microdensitometer tapes,

(b) fitted and subtracted empirical back-
ground curves,

and ,
(¢) carried out the appropriate Fourier
transformation to produce a

preliminary radial distribution
curve for the molecule (Clark, 1968).

The uphill curves produced are listed in Table 4.2. The
Imot (s) curve was multiplied by s/(l-F/z)N(l—F/Z)N to

give the Iy(s) curve, but as in the previous least-sguares
refinement the Ajj's were calculated as functions of s

and were net assumed constant. The background curves,
although drawn by computer, were at all times adjusted

by hand in the low s region.



off uasym-dimethylhydrezine
is rather similar to that of the diphosphine discussed in
the previous chapter. A diagram of the molecule is shown in
Figure 4.1. If one does not consider the two hydrogen atoms
attached to the -IlHg group, then satisfactory agreement with
the cbserved molecular intensity curve was obtéined by

agssuning a structure possess Cg (or m) symmetry, The

e
3
Q

=
==
[}
st
.y

mirrer plane contains the bend, and the methyl groups

are steggered w1th respect to the opposite ¥ -~ C bonds,

The dihedral angle, ¢ , is measured as the rotation of the
NHg group from a cils configuration, when the molecule as a
whole has a Cg configuration., If the dihedral angle ¢ is
fixed then nine parameters are required to define the geometry;
ten if ¢ is variable. These parameters sre: the four bond
lengths ¢ - H, ¢ = N, N - N, and N - H, the five angles CIC,
CNN, HCN, HNWH, end NIH, and the dihedral angle¢ , if this

is variable. Since in this least-squares program it 1s only
possible to refine interatomic distances, these angles were
refined by aiso varying the non-bonded distances C...C,
CoeeN, N...H(1), H(7)---H(8), Ne--H(7), and C(1)---H(7).
These non-vonded distances, together with the bond lengths

make up a set of independent distances from which all other .

~dependent distances in the molecule may be calculated.

For this model there are, in all, 34 different distances.
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be discussed here,

Throughout the refinement sets of data from
different jet-to-plate distances were scaled together, bub
not combined, using the 'combination two! progran.

A welighting scheme of the form,

s < 7 W= exp [-0.07(7 - s)],
7 <s < 20, w o= 1,
8> 20; w = exp [-0,11(s - 20)],

was used throughout.
A set of initial paramebers was chosen from a

careful consideration of the experimental sigma curve, and
a knoﬁledge of the parameters obtained for dimethylamine
(Beagley and Hewitt, 1968) and hydrazine (Morino et al,,
1959), the initial value of ¢ being 90°, In the first few
refinements the Ajj's were kept constant. Initially, only
the scale and C(1l)...H(7), the distance defining the angle

¢ , were refined, the refinement converging with ¢ = 87°,
Subsequent refinement of all independent distances proved
impossible, as the shifts were too large. waever, once the
background had been adjusted and the scale factors linking
the three sets of data reassessed, refinement of most of the

distances was successful, although the distance H(7)...5(8)
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the values of the params

(eoge ¥ - H= 1,06(1), ¥ =~ ¥ = 1,4
angle ¢ continually refined to a value close to 90°. In the

best of these refinements, ths results of which are shown

|~

n
Teble 4.3, the value obtained for ¢ was 94(10)°,

At this point the least-squares program was re-
written with the Aij's calculated as functions of s, However,
the storage space allowed for the program itself on the XD 9
computer is 8K (i.,e. 8256 words), and with the 'A-FACTOR!
variation procedure included the program size was considerably
in excess of this figure. Consecguently it became necessarv o

cut the program down to ibts essentials, and unfortunately it

proved necessary to keep the dihedral angle ¢ fixed st some
value, chosen to be 90°, The evidence of the previous
refinement, together with the subsequent refinement of the
other parameters, and the overall agreement of the final

theoretical molecular intensity curve with the experimental

)

oné appears to indicate that this was a reasonable choice,
Refinement of the rest of the varameters with

variable Ajj's continued, and the final results are also given

in Table 4.3, Since several of the interatomic distances are

very closely similar, and occur as overlapping peaks in the
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R R .
distribution curve

D e
28 1 0und

necsssary to fix

ey de -y v o, - oy g S ey W
2 00 converge the rvelinement.

o]
fixed at values of 0.047, 0,051, and 0.0554°. The
refinement with uy.y = 0,047 failed to converge, and those
at 0,051 and 0.055 were not significantly different. It

might also have been possible to have assumed that certain
pairs of interatomic distances, e.g, ¥ - ¥ and C - N had
the same values, and refined them as a single distance,
Experimental molecular intensity and radial distribubion
curves are shown in Figures 4.2 and 4,3 respectively.

Included in both diagrams are difference curves to indicate

the differences between observed and calculated values.

DISCUSSION

The agreement (see Table 4.4) of the parameters with
those found for dimethylamine and trimethylamine (Beagley and
Hewitt, 1968) - especially the latter, is reasonably good,
although, because of overlapping peaks, the standard
deviation on some paramebers is rather high, and because of
this it would be foolish to male subtle comparisons of the

bond distances and angles around the central nitrogen atom,
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Table 4,1

A summary of the experimsntel deteails for the
investigation of unsym-dimethylaydrazine.

Jet-to-plate ) e
distance 100 cm S50 cem 25 cm
[¢] .
Wavelength (A) 0.051170 0.051170 0.051170
e.s.d. 0.000015 0.000015 0,000015
Sample '
temperature 29030 2030 2930
(°K)
Nozzle
temperature 343° 343° 353°
(°K)
Gas temperature _
assumed (°K) 318° | 318° 323°
No. of plates '
' used : 5 4 8

No. of traces ,
used "7 L 8 : 8




TABIE 4.2

Unsym~-dinethylhydrazine, Combined Uphill Curves

O
range(1): s = C.86 by C.02 to 8.98A
6732 +25 T.030n +25 74337y +23

T.6L3yn +25 T.950y +25 8.232y +23 8.502 +2; 8.765, +2;

9903833 "}'2 9:¢‘1’ 0 4‘23 9 GO(M;) “‘23 ] 0(18'3 +33 1o05}'§0 E

1.697y +35 Tollly +35 1,190y +35 1.233p +35 1.274 -

10311:{) “‘}‘35 103):163:) ‘*3; 1»379;0 +35 ?JH]D "1‘35 1.1?1—1]'_9

T U770 +35 1.498n +335 1.525;5 435 1.553, +33 1.581; +

1 61(}3 +35 1o63910 ‘{‘3,9 106691,3 +3; 196963} 1‘3; 107221’; "

1.747m +35 1771w +33 1.7%4, +3; 1.8164 +33 1.8365

1.8565 +35 1.873; +35 1.891, +33 1.91Cy +33 1.931y

1-954m +35 1.9790 +35 2.C05, +335 2,032y +35 2.05%9;

2 08613 +35 2911333 +3; 2011'1!'320 +33 2 ‘lf‘hm "‘3; 2020833 +33
064313 +35 20278*_.9 "r33 2.3]1;‘_3 +3, 2, )‘!’CJT) +33 2.382}9 +3

2.416p +33 2.45U, +3; 2.493y, 435 2.535; +35 2.579 +33

2.623% +33 2. 67w +35 27125 +35 2.757n +33 2,803y

2,850y, +3;
30114;9 "*’35
30"4’]3}0 +3§
3,743 +33
}-1.09113 +35
4044310 +35
4'803}3 +35
5.1503) +3;
5.502yp +33 5.
5o814110 +3; .91410 +3; 59914, +3, 6 ()039 '1'3, 6 1261 -
6.18219 +3; 9230}3 +3; 6.2721{) +3, 6 3]79 +3, 6 36519

2
2
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The molecular parametsrs of unsym-dimebthylhvdrazine,
The inbteratomic distances given are rg(l) values.
Reproducibilities are given in parentheses,.
(a) Parametersat an early (b) Final parameters
stage of refinement
‘ Tij Uij rij uj j
N -N 1.47(2) 0.046 1.455(32) 0.051
c -H 1.10(2) 0.126(12) 1.112(8) 0.078
N -H 1.,07(2) 0.04(2) 1.01(1) 10.05(2)
C - N 1.443(12) 0.0486 1,448(15) 0.039(5)
CoeeN 2.41(2) 0.06(3) 2.,406(5) 0.051(7)
Cee-C 2.31(3) 0.05(7) 2.299(17) 0.059
NeooH(1) 2.22(3) 0.11(4) - 2.13(3) 0.143(21)
N(1)...H(7) 1.94(8) 0.11(8) 2.08(8) 0.103
CNC 106.,5° 105.2(2.3)°
‘CNN : o 11z2.1 4 112.0(2.0)
NCH(1) 112.2 ‘ ' 112.0(2.7)
HCH 106.6 : 106.9(2.7)
HNH 101.4 110.5(1.4)
HNN 109.0 114.0(7.5)
@ 93,7 | 90 .0
T wa? 1.086 x 1010 | 4,520 x 10°

R 0.167 0.121
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Figure 4.1 The molecular geometry
and numbering of the atoms in

unsym - dimethylhydrazine.'
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Figure 4.3 Final experimental and difference
radial distribution curves for unsym -
dimethylhydrazine. The damping factor ,

o2
kX = C.CL24 .




olecular inteasilty a2nd radial distribution
LA455(32)4 found for the i - MU

in hydrazine (Morino et al., 1959) and 1.457(11)8 found in
tetrasilylhydrazine (Beagley et al., 1969). One would
expect the N - N bond length to be slightly shorter than
the C - ¥ length of 1.448(15)2, but the relatively high
standard deviations cover the anomsly. The environment of

B!

the carbon and nitrogen atoms is, as expscted, tetrahedral

)

within experimental error.

0f soms interest is the value of ¢ the dihedral
angle. As mentlouned in the introduction, theoretical work
on hydrazine itself (Veillard, 1966; Pedersen and MHorolkuma,

1967) has predicted that the most staeble configuration

[¢)

occurs when @ = 94°, Although there is some evidence

1

(Yamaguchi et al., 1959) for assuming the angle in hydrazine
itself is approximately ©0°, the only exverimental values
are 97.5° in tetrasilylhydrazine (Beagley et al., 1969) and
88(4)° in tetrakis (trifluoromethyl) hydrazine (Bartell and
Higginbotham, 1965), in both of which, however, the environ-
ment of the nitrogen atom is spproximately planar. There

is also some infrared spectroscopic evidence (Anthoni et al.,

1668) for deuterium-substituted dimethylhydrazines being in




the same configuraticn as hydrazine itself, The fact that,
in the initial refinements during this work, ¢ refined to

-

approximately ©0%, and the overall spgresment batween
theoretical and experimental curves when ¢ was assumed to

© in %

iy

is

b
WQ
I
tte

be S0° provide useful evidence for a value o

this angle is

ct
i

molééule also., However, one should note the
defined vy a long C...H(7) interaction which does not
contribute a great desl to the scattered molecular intensity.
Since ths experimental data 6btained in this
study are of good quallty, it would be of interest to refins
¢ by establishing a modified least-squeres program on g
larger computer, and, ideally, using complex atomic
scattering Tactors, although the failure of the Born

approximation is not too great a problem in this structure

where the heaviest atom has an atomic number of only seven,




I-NTRODUCTION TO PARTS II AND III




The worl deseribed in Perts IF and IIT of this

thesis was carriled out durinz the past two vears (1987-69).

structural studies carried out on the acid salts of

succinic acid, these compounds being of particular interest

[\v]

since they contain 'very short! hydrogen bonds. Chapter
describes an X-rayv investigation into the structure of
caesium hydrogen succinate monohydrate, while Chapters 3
and 4 describe, respectively, X-ray and neutron diffraction
studies of the crystal structure of potassium hydrcgen
succinate., Part III contains details of least-squares
refinements of the structures of two polyphosvhate
compounds, the crystal structures of which had previously
‘been solved, but not to a high degree of accuracy.

For a detailed discussion of the theory of X-ray
and neutron diffraction, the .reader is referred to the
following review articles and textbooks:

X-ray diffraction:
- H, Lipson and W, Cochran (1966), "The Determination
of Crystal Structures", 3rd edition, Bell and
Sons, Iondon.

C.4. Stout and L.H. Jensen (1988), "X-ray Structure
Determination", Macmillan, Hew York.




a4

~ 535 -

.

Neuvtren diffractior

na

G.Z. Bacon (1962), "Meutron Diffraction",
2nd edition, Oxford Unlversity Press.

G.E. Racon (1983), "Apnlicationsof Neubron
Diffraction in Chemistry", Pergamon
Press, ILondon.

G. Will (1969), "Crystal Structure Analysis
by Neutron Diffraction, I", Angew. Chem.
internat. Edit., 8, 356.




PART II

CRYSTAL~-STRUCTURE ANALYSES, BY X~RAY
AND HEUTRON DIFFRACTION, OF COMPOUNDS
CONTAINING 'VERY SHORT'! HYDROGEN BONWDS




CHAPTER 1

THE HYDROGEN BOND




1.1 INTRODUCTION
Towards the end of the last cenbury it was recognised

(Ferngt, 1891) thab special concepnts were necessary to

po.r}

account for the behaviour of assoclated compounds, and to
account for the fact that the pressnce in s molecules of
certain functional groups, such as hydroxyl and amino
groups, made assoclation more probable, In 1803, férner
proposed that hydrogen bonding occurred in ammonium salts,
and a few years later, ih 1906, 0ddo and Puxeddu provosed
intramolecular hydrogen bonded configurations for some
azo derivatives of eugenol., However, it was not until
1920 that the concept of the hydrogen bond was explicitly
stated by Latimer and Rodebush, in utilisingrthe concept
to account for the assoclation of water, and the unique
physical and chemical properties connected with this
association, such as its relatively high melting and
boiling points.

Since that time, hydrogen bonding has been found in
all states of matter, and in many different environments,
of which probably the most important is in biological
systems, in which hydrogen bonds are of extreme importance

in that they largely determine the secondary structure

and shape of protein molecules, and play an essentilal




l.2

n the functionineg of

N

role

L
-

-

deoxyribonucleic acid (DIA) and ribonucleic acid (RJA)

.

(Crick and Watson, 1954),

PROPERTIES of HYDROGHET BOID3

A hydrogen bond exists bebtween a functional group
A-H and an atom, or group of atoms B in the same or a
different molecule when:
(a) there is evidence of bond formation
(essociation or chelation), and
(b) there is evidence that this new bond linking
A-H and B specifically involves the

hydrogen atom already bonded to A

(Pimentel and

‘Hydrogen bonds may be

McClellan, 1960).

either Inter - or intramolecular,

and are usually formed only when the atoms A and B are

very electronegative, e.g. fluorine, oxygen,

chlorine.

nitrogen,

Occasionally, as in provein structures,

sulphur can also form bonds,

The energy of the bond is

usually of the order of a few kilocalories per mole, and

as such is intermediate in strength between covalent bonds

with energies of 30-100 k.cal.mole’l, and the very weak
van der Waals interactions involving energies o a few

tenths of a kilocalorie. However, there are a few very
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of the I'.«..H...I" bond iz high, being
40 kocal,mole“l (Harrell and MeDaniel, 1984),

As H-bonding may alter the size, shape, and
arrangement of the molecules, as well as the electronic
structure of the functional groups, the formaticn of
such bonds usually modifies a great many of the physica
and a few of the chemical properties of the compouhd.

The most commonly observed changes are in the frequency
shifts of the infrared and Ramen bands, in the alteration
in freezing and boiling points, in deviation from ideal
gas laws, in solubility differences, and in proton

s

magnstic resonance shifts,

DETECTION of HYDROGEN BONDS

Originally, hydrogen bonds were detected indirectly
by the methods of classical physical chemistry, such as
molecular weight determination. However, at the present
time, the means of detection used rely mainly on
spectroscopic and diffraction techniques, and since the
work on hydrogen bonding in this thesis is confined to

single crystals, we shall restrict our remarks to the

o]

use of these techniques in the solid state.
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A-H bending and stretching frecuencies when a bond

A-H...B is formed. UNevertheless, there have been
several attempts at elucidating a relationship between
the lowering in the strelching frequency,Avg and the
A.+-B distence in the crystelline state. In the most
recent of these correlations (Bellamy and Cwen, 1959)
it is concluded that for each type of atom pair, A..B,
there is such a relaftionship, end from this.it is
possible to predict the A...B distance but nct the A-H
bond length.

However, most of the accurate information about
the dimensions of hydrogen bonds has come from X-ray and
neutron diffraction studies. Unfortunately, because of
their relatively lcw scattering power, the hydrogen atomns
cannot easily be detected by X-rays, but the atoms A and
B can, and hence the length of the bond. Using the much
more expensive method of neutron diffraction, even the
hydrogen abtoms may be located very accurately. This
subject has been reviewed by Hamilton (1962), Ibers

(1965), and Hamilton and Ibers (1968).
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0...H...0 BOMDE,

,_..

Hot only zre the lengths o
of interest, but also the positions of the ¥ atoms within
these bonds. There may be sald to exlist three potential
functions for the bond (Ibers, 1965), The first function
congists of an asymmetric double minimum, with one
minirmum substantially lower than the other, this potential
corresponding to the system AC-H....0B, and to an
asyrmmetric hydrogen bond. The second possible potential

1,

function is symmetric, has a single minimum, and
corresponds to a truly symmetrlc hydrogen bond. The
third possible function has a symmetric double minimum,
and if the barrier is well above the level of the ground

state, corresponds to bonding in which there is an equal

‘distribution of 0-H.+.+.0 and C....B-C i,e. to a situation

where there is an equal chance of finding the proton in
each of the minima,

One would expect that, when 0....0 is large,
the potential would be of the first or possibly the third
type, but as the 0....0 distance diminishes, the 0-H
distance would increase, and as suggested by graphs of
Ro-g vs Rp...p (Nakamoto, Margoshes, and Rundle 1955;

Pimentel and McClellan, 1960), at some 0...0 distance,

(e}
rossibly about 2.354A, a truly symmetrical hydrogen bond




would be obtained. However, the cguestion of what C...0

distance should correspond to a truly symmetrical hydrogen
bond is a matter of some spsculaticn, some authors

(Mano jlovic and Speslkman, 1967) feeling that symmetrical
bonds should be found in the region of a longer 0...0
distance of between 2.4 and 2. g Some recent additional
data (Currie, Speakman, and Curry, 1987) suggest that the
Pimentel and McClellan curvelshould rise more steeply,

and tend to ﬁuoport this view of Svlvhtly longer
symnetrical hydrogen bonds.

Most of the 'short! hydrogen bonds which have
been measured crystallographically have been found in the
acid salts (MHXg) of the monobasic carboxylic acids (HX).
It has been found (Shrivastava and Spealman, 1961) that
these acid salts may be classified into two types, A and
B, according to the type of structure they adopt, and,
as a consequence of this, according to their infrared
spectra. In Type A, the reéidues are crystallographically
equivalent, and are linked by a hydrogen bond lying across
a crystallographic symmetry element. In Type B the acid
residues are non-equivalent, one being recognisable as
the anion (X™) and the other as the free acid. Subsequent
investigation by infrared spectroscopy has shown that the

spectfa of these two types of structure fit into a much




broader classification of iyres of CHEO bonds. This
classification by Hadzli and his co-worksrs (Bline, Hadzi,

and Fovak, 1660) divides the bonds into four types
according to the observed O-E stretching frequency. For
O+++0 distances of less than 2.804 the resultant
frequencies fall into two distinct groups, one having an
average O-H stretching frequency of about 17000m“1, and
the other having O0-H stretching frequencies lying bétween
2200 and 2500cm™F, These workers ascribe the first of
these groups, which contains all Type A acid salls, to
structures having a symmetric single-minlmum potential
function., It has also been suggested (Manojlovic and
Speakman, 1967) that the symmetry of total environment

in these Type A acid salts might favour the establishment

n the H bonds.

[

of internal symmetry
Unfortunately, in the case of acid salts of Type A4,
a simple determination of the 0...0 distance is not enough
to evaluate the 0-H distance, and consequently to
distinguish between a double minimum potential with low
barrier, and a single-minimum potential. Since both
potentials are equally consistent with the crystallograpnic
symmetry, the type of potential function cannot be
determined by X-ray or neutron diffraction methods alone.

In one analogous case, the bifluoride ilon, however, from




spectroscepic Trequencies, it was possible teo calculate the
difference in
the bond, end from this it was concluded that the HFo™ ion
has a single mininum, and that the bond is truly symmetrical
(Ibers, 1964).
The chief difficulty gbout studying the short

hydrogen bonds in Type A scid salts by diffraction methods
is that crystallogrephic symmetry is imp 0sed on the position

of the hydrogen atom. However, if the is no crystallo-

graphic symmetry imposed on the C...0 bond, then the

situvation ls simplified since the hydrogen atoms are not
constrained to any particular position. Up till the present

time there has been found only cone such case - potassium
hydrogen chloromaleate (Ellison and Levy, 1985), in which
the carboxylate groups are almost identical, and in which
the proten is not significantly removed from the mid-point
of the 0...0 distance of 2.411(5)2. This system was
investigated by neutron diffraction, but even here the
errors in the lengths of C.+.0 and O-H do not allow one

to say with certainty that the bond is centred, although
it appesrs very likely. In the other cases where the
hydrogen bond lacks crystal symmetry e.g. potassium

hydrogen oxalate (Pedersen, 1968), and ammonium tetroxalate

(Currie, Speakman and Curry, 1967) there is definite




o e s
evidence that thns bond is

slthough in thece
2 . i 0l - y e O
cases the 0...0 digtences Tend So be longer than 2.50A,

In the work cn hydrogen bondin
this Thesis, the study of acid salts was extended into
the scid salts of the dibasic carboxylic acids, in order
to see if the situatlion was analcgous to the monobagic

case. This has in fact proved to be so in the examples

studied,




.CHAPTER 2

THE CRYSTAL STRUCTURE OF CAESIUM

HYDROGEN SUCCINATE MONOHYDRATE




S

The crystal strucburss of many of the acid salts of

3]

U

monobeasic carboxylic acids have been situdied by Spealwman
(1967), and others. However, when this analysis was
undertaken, 1little information was available on the acid
salts of dibasic cerboxylic acids, the most accurate
published structures being those of potassium hydrogen
maleate (Darlow and Cochran, 1961), and potassium hydrogen
chloromaleate (Bllison and Levy, 1965), in which there

are very short, symuetrical, intramolecular hydrogen
bonds.

Caesiunm hydrogen succinate monohydrate was the ‘
first of the acid salts cf the long chain saburated
acids to be studled crystallographically, although,
when the analysis was sbtarted, the crystals were thought
to be those of the anhydrous material. The analysis was
originally carried out in order to try to determine
whether the situation was analogous to that found in
the Type A acid salts of the monobasic acids in which
the residues are connected by 'very short!' hydrogen

bonds, and in which both carboxyl groups are equlvalent,
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or to that Tound in Tyve B acid salts in that the s
should be represented by the formulsa

Cs™ T0gC - CHp = CHg =~ COgH .Hp0,
in.which the carboxyl groups are not equivalent
(Shrivastava and Speakman, 1961),

In fact the situation is found to be analogous
to that in Type A acid salts, the carboxyl groups Being
crystallographically equivalent. The anion, which is
better represented as in the sequence

...H...%“Ozc - CHg - CHg - CQZ%" eesHeoo,
is linked into infinite chains by hydrogen bonds lying

across centres of inversion,

BEXPERIMENTAL

Prevaration

Crystals of caesium hydrogen succinate
monohydrate (CESUC), were prepared in much thé»same way
as those of potassium hydrogen succinate (Marshall and
Cameron, 1907), except that caesium carbonate was
substituted for potassium hydroxide, and care was taken

to boil off all the carbon dioxide which was evolwved.
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Crystal Data

Caesium hydrogsn svccinabe monohydrate,

CsHC4H404.H00. F.4. = 268.,0, Monoclinic,
o)
a = 5.82(2), b= 13.67(4), c = 4.78(1)4,
(¢]
B = 98.2(0.5)°, U =376,4 A3, Dm = 2.36,

Z =2, Dc = 2,37, F(000) = 252, Linear absorphion
coefficient for Cu - K, ZX-rays, p = 385 em~t.
Space Group P231/m (No, 11).

Crystallographic Measurements

Rotation, oscillation, and equi~
inclination Welssenberg photographs, taken with Cu -K,
(N= 1.54151) radiation, indicated that the crystal
belonged to the Monoclinic system, and the systematic
absence of 0kU reflexions when k was odd indicated that
the crystal belonged to one of two possible space groups,
P21 (No. 4) or P21/m (No. 11). In an effort to
distinguish statistically between the space groups,
Wilson Ratio Tests were carried oub on the hk0 and Ok¥
reflexions separately, and on all reflexions together,
and the results compared with the values predicted by
Sim (1958), but the results were inconclusive,

Therefore the more symmetrical cf the two space groups,




P23 /m was chosgen, end the cholce appears to have been
borne ouvt by the ralinswent, Since there szre two

. L3N]

formule units per unit cell, =nd ths spacs group chosen
has four equivalent positions, a consequence of this
choice is that the asymaebric unit of the cell must
contain half a succinats residus, and the caesium ion
and the water molecule must ‘lie in special positions,

in this case the mirror-plans.

Data Collection

A crystal of dime ensions 1,4 % 0.2 x 0,2 mn® was
selected for the data collesction, and was mounted aboub
the needleg=-axis. Unforitunately, crystals of this
compound tend to be elongated along the 101 axis, as
in this instance. However, since absorption of X-rays
by the crystal could not possibly be neglected (pR= 3.9),
it was decided to collect egui-inclination Weissenbevg
data about this axis, and to apply a rather rough
absorption correction, assuming that the crystal could
be considered as approximating to a cylinder of radius
0.1 mm (Buerger, 1967). |

To facilitate data collection, the reflexions
were initially indexed in the B-centred, non-standard

space group B2; /m, [Transformation matrix from P23 /m =




(101, 010, 101)] and the reciprocal-letiice nets 0k4 to
6k4 were recorded using Cu - Xy radiation. Intensities

were estimalted visually frowm multiple-film photographs,

factor E*, which is given by the equation,
A* = cosv [A* (R secv, v/2)],

v e

1
n which siny/2 = secv (sin29 - sinzv)z,

s

v is the equi-inclination angle, and A% is the absorption
correction factor recorded in Internaticnal Tables for
X-ray Crystallography (1962) Vol, II.

The intensities of all rsflexions were converted
to relative structure amplitudes by apprlying the appropriate
Iorentz, polarisation, and rotation factors (Tunell, 1939).
The nets were then placed on a common scale by comparison
with common reflexions from an hkO net (of space group |

P23/m), recorded from a different crystal.

Structure Determination

The structure was originally sblved in the c-axis
?rojection of the space grocup F21/m (McAdam, 1966).

The position of the caesium ion was found from
a'sharpened Patterson map. A set of structure-factors,
phased on the position of the caesium ion resulted in an

R-factor of 0.31l. The observed sbtructure Tactors were
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electron-density projectiocn wevealsd all the other non-
hydrogen etoms except the oxygen of the waber molecule,
the existence of which was not suspected at that tims,

A differsence synthesis, bassd on the amplitudes
of (|Fd - [Fcsl ), and phases appropriste to the cassium
ion position revealed the pbsitions of all the carbon and
oxygen atoms more clearly, including the oxygen of the
water molecule lying on the mirror-plane at v = %, and
which had, up till that time, been assumed to be a
diffraction ripple associated with the cassium ion,

After the collection of thres-dimensional data
(611 planes), é three dimensional Patterson synthesis, in
~the space-group B2j/y, revealed the z-co-ordinate of the
caesium ion, and a set of structure factors, phased on the
position of this ion alone, resulted in an overall R-value
of 0.27. A Fourier summation, based on these structure-
factors revealed the two oxygens of the carboxyl group.
Three further cycles of structure factors and Fourier
syhtheses revealed all the other oxygen and carbon atoms,
and resulted in a final R-value of 0.21.

The indices and co-ordinates of the atoms were




then trenzformed to those apvropriaste to the standard

space group P21/m, erd refinement continued by least-

squares methods,

Structure Refinenent

Refinsment of one scale factor and the positional
and vibretional (isotropic and anisotrcpic) parameters,
by full-matrix, 1east—squares'methods, converged after
elght cycles, with R and R! having final values of 0,145
and 0,034 respechively. Initially, two cycles of
refinement, varying the positional and isotropic thermal
parameters of all atoms, and using a unitary weighting
scheme, reduced R to 0,188, Three more cycles of
isotropic refinement reduced R to 0,170, and the

refinement finally converged to an R value of 0,145 after
a further three cycles of refinement in which the thermal
parameters were varied anisotropically.
A weighting scheme of the form,

S = {11 = expl-p, (sine/n)?) /(1 + p,|F, 137,
was used throughout the last six cycles of refinement,
the parameters p; and po being adjusted so that
approximately constant averages of Zwéz for reflexions,
batched according to sin®/A and iFol , Were obtained.

The final values of pj and pp Wwere 5 and 0.1 respectively.
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The observed structure cmplitudes and final

calculeated structure factors a

)

e glven in Table 2,3, and

2

n Table 2.4,

t-te

s tapvulated

|

an analysis of the agreement
In these structure factor calculations, the theoretical
scattering factors for oxvgen end carbon were taken from
International Tables (1962), end that for Cs’ from Sagel
(1958).

The final fractlonal and orthogonal co—ordihates,
and estimated standard deviations for all atoms are given
in Teble 2.1, and vibrational parameters in Table 2.2.
The latter are the values of Uij in the expression,

2 .
205 LUl 126%? 4 ou ket

exp[—Zﬁz(Ullhza* + U, k 33 23

22

+ 2U3lﬂhc*a* + 2U

RESULTS and DISCUSSION

%
l2hka b )].

The structure is shown in Figures 2.1, and 2.2,
which show the ¢ and b axial projections respectively.
In the second figure, in order to avoid confusion, only
the succinate residue at y= O, togefher with the water
molecule and caesium ion lying on the mirror-plane at
v = %, are shown. These figures show the numbering of
the atoms in the crystal-chemical unit,‘and those atoms
of the succinate residue which are contained in this

ere joined by shaded bonds. Table 2,6 lists the more




TABLES AND FIGURES




CesSUcC:

N . 4 . ’ -
fractional (x, y, z, x 107) and orthogenal (X

° 3
in A, x 10 ) co—ordinates,

parallel to a* and c;

+

Cs.

0(1)
0(2)
0(3)
c(1)
c(2)

1>

533

2628

1151

5953

2729
4042

I

2500

1089
-391
2500

196

-318

t

! 1

y 1,

I

1
and Z are, respectively,

Y is perpendicular to them both).

S

7524 .

2695
3421

2779

2279

450

1
X

307(2)

1514(22)

663(19)
3429(27)
1572(36)

2328(34)

Y

3420

1489(20)

-535(17)

3420
268(28)

-435(25)

Z

3552(3)

1070(26)
1540(22)
834(29)
863(32)

-120(32)




Cs

0(1)
0(2)
0(3)
c(1)

c(2)

CESUC:

Ull

628(18)

574(106)
461(89)

637(134)
882(196)
764(178)

Table 2,2

L 03 4
vibrational parameters (A x 107).

Standard deviations are given in

parentheées.

Uz Uss
466(12) 683(21)
576(99)  950(160)
507(82)  779(128)
244(82) 806(187)
586(130) 530(165)
509(112) 578(168)

2Uy4

-134(189)

-129(163)
0

140(213)

-90(204)

Uz

303(28)

686(231)
1153(218)
17(285)
-316(322)
456(338)

2U12

-79(165)

-204(138)
0

181(258)

134(234)
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Table 2.4

CESUC: analysis of the agreement of lFol and IFcl at the
end of the refinement. N is the number of reflexions.

Structure factors are on the absolute scale.
(a) As a function of sin8/A

zle | slr | zla] N R slal/n

. 00 - 0-1 25 38 12 1 0-488 12-3

0.1 - 0-2 945 1134 208 19 0220 10-9

0+2 ~ 03 2611 2670 305 64 0-117 4.8
03 - 04 3318 3176 387 121 0-117 | 3.2
0«4 -~ 0-5 2758 2516 387 158 0-140 2+4
0.5 - 0<6 1862 1726 319 187 0-172 1.7
0.6 - 08 331 401 96 60 0-.291 1-6

(b) As a function of IFOI

0 - 6 414 380 183 111  0-442 1-6
6 - 12. 1230 1132 264 138 0-214 1+9
12 - 20 2208 1998 367 138  0-166 2.7
20 - 30 2400 2278 291 97 0-121 3.0
30 - 45 2973 2995 292 82 0-.098 3.6
45 - 60 1533 1674 176 29  0-115 6+1
60 - 75 746 833 106 11 0:142  9+6
75 - 90 160 163 5 2 0034 25
90 -105 188 218 31 2 0164  15-5

All 11851 11671 1715 610 0-145 28



Table 2,5

Equivalent Positions

I X, Y, zZ3

. iI 1-x, -y, -z}
IT1 X, Y, 1+z;
v -X, | T =Y, 1-z3
A2 1-x, -, 1-z;

Vi -1+x, NE z3
VII —1+x, Y, 14z
VIII X, 3-Ys z;
IX X =y, 1+z;




Table 2.6

Principal bond lengths and angles in the succinate

residue,

c(1)
c(1)
c(1)
c(2)

0(2)-

0(1)
o(1)
0(2)
c(1)

0(3)-
o(1)-

together with details of hydrogen bonding.

- 0(1) 1-24(4) Z.
- 0(2) - 1-39(4)

- Cc(2) 1-43(5)

- c(2)t - 1-52(5)
-:9(2)IV 2.41(4)

- c(1) - 0(2) 117-é(z-s)°
- c(1) - c(2) 128-7(3-0)
- ¢(1) - ¢c(2) 113-5(2-4)
- ¢c(2) - c(2)1! 117-7(3+0)
..0(1), o(1)VHI 2.73(3) &
c20(3)---0(1) VI 90-0(2:6)




dable 2.7

£ L

Coordination spherve of the caesium icn. The angles listed are
those between an oxygen atom and its neighbouring oxygen atoms.
Angles between oxygen atoms lying on opposite sides of the

caesium ion, e.g. 0(3)10-°C5'°°O(3)VII, have not been included.

csTe--0(2)1Y, o(2)% 3:06(2) 4
cste--o(n) T, o(1) ¥ 3.23(2)
cstere0(3)VL 3.24(3)
cste..0(1), o(1)ViT 337(2)
cste..0(3) 1L 3.74(3)
cste.-0(3) v 3.91(3)
csteee0(3) | | 4-14(3)
0(3)++eCsh.-0(3) 111 74+5(6) °
0(3)---Csh--0(3) "7 103-4(6)
0(3)VL...¢sh..0(3) V] 83+2(7)
0(3)T1 .. .csh..0(3) Vi 989(6)
0(3)---csh--0(1), o(1)VELT 41-4(4)
0(3)e--csh-0() ML, o)X 100-7(5)
o(3)1 .. csh . 0(1) T, o(1)t% 45-4(4)
o(3)I...¢sh..0(1), o(1)ViT! 96+2(5)
0(1)+--Csh.-0(1) V1L 70+0(6)
0(1)---Cs%--0(1) ! 92-7(6)
o) gsto(n) X 73+3(6)
0(1)-+-cst--0(2) 1V 59.9(7)
o(1)M .. et 0(2) Y 68-2(6)
o(2)V...csh..0(2)% 141-1(6)
o(3)V .. csh0(2)TY, o(2)® 71+5(4)

0(3)VII...C§;..0(2)*V, 0(2)* 82+0(4)




fable 2.8

Non-bonded distances between adjacent succinate residues

0(1)--c(2)" 3.71(4) A
c(1)¥ 3.78(4)
o(2)¥ 3-94(3)
0(2)---c(2)t  3.54(4)
c(2)¥ 3.87(4)
o)’ 3:94(3)
c(n) 3+86(4)
c(1)---c(2) Tl 3+93(4)
c(2)Y 3-71(5)
c(1)’ 3+48(5)
o(1)¥ 3:78(4)
0(2)" 3-86(4)
c(2)---c(1)V - 3e71(5)
o(1)" 3.71(4)

o(2)" 3.87(4)
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Figure 2.2 Structure shcwn in projection down the
b-axis.N.B. Only the residues at y=C,and the atoms

lying on the mirrcr-plane at y = 1/4 are shown.
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Figure 2.3 The environment of the caesium ion as

: I
viewed down the a-axis. The oxygen atoms 0(3) and

III : VII
0(3) lie on top of atoms O(B)VI and 0(3) .




Important bond lengihs and angles in the succinate
residus, together with stendard deviations derived from
the least-sguares residuals. The Romen numerals in

all figures and tebles reler to the equivalent poziticns
which are shown in Table 2.5,

The structure is enalogous to that of an
cacid salt of Type A, and consists of infinite chains of
almost planar succinete residues, linked by 'very shorﬁ‘
hydrogen bonds over crystallographic centres of syrmetry.
Each succinate residue consists of two (=CHo-CC2)
groups, related by a centre of symmetry, situated at the
mid point of the central C(2) - 0(2)II bond., The carbon
and oxygen atcms of each of these groups are co-planar,
and because of symmebry considerations, the two groups
must be parallel, but not necessarily co-planar. The
equation of the mean pleane through the atoms 0(1), 0(2),
C(i), and C(2), of the crystal-chemical unit is

—0,7031 X' + 0,1355Y - 0.,698C 2" = ~1,6265 2,
and that of the plane through the remaining four oxygen
and carbon atoms of the succinate residue 1s

—0.7031 X' + 0,1355Y - 0,69802Z"' = -1.8445X,
none of the atoms deviating significantly from these
planes, the root mean square displacement of the atoms

o
from the planes being 0,03A. Therefore the two planes
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distance between them being asprroximately 0,224,

>}

Owing to the nigh scatter: povier of the
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caesium lon, relative to the conbtents of the unit cell,
and the rather rough absorption correction which was
a@plied, the values of the bond lengths in the succinate
residue, asg shown in Teble 2.6 are of rather poor
precision., In particular, the values of 1,43 and 1,593
for the bond lengths C(1l) -C(2) and C(1) -0(2)
respectively, are far removed from the average valuss of
1.52 and 1.291ﬁ derived from more accurate crystal
studies of acid salts (Ifacdonald, 1969). However, the
estimated standard deviations, derived from the least~
squares residuals, are also corrzsspondingly high, and ‘
none of the bond lengths in the residue deviate by more
than three standard deviations from their expected values.

The bond lengths and angles around C(1l) are,
in fact, consistent with the structurs being that of an
acid salt in which the atoms 0(2) and 0(2)IV are linked
over a centre of symmetry by a short hydrogen bond of
length 2.41(4)A. The C(1) -0(2) -.-0(2)TV angle of
116.6° is favourable for strong hydrogen bonding.

As shown in Figures 2.1 and 2.2 the succinate

regidues are linked into chains running diagonally across




L. 1

the xz plane, the plane of the residue bein
the y-axls. There are two wesidues per unit cell, at
Yy =0and y =%, related by mirror-planes at y = %+ and

vy = %
As shown in Figure 2.2, chainsg having the sams

value of y are parallel to each other, and are stacked
one on top of the other. The distance between atoms in
neighbouring residues ranges-from 3,48 to 4.002. A 1list
of the contacts is given in Table 2,8. There avrs no
notably short contacts, none of the interatomic distances
being shorter than the sun df the van der Waals radiil
{Pauling, 1960) of the atoms in question.

The residues are linked laterally by a caesium
ion and a wabter molecule lying on each of the mirror—
planes. The oxygen atom, 0(3), of the water molecule
makes a contact of 2.75(5)2 with the oxygen atoms 0(1)
and 0(1)VIII of thé carbonyl groups, and this distance,
together with the 0(1)..-0(3)+..0(1) " angle of 90°,
implies that there is hydrogen bonding between the watef
molecule and the two chains., In Figure 2.1, the projected
hydrogen bonds are shown by broken lines,

As shown in Figures 2.1 and 2.2, the caesium icn
lies in an interstice between four chains of anions,

making contacts with six oxygen atoms from different




residues, and also with the oxygen shoms of the four waler
molecules which, 1lying on the mirror-plane, surround it
The co-~ordination sphere of the caesium ion is shown in

Figure 2.5, and 1t should be noted that, in this

jeh)
[N
[$¥]
[
5
¢
-

the oxygen atoms of the waber molecules occur in pairs,
of which only the one nearest the observer can be sean.
The appropriate interatomic distances and angles are liszted

in Table 2.7.




CHAPTER 3

AN X-RAY DIFFRACTION STUDY OF THE
CRYSTAL STRUCTURE OF
- POTASSTIUM HYDROGEN SUCCINATE
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o
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3.1 IITRCDUCTION

o

Apvart from the structure of cassium hydrogen

]

succinate monohydrate, discussed in the last chapter, the

$-te

only crystal structure of an acid salt of a long chain
saturated dibasilc carboxylic acid which has been
eluclidated is that of potassium hydrogen malonate
(Ferguson et al.,1968)., In both these structures the
acid residues sre linked into infinite chains by short

- hydrogen bonds lying across crystalldgraphic centres of
syrmetry.

Because of the relatively low accuracy oi the
crystal structure analysis of the caesium compound; owing
to the large scattering power of the caesium ion, it was.
felt desirable to determine the structure of an acid salt
of succinic acid containing a lighter metal ion, in order
to provide a definitive study of the acid salts of the
succinic acld series.

The infrared spectfum cf potassium hydrogen
succinate was similar to that of a Type A acid salt,
(Shrivastava and Speakman, 1961), and suvggested that it,
also, contained short hydrogen bonds. Therefore this
compound was selected for X-ray structure analysis,
Elucidation of the structure has confirmed the presence

of short hydrogen bonds, although in this instance the
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regidues ave linked across crystallozraphic two-fold axs:
rether then centres of symuetry,

EXPERIMENTAL

Proparation

Crystals werse prepared according to the literatuwre
(Marshall and Caneron, 1907). It is found that the acid
salts crystallise only from solutions containing a higher
ratio of potassium to hydrogen than that which is présemt
in the salts themselves. Consequently,\instead of using
a 1l:1 molar ratio of potassium hydroxide to succinic acid,
a ratio of 3:2 was used, with satisfactory results.

As there also exists a hydrated form of the salt,
which crystallises from cold solubtions, care was taken to
crystallise the salt from warm agueous solution. The
crystals generally form thin mica~like plates composed of
the basal pinacoid bounded by the {110} and {010} faces.,

Crystal Data

Potassium hydrogen succinate, KHCgH404.

F.W., = 156.2, m.,p. = 240 - 242°C, DMonoclinic,

a= 6.102(1), b = 6.041(8), c = 15.895(2)4,

B = 91.74(1)°, . T-= 586.14°, Dm= 1.77, 7= 4,

Dc = 1.770, F(000) = 320. Space group,

12/a (No,15) or Ia(ll0.9). Linear absorption coefficient
1

for Mo - K5 X-rays, p = 8.28cm ",




precscssion photographs

taken with Cu - Ky (A Mo = Kq (A= 0.71072)
radiation indicated that the crystals belonged to the
monoclinic system. The systematic absences (hk £ present
oniy when h+k+ £ = 2n, and hO? present only when h = 2n)
indicated that the crystal belonged to one of two possible
space groups, I2/a (cé%) or Ia (Cé). The.former was
assumed, and seems to be borne out by the analysis, Since
there are four formula units per unit cell, and the bhosen
space group has elght equivalent positieons, the asymmetric
unit must contain half a succinate residue, and the
potassium ion and acidic hydrogen atom must lie in special
positions.

Accurate cell dimensions were derived by a least-
squares procedure based on a comparison of the calculated
sinB values of high-order reflexions with those measuréd
on a Hilger and Watts four-circle diffractometer (see
Appendix II). These were confirmed by a similar procedure
(Speakman, 1962), in which the observed sin® values were
obtained by a comparison with the positions of powder
lines due to Aluminium wirse (a = 4.049072) superposed on

hk0 and hO# Weilssenberg photographs taken with Cu - Kq

radiation. The axlal ratios obtained from these cell




- 83

o]

(

dimensions agree quite well with the values recorded by

Groth (191¢), provided that the valu

D

» of ¢ 1s halved,

e

The transformatlon matrix from ths cell determined by
X-rays to that determined by Groth is 100/010/00%.
A comparison of the ratios is rescorded below:

Groth: asbsc = 1,008l :1: 1,3102, p = 91,80%

X-rays: a:b:%2 = 1.0101 :1:1.3156, B = 91.75°

Data Collection

A crystal of dimensions 0.2 x 0.3 x 0,5 mms,

coated with collodion to prevent exposure to the
atmosphere, was mounted about the c-axis, and placed on
a Hilger and Watts Y 290, computer-controlled, four-
circle diffractometer.,

Intensity data were collected using the moving-
crystal, moving-counter technique ( w - 20 scan),
scanning through 0.8° of w in forty steps of 0,020,
counting for two seconds ab each point, and measuring
the background rsdiation on each sidg of the reflexion
by means of a stationary count of ten seconds.

Initially the data were collected using
mo lybdenum radiation with balanced filters of zirconium
and yttrium, in two 'shells!, comprising:

(i) reflexions with 0.5° <8< 25.0°,

and (ii) reflexions with 25.0°%<gg 35.0°,




0o

Subsequently, as the refinenment procesded, 1t was

found necessary to re-=collect intensities of reflexions

K the

with low values of |Foj (|70l < 6.0) without balanced
filters, and with longer counting times, in an attempt to
improve the agreement - for those weaker reflexions -
between observed and celculated structure amplitudes.

All reflexions were reduced to structurs smplitudes
by applying the appropriate Loréntz, polarisation and
rotation factors (Tunell, 1939). As pé = 0,41, absorption
corrections were not considered necessary.

I should 1like to thank my colleague, Mr, M. Currile,
for collaborating with me in the collection of the

diffractometer data,

Structure Determination

During the collection of intensity data between
8= 25° and 6 = 35°, the diffractometer became inoperable
for a period of several weeks.. Conseqﬁently it was
decided to try to solve the structure on the basis of the
1006 reflexions already obtained.

Initial co-ordinates for the potassium ion were
deduced from a three-dimensiongl Patterson function. The
first set of structure factors, phased on the heavy atom
alone, resulted in an R—factér of 0.55. The observed

structure amplitudes were then coupled with phases
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associated with the position of the potassium ion in a
three~dimensional Fourier suxmation, and the resulting
electron~density distribution revealed the positions of
the oxygen and carbon atoms,

Three more cycles of structure factors and electron-

density syntheses reduced R to 0.27.

Structure Refinement

It was decided, for purposes of cpmparison, to carry
out two leasst-squares refinements.

(i) All reflexions with [Fe¢] > 6.0 (697 reflexions)
were selected from the data, |

Refinement of one scale factor and the positional and
“vibrational (isotropic and anisotropic) paremeters, by full-
matrix least-squares methods, converged after nine cycles
with R = 0.046, Details of the refinement are given in
Table 3.1, and it ran as follows:-

Initially, three cycles of least-squares refinement,
varying the positions and individual iscotropic vibrational
parameters of the potassium, oxygen, and carbon atoms
reduced R to 0,108, At this point an electron-density
difference map revealed six or seven independeant peaks of
height 0.5 to 1.243, Two of these lay in roughly the
éorrect positions for the methylenic hydrogen atoms,

Therefore these points were taken as initial co-ordinates




for the hydrogen atoms, and izotropic thermal parameters
of O.OSKE were asswmned.

A further six cycles of refinement, in which the
positional and vibrationai paraméters of all atoms were
varied, the hydrogen atoms isotfopically, and the rest
anisotropically, reduced R to 0,048, Finally, the acidic
hydrogen atom was fixed in a cal¢u1ated position; and only
its isotrbpic thermal parameter varied., The final values
of R (=§%F‘-‘J-}-) and R! (=>:m2/5:k1~“ol) are 0,046 and 0,004
respectivef%.

A weighting scheme of the form,

S = U 1-exp(=p, (51n0/0)2) /1 14p, 1P 1132
was used throughout the refinement. Initially, pj was set -
at 1000 and pp at zero - this is equivalent to using unit
weights, but thereafter the parameters were adjusted so
that approximately constant averages of Twa? for reflexions
batched according to 1Fo] and sin 8/A values, were obtained
(Crujickshank, 1964). The final values of p] and pg Wers
‘10 and O respectively.

(ii) A refinement was carried out on all available data.
This comprised 1272 independent reflexions, the intensities
of which had been measured using balanced filters, together
with an additional 693 intensity values obtained by measuring

reflexions with I|Fo] <6.0, without the use of balanced filters.




A scale fachbor wus assigned to each ba uch
Initially, hydrogen etoms were excluded from the

refinement. Refinement of two scsls factors, and the
positional and isotropic vibrational parameters, by full-
matrix least-squares methods, converged after six cycles,

the first three with unit weights, R and R' being reduced

to 0.15 and 0,039 respectively. At this point all reflexions
were placed on a common scale, rmultiple observations being
averaged, giving 1272 independent reflexions on which to

base the refinement,

The final positional and anisotropic vibrational
paraneters obtained from the first refinement were taken
as initial paramsters for this second refinement, and the
same parameters were refined in the same msnner as before,
Convergence occurred after four cycles of least-sguares
refinement. The final values of R and R! are 0,075 and
0.008 respectively. Finel values of pj and pp are 8 and
0,05 respectively. The progress of this refinement is
charted in the second part of Table 3.1.

The only significant differences in the final
parameters of the two refinements occur in the positional
and vibrational parameters of the hydrogen atoms, In the
second refinement the isotropic vibratilonal parameters of

H(1l) and H(3) increased from their previous values of
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0.01 and OQOSZQ to values of 0,03 and 0.0522, wnich would
appear to be more rcasonable values, considering the natures
of the structure.

Since the number of reflexions included in the
second refinement was almost twice that used in the firsh
cese, and since most of these had very much lower velues
of |Fo|l , a decrease in the standard deviations of ithe
parameters was to be expected, and this turns out to bs
the case, there being a decrease of between 10% and 159
in the standard deviations of the co-ordinates. Az the
final parameters differ by so little from the previous
values, only the results of the second refinement are cited.

The final fractional and orthogonal co-ordinates
for all atoms are given in Table 3.2, and vibrational

parameters in Table 3,3. The latter are the values of

Uij in the expression,

expl -2 (U, ,h%* + Uy k“b* o U33£ ¢*% 4 2U, k4b¥c*

+2U31zhc*a* + 2Ul2hka*b*)].

Estimated standard deviations derived from the least-
squares refinement are given in both tables.

The observed structure amplitudes and final
calculated structure factors are listed in Table 3.4, and
an analysis of their agreement is given in Table 3.5.

The theoretical scattering factors used in all structure-
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factor calculations were taken from = set of atomic

scattering factors calculated by Hanson et al.(1964),

RESULTS and DISCUSSION

The structure is shown in Figures 3.1 and 3.2
which show the a end b axial projections, as well as the
nunbering of the atoms in the crystal- chemical unit.

In both cases the residues draym with shaded bonds are
nearer the viewer than those which are unshaded. Table
3.7 lists the morse important bond lengths and angles in
the succinate residue, with standard deviations assessed
from the least-squares residuals, The environment of the
potassiuvm lon is showm in Figure 3.3, and the appropriate -
interatomié distances and angles are listed in Table 3.8.
The Roman numerals in a1l tables and figures relfer to the
equivalent positions listed in Table 3.6.

As was indicated by the infrared spectrum,
potassium hydrogen succinabte is analogous to a Type A acid
salt of a monobasic acid, with its acid residues connected
by 'very short! O.++H...0 bonds, lying across two-fold axes
of symmetry, into infinite chains running parallel to the

¢ axis.
In most of the structures of the acid salts of

Type A so far studied, the short hydrogen bonds lie across

centres of symmetry, end not two-fold axes. In only two
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fable 3.1

Progress of refinement

]’&I K Twa 2

5
No., of Cycles R = E‘E““Fol R :%—TE’ET Comments
Refinement 1
1 -3 0094 0-0106 Isotropic refinement
of XK', 0(1), 0(2),
C(1) and Cc(2).
4 - 6 | 0-.082 0-0087 ‘Anisotropic refinement
of above atoms,.
Isotropic ref, of two H's.
7-9 0048 €-0039 Same as above.
10 - 12 0-046 0-0037 Same + isotropic refine-
‘ ment of fixed proton.
Refinement 2
l -6 0-150 0-029 Isotropic refinement
of 2 scale factors
and atoms K7, 0(1),
0(2), ¢(1) ana c(2).
7 - 10 0.075 0008 Refinement of 1 scale,

Kt, 20, 2C anisotropically
2 H's isotropically.



—

1
KHSucc: fractional (x, y, z, x 105) and orthogonal (X , Y,

t o t 1
Z in A, x 103) coordinates, (X and Z are, respectively,

parallel to a* and c¢; Y is perpendicular to them both).

t - 1

X X 1 z

I<
N

Kt 25000 20596 0 1524 1244(1) 47

0(1) =~ 42122 87302 11623 2568(2) 5274{(3) 1770(2)

0(2) 15901 64690 6745 969(2)  3908(3) 1043(2)

c(1) 26864 74605 12797 1638(2)  4507(3)  1985(2)

c(2) 18705 69327 21452 1140(3)  4188(3)  3377(2)

H(1) 18410 51964 22561 1122(70) 3139(79) 3554(74)
H(2) 3149 75854 21329 192(55) 4582(59) 3386(56)
H(3) 25000 64690 0 1524 3908 -47



rn
Tat

=

2. 3.3

’ 4]
KHSucc: vibrational parameters (A2 X 104).

Standard deviations are given in parentheses.

U U U 2U 2U 20

11 22 33 23 31 12
K" - 212(3)  306(4)  310(4) 0 67(5) 0
0(1)  370(10)  396(11)  241(8)  -5(15) 150(14)  -233(17)

0(2)  319(9) 423(11)  172(7) - =80(13) 34(12)  -103(16)
c(1) 240(9) 276(10)  178(8) 14(14) 51(13) 22(15)
c(2) 289(10) 362(12)  145(7) -18(15) 70(13) -135(18)

U.
. “iso

H(1)  253(167)

H(2) 156(112)
H(3)  483(299)
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Teble 3.5

KHSucc: analysis of the agreement of ]Fol and IFcl at the
end of the refinement, N is the number of reflexions,

Structure factors are on the absolute scale.

(a) As a function of sinze

| N R slal/n
0+00 - 0+04 229 5+55 1-55
0:04 - 008 161 583 0479
0-08 - 0-13 125 . 6449 0-79
0-13 - 0:17 124 7482 0-67
0+17 - 0e21 128 9-88 0-75
021 - 0+25 113 9.37 0466
0:25 - 0+30 103 10+82 0+66
030 - 0+34 102 13+ 42 0-78
034 - 0438 104 15+87 0-81
0+38 - 0-42 83 16+82 0-78
{(b) "~ As a function of ‘Fol
0¢0 - 5¢5 458 22461 0+63
5¢5 = 1140 345 812 0-64
1140 ~ 16+5 201 6-78 0-90
16+5 - 2240 96 = 5460 1-07
220 = 275 59 5463 1439
27+5 ~ 3845 57 3+99 1+30
38+5 — 49+5 25 5.27 2430 -
495 — 770 24 4:39 2466

770 -110-0 7 883 8+38

All 1272 756 0-89



Table Boé

Equivalent Positions

I X, Yy
II 34X, l-y,
I1I i-x,  3/2-y, z
v =X, Yo
v —-3+X, 1-y,
VI 1-x, l-y,
VII F=%, -1l+y,
VIII X, -l+y,
IX -X, l-y,
X -3+x, 2=y,
X1 +x 2=y,

[



Bond lengths and angles within the succinate residue.

c(1) - o(1) 1.225 (4) A
c(1) - o(2) 1301 (2)
c(1) - c(2) 1-512 (3)
c(2) - c(2)! 1-510 (5)
c(2) - H(1) i-os (8)
c(2) ~ H(2) | 1-03 (6)
0(2)---0(2)%" 2+446 (4)
0(1) ~ cf(1) - 0(2) 123-5 (2) °
0(1) -~ ¢(1) -~ c(2) 122-9 (2)
0(2) - ¢(1) = c(2) 1136 (2)
c(1) - c(2) - c(2)t! 1143 (2)
H(1) - ¢(2) - H(2) . 111 (5)
H(1) - c(2) - c(2)tt] 110 (4)
H(1) - c(2) - c(1) 112 (4)
H(2) - ¢(2) - ¢(1) 103 (4)
111

H(2) - ¢(2) - ¢c(2) 107 (3)

c(1)-+-0(2)-+-0(2)1V 114-3 (2)



Table 3.8

Environment of the potassium ion; +the standard deviations
- of all angles lie in the range 0:06~0:07 degrees. Only

the values for the more meaningful angles are quoted.

Kte-.0(1)Y, o(1)"t 2.808(2) A
kt...0(2)1, o(2) ¥ 2.828(2)
kte..0() VL, o(pyVIIT ~2-904(2)
Kt--.0(2), o(2)V 2-931(3)
0(1)Ve.oxte..o(1) VI 9291 ©
0(1)Ve. kTe..0(1) VI 7338
0(1)Ve..xteen0(2) 76+52
o(1)V.--x".-.0(2) 11 116-31
o(1)V1...x*te..0(2) ! 70-34
o(1) V.. .gt. o)V 9232
o)LLkt LL0(2) | 117-73
o(1)VITT. . .kteeo(2) 1T 7137
0(2)+--k*-..0(2)1 7554
0(2)+--k*e..0(2)17 49429

0(2)+- K e.e0(2) X 7124



Closest contacts between atoms

in different succinate residues.

O R O 2:29(10) A

0(1)---0(2)%! 3+345(3)
0(1)X 3.416(4)
c(2)XL 3.433(3)
o(2)* "~ 32555(3)

0(2)---c(1)7 3.518(3)

' o(2) 1 3.531(3)

c(1)+--0(1)% 3.131(4)



Table 3,1

A comparison of bond lengths and angles in molecules

containing the basic succinic acid skeleton.

c(1) - o(1)
(carbonyl)

c(1) = 0(2)

c(1) - N

c(1)

c(2)

o(2) - ¢yt
(central G-C bond)

0(1) - ¢c(1) - o(2)

0(1) = ¢c(1) =N
0(1) - c(1) - c(2)
0(2) - ¢c(1) - ¢c(2)

N=-c(1) -c(2)

(1) - ¢(2) - c(2)I?

B Succinic

Acid
1.252(12)%

1.322(12)

1.485(13)
1.533(19)

122.7°

128, 1

112.9

11301

Succinamide KHSuce

1.238(2)% 1.225(4)%

- 1.301(3)
1.333(2) -
1.512(2)  1.512(3)
1.501(3) 1.510(5)

- 123.5°
122,0° -
122.4 122.9

- 113.6
156 -

113.9 143

Succinimide

1.227(15)%

1,385(15)
1.506(15)

1.505(11)

Succinic

Anhydride
o]
1.19(1) A

1.38(1)

1.51(1)
1.48(1)

119, 4°

130.4

11063

104.7
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Figure 3.4 Electron-density section through

II
the plane containing atoms 0(2) " and 0(2) .
o~-3
The contours run at inftervals of C.le.A
o-3 o- ‘
from C.2e.A to C.Ee.A
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other cases - sodium hydrogen diacetate (Speakman and
Mills, 1961), and pobtassiunm hyérogen dianisate (McGregor
and Speekman, 1968), does this type of hydrogen bond occur,
In the present study, the bond is of length 20446(4)2,
which agrees very well with the average value of 2.446(3)4
cited by Dr, J. C. Speelman (1967), in his X-ray diffraction
studies of the acid salts of monobasic acids,
As shown in Figure 5;5, the potassium ions lie on
.two-fold syrmetry axes. Bach K& ion\lies in the interstice
between four chains of sﬁccinate ions, close to the point
where the chains are linked by hydrogen bonds. Consequently
the potéssium ion lies at tThe centre of what might best be
described as a distorted cube of oxygen atoms, each
belonging to a different succinate residue. The contacts
occur in four pairs, ranging in length from 2.81 %o 2.952.
There are centres ol symmetry at the mid-points

of the central C-C bonds in the succinate residues. Atoms
0(1), 0(2), C(1) and C(2) are found to be strictly plsnar,
the sum of the angles round C(1) being 360.0°. The mean
plane through the four atoms is represented by the
equation,

-0,6367 Xt + 00,7697 Y - 0,0459 Z' = 2.541%.
Because of the positicn of the centre of symmetry, the

other four non-hydrogen atoms of the residue not only lie

in one plane, but this plane must also be parallel to the



2

<

first one. Howsver, although these planes must be parallel,

the symmetry of the space groun does not reguire them to b

@

co-plenar, In fact, they are co=-planar, the equation of
the mean pleane through all eight atoms being
= 0,6367 X' + 0,7699 ¥ - 0,0420 Z' = 2.3452,

which differs only very slightly from the previous eguation.
None of the atoms deviate significantly from this plane,
the roolt mean square displaceﬁent of the atoms from the
plane being 0,0041, and the maximum displacement being
0.0052 for atom C(1). |

A list of the closer non-bonded approach distances
between the residues is given in Table 3.9. The shortest

) 11 and

approach of 2.293 is between hydrogen atoms H(1
H(2)I'I, Two other H---H distances are in the region of
2.702. Neglecting carbon-hydrogen and oxygen-hydrogen
interactions the list includes all contacts of less than
3.602.

It is interesting te compare the molecular
structures of all the compounds so far studied by X-ray
diffraction which contain the succinic acid skeleton,
either in its extended or cyclic forms, A comparison of
the bond lengths and angles in these compounds is given in

Table 3,10, The numbering of the atoms corresponds to that

used in Figure 3.1 to describe potassium hydrogen succinate.
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structures wahich ars hydrogen bonded into chains. So far,

-

only two others, apart from potassium hydrogen succinate,

have been studied accurately ~ B~ succinic acid (Broadley

et al, 1959), and succinamide (Davies and Pasternak, 1956).
Taking into account the fairly large standard deviations

in the case of B-succinic acid, the dimensions of the three
compounds agree fairly well, except for two important
features = the planarity of the succinate residue as & whole,
and the length of the central C - C bond.

Tn all three structures the requirements of space
group syrmmetry impose a centre of symmetry at the mid-point
of the central C -C bond, but, as mentioned previously,
this only requires the carboxyl groups to be parallel, but
not necessarily co-planar. In succinamide and the acid salt
the residues as a whole are strictly planar, but this is not
the case in B -succinic acid itself, in which the carboxyl
groups are twisted out of the plane of the four central
carbon atoms by about 11°, each of the oxygen atoms being
displaced from the plane by about 0.203. Although, in
succinic acid the residuss are linked by pairs of hydrogen
bonds 1lying across centres of symmetry, the symmetry element
requiring the four oxygen atoms of the two linked carboxyl

groups to be co-planar, this 1s also the case in the planar
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succinamicde residue, 80 one cennot argue that the non-
planarity of the succinic acid rezidue is due to the relie?
of steric strain caused by the oxygen atoms being locked
in position. In the case of potassium hydrogen succinate,
the succinate residues, although linked by short hydrogen
bornds, are linked across two-fold symmetry axes, which do
not demand that the ends of the anions should be co-planar,
Indeed, the angle between the mean-planes of oarboiyl
groups in adjacent residues is about 79°.

The second point of interest is the length of the
central C - C bond. In B-succinic acid the central C -C
bond length of 1.555.(19)2 does not differ significantly
from the standard C - C single-bond length of 1.5445% in
diamond., However in the two other planar residues there
is a significant shortening of the bond length to 1.501(2)2
in succinamide and 1,510(5)2 in this study. This is also
found to be the case in the two, almost planar, cyclic
molecules which have been studied = succinic anhydride
(Ehrenberg, 1965), and succinimide (Mason, 1961) - which
have C -C central bond lengths of l.51(l)Xand 1.506(15)Z
respectively. Unfortunately there is a large standard
deviation on the bond-length in B -succinic acid, but if
the results are taken at their face value, they imply a
possibly significant shortening of the bond in going from

a non-planar to a planar configuration.



L I . Y - 2. R
Weither the succinemile

were correcited for rigid-body libration, but it is difficult
to see how this could incresse tne length of the central

C - C bond by mcre than about 00,0074, the increase found on

correcting B -succinic acid. The changes in bond length

O
found for potassium hydrogen succinate were of the order

of one third of a standard deviabtion and were not applied.

This is the result to be expected in such a system, in which

'
r

the residues are rigidly linked into cha
(@] %

[t

ns by hydrogen

btonding.

] 2l

The average value of'l.504z found for the C(1l) - C(2)
bond in these sbructures is about what 1is expected for a bond
between an sp® and an sp® hybridised carbon atom (Stoichefr,
1962), there being no need to iuvoke any ideas of resonance

3

of hyperconjugation to explain the shortness of the bond
compared with the C - C bond length of 1.545X found in
diamond, However it is much more difficult to understand
the shortening of the centrél C - C bond. Bxplanations
involving hyperconjugative effects of the CHp groups ssenm
improbable, there being no electronegative oxygen atomé
from other residues nearer than 5.523. These would have

the effect of helping to delocalise charge out of the C - I

bonds.
The rigid-body mections of potassium hydrogen

.

succinate are, as expected, very similar to those: focund



in B-succi acid dtself, The axls R of minimum inertis

pes

runs along the lengtn of the planar residue, passing ver:

ca
+
<

. N TT . .
close to atoms C(1) and C(1)>+, with the other two inertial

U

axes perpendicular to this, Q lying in the molecular plane
and ? perpendicular to it., The analvsis indicates that

the angular motion about axes P and Q is negligible and the
molecular oscillation of about 2° around R is covered by the

standard deviation. The rigid-body translation vibrations,

Q

Tij, of the molecule are defined as the tensor-components of

the symmetric tensor T, giving the mean squere amplitude of
the translaticnal vibrations éf the centre of mass of the
molecule., The translation vibrations of the molecule
indicated by the znalysis ére a minimum vibration of mean
square amplitude TRR = 0.18}?2 along the length of the
molecule, roughly in the direction of the c-axis, a vibration
Tpp = 0.0QGKzaperpendicﬁlar to the molecular plane, and a
vibration Tqq = 0.05632 lying in the molecular plane,
perpendicular to R.

An electron-density difference synthesis, carried
out at the end of the anisotropic least-squares refinement,
vin which the contributions of all atoms, with the exception
of the acidic hydrogen atom, were subtractgd out, reveals a
rather interesting situation. The largest peaks, of height
0.626A™° (o(a p) = 0.33eA™%), are fourd to lie symmetrically

on each side of the two-fold axis, in the neighbourhood of



the acidic nydrogen avom, This gituation is shown In Figure
.B.4, which shows the electron~density distribution through
the plane, perpendicular to the b axis, which conbains the
atoms 0(2)1l ana O(Z)VI. Thne contours run at intervals of
0_5 O—r-:
O.le A © from 0.2 to 0.6e.A”°. An identical situation has
also been found by Kanters and Kroon, (1969) in a very
accurate low temperature study of the structure of potassium
hydrogen mesotartrate, |
If we interpret these results to indicate a 1l:1
disordering of hydrogen atoms, the positicns of the atoms
beiﬁg taken from a peak search of the difference map, then
the interabtomic distances and angles pertinent to the

situation are shown in the diagram below:

RIs-.. g J69°5°
‘\\ \r‘-_‘,\ C(l)II
1.53~ 8 T~
~ ~
\H‘\ \:\\\
100 "~~~

:6 2)II

The position of the peak found from the difference
map lies 1.002 from the oxygen atom - rather a shnort distance
for such an 0 - Hbond. However, if this were a hydrogen
aton, then ﬁSb = 107.50, the perpendicular distance of the
hydrogen from the plane of the adjacent succinate residue
being 0.092. Thus, superficially, the situation would appear

to be cne of statistical disorder, with an equal number of



protons occupyling sites on sither gide of the axis. However,

there are several

Lo
[©)
jas]
9!
O
o
w2

or belisving That this interpyre-

tation is incorrect, or at least oven to considerab

|_I

e doubt.
Firstly, in this structure (though not necessarily in the
mesotartrate), the standard deviation on the electron-
density, evaluated according to the methed of Cruickshank
(1049), is O.SSeX-S, which means there is considerable
doudbt as to the positions of the maxima,. Secondly,.the
curve of Nakamoto, Margoshes and Rundle (1955) suggests
that, for bonds as short as 2,4463, the 0 - H distance
should be at least 1.153 (if not 102952 for a genruinely
symmetrical bond). Thirdly, it seems extremely likely
that, where a symmetric double-minimum does exist, the ‘
two potential wells would be, at most, O.ZA apart, and
certainly not O.6K apart, as thesge results imply.
Consequently, despite the temptation to interpret these
results in terms of 1:1 disorder, all one 1s reasonably
Justified in claiming is that there is a region of
relatively high electron-density smeared across the two-
fold axis, but that one is unable to distinguish by X-ray
crystallography between the situation where the proton
lies in a single, symmetric potential well, and the
situation where two half-protons lie in the two wells of

a symmetric double-minimum potential.



CHAPTER 4

A NEUTRON DIFFRACTION STUDY
OF THE CRYSTAL STRUCTURE OF
POTASSIUM HYDROGEN SUCCINATE



4,1 INTRODUCTION

scovered by Chadwick in

=0
'(1

Althovgh the nsutron was d:
1932, and neutron diffrsection was demonstrated by Halban
and Preiswerk in 1936, it was not uatil 1945 that nuclear
reactors from which a sufficiently high flux of thermal
neutrons of the appropriate wavelength could be obtainad,
were available. Consequently it was not until 1948 that
neutron diffraction was first used as an experimenﬁal
tool for studying crystal structure (Wollan and Shull,
1948). . Since then, it has become a technique of
considerable importance for supplementing snd sxtending
the results obtained by X~ray diffraction. At present,
however, the use of neutron diffraction is very limited,
owing to the small number of suitable nuclear reactors
available, and the consequent great expense involved.
For this reason the use of neutron diffraction should
only be considered when other methods of studying
crystalline solids, particularly X-ray crystallography,
are inadequate.

The advantages of using neutrons instead of X-rays
nearly all arise from the differences between the
nuclear scabttering length.b and the X-ray scattering
factor fx. These differences sare discussed in Bacon

(1983). A brief list of the main advantages is given
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below:~
(a) Determination of the co-ordinates of light elemsnts,

1

particularly hydrogen, in the presence of nuch
heavier elements.

(b) Differentiation between isotopes, or elements of
neighbouring atomic number.

(c) Determination of the structurss of compounds
containing elements, such as mercury and lead,
which absorb X-rays strongly.

(d) Studies of magnetic effects.

(e) Thermal vibrations of nuclei,

The present structure analysis by neutron
diffraction was undertaken in order to supplement the X-ray
anelysis described in the previous chapter. One of the

main objects was to study the short, symmetrical hydrogen

bond lying across the two-fold axis of symmetry.

4.2 EXPERIMENTAL

Preparation of crystals

It is rather difficult to cbtain large crystals
of potassium hydrogen succinate. However, the method used

was as follows:-
A saturated solution of suitable composition

was prepared as described in the previous chapter, and

filtered into a 5 ml beaker placed in a glass stand in a



larger beaker conbaining a small emount of concentrabad

-

sulphuric acid as a dehydrating sgent. A smoll, welle

formed seed crystal of potessium hydrogen succinets wars

K‘
GJ

placed in the sabturated solution and the larger beaker
was then stoppered and immersed in a thermostat at 30°¢,
The beaker was then left standing for a few days to allowr
crystal growth to take place as the water vapour distillcd
from the solution into the sulphuric acid,

This procedure was carried out many times with
varying degrees of success. Several times a large nmumbayp
of small crystals were formed, and nc growth took placs,
On other occasions a large twinned crystal of poor cualiby
was obtained. 1In general, it was found that the crystals
formed were lozenge-shaped, the basal pinsacoid being tnc
001 face, and generally, the larger the crystal, the
poorer the quality. Eventually, however, a few sultabls
crystals were obtained, and two of these were mounted for

data collection.

Data Collection

Neutron-diffraction data were collected in the
DIDO reactor at A.E.R.E., Harwell, from which a neutron
beam, monochromatised to A= 1.171%, was obtained.

Intensity measurements were made on a Ferranti

Mark II automatic diffractometer (Bunce and Wheeler, 19835:



Dyer, 12966; Arndt and Willis, 1966), This instrument
permits the crystal to bs robated through the thres
Eulerian angles ¢ , X , and w , and rotation of the counter
througn 20 abouﬁ an gxis coincident with that of w .
Unlike the completely automatic X-rsy diffractometer
mentioned in the previous chapter, this instrument is
controlled by 5-hole punched tape which contains
instructions for rotating the shafts so as to bring each

set of planes near to the reflecting position, followed

by instructlons for stepping the crystal through the
reflexion, The number of neutrons detscted at each step,
during a fixed monitor count of the main beam, is recorded
on a teleprinter, and on paper tape. The preparation and
processing of tapes (Currie, 1969), was carried out using
programs written by M.J.D. Powell (1965) and N.A. Curry
(1966, 1967).

Two visits to Harwell were necessary to collect
sufficient three-dimensional data. On the first visit,
in the winter of 1968, approximately 600 independent
reflexions were measured, but, on subsequent refinement
of the data, the crystal was found to be twinned.

A second, much smaller lozenge-shaped crystal, of

dimensions 4.5 x 2,5 x 0.7 mms, was taken to Harwell in

June, 1969, and sufficient three-dimensional data was



collected. In all, neutron-scattering structure amplitudes

Wwere measure reflexions, OCf thess,
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283 had values of the integrated intensity greater than
three times the standard deviation o(I), based on
counting statistics, and these wers used in the subscquent
leaét»squares refinement,

I should like to thank Mr, S.A. Wilson for
helpful advice, and Messrs, M, Curriz and A.L. Macdonald

who collaborated during the collection of data.

Structure Refinement

Up to the present, only the 283 neutron
diffraction data out to ¢ = 550, not yet corrected for
absorption, have been included in the refinement, the
starting point of which was the set of parameters obtained
by the refinement of 1272 X~ray diffraction data to
R= 0,075 (Tables 3.1 and 3.2). Eight cycles of full-
matrix 1east-Squares refingment, with anisotropic
vibrational parameters for all atoms (including the proton
constrained to lie on the two-fold axis), converged with
R and R! having final values of 0,092 and 0,010 respectively.
The reflexions were individuelly weighted, with w = 1/ cg(p),

It is intended to apply absorption cdrrections,
and to includé in the least~-squares refinement those wesaker

reflexions assigned intensities equal to one-half of a
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threshold value (chosen to be thres times the standard

are given in Tables 4,1 and 4.2 respectively. For
comparison, those found from the X-ray analysis are also
showm, Standard deviations derived from the inverse least-
squares matrix are given in parentheses. Observed
structure amplitudes and final calculated structure factors
are given in Table 4.3 and thelr agreement is analysed in
Table 4.4, Nuclesr scattering lengths used in the structure-
factor calculations were:- K, 0.,35; 0, 0,577; C, 0.,661;

and H, -0.378 x 10 *%cm.

DISCUSSION

The structure has been fully discussed in the
previous chapber, and only the significant differences will
be discussed here. Bond lengths and angles in the succinate

residue are listed in Tablevé.S, and the K*--..0 distances

and Q¢+ +X*..+0 angles in Table 4.6. In both tables the

X-ray values are given for comparison, Owing to the much

smaller number of reflexions used in the neutron refinement
the standard deviatilons on these parameters are much higher
than those obtained by X-ray refinement, but the results

of the two refinements are in reasonable agreement. It 1is
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Fractional (x, Yy 2

co—-ordinates,

(a)

0(1)
0(2)

c(1)
c(2)

H(1)
H(2)
H(3)

(b)

0(1)
0(2)

c(1)
c(2)
H(1)
H(2)

H(3)

Neutron structure analysis

X

25000

42119

16237

26733
18907

18935
1170

25000

1
(x

L
20649

87215
64315

74389
69337

52063
73038
67415

Lable 4.1

Z

11641

6659

-12898
21443

22007
21476

X-ray structure analysis

X

25000

42122

15901

26864
18705
18410

3149

25000

N4
20596

87302
64690

74605
69327

51964
75854

64690

Z

11623
6745

12797
21452

22561
21329

= hye
= 245

!
X

1524

2570(11)

Z

991(12)

1631(9)
1154(10)

1155(24)
71(20)
1524

X

1524
2568(2)
969(2)

1638(2)

1140(3)

1122(70)
192(55)

1524

5 1 1
x 107) and orthogonal (X , ¥, 2 x

= ax cosf -

Y

1247(21)

5269(11)
3885(12)

4494(9)
4189(10)

3145(22)
4412(26)
4073(32)

I
1244(1)

5274(3)
3908(3).

4507(3)
4188(3)

3139(79)
4582(59)

3908

10

CZ.

~47
1772(10)

1029(10)

2001(9)

3373(9)

3463(21)
3411(21)

~47

-47

1770(2)
1043(2)

1985(2)
3377(2)

3554(74)
3385(56)

—47



0(1)

0(2)

c(1)

c(2)

H(1)
H(2)
H(3)

Table

4,2

. o ,
Vibrational Parameters (A2 X 101)

Neutron structure analysis

Uy, Yoo Uss
268(176) 61(147) 258(119)
191(72) 222(64) 172(50)
218(82) 267(63) 122(51)
110(53) 101(36) 110(36)

32(59)  219(69) 95(39)
727(174) 171(131) 290(97)

0(109) 840(161) 485(102)
111(193) 728(257)

355(189)

X-ray structure analysis

Ui

212(3)
370(10)
319(9)

240(9)
289(10)
.
~1S0
253(167)
156(112)

483(299)

Yoo

306(4)

396(11)
423(11)

276(10)
362(12)

Uss
310(4)

241(8)

S 172(7)

178(8)
145(7)

2Un4

0

+40(85)

~106(89)

12(65)

25(58)

62(155)
1(236)

0]

2923

0

-5(15)

-80(13)

14(14)
~18(15)

2Usy 2o
-164(212) 0
80{(86) -198(101)
51(106) . -62(101)
-3(61) 24(74)
89(81) -102(64)
-100(193) =223(189)
108(202)  -88(225)
103(340) 0
2Us1 20y
67(5) 0
150(14) -233(17)
34(12) =103(16)
51(13) 22(15)
70(13) -135(18)
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Table 4,4

KHSucc (Neutron Data): analysis of the agreement of lFol and
IFCI at the end of the refinement,. N is the number of

reflexions, Structure factors are on the absolute scale.

(a) As'a function of sinA/A

sle I =le | zlal R nlel /v
0+0 = 0.2 111-8 110-0 11-0 17 0099 046
0-2 - 0-3 2013  189:3  17-5 36  0-087 0-5
0+3 — 0.4  311-2  290-0  28:4 56  0-091 0-5
004 = 05 459-3 4556  38-0 85  0-083 0-4
0-5 — 0-6  311+6  314:9  29:8 66 0096 0-5
0+6 - 0.8  105-5  110-6  13-1 23  0-124 0-6

(b) As a function of ]Fol

0 -2 41.1  39-4 12-7 24 0-308 0+5
2 -3 2448 207 543 9 0216 06
3 -4 2023 19246  29-1 57 0-144 05
4 -6 4734 45944 4440 97 0093 0-5
6 - 8 405+9  397-1  27-1 59  0-067 0-5
8 -13 3534 36141 196 37 0056 0+5

All 1500-8 14704 1378 283 0.092 0.5



Table 4.5

o}
Bond lengths (A) and angles (°) in the succinate residue.

Neutron A-ray
c(1) - o(1) 1-238(14) 1-225(4)
c(1) - 0(2) 1-314(14) 1-301(3)
c(1) - c(2) 1-485(13) 1.512(3)
c(2) - c(2)ttt 1-500(13) 1-510(5)
c(2) - H(1) 1-047(24) 1-06(8) .
c(2) - H(2) 1-106(24) 1-03(6)
0(2)---0(2)V 2.401(15) 2-446(4)
0(1) - c(1) - 0(2) 121-5(10) 123-5(2)
0(1) - c(1) - c(2) 122-9(9) 122-9(2)
0(2) - ¢(1) - c(2) 115-6(9) 113-6(2)
c(1) - c(2) - c(2)™H 115-5(8) 114-3(2)
H(1) - c(2) - H(2) 101-5(20) 111(5)
H(1) - ¢(2) - c(2)t!! 113-0(14) 110(4)
H(1) - ¢(2) - ¢(1) : 166~5(14) 112(4)
H(2) - ¢(2) - c(2)Tt! 111-6(14) 103(4)

- H(2) - c(2) - c(1) 107-8(14) 107(3)

c(1) = 0(2)---0(2)1 116-5(8)  114-3(2)



Kt

K+...0(1)V

K+°"O(2)II

K+'0-O(l)

K ee0(2)

0(1) V. k.. e0(1)
0(1)Veeoxteee0(1)
0(1)Ve..xte . 0(2)
0(1)Veekteei0(2

0(1) VL. xte.a0(2) 1t
VII.‘.

0(1)

o(1)VIIL,

0(1)

0(2)0--K+---0(2
0(2)...K+...o(2)IV
,0(2).,.K+...0(2)IX

..K+...Q(2)
VIII...K+“‘O(2)II

o .
. , +
+++0 distances (A) and Qe<+K ¢:20 angles

Neutron
2+811(11)
2:850(14)
2.912(18)

- 24898(23)

93-0(5)
73+4(4)
76-7(4)
116-7(3)
70-0(3)
92+2(7)
117-8(3)
71+9(3)
75+2(5)
48-9(5)
71-0(5)

()
X-ray

2:808(2)

2:828(2)

- 2¢904(2)

2+931(3)

92.91
73-38
76452

11631

7034
92-32

117-73

7137
7554
49-29
7124
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noteworthy, however, that the Uij's derived from the neutron
diffraction enalysis are consistently lowsr than those from
the X-ray analysis (Table 4.2). This is generally the caso,
the positilonal parameters of sll non-hydrogen atoms being
found equally well by X-ray or neutron-diffraction, but the
vibrational amplitudes found by neutron-diffractlion being
consistently lower (Hamilton, 1©69)., This may be accounted
for by the fact that no absorption corrections have‘yeﬁ been
applied to the neutron desta, but could be indicative of the .
inadsguacy, when high accuracy is required, of using
sphericaily symmetrical X-ray scattering factors calculated
on the basis of free, non-bonded atoms (Coppens, 1969).
As expected, the positions of the methylenic hydrogen atoms
have been significantly improved.

The 0++-0 distance across the short hydrogen bond
has been reduced fron 2.446(4)2 to 2.401(15)3, but in view
of the relatively high standard deviation on the latter,
the shortening cannot be said to be significant. However
one should note that this wvalue of 2.40lZ is the same as
the value of 2.405(5)2 found in potassium hydrogen
chloromaleate (Ellison and Levy, 1965), Neutron-scattering
density and difference syntheses computed after completion
of the first refinement indicate an ellipsoidal region of
neutron-scattering density; with the maximum density centred

at the refined position of ths proton, which lies 0.193
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hydrogen tond, such that the angle 0(2)...d...0(2)%V =
162.3°, and the 0 = H bond length is 1.215(11)2. These
values compare well with the angle of 175.4° and the ¢ -~ H
distances of 1.206(5) and 1.199(5)3 found in the centred
hydrogen bond in the chloromaleate. Although the neutron
scattering density is ellipsoidal in shape, the maximm
scattering density lies across the two-fold axis, Jjust as,
in potasgium hydrogen malonate (Currie, 1969) the maximum
scattering density lies écross the centre of symmetry.
This contrasts somewhat with the apparent double-minirmum
found by X-ray diffraction, though one must point out that
in the neutron case one is determining the position of the
nucleus, whereas in the X-ray case one is determining the

mean position of the surrcunding electrons.,

FUTURE WORK.

Once all the neutrop-diffraction data have been
corrected for absorption, and further least-squares
refinement carried out, an electron-density difference
synthesis will be computed using the observed X-ray
structure amplitudes and structure factors calculated
from the neutron-diffraction parameters and spherically

syrmetrical X-ray scattering factors,



In such a synbthesis
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be possible to
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locate the bonding electrens, as was successfully done

by Coppens (1967) in a similar study of s-triazine.



PART ITT

REFINEMENT OF THE STRUCTURES OF TWO
CONDENSED PHOSPHATES
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In the course of the last few yesars strucitures
have been reported for a numbsr of condensed pi
(Jost, 1964), i.e. polymeric phospvhates having more than
one phosphorus atom and containing P-0~P bonds. Thess
phosphates may be divided into three distinct categories
(Cotton and Wilkinson, 1966), viz:-

(i) finite chain phospnafes, the chains of which may

contain betwsen two and ten\phosphorus atoms

) infinite chain phosphates - polyphosphates;
(iii) ring - or metavhosphates.
In general these compounds consist of P04 tetrahedra linked
together by bridging oxygen atoms to form chains or rings.
In consequence, there are two distinct types of phosphorus
oxygen bonds - a terminal P - 0 bond of average length
1.47 - 1.483, containing a fair degree of multiple bond
character, and a bridging P - 0 bond of length 1.612
approximately, which is eésentially a single bond. The
7 - bond orders of the two types of bond predicted by

[rd

Cruickshank (1961) are 0.7 and 0,3 respectively.

In a review of the chain structures known, many
of which had been refined by two dimensional electron-
density syntheseé, K.H. Jost (1964) noted that,

statistically, there was some evidence for supposing that



knovm ceses of P - O triplets (three P - 0 bridge bonds in

=

seqpence), twenty-five of these chowed this feature of a
tshort, long, short'! sequence, and concluded that this
could not be a randem effect, as the probavbility of this
was much too low, Since the'co-ordination of the POg
tetrahedra to the cetilons, in the structures reviewed
varied considerably according to the cation, Jost concluded
that the variation of long (1.62 - 1,632) and short (1,87 -
1.583) bridge bonds was inherent in P - Oj-P'chains and
rings, though it could be affected by the nature of the
cations in the structure, and by the degree of hydrocgen
bonding.

However, in a molecular orbital calculation on
(XOé)n‘ tetrahedra in general, and which included
phosphorus tetrahedrally.bound to four oxygen atoms,
Cruickshank (1961), calculated that, in the metaphosphates,
the m - system should be effectively continuous around the
ring, and that all the P - O (bridge) bonds should have the
same bond-order, and, in consequence, the same length,
Various refinements of the theory proved equally

unsuccessaful in accounting for apparent experimental



aiff

rences in the bond len

M

mebaphosvhates which
at that time (e.g. Ondik, Block, snd MacGillavry, 1961).
However, in mcre recent refinements of some of these
structures (e.g. Ondik, 1963 and 1264) the lengbths of the
bridge bonds have been found to be the same, within
experimental error. This anomaly of alternaticn in bond
length was also fourd in the C - C bond lengths in
polymethylene chains when analyses‘were based on two-
dimensional projections, but disappeared when three-
dimensional enalyses were carried out (Speakman, 1954).
It would seem that this should also be the cas
in the infinite chain polyphosphates, and so a least-
squares refinement of Kurrcl's sodium salt Na(P0z)x
was carried oub, this being one of the compounds on
which Jost had based his theory. A refinement was also

carried out on sodium hexametaphosphate hexahydrate,

Nag(PgOjg) 6Ho0, a ring phosphate.



1.1 INTRODUCTION

In 1281 Jost studied the structure of Kurrol's
sodiwm salt, Type A, which is a polyphosphate of formula
(NaP03)x, containing infinite helical chains of POg
tetrahedra spiralling up b, with four P04 tetrahedra
.per spiral., Part of Jost's evidence for alternating
bond lengths cams from this structure which he fouhd to
conbain four crystallographically distinct P - 0 (bridgze)
bonds of lengths 1.62, 1,57, 1.64 and 1.602, respectively.
However, although the structure was solved by direct
methods, refinement was carried out by means of difference
syntheses using only hO4 and hkO data, and conseguently °

the standard deviations for the P - O bonds are rather

(o]
large (0.015 to 0,0184).

Although only hOf and hkO data were used in the
- refinement, sign determination was also carried out for
layers hlf to h54, and so it was felt that a three-
dimensional refinement by the full-matrix least-squares
method, using data from the layers hOZl to h52 would
improve the accuracy of the analysis, and help to settle
the question as to whether or not, in this compound at‘

1east,Athe alternation in bond-length is real.



Absorption corrections were not applied, and, as
it was felt that the hk(C reflexions were more affected by
absorption than the others, these were not included in the

refinement.

EXPERIMENTAL

Crystal Data

Kurrol's sodium salt, Type A, (NaPF03)x.

F., = 102.0, Monoclinic, -
a = 12.12(4), b = 6.20(2), ¢ = 6.99(3)4,
B = 92.0(5)°, U = 524.9, Dm= 2.54, Z = 8,

De = 2,58, F(000) = 592, Space group P21/n(No., 14).

Structure Relinement

The refinement was cearried out on the 760 cobserved
reflexions in the layers hOf to hS5%, which had been collected
by Jost, and the initial parameters were taken from the
results of the original refinement, which was carried out
by means of electron-density difference syntheses.

Initially, three cycles of least-squares refinement, varying
atomic co-ordinates, isotropic vibrational parameters, and
layer scale factors converged with R and R' having values

of 0,090 and 0.012 respectively. The observed structure
amplitudes were then placed on one scale, and convergence

was obtained after six cycles of refinement in which the



vibrational varansters were allowed to vary anisotroplecally

The final values of R and R!' were 0,078 and 0,009 respzchtivelr,

Throughout the refinement a wel

the form,
1

Jwo= [ 1- —exp(-py(sing/A)° 2y1/[1 + polF |+ Ps“’ P41F0‘3]}~2~9

was used, and the final values of the constants were:

-

p1 = 500, po = 0.01, pz = 0,001, and pyg = 0.00001,

The results of tThe refinemsnt have besn published

(McAdam, Jost, and Beagley, 1968), and a copy of the paper

1

ne

mi

s, The finsl

mn
e

is included as Appendix III of this ©
fractional and orthogohal co~ordinates are given in Table
1.1, and vibrational paramsters in Table 1.2, Estimated
standard deviabtlons derived from the least-sguares refincment
are given in both tables. Since layer scale factors wers
also refined, the vibrational parameters along b will e
subject to additional errors, owing to their correlation
with the layer scale factors. ‘The observed structure
amplitudes and final calculated structure factors are
listed in Tsble 1.3, and an analysis»of their agreement is
given in Table 1l.4. Atomic scattering ;act0°s for neutral
atoms were taken from International Tables for X-ray
Crystallography (1962).

Note that in order to ensure that the co-ordinates

of all atoms listed in Table 1.1l refer to the atoms of the
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crystal-chemical unit, the y co-~ordinates of C(21) and
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(and those published by us).

RESULTS and DISCUSSICIH

The ucture 1s shown in Figures 1.1 and 1.2, wiich

show, respectively, the b and ¢ axial pPOJ° lons. The

atoms which are lettered correspond to the Crysta1~chemif
unit. The equivalent positions reférred to in all tablos,
figures, and discussion are listed in Table 1.5. For
purposes of clarity, these have been renumbered,.compareﬂ
to the system used by Jost. The bond lengths and angles
associsted with the prhosphate chains are listed in Table
1.6, and those pertaining to the environments of the sodliunm
ions in Table 1.7. The polyhedra surrcunding the sodiuvm
ions are also illustrated in Figure 1.3.

The structure has been discussed by Jost, and
there is no need to elaborate on this except in Terms orf
the differences which have been found. The purpose of ths
investigation was to study the alternation in the bond-
lengths of the P - 0 (bridge) bonds, and a comparison of
the values determined in this investigation, with those
found by Jost, is given in Table 1.8. While, previously,
the bonds certainly appeared to alternate in length, ths

.

results of this refinement show that, In this structure at
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Table 1.1

KURROL: fractiomal (x,y,z x 104) and orthogonal

t t o f
(X ,Y,2 in A, x 103) co—=ordinates., (X = ax sinB;

=’

t
I=Dby; Z =ax cosp+ cz.)

[

X Y z £ X Z
Na(1) 1310 8688 6287 1586(3)  5387(4)  4339(3)
Na(2) | 56 3790 7636 68(3)  2350(4)  5336(3)
P(1) 2154 3624 4914  2609(2)  2247(2)  3343(2)
P(2) 1102 1266 1823 1335(2) 785(2)  1228(2)
0(11) 2285 2087 6511 2768(6)  1294(7)  4455(6)
0(12) 2169 2370 2884 2627(5)  1470(6)  1924(5)
0(13) 1199 5124 4952 1452(5)  3177(7)  3411(5)
0(21) 1711 =73 215 2073(5)  6155(6) 78(5)
0(22) 416 2942 865 504(6)  1824(7) 587(6)

0(23) 566 =222 3158 685(6)  6062(7) 2183(5)



KURROL:

Na(l)
Na(2)
P(1)
P(2)
0(11)
0(12)
0(13)
0(21)
0(22)
0(23)

S5}

25(2)
30(2)
13(1)
12(1)
34(3)
18(3)
17(3)
18(3)
22(3)
22(3)

foble 1.2

22

20(2)
19(2)
10(1)
10(1)
22(4)
13(4)
25(4)
14(4)
23(4)
22(4)

anisotropic vibrational

Uss
23(2)
17(2)

7(1)

8(1)

16(3)

13(2)

20(3)
10(2)
18(3)
14(3)

02
parameters (A x 10

2Yss
~2(3)
~0(3)
1(2)
-3(2)
15(5)
-8(5)
-11(5)
-4(4)
2(5)
4(5)

2Usy

~5(3)
3(2)

©6(1)

7(1)
4(5)
5(4)

- 11(4)

4(4)
~7(4)
19(4)

3.
U2
-1(3)
3(3)
=5(2)
0(2)
~23(6)
-2(5)
4(5)
1(5)
18(5)
~12(5)
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Table 1.4

KURROL: analysis of the agreement between ‘FO[ and chl at

the end of the refinement,

Structure factors are an the absclute scale.

(a)

12
18
27
35
45
60

All

As a function of sin8/A

- 0:2
- 0.3
- 0°4
- 05
- 06

- 0.7

As a function of

- 7
- 12
- 18
- 27
- 35
- 45
-. 60

-105

fF |

1219
2287
3985
4804
3794
1381

664
1466
2172
3193
2466
2962
2781
1766

17470

z|F |

1340

22380
3899
4675
3748
1466

|
738
1540
2233
3150
2361

- 2861

2753
1771

17407

N 1is

=|al

160 -

160
313
307
242

141

122

148

146

177
172
227
183
148

1323

33
78
142
192

218

97

80
157
147
143

80

75

53

25

760

R
0.131
0-070
0-078
0-064
0-064

0-102

0184
0-101
0067
0-056
0-070
0-077
0066

0-084

0-076

the number of reflexions.
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Table 1.5

Equivalent Positions

1
22Xy
1
2=Xy

%“X:

Y

l""y [



Teble 1.6

[¢]
Interatomic distances (A) and angles (°)

in polyphosphate chains.

P - 0 (peripheral) P - 0 (bridging)

P(1) - 0(11) 1.472(7) P(1) - 0(12) 1:619(6)

P(1) - 0(13) 1-486(6) P(1) - o(21)"H 1.600(6)

P(2) - 0(22) 1-477(7) P(2) ~ 0(12) 1+620(6)

P(2) - 0(23) 1-479(6) - P(2) - 0(21) 1-599(6)
Mean 1479 ~ Mean 1610

Bridging oxygen atoms:

P(1) - 0(12) - P(2) 124.8(3)°

VIII

P(2) - 0(21) - P(1) 136¢1(4)°

PO4 tetrahedra:

0(11) - P(1) - o(12) 110-5(4) 0(12) - »(2) - 0(21) 99~2(3)
0(11) - P(1) - 0(13) 117-1(3) | 0(12) - P(2) - 0(22) -109-8(4)
0(11) = P(1) = 0(21)VI! 107-4(4)  0(12) - P(2) - 0(23) 109-7(3)
0(12) - P(1) - o(13) 110-4(3) 0(21) - P(2) - 0(22) 108-3(3)
0(12) - P(1) - o(21)VIT  99.1(3)  0(21) -~ P(2) - 0(23) 110-1(3)
0(13) - P(1) - o(21)VI 110-9(3)  o0(22) - P(2) - 0(23) 118-2(3)

Mean 10942 Mean i 109-2



Table

1.7

[¢]
Interatomic distances (A) and angles {(°) in the polyhedra

surrounding the sodium ions.

The estimated standard

deviation on each angle is approximately 0+2°,

Na(l);--0(13) 2+401(7)
Na(1)---0(11)™  2.419(7)
Na(1)---0(23)™1  2.432(7)
Na(1)+--0(11)"F  2.464(7)
Na(1)---0(23)1V  2.506(7)
Na(1)---0(21)'%  2.876(7)
0(13)+--Na(1)---0(11)*  148.0
0(13)---Na(1)---0(23) '] 83+8
0(13)+-+Na(1)---0(11) " 84+3
0(13)+--Na(1)---0(23)1V  111.8
0(13)«+Na(1)+--0(21) 1% 128:5
0(11) .. eNa(1)---0(23) T 88-9 .
o(1) . na(1)--0(01) 7 891
o(1n) e na(1)---0(23) 1Y 95.9
0(22) 1T L..ina(2) - -0(22) TV 78-8
0(22) M. ina(2)---0(23)7  93.6
0(22) 1. ixa(2)+--0(213)TY 150.9
0(22);II~°°Na(2)-'-0(13) 134+8
0(22) VerNa(2)---0(23)Y  144.7

I11

Na(2)---0(22) 2:343(7)
Na(2)---0(22)T7  2.360(7)
Na(2)---0(23)7  2:396(7)
Na(2)---0(13)1  2.419(7)
Na(2)-+-0(13) 2.511(6)

)II

0(11) 1. Na(1)---0(21) X

0(23) . eNa(1)---0(11)Vd
0(23) L. - eNa(1)---0(23)1"
0(23) e iNa(1) - - -0(2) X
0(11) V. oNa(1)---0(23) TV
0(11) "I..oNa(1)---0(21) %

0(23) Ve oNa(1) -+ -0(21) 1%

0(22) V.. xa(2)---0(13) 1V
0(22) V.. Na(2)---0(13)
0(23)V -.-Na(2)---0(13)17
0(23) Vs -+Na(2)-+-0(13)

0(13)IV--oNa(2)»-~o(13)

68+9
154.2
7440
146+0
131-8
54+6

828

864
101-4
842
10840

7244



Table 1,8

o]
A comparison of P~0 (bridging) bond lengths (in A)

(a) present work, (b) Jost (1961).

(a) (b)
P(1) - 0(21)"1L 1-600(6) 1:57(2)
P(1) - 0(12) 1-619(6) 1-64(2)
P(2) - 0(12) 1-620(6) 1-60(2)
P(2) - 0(21) 1-599(6) 1-62(2)

mean 1610 : 161



*worqaoaload TWIXTR-Q oUq UT uMoys

TIPO 4TUN 8Uq JO S7UDQUCD UL |*| 94nITd

Vv € 4 L 0

N
X



‘uoTgoaelfoad TeTX®-0 syl Ul uMoys

TT80 4TUN aya JO SaUsqU00 a8yl &°* | =andTd

1/ | 1/



Figure 1.3 The co-ordination spheres

of the sodium ions.



least, the effect wes not germine. All the crystallio-
gravhically different P - O (bridge) and P - 0 (Lerminaol)
bond lengtns are within sbout 0,0lg of theilr respective
mean values of 1,610 and 104792, these values being very
similar to the corresponding bond lengbhs of 1.616 and

(o]
1.488A in (RbPO3)x (Cruickshank, 1964a).

'3 .

The only other significant difference from the
previous refinement is that there is a contact of 20882
between Na(l) and 0(21)I* yhich we consider short ernough
to be included in the co-crdination sphere of the sodium

jon.
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Structure of Seodium
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N T o ) ] A
2te nexanydratve

IHTRCDUCTION

This structure contains discrete hexametavhosphate
(P6018)6" ions, and was originally refinsd by Jost (1965),
by means of electron-density syntheses, to an R-factor of
0.16. The bond lengths and angles determined in the
original structure appeared to be quite normal, buﬁ in
view of the relatively high R-factoer, a least-squares
refinement was felt desirable. It was also hoped to
determine the positions of the hydrogen atoms attached to

the two crystallographically independent water molecules.

EXPERIMENTAL

Crystal Data

Sodium hexaemetaphosphate hexahydrate, NagPglig.6Ho0.
FW, = 719.9, Orthorhombic,

) ' C
11,58(2), b =-18.54(4), ¢ = 10.48(2)4,

Iw
H

(o]
U 2249,44%, Dm = 2.10, 2 =4, Dc = 2.12,
F(000) = 1440, Linear absorption coefficient for Cu-Kg

X-rays, p= 10.99%m~L, Space group Ccma (No. 64).

Structure-Solution and Refinement

The structure was originally solved by Jost (1965)

using direct msthods, and refined, by means of electron-



~

density syntheses to &an Revalue of C,16 for ths 1244
unique reflexions estimated from Welssentoerg photograpnhs
of the layers hk(~7 and 0~7k?,

In order to determine the structnre more accurasely
a full-matrix least-squares refinemsnt wzs carried out on
the 828 non-zero reflexions recorded by Jost, inivisl
co-ordinates and isotropic temperature facitors being teken

from the original paper. Five cycles of reiinement of the

[¢

atomic co-ordinates, isctropic wvibration=1 n”mafcters, and
one scale factor reduced R and R! to valuzs of C.007 and
0.015 respectively.

At this point 1t was decided to attemp’ to locate
the hydrogen ators attached to the two water moleculesz,

LA P

Accordingly, a difference electiron-densit

map was computed
and searched. This revealed several peaks of approximately
the correct height, but none of these could positively be
identified as hydrogen atoms.. The processs was then
repeated using low order data out to sinad/\ = 0.24A

This also produced no unequivecal positions for the

ions

1o
ct

hydrogen atoms, and inclusion of the mest probable pos
in a least-squares caléulation proved equally unsuccessful.
Consequently, the refinement was continusd, the
parameters of all non-hydrogen atoms being sllcwed to vary

anisotropically. Three more cycles of rslincment reduced
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R and R!' to final values of €.084 and 0,012 respectively,

Throughout the refinement & weighting scheme of form
1
v = ([l-«exp(-—pl(sinS/)\)z)]/[1 + pZIFOH}g

was used, the final values of the constants p; and pg
being 15 and 0.015 respectively.

The final fractional and orthogonal co-ordinates for
all atoms are given in Tadble 2.1, and vibrational varameters
in Table 2.2, In order to comply with the modern practice
that all the co-ordinates listed in Table 2,1 should refer
to atoms of the crystal-chemical unit (C.C.U), several
changes in co-ordinestes have beén made from those quoted
by Jogt., Estimated standard deviations derived from the
least-squares refinement are given in both tables. The
observed structure amplitudes and final calculated struchture
factors are listed in Table 2,3, and an analysis of their
agreement is given in Table 2.4. Atomic scattering factors
for neutral atoms were taken from International Tables for

‘X-ray Crystallography (1962).

2 3 RESULTS and DISCUSSION

A general view of the structure is shown in Figure

2

~ e

1, which shows part of the ¢ axial projection, the atoms
which are lettered being those of the crystal-chemical unit.

BEquivalent positions referred to in the text and tables are
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Table 2.1

Atomic co-ordinates, fractional (§, Yy 2 X 104) and absolute
(o]
(X, ¥, z in A, x 10°). Standard deviations of X, ¥, and %

are given in parentheses.

Atom X Y z £ I Z
Na(1) 1226 1720 3083 1420(4)  3189(4) 3251(4)
Na(2) 1114 0 3166 1290(6) 0 3318(5)
P(1) 1883 774 213 2181(2) 1436(2) 230(2)
P(2) 0 1827 0 0 3387(3) 0
0(1) 3020 908 402 3497(7)  1684(7) -421(7)
0(2) 1758 832 1597 2036(8)  1542(7)  1674(7)
0(3) 1401 0 =263 1623(10) 0 -276(9)
- 0(4) 423 2216 1123 490(8)  4109(7) 1177(7)
0(5) 968 1270  ~524 1121(7)  2355(6) =549(6)
0(6) 4614 922 1669 5343(8) 1710(9)  1749(9)

0(7) . 2922 2500 2500 3383(14) 4635 2620



Atom -

Na(1)
Na(2)
P(1)
P(2)
0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
o(7)

Table 2.

)

0
Vibrational parameters (A2 X 104). Standard

deviations are given in parentheses.

I—}11

366(22)
360(30)

0 214(11)

234(15)
253(32)
402(40)
245 (44)
392(37)
294(33)
341(41)
439(73)

Yoo

189(17)
245(25)
171(10)
153(13)
287(32)
212(30)
221(42)
285(32)
227(29)
423(42)

550(74)

Uss

262(19)
231(27)
173(10)
180(15)
308(38)
256(34)
205(44)
239(33)
202(29)
456(48)
870(104)

i

11(17)
0
209(59)
44(54)
0
109(58)
~30(51)
~54(72)
626(75)

2031

5(35)
108(50)
-6(19)
-90(27)
46(62)
~75(65)
-185(85)
~208(63)
-71(59)
~45(79)
0

22(17)

0
108(57)
~2(61)

0
5(61)
119(55)
9(69)

0
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Na6(P6018).6H20:

at the end of the refinement.

Fable 2,4

N is

: o P
Analysis of the agreement of |F

h]
(o)

the number of

! and SFC\

reflexions.

Structure factors are on the absolute scale.

(a) As a function of sinf/\

0:0 - 0-
0e1 - 0-2
0:2 - 0+3
03 — 0-4
0¢d — 0-5
0:5 - 06
0:6 — 0+8

zlpol

799
3880
7169

10264
12152
9919
3270

zIFcl

813
4092
7162
9952

11894.

9452
3475

(b) As a function of IFO‘

0 - 21
21 - 25
25 - 30

30 -~ 35
35 - 42
42 - 50
50 - 60
60 - 75
75 — 95
95 - 120

120 - 160

160 - 300
A1

759
2116
2907

780
5210
3346
5536
4576
6021
5032
5767
4809

47445

671
2025
2743

751
4991
3293
5367
4479
5942
5055
5810
5046

46782

=la]

113
339
531
770
917
911
383

178
380
361

91
484
286
426
276
320
350
417
343

3962

N

37
84
138
216
240

107

46
91
101
24
139
73
100
69
72
47
42
24

828

0-150
0087
0-074
0075
0-076
0-092
0-117

0-234
0-180
0-124
0-117
0-093
0085
0-077
0-060
0-053
0-070
0-.073
0-071

0-084

slal /N

183
9.2
6+3
5+6

3.8
3+6

3.9
4.2
3+6

35
3+9

4.0
4-4
74

143
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ITI
Iv

VI
VII
VIII

fable 2,5

Equivalent Positions

Xy

—x,

Y,

Yy
=Y
e A)

DA

Y
=Y

=Y,



Table 2.6

H
Principal interatomic distances in (P6018) ring.
Distances are given in Aj

standard deviations in parentheses.

P - 0 (peripheral)

P(1) - 0(1) 1+486(7)

P(1) - 0(2) 1+462(7)

P(2) - 0(4) 1+465(7)
Mean 1-471

P - 0 (bridging)

P(1) - 0(3) 1+619(5)
P(1) - 0(5) 1-601(7)
P(2) - 0(5) | 1:620(7)

Mean , 1-613



Table 2.7

Principal bond angles in (P6018)6~

o(1) -

0(1)
0(1)
0(2)
0(2)
0(3)

0(4)
0(4)
0(2)
0(5)

P(1)
“P(1)

P(1) tetrahedron:

P(1) - 0(2)

P(1) - 0(3)

P(1) - 0(5)
P(1) - 0(3)
P(1) - 0(5)
P(1) - 0(5)

Mean

120
108-
106-
109-
111-

97
109-

P(2) tetrahedron:

p(2) - 0(4)1!
P(2) - 0(5)

p(2) - o(5)™!
p(2) - o(5)™"

Mean

121
110-
105
100-

109-

Bridging oxygen atoms:

0(5) - P(2)

0(3) - p(1)1Y

131-

124

4(0-
7(0-
3(0-
6(0-
8(0-
6(0-

0(0-
8(0-
9(0-
8(0-

3(0

9(0-

ring.

4)°

4)
4)

2)

4)°
4)

4)

+4)°
4)



Table 2.8

Interatomic distances in the co-ordination spheres

of the sodium ions. Standard deviations

are given in parentheses.

Na(l) polyhedron:

Na(1)---0(4)t1
Na(1)---0(2)
Na(1)---0(1)"
Na(1)---0(6) "
Na(1l)+--0(4)
Na(1)---0(7)

Na(2) polyhedron:

Na(2)---0(2)T* 1V

Na(2)'~-0(6)VI’VIII

Na(2)--0(1) PV

0
2+334(8) A

2+349(8)
2+355(8)
2+396(8)
2:436(8)
2+514(11)

2.374(8)
2+444(9)
2-469(8)
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listed in Table 2.5, The bond lengths and angles
assoclilated with the(P6018)6‘ anions are listed in Tables:
2.6 and 2,7 respectively, and the interatomic distances
pertaining to the envircnments of the twq sodiunm ions in
Teble 2.8,

Apart from the expected reduction in the
standard deviations, the shifts in the co-ordinates of
the atoms are negligible, so only the values determined
in the present refinement are quoted, and no comparison
is made with previous values.

| The lengths of the crystallographically distinct
P - 0 (peripheral) and P - 0 (bridge) bonds are within
about 0.013 of their respective mean values of 1,471 and
1.6153. These are very simililar to the values of 1,479
and 1.610g found in the polyphosphate chain in Kurrol's
salt (McAdem, Jost, and Beagley, 1988) and 1.471 and
1.6013 found in the triclinic form of the tetrameta-
phosphate, NasPs075. 4Hg0 (Ondik, 1964). The equation of
)the mean plane through the six oxygen and six phosphorus

atoms forming the ring in the (P5018)6’
- 0,0807 X - 0,0987 2 = 0,

ion is

the root mean squars deviation of the atoms from the plane
o] o}

being 0,354, and the meximum deviavion being 0.49A for

atom 0(5). The plane mekes an angle of 2,9° with the

a b plane of the crystel,
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A careful examinaticn of the vibrational paramebters
revealed one anomaly., The U3 value of 0,08729 for 0(7),
the oxygen atom in one of the water molecules, is rather
high compared with the other Uii{ values obtained for the
two water molecules. This suggested that there might be
some slight disorder in the position of the water molecule.
Consequently, a difference electron-density map, in which
the contributions of all other atoms except 0(7) had been
omitted, was calculated. This appeared to suggest that the
oxygen atom, which lies in a two-fold axis might be slightly
disordered, but when the atom was slightly displaced from
the axis, and included in the refinement as two half atoms,
the positional parameters could not be properly refined.
The inclusion of two hydrogen atoms in positions suggested
by the difference map did not prove any more successful,

In conclusion, the structure has been refined to
an R-value of 0,084, and the parameters of all the non-
hydrogen atoms except 0(7) have been successfuly refined.
However, the hydrogen atoms have not been located as was
previously hoped, and in order to solve these two anomalies

more accurate diffractometer data will have to be collected -

preferably neutron diffraction data.
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APPENDIX I

PROCEDURE 'DEPENDENTS!' FOR
TETRAMETHYLDIPHOSPHINE



procedure DEPENDENTS;

bﬁgin

réal : ra,ro,rc,rh,rl,rm,rp,rd,rg,
sihbvua coshata,szn"aﬂma,
cosgamma,sinphi,cosphl,Xp,yp, 2D,
X8,Xc,xi,yc,alpha,nu,delta,gamma,
cosdelta,beta,sindelta,deltal,
deltam; tanbeta,cotgamma,alis;

array H[l 9,1:3],Bl1: 3 1:31, J[1 9,

1:3],D[1:9,1: 3] SE[1:3,1: 3] F(1:9,
1: 3],ph1[1 147, dse[i 7],gee[1:7],
betall1:14],ganma1{1:14 ], haz[1:7],
fiona[i:?],gail[l 71,6¢[1:18,1:3],

M{1:18,1:3,1:7];
integer h,l f,p59,%3
procedure dlstanye( sbye)s
value a,b,c; 1nt°g:g asb,cs
bvpin
if rlal=1 then
begin
Rla]:=(G[b,1]-Glc,1])
72+E Glb,2]-Glec, 2]3
12+(G[b,31- G[c,3] 23
Rlal:=sqrt(R[a]);
end
end of distancej;
procedure differential(aa,bb,cc);
value aa,bb,cc; Integer aa,bb,cc;

begin

for j :=_1 step 1 until 7 do
Claa,jl: =1.b/R[anx((G[bb,
1]1-Glecc, 1]§x Mbb,1,
-Mlcec,1,3]1)+(Glbb, 2] G[cc,
2])X(M[bb,2,3]—m[cc 2,31
+{GIbs3)-alec,31)x (Ml bb,3,

1-Mlco,3, 31
end of differential;

f:=format([-nd.ddddec]); ra: =R[2];
rb:=R[3]; “re:=R[1]; rm:=R[4]; rh =R[5];
rl:=R[6]; rp:=R[7];

rd:=(raxra+rbxrb- fnyra)/(Q oxraXrb),

rd: ”3 oxraxrax(1.C-rdxrd) ;



rgi=aqet(rexra~-rd/32.0);  rdi=sgorb{sd)
if r[8]=1 ~ pd g
sinbata:=C.5501/rby
cosbetas=sqrt(].C~sinkets
cosgamma, s = ( rmxyim-T e -
/(2.0xrmarexcosbata) ;
singamma:=sqrit{1.C-cossammaxXcosganna) ;
Xp:=-rbXsinteta; yp:= ‘costataxsinzammas
zp:=-rbXcosbetaXcoszamma~re/2.03
cosphi:=1.0-(rpxrp-4.CxzoXzDp)
/(2.Cx(xpXap+ypXyD) ) 5
sinphi:=sqrt(1.C~cosphixcosphi)}
H{1,1):=H[1,3]:=H[2,2]:=H[2,3]:=
H[3,3]:=B[1,2]:=B[1,3]:=B[2,1]:=
B[3,1]:=O.,O; :
H[1,2]:=rbXcosbeta; H[2,1]:=rbXsinbata;
xs:=(rb+trg)Xsinbstas :
xc:xrchosbeta/sqrt§300;5
xil:=rdxsinbsta/sart(3.C); H[3,1]):=xus4xc;
H[3,2]:=xi-rgxcosbeta}
H[L4,1]:=H[5,1]:=xs~C.5xxc; yec:=rgcosbetas
H{4,2):=-xIXC.5-yc; H[4,3]:i=-C.5xra;
H[5,3]):=C.5xrd;
5 Hi6,2):=H[2,2

N7 e I
Asinteta) ;
cxre)

:=1,03 B[2,2]:=singamma;
:=+Ccosgamma ; B[3,2]:=-cosgomaj
:=singamma; :
for p :=1 step 1T until 9 d
T for t :=T step T until 3 do
begin
Jlp,tl:=0;
for q := 1 step 1 until 3 do
Jlp,t]:=dTp,tl+HIp,alxBlq,%];
end ;
q:=1;
for p := 1 step 1 until 9 do
Dip,al:=-31p,al;
q:=2; -
for p := 1 step 1 until 9 do
“Dlp,al:=J1p,q]-roXcosbetaXsingammna;

Q:=3;
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for p :=1 sten T untll 9 do
Dlp,ql:=310,q]-»Uxec0ste taXcosgamma-re/2.0;
E[1,3):=E[2,3]:=8[3,1]:~E[3,2]:=0.C;
E[1,1]:=cospni; E[1,2]):=sinphi;
E[2,1]:=-sinphl; E[2,2]:=cosphi;
E[3,3}:n~1.0;
for p := 1 step 1 wnblil 9 do
for ¢t :=1 glen T until 3 do
FTP; ]::oj
for q :=1 step 1 until 3 do
Flp,t):=Flo,c]+D[p,qIxE[q, t];
end 3
for p := 1 step 1 until 9 do
1

for q := 1 gtep 1 until
Glp,al:=Dip,ql;
for p := 1C step 1 until 18 do
for g := 1 step 1 until 3 do
Glp,ql:=F[p-9,al;

distance(9,1,12); distanee§10,1o,u);
distance(11,5,9); distance(12,2,8);
distance 13,10,55; distance(lﬂ,&,95;
distance 15,2,7§ distance§16,3,8)'
distance(17,3,7 distance 18,2,155
distance(19,6,11 distance(2¢,2,12
distance(21,2,13

distance(23,2,16

distance(25,2,18 distance(26,6,12
distance(27,6,13 distance(28,6,14
distance(29,6,16 distance(30,6,17
distance(31,6,18 distance(32,7,14
distance(33,7,18 distance(34,9,14
distance(35,8,14 distance(36,5,14

distance(38,7,13
distance(4C,5,1

distance(39,7,17
distance(42,4,1

distance(41,3,16
distance(43,4,14
distance(45,7,12
distance(47,3,14
distance(49,5,18
distance(51,3,18
write text
(DV,LTETRAMETHYLDIPHDSPHINE***
mode1*A[3c]]);
write text (DV,ipos*CPC*=l);
write(DV,f,1.C~-2.Cxsinbetaxsinbeta);
write text(DV,[cos*CPP*=]);
write(DV,f,-cosbetaxcosgamnma) ;

3
3
distance(44,8,13
distance(46,3,13
distance(48,4,17
distance(5C,4,18

7

distance(22,2,14
distance(24,2,17
distance(52,3,1 E

e Ve Ve e os e 00 we e e lse oo \se as \so s
WeWwe s e lse \se Ve Ve We\Be ‘e taeoe e Ue ‘e 2o

5
)
distance 37,3,12;



write text
writs(DV,7T,
write text (DV
write (DV,1,1.0
write text (D
write(DV,T, COST,hJu
write text (DV,[cos
write (DV,f,cosphi)
comment CdJCHLat'Oﬂ of C-matrix;
Phil2] =phi[5]:=pnil6]:=C.C}
alpha:=(2.0x(rbi2x{retes rmT2)
+ret2xemt2) - (ratb+rbTh+retlh) ) ;
beta: ~(rpT2‘“cT9~YnTBﬂrunﬁ+2 bxrmTEAroTZ),
phi[7]:=-4 .CxrpxreT2/alohay
phi[4]:=-8.0x rﬂﬂ((rbTQ rmT2)
ha-betaX(rbT2+ret2-rm?2) ) /alphat?2
phl[]ﬁ :==4 ,Cxrex(rpT2xalpha=~
2.0X(rbT2-rct2+rmT2)xtata)/alphata;
phil[3]:=-8.Cxrbx(alpnax(rmT2-rbvT2)
-betax(rmt2+rct2-ruT2) )/ /alphata;
for i := 1 step 1 until 7 do
T phili+7]:=(~cospai/sinphI)xphil1];
M[1,3,1]:=-C.5;
for 1 := 2 step 1 until 7 do 1[1,3,1]:=0.0;
for 1 :=1 gtep 1 until 2 do
for J := 1 step 1 until 7 do
M{1,1,3]:=C.C;
for 1 := 1 step 1 until 5 do N[2,1,i]:=0.0;
M[2,1,6):=-C.5; M[2,1,7):=C.C;
M{2,2,2]:=M[2,2,5]:=1[2,2,7]: =C.C3
nu: (4.0XrbT2 rl?t2);
gamma,: u(rmTz rbt2-rct2)
delta: ~sqrt reT2xnu- amnaiZ),
M[2,2,4]:=(rmxgamma) 5(rcxdelba)'
M{2,2,3]:=-(rbxXgamma) Y/ ( rcxdeltaj
M[2,2,6]:”(rlxru)/(2 Cxdelta);
M[2,2,1]:=delta/(2.CxrcT2)
~-{2.cx(rmT2+rbt2-rct2) ~-r172)/(2.0xdelta) 3
M(2,3,3):=rb/rc; M[2,3,4]:=-rm/rc;

-

O -=W

M[2,3, :—u.5+camma/(° bxrcTE)
M(2,3,2]:=M[2,3,5]):=M[2,3,6]:=H[2,3,7]:=C.C;
dee[1]: eelh] ~aee[6] ~dee[7] =C.03
deel[2]:=3.Cxrax(1.C-(rat2-rhT2)

/ror2)/ (2. oxrd),
dee[3]:=3.Cx(raTi-2.Cxrat2xrht2+

rhTh ~rbT4)/\4 OxXrdxebT3) s
dee[5]:=3.Cxrhx(raT2+rbT2-rhT2)

/(2. oxrersz),

]
X
]
]
]



geeli]im~1
geel[2)i=(ra
for 1 :=3 stop
gee[ili=-rd/(3.0504 Xdee
beual[1j:mbeﬁal{a].:44B41[4J
betall’]:=1 et MVAE =0,C3
betal[3]:=-rl1/(2.0xrbT2); betall6]:=C.5/rb;
tanbeta:=sinbate, costetas
for J =1 stazo 1 until 7 do
Getall 471 =~ tanbetaxcetall 313
gammal[Q] =gammall5]:=gamnall[7]:=C.0;

garmall[1l]:=(rbvre- rmT?nrcT2)

/(2. bY;ercT?XCOSD“ia)
garmall[l4 ]:=rm/(rbxrexcos hta)
gammal[B} ~~coocaﬂm9/cosb°tux

al[lb]+(rrT2 raT2-rbT2)

/(2 CxrbT2xreXcosbeba) 3
garmal[6]:=-cos ganma/cosbetaxbetdl[13],
cotgamma: =cosgamma/singamma;
for j :=1 step 1 untll 7 do

T gammall j+7 ] =-cotzammaxgammall j];

: 1:=35 cosdelta:=1.0;
RESTART: sindelta:=sqrt(i.C- co>deltaT2),

- deltal:=cosdelta/sqrt(3. og
deltam =sindelt a/sqrt(3 ¢
for j :=1, 2, 4, 5, 6, 7 do

haZ[J}.—sino~taY5ve[J]

haz[3]: ~31nbetaA(gee[J}+ «C) 3
for j := 1 step 1 until 7 do

THli,1,3):=-((rb+rg)Xbetallj]

+haZ[Ji+deltalX(”dXDctal[J+7]

+dee[ jlxcosbeta));
for j :=1, 2, 4, 5, 6, 7 do

T fionafjl: gee[]]XCosbeua,
fiona[3]: ~(gee[J]+1 .C)Xcosbetas
alis: =deltalerXS1nb°ta-(rb+rg5xcosbeta,
for j :=1 step 1 untll 7 do

THM[1,2,j]:=gammall J+( Jxalis+

SinUaTTdX deltalX{sinbetaxdee[ j]
+rdxbetallj]) - (rbtrg)Xbetall j+7]

-fiona[jﬂ)+deltamxfcosaammax

dee[g]+rdxvarmal[jj)
for j := 1 step 1 until 7 do

Tgaillj]:=-deltamx(rdixgammall J+7]

+sin0ammaxd~e[3J)+Pammal[3]

xalis+cosgammeX(deltalx(sinbetax
dee[3]+rdXoetal il)-(rbtrg)
xbetall J+7]-fionaljl);




cosdelta:i=~C.5;
il 4 do
Thsil 3 do
D 1 untll 7 do
: S i+T, 3,113
for i := 1 st untll 4 do
Tor j :=1 T until 7 do
M[1+5,1, MLiFT, 15313
for 1 :=1 s untlil 9 do
for j :=1 1T until 7 do
bevw
M[179,1,9):=11l1,1,7]
Xcosp51+G[J,1]Xphi[‘]~G[i,
EJXpnA[J*7]—H[i,2,3ﬂA51nph1,
MIi+9,2,3]:=0[1,1,3]
XSinph1+G[1,lJXphi[j+7]
+G[1,2]Xphl[J]+H[i,2,J}XCosph1,
M[1+9,3,7]:=- [1;313}5
end
for k := =1 stﬂD T until 7 do
for 1:=1 step 1 until 7 do
TTif k=1 then Clk,1]:=71.C eise
Clk,1]:=C.C;
differential(8,3,4); differential(9,1,12
differential(10,16,4);
differential{11,5,9); differential(12,2,
differential(13,10,5);
differential(14,4,9); differentialg15,2
differential(16,3,8); differential(17,3
differential 18,2,152;
differential(19,6,11);
differential(49,5,18);
differential(50,4,18);
differential(51,3,18);
differential(52,3,17);
end of DEPENDENTS;

)3

8);
>7)
7)

.
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*
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APPENDIX II

A TIEAST-SQUARES PROGRAM TO
CALCULATE THE UNIT CELL DIMENSIONS
OF A MONOCLINIC CRYSTAL
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st dll b“ non=—-zero
ib an extensicn of | by
Dr. J.C.Spealkman, and nodlfied by Lj. M.
and M.C. to deal with hCl and hkC
reflexions,ffits values of h,k,1l and
sinetheta to the eguation:-

sinethetaT2 = AhT2 + BkT2 + C1T2 + Dhl.

Alexander Mc Adsm 11/7/68;
real lambda,Sum,MD,eps,estar,bstar,cstar,
cbetstar,betstar,beta,as,bb,cc,sigcbstar,
sigmaa,signab,signac,sbetstar,sigbetas
integer number,1,j,z,n,f,fa fb,_c,Ld,rr,zz;
array A, 1nb,IuVA U, UDAG,kk[1 Lo1:4]
,x,b,u[I. V], xxzlci10]

procedure MUVW( ,B,C v§ real array A,B,C; integer vj

egin integer ',J,“B
for i:r= 1 step 1 untlil v do

T Tor k:i= 1 step T until v do
vegin Cl1,k]T=C.C3 '"”
for ji=_1 step 1 until v do
Cli,k]:=Cli,kx]+A[1,71xBlJ,k];
end ;
end ;
integer procedure TR( ,Q)3 value p,q; integ
begin integer min;
min: —Fp+q abs{p q))/2
TR:={min-1)X (2An—11n+2//2kabo(p a)s
end ;

procedure JACOBI(n,eps,S,U); value n,eps;
integer n; real eps; array S,U;
begin integer 1,j,7,S;
real a,sinv,cosv,sin2v,cos2v,sinve,
cosvl,cot2v,b,C;
PROGRAM: for r:= 1 step 1 until n do
ep 1 until n dc
r=s then 1 else C;

Biggest element:

a:=0C; i:=13 J:=2;

for r:= 1 step 1 until n-1 do
fTor s:= r+1 step 1 until n do

bezin if abs(a)y abs(S[TR(r,s]])

er p,q;



start:

SLIP:

end ;

if abs{z)<eps then zoto UD;

cot2v:i={(3TTR(4i;L)T-STTHE (3, 5 DN/2.c/s{TR(1,3)1;

b:=il abs(sizn{cotly ))<u,3 then 1 ’
else sign(cot2v);

sinEVTzQ/sqrt(1+cot2vT2); cos2v:=sin2vXcot2v;
cocv2 ~\i+p032v) 2.C3 cosvi=sgri(cosve);
sinv:=sin2v/2.C/cosv;  sinv2:=sinv1e;

for ri= 1 step 1 until n do

oegzin if r=1 then goto FINIS;

if r=j then zcto FINIS;

Br=S[TR(3,r) 13 c:=S[TR(J,r)];

S[TR(i,r) ]:=bX COSV*OXSlHV,
S[TR(j,») ]:=bXsinv-cxcosv}
FINIS:
end ;
a:=S[TR(1,1)]; =S[TR(3,3) 13
c:=8[TR(1,J) }3
S[TR(1,1)]:=axcosve+bxsinvl+cXsin2v;
S[TREj,jgj =gXsinve+bXcosv2-cXsin2v;
S[TR(i,J)]:=C;
for ri= 1 step 1 until n do
begin b:=UTi,7]; c:=U[j,7l;
Uli,r]:=bXcosv+exsinvg
UlJ,r]:=bXsinv-cXcosv;
nd
”—E Biggest element;
UD:
end ;

open(2C); open(7C);  writetext(7C,[[pl]);

copytext(2¢,7C,[31); f:=format([d.dddddp+nd]) ;
fa'“format([uod dddadw+nal),
foi=format(ssd.ddddss]); fc:=format([snd.ddddss]);
fd:=format(ssndd. ddddc]i, number:=read(20C) ;
lambda:=read(2C) ;

for 1:= 1 step 1 until 4 do

for j:= 1 step 1 until E_do Al1,3]:=C.C3

begin array H K,L,30,3cl1i unoer],

Tor i:= 1 step 1 unull number do
begin H[l] *redd(Bbg, K[i]:=read(2C
L{il:=read(2C); Solil:=read(2

7

So[i]:= sin(SolilxC.C1745);

{s

i

)
¢

Al1,1]:=A[1,1] + H[i]T4;
Al2,2]:=A[2,2] + K[1]74;
A[3,3]:=a[3,3] + L{1]74;



Al 0 ]e=pl0, 4] w H{ilt2 x Lli]12;
Al1,2]:=a{1,2] + Hlilre w ¥li]re:
Al2,3):=5(2,3] + Klijte x Liilrel
AT A )r=al1, 0] + HI3]73 x L{a);
A[3,4):=4[3,04] + H{1] x L{1]73;
Ale,bli=n{2,h] + Hlibx[iltoxniil;
Al1,3)e=al,b];

end

for i:= 1 step 1 until & ”o DLL} =C.C3

for 1:= 1 step 1 until nunbsr do

begin b[1]:=0[1] + H[il12 % sdTT]?zg
b[2]:=b[2] + K[1]72 x So[i]72]
b[3]:=b[3] + L{i]72 x Soli]T2}
b[4]:=0{8] + H[i] x L{1] x Solilre;

end ; -~

z:=C; n:=U; eps:=read(2C);

Tor i:= 1 step 1 until n do

for J:= 1 step 1 until n do
begin xx[z]:=A[1,]5]3 Z:=7+13}

end 3 3
JACOBI(n,eps,xx,UDAG) ;
for i:= 1 step 1 until n do
" for ji= T step T until n do
T Ulj,1]:=UDAG[1,773 T
for 1:= step 1 untvl n do

begin for Jji= 1 step | until n do kkl[i,jl:=

Kel1,1):=1.07xx [ TRUL, 1) 15

end ;

MUL”(kk,UDqG int,n);  MULT(U,int,INVA,n);

for i:= 1 step 1 until n do

begin x[1] =C;
for Jt= 1 step 1 until n do
‘“E[i]:=x[f]41NVA]i,Jlxb[ETg

until number do
X Ali]T2 + X[2] %
3] X L[i]te + x[4] x

end 3

MD:= Sum/(number - 4);

for i:= 1 step 1 until 4 do

T ylili=sqrt(tD X TNVA[1,1]);

astar:=2.CXsqrt [l]),laﬂo;a,

bstar:=2.CXsqrt x[2})/lambda,

cstar:=2.Cqur x[3])/lanbda;

cbetstar:=x[41/(2.0x5ar o=l 1]xx[
sbetstar:=sqrt(1.C - cbetstart2);

we



car) s
snetetar) s bb:=1.C/vstar;
shetstar);
sore(yls)re/(=201] x
2/ (boCxx[1IxzI3]) %
2 + yl3l12/x(2172));
o xyl2l/h.c) % sart(1.¢/x[2]13);
2 =/ 2.C X
ST ] (4.exx[1]3%x(1.C-cbetstart2)) +
chetstari zebstarT?/(x[1] X ‘
(1.0 )T3));
signac: da/ 2.0 X
sart(s /(4.exx[3]173%(1.C-cbetstart2)) +
chetal X sigebstart2/(x[3]
x{1.C tarT2)7T3));
sigheta: bstar/sbetstar;
writete: [ [2c]*VWavelengbh**=%])
writs .t([éhd,ddddd]),lambﬁaj;
; 2 Angstrom*Units®]) s
¢ ]*Constants=ol#
ine~squared~thetat=*AhTo*
o#4#Dnl{2c]]);
JAlus]af1Zs]Bl12s]c[12s]D[2c]]);
write(7C.1,x[11); write(7C,Ta,x[2])]
eruu(70;fa,X[3]§ write(?@,fa,x[&]s;
writetext{7C,{ 2c]{s]STIGMA~A]bs]
SIGHA~2[6s | STEHATCT 65 ]STGHE=D2c 1) 5
write ZLJT}yTﬁ])é write(7C,fa,yl27)
write(7C,ra,y[31): - rlue(7k,fa,y[4]5;
wrxteteau’TC,{{SOi*UNIT*CELL*
DIMENSICIS =D STANDARD*DEVIATIONS* [2¢]]) ;
writetext(7¢,[[2c][2s]a star[7s] -
b*star(7s e starl 4 T'bcta star([2c ]])5
wribv(7’~f,gst< rite(7C,fa,bstar);
wrilte(7C.fa,cs Wr te(/b rd,betstar);
[ al%s]bl s]c[9slbet'[2c]});

i
WTlt"u@Yb(7L, a1l 198
write(7C,fc,aa)y  wri Q(?O,fc,bb);

rite(?@.uq c)s (7¢,1d,beta);

writetext(7¢,[[c a*d *tglgma hEH
sigma~c*4si cll);

write(7C,fb,sl write(/b, b,sigmab);

write(?@,;b,u~, : write(7C,fd, sivoetdj

write te (70, [[2c]R.M.5.Devtn. *of*
51n°‘3:ru.*=’*"7,
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write text(7C slizibe]albs]
sin.obs. |33 05 IUETT. [ Bel]) s
for i:= 1 Ete: numoer do
Degin write(/C, [ss3~-nd]j,H[1]);
write(7C Tss-ndl),K[1]);
write (70, Tss-ndl),Ll1]);
write(7C, Tsssss‘a.ddddd]i,sdl]);
write (70, Tssssd.dddadl]
,8qrt :
write (70 [ssssss+
d.ddd Tl-sart(Sce[1])));
end ;
W?TtateXo(7b, ]*num’e ”*data points#=%]);

wrilte(7C,forms
rr:= read (2C
write text (7C

end ;

if rr = 1 then goto start;

close (2C); close(70C);
end -
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