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ABSTRACT
of Thesis

THE DETERMINATION OF THE CRYSTAL STRUCTURE OF
FOUR COMPOUNDS OF INDUSTRIAL IMPORTANCE

by
Anuradha Banerjee

This thesis describes the determination of the crystal structures of

one organo-metallic and three organic compounds. Originally the
research prograinne had envisaged working on substances which were
obtained by the corrosive action of hydrocarbon oils on metallic

lead, but after some considerable time had been spent on attempting

to crystallise these rather intractable materials, the research was
switched to deal with other compounds of iIndustrial 1mportance which
were more readily available i1n the Polytechnic. OFf the four crystalline
compounds investigated, two were connected with the inhibition of the
corrosion of steel, one was an additive used iIn the polymer industry,
and one was a molecular complex which had exhibited some unusual physico™

chemical properties.

X-ray®™ intensity data were collected i1n several different ways. One crystal
structure was solved from visually estimated photographic data, two sets of
data were collected on aur. Stoe Stadi—2 diffractometer which uses Weissenberg
geometry, and one set which comprised over 7000 iIntensities, the largest
data-set ever worked on i1n this Department, was recorded on the CAD-4
diffractometer at Queen Mary College, University of London, by arrangement

with Dr M Hursthouse.

A variety of techniques were used in working out the crystal structures.
One was solved by the MULTAN direct methods computer program, two by the
use of the NRC direct methods program using 12 relationships, and one by
”trial-and-error”™ because none of the other methods produced any
meaningful results. Refinement of all four structures was carried out
using the NRC suite of programs implemented on our Polytechnic computers
(DEC-10, DEC-20, and VAX 11/750). Anisotropic thermal vibrations were
allowed for, and hydrogen atom positions were calculated resulting iIn the

conventional R-factors of 6.7, 6.1, 6.6 and 6.1% for the four structures.



No abnormalities were encountered in the results for three of the
structures, but the picric acid - naphthalene complex turned out to
be disordered with some of.the picric acid molecules occupying an
alternative orientation in the unit cell which resulted in displace-
ment of the naphthalene molecules also, and the possibility of
proton transfer within the picric acid molecule which was confirmed

by differences in bond lengths and anisotropic temperature parameters.

Papers describing three of the crystal structures have already appeared
in Acta Crystallographica C, and the fourth has been submitted (January

1985). Copies of these papers are shown in the Appendix.



Title Page

Abstract

Index
CHAPTER 1.

CHAPTER 2.

INDEX

INTRODUCTION
Achievements of X-ray Crystallography

1. Metals and Alloys
2. Proteins and Biological Systems
3. Understanding of Bonding

a. van der Waals Bonds
b. lonic Bonds

c. Covalent Bonds

d. Intermediate Bonds
e. Hydrogen Bonds

. Metallic Bonds

Historical

Equipment Development

Density and Unit Cell Constants
Direct Methods

Sumnhary

References

N-NITROSO-DIPHENYLAMINE (*VULCATARD'™)
Introduction
Experimental

Preparation of Crystals
Selection of Crystals
Space Group and Unit Cell
Intensity Measurements
Structure Analysis

, Refinement

Results and Discussion

Fig 1 Molecular Dimensions

Fig 2 Molecular Packing in Unit Cell

Table 2 Atomic Parameters

Table 3 Bond Lengths

Table 4 Inter-Bond Angles

Table 5 Equations of Planes

Table 6 Intermolecular Distances
Table 7 Structure Factor Agreement

References

Page

29

44

58



CHAPTER 3. CADMIUM DINITRATO TRI1S-2,6-DIMETHYL-y-PYRONE

Introduction

CHAPTER 4.

Experimental

Preparation of Crystals
Space Group and Unit Cell
Intensity Collection
Structure Analysis

Refinement
Discussion
Fig 1 Orientation of Molecule i1n Unit Cell
Fig 2 Dimensions of y-Pyrone Ring
Table 2 Atomic Parameters
Table 3 Bond Lengths
Table 4 Inter-Bond Angles
Table 5 Equations of Mean Planes
Table 6 Intermolecular Distances
Table 7 Structure Factor Agreement

References

PICRIC ACID NAPHTHALENE 1:1 COMPLEX

Introduction

Experimental

Preparation of Crystals

Space Group and Unit Cell

Intensity Measurements

Adjustment of Crystal

Tape Control

Structure Determination and Refinement

Discussion

Fig 1
Fig 2

Table
Table
Table
Table
Table

Molecules in Unit Cell
Overlap of Molecules iIn Projection

1 Atomic Parameters

2 Bond Lengths and Angles

3 Equations of Mean Planes

4 Intermolecular Distances

5 Structure Factor Agreement

References

Page

132

133

141

165



CHAPTER 5. I-THIA-2, O-DIMETHYL-y-PYRONE
Introduction
Experimental

Preparation of Sample
Unit Cell and Space Group
Density

Intensity Measurements
Structure Determinations
Refinement

Discussion

Fig 1 Molecules i1n Unit Cell

Fig 2 Overlap of Molecules in Stack
Fig 3 Electron Density Map

Table 5 Atomic Parameters

Table 6 Bond Lengths

Table 7 Inter-Bond Angles

Table 8 Equation of Mean Plane
Table 9 Intermolecular Distances
Table 10 Structure Factor Agreement

References
SUMMARY AND ACKNOWLEDGEMENTS

APPENDICES:
Published Papers
1. N-Nitroso-diphenylamine
2. Cadmium Dinitrato Tris-2, 6-dimethyl-y-pyrone
3. Picric Acid:Naphthalene 1:1 Complex

Page

170

176

B 8



Chapter 1 .

INTRODUCTION

The discovery of X-ray diffraction in 1912 also marked the birth of
X-ray crystallography, whereby it became possible to use X-ray
diffraction patterns to reveal the arrangement of atoms iIn a crystal-
line substance. This discovery can be considered as the gateway of
modem technology which depends so much on the understanding of the
relationship between atomic arrangement and the macro properties of

materials.

Prior to the development of X-ray methods, the solid state was the
least tractable of all the states of matter and the internal structure
of a solid could be deduced only by argument from its physical prop-
erties or from its chemical properties in the liquid or gaseous form.
X-ray analysis has removed the determination of crystal structure and
molecular configuration from the sphere of speculation to that of

precise measurement.

Since the development of X-ray crystallography some outstanding

achievements have been made in the following fields.

1. Metals and Alloys.

The X-ray analysis of atomic arrangements iIn metals and alloys has
helped to explain the structure dependent properties of metals.
X-ray powder analysis affords a powerful way of investigating the

phases formed when metals are alloyed iIn different proportions.

It 1s now possible for a theoretical physicist to state the laws of

metallic combination in alloys with reference to atomic proportions.

It has now been established that some alloys exist in a disordered

state where atoms of different kinds are distributed completely at
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random between all the sites or some particular set of sites or
an ordered state where an atom of each kind segregates to sites
which form a regular pattern (super—lattice). Tammann 1919 (14)
suggested the existence of this ordering to explain the changes
in electrical resistivity with heat treatment, and the ordered

alloy has a lower resistivity than the disordered alloy.

2, Proteins and Biological systems
The success of X-ray diffraction studies of biological molecules
has played an important part in the advancement that took place in

the field of molecular biology.

From single crystal X-ray analysis studies of amino acids and
peptides, Pauling and Corey iIn 1951 (10) proposed the a-helix as

the basic structure of a group of fibrous proteins which occur in
hair, muscle,«skin and blood. -In 1957 Kendrew and his co-workers
(9) solved the structure of myoglobin which was the first three-
dimensional structure determination of a protein molecule. Later on
the double helical stinicture of DNA was established by X-ray

diffraction studies. X-ray crystallography has also given much

valuable iInformation about the structure of viruses.

3. Understanding of Bonding

The development of X-ray crystal structure analysis threw new light
on th; nature of iInteratomic forces. It provided the means of deter-
mining experimentally the atomic configuration of molecules whose

form had long been the subject of speculation based on chemical

valency theories.

A review of crystal structures of different types of solid emphasises

the dominating role of the interatomic forces iIn determining the



structural arrangement and these forces can be divided Into six

types.

a. Vender Waals Bonds. These are in effect the forces which exist
between non-bonded atoms in essentially saturated molecules.
Crystals held together i1n this way are sometimes called molecular
crystals. Examples are nitrogen, carbon tetrachloride, benzene etc.
The molecules tend to pack together as closely as their sizes and

shapes allow.

b, lonic Bonds. This type of bond is well-known in the case of
NaCl. In the NaCl crystal, the coulombic interaction between
oppositely charged i1ons leads to a regular three-dimensional
structure: each positively charged Na”™ ion is surrounded by six
negatively charged CI” 1ons, and each CI” is surrounded by six Na™.
There are no discrete NaCl molecules. The 1onic bond is spherically
symmetrical and undirected. An ion will be surrounded by as many,
oppositely charged i1ons as can be accommodated so* that the require-

ment of overall electrical neutrality is satisfied.

c) Co-valent Bonds. These bonds are the results of the sharing of
electrons by atoms. When extended through three dimensions, they may
lead to a variety of crystal structures, depending on the number of

electrons ayailable for bond formation.

A good example 1is the diamond structure. This structure can be based
on two interpenetrating face-centred cubic lattices. Each atom on

one lattice is surrounded tetrahedrally by four equidistant atoms

on the other lattice. This arrangement constitutes a three-dimensional
polymer of carbon atoms joined together by tetrahedrally oriented

bonds. Thus the configuration of the carbon bonds i1n diamond
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is similar Co that in aliphatic compounds, such as ethane.

Germanium, silicon, and grey tin also crystallize in the diamond

structure.

A similar structure is found iIn compounds such as ZnS (in the
zinc-blende structure), Agl, AIP, SiC. |In all these structures
each atom is surrounded by four unlike atoms oriented at the
comers of a regular tetrahedron. |In every case, the binding is
primarily co-valent. The structure can occur whenever the number
of outer-shell electrons is four times the number of atoms. It
IS not necessary for each atom to provide the same number of

valence electrons.

d) Bonds of Intermediate type. In solids, as in individual
molecules, such bonds can be considered to result from resonance
between co-valent and 1onic contributions. Alternatively we

may consider the polarization of one ion by an oppositely charged
ion. An ion is polarized when its electron distribution is
distorted by the presence of an oppositely charged iton. Thei™aU-er
an i1on, the more intense iIs i1ts electric field and the greater 1is
its polarizing power. Usually, therefore the larger anions tend

to be strongly polarized by the smaller cations. Even apart from
the effect of size, cations are less polarizable than anions because
their net positive charge tends to hold their electrons i1n place.
The structure of an i1on i1s also important. Alkali metal cations,
such as , have less polarizing power than transition catitonsVKkKAu

such as Ag”™ , because their positive nuclel are more effectively

shielded.

The effect of polarization appears iIn the structures of the silver
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halides. AgF, AgCl, AgBr have the NaCl structure but as the
anion becomes larger, i1t becomes more strongly polarized by the
small Ag” ion. Finally in Agl the binding has little 1ionic
character and the crystal has the ZnS structure. It has been
confirmed spectroscopically that crystalline silver i1odide is

composed of atoms and not ions.

e) Hydrogen Bonds. Hydrogen bonds are important in many crystal
structures, especially inorganic and organic acids, salt hydrates
and i1ce, etc. In the structure of ordinax™ ice the co-ordination
is similar to that iIn Wurtzite, the hexagonal form of zinc sulfide;
Each oxygen is surrounded tetrahedrally by four other oxygens at

a distance of 0.276 nm. The hydrogen bonds hold the oxygens

together, leading to a very open structure.

) Metallic Bonds. The metallic bond is closely related to the
ordinary covalent electron—pair bond. Each"atom iIn a metal forms e
co-valent bonds by sharing electrons with its nearest neighbours,
but the number of orbitals available for bond formation exceeds

the niimber of electron pairs available to fill them. As a result

a co-valent bond resonates among the available iInteratomic
positions. In the case of a crystal this resonance extends
throughout the entire structure thereby producing greatly enhanced
stability. The empty orbitals permit a ready flow of electrons
under the influence of an applied electric field, leading to

metallic conductivity.
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In this thesis we are dealing with certain compounds of industrial
importance which require a fuller understanding of the relation-

ship between structure and properties (reactivity etc),

i) N-Nitroso-Diphenyl-Amine is used as a antiscorch agent

in the rubber manufacturing industry.

i1) Cadmium 2,6-dimethyl-Y~Pyrone 1is used as a protective

coating on steel (corrosion i1nhibitor)

-
-
o/

Picric Acid/Napht;halene has been used for the separation of

compounds because of their clathrate structures.

iv) 2,6-dimethyl-Y“thiapyrone is similar to the organic part of
(i1) but with i1nterchange of sulphur and oxygen, and was

being tested for corrosion resistance.

Historical

X-rays were discovered by R™ntgen in 1895 (11) and in 1912 M von
Laue (5 ) published his discovery of diffraction of X-rays by
crystals iIn the proceedings of the Royal Bavarian Academy of

Sciences.

Laue and his co-workers, Friedrich and Knipping (5) 1initially
placed a crystal in the path of an X-ray beam and attempted to
intercept regularly scattered beams thrown back by the crystal

on a photographic plate. But there was no success. Then they tried
placing.the photographic plate b%hind the crystal to catch rays

bent through a small angle. This time they were successful. The

photographic plate revealed the scattered beams by spots showing



four-fold symmetry. It was the first experiment done by Laue
using zincblende crystal. Laue came to a conclusion that these
scattered spots were related to the atomic order in the crystal.
Later on crystals of NaCl, KCI, KBr and KI led to a complete
solution of their structures. Between 1915-1920 Bragg used
diffraction to determine the atomic positions. He established
that when a beam of monochromatic X-rays falls upon a crystal,
in general there i1s no diffraction of the X-rays unless some

set of crystal planes is set at just the correct angle.

The law of X-ray diffraction is

nXx 2d sin 9 (Bragg®"s equation)

where 9 1is the angle at which the waves are reflected by the
planes, d 1is the spacing of the planes, X is the wavelength
of the X-rays and n 1is a whole number 1, 2, 3 etc., which iIs a
measure of the order of reflection. Around that time a great
advance was made by the development of the powder method,
independently by Debye and Sherrer iIn Zurich 1916 (4) and Hull

in America 1917 (7). In this powder method. X-rays fall on a
mass of very fTine micro—crystalline particles, which are randomly
oriented. Particles are so oriented that the above relation
holds good for different sets of planes and X-rays are reflected
through corresponding 29 angles. All particles so oriented diffract
their rays along a cone, making a halo which is intercepted by a
photographic film. Each line on the film corresponds, to diffrac-
tion by a different set of crystal planes in that particular

crystal.
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This method is widely used in industry for identifying substances
such as valve filament coatings, paint constituents, fluorescent
screens, products of corrosion, impurities i1n metals, boiler scale
constituents, intermediate products of chemical reactions etc. A
comprehensive index of crystalline substances of all kinds (Powder
Diffraction File) was started In the United States iIn 141- (1)
and i1s being added to regularly by world-wide contributions and

now contains over 35,000 diffraction patterns.

From the same time basic research on structure analysis was started
using X-ray diffraction from single crystals. By 1939 about 50-100
structures had been solved. Since 1939 about 50,000 structures
have been solved. These days with the development of automatic

techniques about 200 crystal structures are published every month.

Equipment Development
In 1927 the rotation camera was developed by Schiebold and Polanyi

(13) and very widely used at that time.
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A crystal i1s placed at "c with one of 1ts principal axes parallel
to the vertical arrow iIn the figure about which 1t is rotated.
Instead of reflecting X-rays from the face of a large crystal as
in the spectrometer, a small single crystal, perhaps of about

0.1 mn™ 1s used. The crystal is completely bathed In an incident
beam of X-rays. The diffracted beams are recorded on a flat plate
or on a cylindrical film. The resulting spots lie on a series of
rows (layer lines). If the axis of rotation coincides with the
c-axis of the crystal, for instance, there will be a series of
layer lines as shown in figure (])- All diffracted beams for
which the path difference is ~ wavelengths will make the same
angle with the c-axis and so appear on the ~ layer lines. The

assignment of h and k values to each spot can be done but is

less direct. The lengths of the other axes can be found-by placing

the crystal with each in turn parallel to the axes of rotation and

a knowledge of these helps In the identification. A typical rotation

photograph is shown in figure 2.
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Figure 2.



In 1924 the Weissenberg Camera was developed. The Weissenberg (15)
method i1s geometrically more nearly related to the rotation method
and shares its ability to explore a large part of reciprocal space.
To avoid the drawback of the rotation method - that too much inform-
ation is compressed into each layer line - the layers are selected
one at a time and photographed on a moving film, so that each two
dimensional layer i1s recorded iIn two dimensions, although i1t Is iIn

a geometrically distorted form. The film forms a cylinder concentric
with the crystal axis, as In a rotation/oscillation camera, and

if 1t Is kept stationary oscillation photographs can be recorded and
used for checking crystal alignment. When the iInstrument is being
used as a moving film camera, movable cylindrical metal screens are
positioned so that only reflections from the selected layer can reach
the film. The crystal oscillates through a predetermined angle,
usually about 200°. The two motions are coupled and they reverse
together; in most instruments the film moves 1 mm for each 2 of

crystal rotation.

In the photograph the distance of any spot from the equator depends
on 5(- 2 sin 9), while its horizontal distance along the film
corresponds to the angular position of the crystal as the appropriate
reciprocal lattice point of the crystal passes through the surface

of the sphere of reflection. The axes are iInclined to the equator
because to bring successive lattice points into the sphere of
reflection the reciprocal lattice has to rotate, and while i1t 1is
doing so the film moves parallel to the axis of crystal rotation.
Quantitative interpretation is usually done with the help of a
Weissenberg chart which enables cartesian co-ordinates in reciprocal

space to be read directly from the photograph.
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Upper levels of the reciprocal lattice are photographed by moving

the layer line screens to isolate the appropriate layers and at the

same time the entire assembly is tilted so that the incoming X-ray

beam -lies 1In the same zone as the required level. The advantage

of this equi-inclination method over other possible settings is

that the form of curves is the same as for the zero layer, and S™\r
the same chart can be used for interpreting the photographs, more-

over i1t enables the maximum volume of reciprocal space to be

examined.

For the upper layers the circular area of reciprocal lattice
explored has a radius of /7(1-(6/2)" and since this is spread over
the ssme area of film as the zero layer, the scale of the upper
layer is increased by /(1-("/2)?)e= The effect is barely notice-
able for small values of C , but increases rapidly with larger

values.

The great disadvantage of the Weissenberg method is that it records
a distorted representation of the reciprocal lattice. This can be
avoided by precession (3) and de Jong-Bouman techniques(8 ).
However these methods also have disadvantages. The distortion of
the reciprocal lattice representation on a Weissenberg film results
from the fact that the movement of the crystal, and therefore the

movement of the reciprocal lattice is different from that of the

film.

It follows that an undistorted representation can only be obtained
iT the crystal and the film movement are synchronised. This
condition is realised in different ways in the de Jong-Bouman and

the precession methods.
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In the de Jong-Bouman technique, the film iIs rotated about an axis

which is inclined by an angle @ against the primary beam direction.
To prevent all but the zero layer cone from reaching the film," a

screen having an annular opening of radius rg 1is placed at a distance

ds from the crystal with

ds » rg/tan 4o

On a de Jong-Bouman exposure of the zero layer, a spherical area of

radius r< is recorded. It holds that
sin

or r; = ) sill

For a Weissenberg exposure, the corresponding area has a radius r”°

equal to the diameter of the Ewald sphere, hence

7

Since (sin (b) <1 for (o Ao , the area covered by a de Jong-
Bouman film is always smaller than for a Weissenberg film. In addition

yo cannot be chosen too close to 90° , since this would require a

very large film. Usually * ¥p " chosen for which sin

and

since the corresponding areas FjJ and F~ are related by square of

r, it follows that
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Under normal experimental conditions, the area recorded on a film
of a de Jong-Bouman type has only half the size of the corresponding
Weissenberg film. Hence the advantage of getting an undistorted
lattice is off-set by a loss of information. For a crystal with
small lattice constants i1t is therefore recommended that X-radiation

of short wave-length (e . g, MoKa) be used for the de Jong-Bouman

technique.

The question can arise: which method should be used for an actual
problem? A general answer cannot be given. With modern techniques,
the film methods are used only for space group determination and

for examination of crystal quality. Therefore the information obtained

from precession or de Jong-Boioman exposures is sufficient in most cases,

even if CuKa radiation is used. On the other hand, for an experienced
crystallographer the distorted representation of a Weissenberg
exposure causes no great problem, and this technique might be preferred
since a Weissenberg instrument is less troublesome to operate. Because
the mechanical parts of a Weissenberg camera are less complicated than
the other two iInstrxjments, the problems of misalignment due to

mechanical breakdown or mechanical wear are less frequent.

The most effective film technique, however, is to combine two of these
methods. The Weissenberg and de Jong—Bouman technique need an axis
orientation normal to the X-ray beam direction. This automatically
implies the orientation of both the other axes iIn a plane containing
the primary beam for all orthogonal crystal systems, also for a mono-
clinic crystal 1T the symmetry axis was chosen as a rotation axis.
Therefore only a further aximuthal setting is necessary to orient

the crystal for a precession photograph. Hence only one crystal
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setting Is necessary to obtain information about three mutually
orthogonal reciprocal lattice planes, If a Weissenberg or

de Jong-Bouman technique is combined with the precession technique.
The resulting information is sufficient in most cases for a complete

knowledge of all constants of the reciprocal lattice.

A camera designed to take both de Jong-Bouman and precession photo-
graphs has been developed by Wolfel (16). This instrument, named
the ’Reciprocal Lattice Explorer®™ 1is a most convenient apparatus

for combining different film techniques using only one crystal.

Methods

Up to the middle sixties, diffraction intensities were generally
measured by film techniques, but since then nearly all single crystal
investigations have been carried out using diffractometers. < These
instruments run automatically and measure intensities more precisely
than film methods (with the exception of proteins with very large

unit cell dimensions).

IT film cameras are available i1t Is recommended that these are used
in the preliminary study of crystals, because the geometrical proper-
ties of the reciprocal lattice are more readily determined visually
from photographs. Abnormal crystal properties, such as disorder,
twinning, or crystal splitting, which influence the diffraction
intensities are recognised far more easily on film than when using

only a diffractometer.

While choosing a single crystal for film techniques one must

consider three properties
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1. The crystal must be a real single crystal; no more than one
individual should be selected. A polarizing microscope
should be used to observe whether the crystal i1s twinned or

not.

2. The crystal should be as large as possible within the limit-
ation given by the primary beam so that i1t is completely
bathed iIn X-rays. A large crystal usually shortens the time-

of exposure unless there i1s a high absorption coefficient.

3. For crystal setting, it is useful to select a crystal with
well-formed edges and faces, 1if possible. Needle shaped
crystals are the most favourable for fast setting, but not
so suitable for diffractometry because it is difficult to
enclose all the crystal within te X-ray beam. Often it is
found that the longest elongation of the crystal coincides

with the shortest lattice dimension.

After the selection of a crystal, the proper techniques should be
used to produce diffraction photographs of the reciprocal lattice.

From these accurate cell dimensions can be worked out.

The next step is to survey the reciprocal lattice to see whether
there are any systematic absences. Absences due to lattice cent-
ring occur throughout the whole of reciprocal space. A general
survey to see whether there are any rules governing the permitted
values of h, k, and ~will enable the lattice type to be determined.
Absences that affect only certain layers or rows of points in the

reciprocal lattice may also denote the presence of glide planes

and screw axes.
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For example, the presence of the a-glide perpendicular to c
means that for any atom X, y, z there must be an i1dentical
atom X + 1, y, -z . The structure factor summation must thus

cover /z such pairs of atoms. The contribution from the rth

fr{cos 2Trﬂvﬂ_-+ kyT S AZr) + cos 2T'r(h(xr + 1) * ”WF 7 r)}

for hkO reflections, A m O and the expression simplifies to -

n It
fr(cos 2|rCth + kyr)-fi cos 2Tr(hxr + X+ kyr)}
- f4jeos 2ir(thx ky™)+ cosQiT(hx™ + ky”™ )+ hu)}

The two cosine terms are equal in magnitude but differ iIn phase by
TT, they therefore cancel when h 1is odd and reinforce when h is
even, resulting In the structure factor being zero when h 1s

odd. so the hkO reflections occur onlv when h 1is even.
«

Similar arguments can be applied to other translational symmetry
elements, eg. screw axis. A 2J axis parallel to "a" means that

hOO reflections will occur only when h is even.

IT, therefore, systematic absences are found that are additional
to those due to any lattice centring, i1t can be safely concluded
that translational symmetry elements are present. So the study of
systematic absences should therefore begin with the most general

reflections and work down td the less general.

Space group determination is occasionally complicated by phenomenon
known as double reflection. If the beam reflected from a set of
planes (hiki™i) strikes another set of planes (h2k272) at the

appropriate angle, it may be reflected again. This doubly reflected
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beam will appear to arise from ((k*,”) planes of the crystal

where

h » hi + h2

ol £2

The doubly reflected beam will often be rather weak but sometimes
if hikifi and h2k2l-2 both strong reflections and the true

k~,~ reflection is absent, a spurious reflection may result.

On film, double reflections may be distinguished by their appearance,
because of the way they are formed. They are much sharper than the
true reflections. They should disappear if the X-ray wavelength is

changed or the crystal is remounted In a different orientation.

Density and Unit Cell Contents
The relationship between the volume of the unit cell V, measured

in , and the density D, measured In g cm ™ 1is

1.66Z X F

where F i1s the formula weight of the substance concerned and Z

iIs the number of such formula units within the cell. Densities

can be measured in various ways. The most common one is flotation

in a liquid in which the crystal i1s not soluble. This uses a mixture
of liquids whose proportions can be varied until the crystals neither
sink nor float. The density of the liquid mixture iIs then deter-

mined by conventional means (Westphal balance).

Whichever method is used, errors tend to make the measured density

too low. All methods may be affected by crystal imperfections.



Experience shows that the calculated density is often slightly

higher than measured density.

Historically the first structure determination was done by the trial
and error method.* Although now seldom used in its straightforward
form, many of the concepts are still an Important part of more
sophisticated methods. In this method an attempt is made to build
a structure within the framework of the known unit cell and space
group that satisfies the cell contents, explains the relative
magnitude of a few key intensities and also makes the crystal

«
chemically sensible. Trial structures deduced iIn this way are then
checked by comparing the calculated structure factors or intensities
with the observed values. Any parameters which are not fixed by

space group restrictions are then adjusted to give the best possible

agreement.

«

The calculation of electron densities from the Fourier summation of
observed structure amplitudes was first used in 1929 (2 ) as a
systematic way of improving the values of those atomic co~ordinates
not fixed by the space group considerations. When a solution to

a crystal structure is believed to be approximately correct, i1t must
be refined to give the best possible fit between the observed and
calculated data. Here the electron density map iIs used for adjusting
co-ordinates. This 1s a relatively iInsensitive method and progress
may be rather slow. One way round this iIs to use as Fourier co-
efficient (FO - FC) instead of FO . This produces a difference map,
which consists essential;y of the true electré% density, with the
electron density due to the assumed structure subtracted. IT the

assumed structure iIs correct the difference map should be featureless.

Theoretically i1t should be zero, but in practice because of the random
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errors In the observed data, this is only approximately true even

for a fully refined structure.

In 194] the least-squares method of refinement was developed (6 ).
In this method the best values of the refined parameters are deter-
mined by choosing those that minimise A A A N
very tedious procedure to apply by hand but with the use of high
speed computers it has become a standard method of completing a

structure determination.

Direct methods

The name Direct methods 1is derived from the fact that phases of the
structures factors are derived from the magnitude of the F"s using
statistical theory. Extensive numerical calculations are necessary
to apply this technique and the development of direct methods was

only possible because of the rapid progress in computer technology

made iIn the*i960"s.

A large number of investigations on that subject have been iInitiated,
of which one of the earlier iImportant results was the Sayre Equation
developed in 1952 (J2) . It is one of the basic formulae of "Direct
Methods® and the equation is
ECh) - TzZE(h™M)ECh - ™)
hi
From Sayre®s equation two formulae are derived which are applied iIn

actual phase determination.

In the centrosymmetric case, the E values have a sign of + or -
Sayre®s equation can then be iInterpreted as follows. For the reflection

h with IE(h)lI being sufficiently large it is likely that the sum of the
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right side of the above equation will contain more terms
E(h™)E(h - h”) having the same sign as E(h) itself, than terms
of opposite sign. This is specially true for those terms of
which |E(h”)land |E(h - h”)] are large. So there exists more

than 50% probability that for large E values -

S(h) - S(h")S(h - hM

where S(h) denotes the sign of E(h).
This equation remains valid if on the left side h is replaced
by -h (Since S(h) m S(-h) . Setting -h m hx , h» m h2 and

h - h™ mh3 , we get

S(hi) - S(h2)S(h3)

or S(hi)S(h2)S(h3)
if the three reflections hi, h2, h3 satisfy the equation
hi + h2 h3 “ 0

Reflection triplets for which the above equation holds are said
to be related by a 12 relation. These 2 relations play an

important role with all applications of direct methods.

The practical application of direct methods is possible if

1. The structure is not too large, say <100 atoms per molecule.

2. A starting set of known phases can be obtained.

3. This set can be used in a sufficient number of Z2 relations
between reflections of large E”values for the determination
of additional phases. Phase determination by direct
methods is not a guaranteed success. However now powerful

programs, such as Multan, have been developed and distributed
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world wide. Experience in Che last few years has shown that

in spice of Che face chac all formulae are approximacions,
direcc meChods are by far Che mosC powerful general mechod of
phase decerminacion presencly available. Wich a reasonably
accuraCe inCensiCy daCa sec, a cenCrosymmeCrical sCrucCure

can be solved nearly wichouc difficulcy, i1f Che number of aComs

in Che asymmeCric unic is noc larger chan abouC 100.

Summaries

Ideal meChod for sCrucCure deCerminaCion

a) Inicial i1nvesCigaCion using phoCographic meChod.
b) Cryscal on a diffraccomecer.

(0)) Use of compuCer.

d) Direcc mechod - use of MulCah program

Difficulcies “ NoC all cryscals are reasonably ideal,
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Chapter 2.

N-Nitrosodiphenylamine C'Vulcatard”)

Introduction

In the rubber manufacturing industry, certain additives are used
during production to achieve faster processing. As a result the
temperature rises quite rapidly during the mixing and often reaches
10 degrees below the vulcanizing temperature. Under such conditions
marked and uncontrolled partial vulcanization of the rubber mix can
take place depending on the partial accelerators in use. This
phenomenon is known as pre-vulcanization or scorching and it gives
finished rubber products with poor physical properties, which are
unsatisfactory, and in case of tyres can result in blow outs. To
avoid this 1-2% of retarders or anti-scorch agents are added to

the rubber mix. These substances are certain organic acids or
nitroso cong)ounds which have been found to prevent to a large extent
this undesirable pre-vulcanization reaction. N-Nitrosodiphenylamine
is one of them. Its chemical formula is C127210720 and is marketed by
Imperial Chemical Industries under the commercial name*Vulcatard A.

The molecule has two phenyl groups attached to the nitrosamine group.

The compound was prepared in the following wayj

40 of diphenylamine was added to 200 Vni. alcohol and
30 wvt. of hydrochloric acid was added to it. The solution
was cooled, and to it 35 hmf£. of sodium nitrite solution
(2:3) was added. The precipitate was filtered, and the

residue was recrystallized from xylene at room temperature.

The Department was interested in determining the structures of some

rubber chemicals. The structures which have already been done are:



This is used as_a blowing agent to produce cellular or sponge

rubber. The structure was solved by Craft in 1975 ( 2).

Vulcafor DOTG. This is also an accelerator used in vulcan-

ization. The chemical composition is di-ortho-tolyl guanidine.

The structure was solved by Gash in 1982 ( 3).

Vulcatard A was the last of this present series. Until now very few

structures of nitroso compounds have been worked out. So we aimed
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Experimental Measurements of N-Nitrosodiphenylamine
The analysis of a crystal structure may be summarized as follows

1. Preparation of crystals and measurement of the unit cell
dimensions and the intensities of a large proportion of

the diffracted beams from the cirystal.

These intensities depend on the number and type of atoms

present and their relative positions in the unit cell.

2, The deduction by some method of a suggested atomic arrangement
(trial structure). The intensities of the diffracted X-ray
beams corresponding to this arrangement can then be calculated

and compared with the observed values.

3. Modification of this suggested arrangement of scattering
matter until the agreement between calculated and observed

intensities is within the limits of error of observations.

Preparation of Crystals

Suitable crystals of N-Nitrosodiphenylamine were prepared iIn the

following way:-

The compound was dissolved in absolute alcohol and warmed at 60 C
to make a saturated solution. Then the solution was filtered and
transferred into a crystallising dish and allowed to evaporate
very slowly. After 12 hours, brown platy crystals were formed
and they were quite suitable in size for structure analysis by

X-ray diffraction techniques.
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Selection of Crystals
First an optical examination was made to select a small crystal

of suitable dimensions and uniform in shape.

The crystal was examined very carefully under crossed-polars to
make sure it was free from twinning. One extinction direction

was along the the crystal.

The chosen size of the crystal was approximately 1 mmin length
and 0.5 mmin cross-section, so that it produced enough intensity

data and at the same time the effect of absorption became negligible,

The Space-Group and Unit-Cell Dimensions
The chosen crystal was mounted on a glass-fibre parallel to a
direction of extinction, because in general a crystal extinguishes

along one of the crystallographic axes of symmetry.

First the crystal was aligned by optical methods using the method
of reflection. The correction on each arc was made from the
position of the images in a telescope when rotated through 180°
But the final alignment of the crystal was made using the method of
double oscillations. When the crystal was perfectly aligned, a
full 360° rotation photograph was taken which produced sharp layer
lines. But oscillation photographs showed no symmetry along that
axis. The crystal was then transferred to a Weissenberg camera
and a zero layer photograph was taken. A mirror symmetry was )

found along the axis 8.sX and another axis was found at 90° apart.

Then the crystal was mounted along the 8.8& axis which was the
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short diagonal perpendicular to the length of the crystal. After
the crystal was perfectly aligned a sharp rotation photograph was
taken. An oscillation photograph showed a mirror symmetry across
the zero layer. Similarly the crystal was transferred to the
Weissenberg Camera and a zero and first layer photograph were
taken. Then the crystal was mounted and aligned along the 3rd
axis and a full rotation and a zero layer Weissenberg photograph

were taken.

The space group was determined from the following systematic
absences.

Condition limiting

Reflection possible reflection
hkA h + k » 2n
hoi, A - 2n(h » 2n)

It shows that the crystal was monoclinic with lattice type C.

centred with a glide plane along C perpendicular to b.

So the space group was C2/c or Cc . But later the N(z) test

proved the crystal was centrosymmetric; C2/c

The cell-parameters were measured accurately from the rotation
photographs along the three crystallographic axes. The distance
(x) of the layer lines from the equatorial layer line was measured

accurately using a travelling microscope on the X-ray film.

The formula used in calculating the cell parameters from rotation
photographs

tan §

tan-1 2

sin<)>
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where x is the distance of the layer line spacing from the

equatorial line, and R is the radius of the camera. The camera

radii for cylindrical and Weissenberg Cameras are 30 mm and
28.65 mm respectively. The wavelength (X) for CuKY radiation

is 1.5418& .

The information about the unit cell angles were taken from the

three zero layer Weissenberg photographs. The photograph along

b (unique axis) gave the a and c reciprocal axes. The angle

between a* and c* which is 8* was measured very accurately. The

angle B was calculated from the following expression

B « 180 - B
180 - 62.47

- 117.53°(«s)

* * e 1

The zero layer photograph along a-axis gave b and ¢ reciprocal
it 0

axes, and the angle between them a was measured to be 90 ,

* * *

so owas 90°. Similarly the angle between a and b axes Y

was measured 90° and therefore y 90

The layer line spacings were measured several times and the
best values of the cell parameters obtained by a least squares

fit to the 20 values of certain reflections. The final values

were a - 16.281'* b - 8.827V* c - 16.50af . S

TfUwiv. VaT ~fee

Intensity Measurements
Equi-inclination Weissenberg Photographs were taken for seven

layers with a crystal mounted about b axis using nickel-filtered

Cu-K radiation (X -
a

1.5418i ) and the multiple film pack technique,
N gL i TCn C ] N ]
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Packs of three films were used and exposed for 18 hours and

2 hours. Development and processing conditions were kept constant
for all the films. |In this way 6 films of recorded data, calib-
rated approximately as 18 hours, 6 hours, 2 hours, 2 hours,

40 minutes and 13 minutes were obtained. Considering the film
factor is 3; this had been checked by a previous student on the

particular batch of film (llford G).

The equi-inclination angle for each layer was obtained from the
expression y m sin””™~("/2) and the correspopding screen movement
was calculated from the expression s » r tan y where r is the

radius of the screen, C is the reciprocal spacing of the layer

lines.

A scale was prepared for the visual estimation of the intensities,

by choosing a well shaped intense spoth jaS N

The oscillation range was set between 10%and 20? Exposures were
made using 1,2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 22,
24, 26, 28 and 30 traverses of the camera, moving the film by 4 mm
between each exposure. The intensities of the spots were marked
as 1, 2, 3, 4 .... etc. Each spot was compared with the intensity
scale and 1ts estimated intensity was multiplied by necessary

scale factor to bring all intensities the same scale.

Structure Analysis

The iIntensity data were corrected by Lorentz(L) and Polarisation(P)

Tactors.

The Lorentz factor arises due to the time difference between different

crystal planes spent in reflecting positions. It is the length of



time the reciprocal lattice point remains in contact with the
sphere of reflection and it depends upon the distance of the
distance of the reciprocal point from the origin and the

diffraction geometry.

In case of equi-inclination Weissenberg methods of data collection

L - Sin 9

Sin ZeCSin™e - Sin™p)*

where O 1s the Bragg angle, and u is the equi-inclination

setting angle.

The polarisation factor arises due to the polarisation of X-rays,
when reflected by a crystal plane which results a reduction in the

intensity of reflected beam.

It is expressed as P - 11 cos™20) where O i1s the Bragg angle.
When O - 0 or 90° P - 1, that is there is no polarisation, but

when O - 45° P - 1, the reflected beam i1s completely polarised.

The observed structure amplitudes were computed from the expression
F - (i/LP) !
V\Et( )

and no absorption correction was made since the absorption coeffic"

tent y was only 0.5 mm ~ .

Originally the space—group was determined as A2/a . Attempts
were made to determine the phases of structure amplitudes by
Direct Methods using the symbolic addition program, N.R.C.4.

But the program could not fix the origin. Later i1t was realised
that this program excludes reflections with certain parities

which i1s explained below In the summary of the procedure. Then



- 37 -

the space group was changed to C2/c and the program worked

satisfactorily.

In this program statistical methods are used to determine the
structure factors of a centrosymmetric structure (Hauptman &

Karle ( A ) which involves 12 relationships.

This procedure involved four basic operations which may be

sxjnniarised as follows:**

a) Calculation of the overall 1isotropic temperature factor and
scale and i1t iIs necessary to generate the structure factor
normalisation curve. The temperature and scale factors

were 2.99 and 1.32 respectively.

b) Calculation of the normalised structure factors (E) , their
. statistics and the point-atom at rest sharpening function from
the normalisation curve. It also sorts the reflections with
strongest E*s (E > 1.3) 1in descending orders of |J|- 197

reflections were listed with values of E’s greater than 1.30.

¢c) Search for triplets of reflections with normalised structure
factors greater than a specified minimum, which satisfy the

12 relationship.

d) (1) Selection of the origin-defining reflections, assignment

of the symbols and successive application of the 12 relation-
ship In order to determine the signs of the reflections

with 2% |"s greater than the specified optimum value.

At this stage the program selects these reflections excluding

those with eee parity and sorted iIn descending order of assoc-
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iated number of E2E3 pairs. Then a determinant of indices,
taken to modulo 2, is evaluated for, the first three reflections
in the sorted list. If the result of +1 or -1, the correspond-
ing E values are given positive signs. If the result is other
than +1 or -1, the determinant is re-evaluated, with the

fourth reflection replacing the third. This operation 1is

o g’ i’id*‘ 2 f,5j - -N* * ApR—i # Ndpp until a

non-zero result iIs obtained.

(i1) Estimation of the signs of normalised structure factors,
whose amplitudes are less than the optimum value but greater
than the minimum value by direct application of signs deter-
mined In stage d(i) to the sets of equivalent pairs E™ , E* ™)
related to each Eh . The signed normalised structure factors
are then sorted for i1nput to the initial Fourier (E-map) calcul-

ation.

All these steps were calculated by five separate programmes
namely SAP 1, 2, 3, 4(a) and 4(b) run sequentially. The
signed normalised structure factors from SAP 4(b) were used

for the Fourier calculation using the N.R.C.8 program.

The electron density map was computed for ~ of the unit cell
and the molecule was easily traced from the 15 peaks located

in the electron density map.

ki
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Table 1 lists the co-ordinates of atoms as read from these
peaks. A comparison of these co-ordinates with the final co-
ordinate shows that this i1nitial E-map was a very good represent*

ation of structure.

TABLE 1 E-11AP COORDINATES

Atom Type x/a y/b z/c
Cl -30 .20 - 34
C2 22 .14 .36
C3 .15 12 -30
C4 -125 .12 .215
C5 .18 .18 .18
C6 .28 21 .26
C7 A7 .18~ >4
C8 -545 .29 -415
(6] .62 .19 .42
CIO . .62 .04 -385
Cll -545 .04 .375
C12 47 .03 .375
N1 -39 .23 41
N2 -415 .34 475
01 .34 .41 .48
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Refinement

The structure factors may be expressed in the following way:

F(hk-2.) = Zr1:_ (hkA) exp 2Tri(hxr ;F,{q‘, + 1z )

r

A(hkA) + iB(kil)
m |f | exp 10(hkA)
where Zr « sum over all atoms iIn the unit cell

A m atomic scattering factor corrected for atomic

vibration
x,y,z)™» m Fractional atomic co-ordinates

a m Phase angle = tanuléjQ }

¥ ] m Structure amplitude - (A" +

.m A cos .0+ B sino

The structure refinements were carried out using block diagonal
least squares method where the atomic parameters were modified
to give the best fTit between a set of observed structure factors
and the calculated structure factors. The parameters adjusted
includes atomic co-ordinates, atomic vibration parameters, and
the scale factor which was used to bring the observed structure

factors to the absolute scale.

After several cycles of refinements using isotropic thermal para‘“
meters (exp - x sin™9/X~ ) for non-hydrogen atoms, the
positions of hydrogens bonded to carbon were calculated and then

the anisotropic temperature factors
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it it
+ 2kZbI c (1B ) were used for the refinement of the non*hydrogen

atomic parameters.

The procedure was repeated until no further improvement takes place

as showmn by the residual iIndex
R - L(I|FO - FCI)/Z

The N.R.C - 10 program utilises information either from the data
reduction programme N.R.C - 2 or from the previous run of structure
factor least-sqguare progran. The atomic parameters could erther be
read from the previous program or supplied separately on the computer

teminal .

The final value of R Index obtained was 0.067 for 807 observed

reflections. The final positional co-ordinates, thermal parameters,

‘and their standard deviations are givdn iIn Table 2.

Results and Discussion
The interatomic distances and bond angles were calculated from the

final parameters using a computer program.

This helped to compare the calculated bond lengths and angles with

those values accepted as normal by previous researchers. D) ®) (6)-
The program produced the following Information.

It scanned the given atons for intramolecular distances and derived
the equivalent positions and then scanned for the intermolecular
distances. After that it prepared a summary of the co-ordination
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around each of the given atoms and calculated the angle between

the bonds and their standard deviation.

The iInter-atomic distances and the bond angles are given iIn Figure 1
and in Tables 3 and 4. The average benzenoid C-C bond length 1is
1.398X . The C-H length is L.IX. The N. - N2 and N2 - Oi
bond lengths are 1.34A™ and 1.206& respectively. There are no intra-

molecular hydrogen bonds.

The least-square planes through the selected atoms are given 1in
Table 5. The dihedral angle between two benzene rings is 101.19™"\.
The molecular packing is given in Figure 2. All intermolecular

contacts are larger than the sum of the Vender Weals radii.
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ATOMIC PARAMETERS
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TABLE 2 (continued)

(5n (22 P » f?23 |?3i p..

c(1) 0.00926  0.00119  0.00443 0.00499 0.00483 QO.UA
24 i>0 20 52 37 54

C(2) 0.00000 0.00193 0.00691 .0.00477 0.01190 -0.00191
31 66 26 62 49 61

c(5) '0.0024B 0.00099  0.00964  0.00099 0.00472  0.00167
61 33 73 40 51

C(4) 0.00949 0.01774 0.00479 0.00333 0.00394 0.00861
51 106 25 73 44 77

C(5) 0.00496  0.01191 0.00693 -0.01029 0.00334 -0.00190
26 97 27 74 49 66

C(6) 0.00974 0.00029 0.00922 0.00049 0.00472 -0.00263
27 94 23 53 41 57

C(7) 0.00404 0.01193 0.00905 -0.00992 0.00483 -0.00397
24 94 29 b2 41 60

C(0) 0.0072b 0.00009 0.009b1 .0.00394 0.00742 -0.00196
32 90 34 63 55 64

C(9) 0.00390 0.01207 0.00902 -0.00229 0.00771 -0.00937
29 92 31 71 45 62

C(10) 0.00979 0.01042 0.00906 -0.00092 0.60974 0.00463
31 99 36 83 55 7b

C(11) 0.00923 0.00919 0.00741 0.00361 0.01061 0.00609
35 94 33 77 55 77

C(12) 0.00422 0.02949 0.00464 -0.00123 0.00469 0.00139

29 104 29 80 41 74
>i(1) 0.00909 0.00549 0.00413 -0.00690 0.00979 ~-0.00696
18 49 15 46 27 46
«(2) 0.00790 0.01441 0.00434 0.00983 0.00632 -0.00221
29 69 19 57 37 63
0(1) 0.00919 0.01336 0.00793 -0.00169 0.01099 0.00410
23 57 22 94 38 52

T tepavitur* factor in Givm > thmivatlon
T-rol *Ps/ < M5 - oLt
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411
.341
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1.3b0
1.080
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1.080
1.425
1.080
1.456
1.080
1.080
1.387
1.350
1.
1
1
1
1
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1
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445

.405
.080
.349
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.418
.080
454
.080
.080
.344
.206
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.5.0.
.0072
.0054
.0056
.0074
.0047
.0072
.0050
.0079
.0053
.0069
.0051
.0048
.0074
.0072
.0062
.0078

0048

.0071
.0051
.0082
.0060
.0083
.0049
.0056
.0047
.0067

BOND LENGTHS

DIRECTION COSINES

L
-0.87500
0.19123
0.68224
-0.68238
-0.18658
0.20842
-0.91578
0.84865
-0.670J2
0.63005
0.19267
0.90480
0.78788
0.10044
-0.92170
0.89919
-0.10530
0.13429
0.79702
-0.77601
0.92980
-0.89468
0.10994
-0.81046
-0.14276
-0.92068
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M
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43750
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.60872
.35144
.44555
.97697
.50622
0.68378
0.38884

0

N

.30534

-0.97738

0

.68498

-0.69699

0
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-0.97663

0

.28750

-0.35476
-0.65118

0

.74513

-0.96926
-0.25589

0

.0939/
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.03849
.00667
.09529
.27222
.27664
.16510
.10938
.03221
.18286
.29479
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.03399



TABLE 4. INTER-BOND ANGLES

VULCATARO

N1 H7 < N3 ANGLE E.S.D.
ANGLES INVUtIVING ATOM C 1

r 2 C 1 C 6 119.98 9.399

c 2 c 1 N 1 118.94 9.3bS

r. 6 c 1 N 1 121 .1*6 9.369
ANGbES INVUCVINti ATOM C 2

r. | C 2 C 3 117.84 9.428

c 1 c 2 H 2 121.98 9.427

c 3 c 2 H 2 121.98 9.447
ANGLES INVOLVING ATOM C 3

c 2 r. 3 C 4 121.89 9.448

r 2 c 1 Il 3 119.19 9.437

r 4 c H 3 119.19 9.435
ANGLES INVOLVING ATOM C 4

c 3 c 4 C 5 122.9S 9.463

c J 4 Il 4 118.53 9.457

r 5 r 4 H 4 118.52 9.463
ANGLES INVOLVING ATOM C 5

c 4 c 5 C 6 118.86 9.438

c 4 c S Il 5 124.57 9.482

c 6 c 5 H 5 124.57 9.466
ANGLES INVOLVING ATOM C 6

c | c ft C 5 126.92 9.429

c | C fi H 6 116.99 9.399

c 5 c 6 H 6 116.99 9.495
angles involving atom C 7

c 8 c 7 c 12 121.61 9.456

c 8 c 7 N 1 119.19 9.495

c 12 c 7 N 117.93 9.411
ANGLES INVOLVING ATOM C 8

r 7 c R C 9 116.29 9.469

r 7 r H H 8 121.99 9.4 77



VULCATARO

ANCLKS INI*OLVINU

ANULES INVULVINC

ANCLES INVULVINC.

ANtiL»:S INVULVINC

ANCLES INVOLVING

ANCLES INVOLVING

ANCLES oINVOLVING

ANULES INVOLVING

ANCLES INVOLVING

ANULES INVOLVING

ANCLES INVOLVING

ANULES involving

ANCLES involving

ANULES involving

ANCLES |INVOLVING

Ancles [INVOLVING

ancles |NVOLVING

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

ATOM

12

10

11

12

TABLE 4 (continued)

o000

OO0

—

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE
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11
11
1t

12
12
12

N7

IITO IITO

Zzz0

Itf

11
Itf
M

ANGLE
121.

122

121
119
119

114.
122.
122.

121.
119.
119.

129.
124.
115.

114.

90

.64
118.
118.

b7

.38
.31
.31

94

o oo cloNe) [cNeoNe) o oo

[cNeoNe]

.481

.483
.453
.41/0

.510
511
.508

.484
.508
496

.480
482
.481

.330
.343
.345

.398
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Chapter 3.
CADMIUM DINITRATO TRIS 2;6-DIMETHYL-y-PYRONE

The metal complexes of 2,6-dimethyl-y-pyrone are well known for their
properties as corrosion Inhibitors and have been used as a protective

coating on steel.

Lewis (©6) has already determined the structures of the zinc and copper

complexes, details of which are given on page 82.

There are several other complexes of 2,6-dimethyl-Y“pytone which are
under investigation and cadmium 2,6—dimethyl-Y~pyrone complex is one

of them.
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Experimental Measurement of 2,6-dimethyl-Y~pyrone Cadmium Complex
1. Preparation of the Complex

The complex was prepared by Hiss White, a student of the Chemistry

Department, City of London Polytechnic.

2 ,6-dimethyl-Y-pyrone (2 equiv) and hydrated cadmium nitrate (@ equiv)
were dissolved in the minimum volume of hot ethyl acetate iIn the
presence of some 2,2°-dimethoxypropane which is added in order to
absorb the water given off In the reaction. The product crystallised
as the solution cooled In a desiccator, then it was filtered off,

washed and dried.

Aqueous solutions of the complexes were analysed for metals with
EDTA and appropriate indicators. Nitrate was estimated by reduction

to ammonia. The analytical data are given in the table below.

TABLE
Complex
Cddmp3(N03)2  Colour m.pt Cd NO3 L H
FOUND White 151-152° 17.8% 20.8% 41.5%  3.9%
CALCULATED - : 18.5% 20.4% 41 .4% 4.0%

2. Preparation of Crystals

The compound was dissolved iIn ethyl acetate and warmed at 60°C to
make a saturated solution. Then the solution was filtered and

transferred into a crystallising dish and the temperafure gradient
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was maintained In such a way that white crystals of a

suitable size were grown.

3. Selection of Crystals

Crystals were examined under the optical microscope. A careful
examination was made under crossed polars to make sure that the
crystal selected was free from twinning. One extinction

direction was parallel to the needle axis.

Space—Group and Unit Cell Dimensions

The chosen crystal was mounted on a glass-fibre parallel to the
direction of the needle axis. First the crystal was aligned

by optical methods but the final adjustment was made using the
me-thod of double oscillation. The oscillation photographs showed
mirror symmetry perpendicular to that axis which was 11.sR. A
full-rotation photograph was taken along this axisy then the
crystal was transferred to a Stoe Weissenberg Camera, and zero
and first layer photographs were taken. Similarly the crystal
was mounted along the other two axes and rotation and zero layer

Weissenberg photographs were taken

The space group was determined from the following systematic

absences.

Reflection Conditions limiting possible reflections

No absences
h +i - 2n
k « 2n

The crystal was therefore unambiguously space group P2i/n
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The cell parameters were measured as accurately as possible
fron the rotation photographs along the three chosen crystall-

orgraphic axes.

Copper Ka radiation was used. The mathematical expression

used was the same as iIn Chapter 2.

The final values were obtained from the diffractometer

a - 19.372i("
b - 11.35i(*t)
c - 23.023i(i)
S - 93.77°(0

Intensity data Collection

Intensity data were collected at Queen Mary College, using their

CAD-4 Kappa diffractometer.

In the Kappa Goniometer there is an axis called the kappa axis
which iIntersects the omega axis at an angle less than 90O

In this CAD-4 goniometer this angle i1s 50° . The phi axis inter-
sects the kappa axis also at an angle of 50 . As a result of that
by moving kappa axis, the phi axis describes a cone with top angle
of 100° . The radius of the sphere of intersection of the 2 theta,
omega, kappa and phi axes, the primary beam and secondary beam

collimator i1s less than 10 microns.

"
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With the kappa rotation, each reciprocal lattice vector can

be brought iInto the equatorial plane. Rotating around omega
brings this vector into the reflecting position. Rotating phi
and correcting with kappa and omega, this vector remains in the
reflecting position but makes an azimuthal or psi-rotation. Psi
iIs defined to be zero when the reflection iIs measured iIn the
bisecting position of the goniometer. Due to the possible full
omega—rotation without any physical interference and obscuration,
the range of the azimuthal rotation of each reflection is optimal
and more complete than iIn an iInstrument using an Eulerian

Cradle.

Since the angle between the omega and theta axes is larger

than 45° , a full azimuth rotation is always possible for a great
number of reciprocal lattice vectors. The azimuthal scan is
very iImportant to make a good absorption correction only using
intensity measurements. Moreover, the influence of multi-
reflections can be eliminated. All axes are driven with special
d.c motors with continuously variable slow speeds. This
guarantees motion without vibrations even at the highest possible

slow speeds.

While going to the next reflection, all axes are driven simultan-
eously at their maximum speed. The final correct position is
always reached with a slow speed from the same direction to

avoid even the smallest errors due to unavoidable back-lash.

Absolute encoders are of the voltage resolver type. The resolution
of the angle readout of these encoders i1s 0.007° . They maintain

that accuracy over a long time.
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The counter aperture unit has a continuously variable horizontal
receiving aperture, a horizontal slit and two beam splitters.

The apertures are computer controlled but manual control is
also possible. The reproducibility of the positions of the

different apertures is IOy . The height of the aperture Iis

determined by slits that can be inserted manually (1mm, 2mm, 3mm,

4mm, 6mm) .

An incident beam balanced filter unit is provided as standard
with the instrument and is simply fitted to the tube stand.
One of the filter holders can be positioned and locked iIn order

to balance the two absorption filters.

The balanced filters are also programmable or under manual

control. A graphite monochromator is supplied as a standard and
«this requires considerable experience for correct adjustment.

The tube shield is designed to accept fine focus as well as

normal focus tubes. It iIs mounted parallel to the equatorial

plane as an integral part of the goniometer and it makes the

goniometer alignment independent of the table top movement.

A microscope which gives a comfortable 80 x magnification and has
a cross-line and graduated reticule iIs fixed to the omega bracket.

This microscope remains aligned during the operation of the

diffractometer and®™ does not give any physical interference. It

enables the user of the diffractometer to make the necessary

preliminary centering adjustments of the crystal. A second micro-

scope 1s also mounted independently to observe any movement of the

goniometer head.

ft
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All axes, the attenuation filter, the aperture disk, etc., can
be controlled by a portable control unit which has the following
functions - shutter switch and pilot lamp, balanced filter
switch, attenuation filter switch, motor direction switch,

speed range selector, motor speed continuous variation button,

motor selector for 29 and aperture disk, collision

switch override buttons.

A Polaroid XR 57/1 cassette can be attached to the goniometer
base allowing Laue or rotating crystal exposures to get

information about crystal quality and symmetry.

Intensity data were collected using an automatic data collection
program, and output iIn a condensed form. The SHELX program (7)
was used to decode the data. The iIntensities were corrected for
Lorentz and Polarisation and were reduced to structure factors

for structure determination.

Structure Analysis

The S42A program which i1s generally used for data reduction,
reduces the intensities onto one relative scale, computes "
and applies a sharpening function to program

was modified to compute from given F , and sort data into
suitable ascending orders of h, k and 2 which is a requirement

for the operation of the subsequent Fourier programs.

The structure was determined by Direct Methods. Here, as
mentioned before, the statistical methods are used which® involves

the E2 relationship

1.1
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where Eh is the normalized structure factor of reflection hkA.

The whole operation was performed iIn five stages using fTive

separate programs, parts of a Symbolic Addition Procedure (SAP)

program.

The SAP 1 program uses the Wilson plot to estimate the overall

temperature factor and scale factor. Here the theoretical and

observed scattering powers are summed over equal ranges of sin”0

ie. over equal volumes of reciprocal space, and a linear least

squares fTit was calculated for the mean values,

/M N 2, a
log e\Em.Q. Enf gH <sin™0> over all space
ALmM.F 2y

where m 1is the reflection multiplicity, @ is a factor to allow

for systematic absences, S is sinO/X , N is the number of atom

types in the full unit cell, M Is the number of reflections in

each range.

A and Al
O N

ature factor (B) and the scale (K*)/"

. the coefficients of the regression line, the temper-

~Mcalculated from the follow-

INng expressions

N o
log e (<m.(a-Enf2(s)>/<m. |FAI>)  Aj AL<sIn®0>
B Al .XV/2

K” » exp(A™/2)

The values of temperature and scale factor were 4.53 and 0.0521

respectively.

The SAP 2 program calculates the normalized structure factors.

The normalized structure factors are calculated using the

JF



expression
k(s)
"hiA* N hkA
0.zZnf2(s)
where s sine/X and Kk(s) - exp (A" + Ai-s™X™)

- K’ exp(2B.s™)

The normalised structure factors are calculated for all reflect-
ions, observed and unobserved. A total of 908 reflections
with le |"s greater than 1.5 were sorted iIn descending order of

% |.

The statistics and distribution of normalised structure factors
were compared with the theoretical values for centrosymmetrical

structures i1n the following table.

Theoretical Observed

<le I 0.798 0.8162

<le > 1.000 0.9964

<le2-i 1> .968 0.9181
e 1>3.0 0.37. 0.3%
k |52.0 5.0Z 3.82%
EIn .o 32% 32.31%

The table shows that the observed values are very close to the

theoretical values and confirms the centrosymmetric space group,
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The program SAP 3 searches for sets of reflections which

satisfy the "2 relationship

7 |

~ ARKUT~A \ ’kU®  \-h", k-k*, ¢-A’

i1
The program scans the input reflections for pairs shown on
the R.H.S of "2 expression which combine to give the indices

on the L.H.S. SAP 3 also evaluates the arguments

(a3 for each triplet.

The definition of "2 N3 follows

00 - 1z.~ and 03 - where the sum iIs over the atom iIn

the full unit cell, and is the atomic number of atom j.

Next, the SAP 4 estimates the structure factor signs In two

stages — SAP 4(a) and SAP 4(b).

SAP 4(a) performs three basic operations. It selects the origin
defining reflections, estimates the tentative signs and final

signs.

The program selects these reflections excluding those with eee
parity and are sorted in descending order of associated number

of EZE3 pairs.

Then a determinant of iIndices taken to modulo 2 is evaluated

for the three reflections in the sorted list.

If the result is +1 or -1, the corresponding E values were given

positive signs. IT the result.is other than -H or -1, the deter- \

minant iIs re—evaluated with the fourth reflection replacing
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the third. This operation is repeated \mtil a non aero result

is obtained.

The program is set to accept up to 400 reflections with

¥5l> E . Sixteen separate counters are assigned to each
op

reflection for accumulation of the sums
(Z 03 02*A2 [EMEA )

which relates to the probability of the sign of reflection being
+1, +A, B, +AB, +C, *AC, +BC, +ABC, D, +AD, #BD, *ABC, (D,

+ACD, +BCD, or *ABCD

At the beginning all counters are set to zero and the choice of

the sign is decided by the sign of the sum accumulated iIn the

counter. All accumulated sums are tested against the minimum

acceptable limit.
After the procedure of tentative sign determination, the program

tries to evaluate the signs of the symbols by comparing the

accumulated sums in the 16 counters of each reflection. IT there

is consistent indication from several reflections that one of

the symbols or symbol products is equivalent to one of the signs,

then the real value of the symbol is determined. The Program

always checks the determined sign as

Sign of A X Sign of B - Sign of AB

or Sign of ABC x Sign of BC - Sign of A

and when there is no such violation, the signs of the symbols

are then accepted.
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The final sign of each reflection i1s determined by substituting

the symbols sign and adding the sums
(I C3 0£3/2|EN|ENEj,_N )

which have been accumulated iIn the 16 counters of the reflection
The final sign is accepted only when the total sum is above the
minimum acceptable limit 1.75 \"ich corresponds to a probability

of 0.97«

The program determined the sign of the S3inbols in a very positive
way. The estimated symbol, signs of symbols and cross—terms

were-

sign

The program SAP 4(b) estimates the structure factor signs for

with % I<E > E . by direct application of signs determined in
" " opt min

SAP 4(a). A total of 908 signed normalised structure factors

were for input to E-map calculation. The E—map was drawn using

the Fourier program S42C. The Fourier summation was performed

for the whole unit cell at the grid points of a 3-D mesh whose

axes are parallel to the a.\, a2» ~3 unit cell.

The direction of the sections was implied in order of the iIndices
in the file, so the section was for constant values of y and
printed with x horizontal and z down the page, where was the

index varying most frequently, h™ was that which varies least

f KV

>»1
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frequently, and h2 is the remaining index.
The main steps in computation were as follows:

1. Calculation of the coefficients zF(hk4) * el \+=(hicl)
and apply the multiplicities to them, and store the results

in the computer memory.

2. To perform the Fourier summation with a specific value of vy,

N1(<25) values of x and Ka (<12~ values of z.

3. To repeat step 2 as many times as needed to cover all values

of X, without varying vy.
4. To repeat steps 2 and 3 for the remaining values of y.
5. To repeat steps 2, 3 and 4 for the next block of points, 1if &

there i1s more than one block.

The mathematical expression used for Fourier summation for the

electron density map was i1n the form:

p(xyz) - "F(000) + z 2..R..(hkil).trg 2iThx.trg 27rky.trg 2iri,z
Vv q H K

where V m unit cell volume

trg m Cos or Sin

R . .(hkA) m. +AChkA). +A(ChkA),

m * multiplicity (@ 1,2,4 and 8)

2 - 2 Z Z or all values of |hl, |k|, &
q IH Ik Ul
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The number of the R terms and S terms may vary for the different

groups of reflections, but multiplicity iIs assximed to be independ-

ent of group.

The molecule was traced from the 72 peaks located iIn the electron

density map and atoms were easily i1dentified from their peak

height. As the electron density map was drawn for whole unit cell,

there were 4 molecules, 1e. (4 groups of 72 peaks) and they were

all symmetry related.

iyt

MI
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The number of the R terms and S terms may vary for the different
groups of reflections, but multiplicity is assumed to be iIndepend-

ent of group.

The molecule was traced from the 72 peaks located in the electron
density map and atoms were easily identified from their peak
height. As the electron density map was drawn for whole unit cell,
there were 4 molecules, 1e. (4 groups of 72 peaks) and they were

all symmetry related.
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The table below lists the co-ordinates of the atoms as read
from these peaks. A comparison of these co-ordinates with
the final co-ordinates shows that the initial E-map was a

very good representation of the structure.

TABLE 1. ATOMIC COORDINATES FROM E-MAP.

Atom Type /a V/b 2/0
o 1 .38 .38 855
D 2 .38 .09 .35
c 1 .215 .31 .83
c 2 .20 .30 .89
C 4 11 .245 .95
C 5 .045 .19 -7
cC 6 11 .22 .81
c 7 165 .275 .78
c 8 m 385 .715
c 9 .34 41 -69
C 10.. .32 64
cC 1 .275 -465 -61
c 12 48 .355 .555
c 13 43 .375 -61
C 14 -445 -36 66
c 15 .53 .50 -90
C 16 .57 -55 94
c 1 o 58 .925
C 18 .69 .63 -96
C 19 .64 -55 17
C 20 .61 -54 -835
S - .50 .83
C 22 .22 19 40
C 23 18 205 45
C 24 2 -26 -44
C 25 .07 -29 -49

hir

vl
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Atom Type

C
C
C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
N
N
N
N
0
0
0
0
0
0
0
0
0
0
0
0
0

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

A
H

© 0 ~N O O DN WN R » NP B
b R B B N

/a

.09
.125

.31
.26
27
.23

-39

.52

.61

.69
.63
.565

.40
.36

.28

.425
.36
.48
.66
.36
.325
.31
.42
.37

.28

Y/b
31 .29
.28 .34
22 .35
.09 .20
.07 .16
.045 1
.005 .07
12 .08
A1 A2
A2 .19
-000 32
.98 .38
.94 .40
.92 .465
-90 .26
.92 -30
.96 .28
.60 .88
-165 .90
.85 .38
.29 -39
.325 .82
22 -86
.375 77
.405 -595
.445 91
.58 .87
.58 .83
.51 91
.71 .885
18 .86
.24 .93
12 95
.13 .41

.
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Atom Type */a

0 13 .28 213 .41
0 14 .09 -29 -39
0 15 .31 .12 .26
0 16 34 .08 09
0 17 .46 -035 .31
O 18 .65 91 .355
0 19 .33 -89 .33
0 20 .345 .73 -395
02 -38 .92 .41
0 22 -39 .29 .35
0 23 .43 -19 .42
0 24 .455 -39 .41

i1 #«
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Refinement of Structure.

The structure of the molecule was refined using the Least Squares

Refinement program S42D using the block~diagonal approximation

with one or two blocks per atom.

The quantity R which is minimized in this program is

R . W(FM - |PDT ZwA ENO)

where Z m sum over all non-equivalent reflections
w weight » I/a® theoretically

calculated structure amplitude on the scale of jJPM

)

ITp. g - 1. e=== , N) are the N parameters in [”], then

R 1s minimum when these parameters satisfy the N equations

3R/3p” 1, N

or ZWASIfCIISPj

If the parameters Pj m the trial structure are close to the
parameters (p- + €M) in the refined structure, then by Taylor’s

expansion

A(e ¢ s) -

where e and e stands for whole set of parameters and shifts,

Substiilting this value A(p + e) 1In equation (iv) we get the

Normal Equations

i1 3" 3pj 1

irF
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where the A on the r_.h.s i1s calculated with the assumed parameter

p and there are N equations for j m 1*
2

.e==¢ N.

The same equation can be written in the matrix form,

Za e * b i

J * eeoee* N

\ere a Zw

ZWA
3p

The estimated standard deviations are calculated according to the

following formula, where the weights are assumed to be relative

o(p.) - @ D.i(IwA2)/(@-ti)

where iIs a diagonal element in the matrix a™

m i1s the number of reflections

n is the nund>er of variable parameters in the structure

The block diagonal approxinatioa was made to reduce the amount of
calculations and to allow for a large number of parameters to be

refined simultaneously. [Ibe iInteractions between the parameters of

different atoms were neglected.

The\?tructure factors can be expressed i1In the following way

F(hkE) - I (bkA)exp 2iTi(hx +
r N

« AChkE) * iB(hki)

where A(hkE) * zf (hkS,)cos 2ir(hx™ + ky”™ +
r/\
B(hkE)

IT (bki) Sxo- 2irChx® mky”~ + 1z7)

where IF , al,

b 1 are on absolute scale; ¥ iIs the atomic

scattering factor corrected for atomic vibrati
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The correction for atomic vibration was made in the following

way':

IT £ 1s the atomic scattering factor at zero temperature, and
o]

q is the correction for thermal vibration, then

A (hki) 7ehkd) . g™N(hki)
for isotropic vibration

g (hk2) exp ~-BM(sin 9/X)0

for anisotropic vibration

gr(hkl) - + B22k~ ¢ Bssb™ ¢ B23W ¢ B~hi ¢ Bi2hk)J

The i1sotropic teinperature factor B expressed iIn terms of the mean square

amplitude of vibration u is

B » Siru »

The corresponding relationships in the case of anisotropic vibrations

are
Bu - 2ir2a*==uii , B22 - 2ir2b*2U22 . *33 - 2r2c*2C33
B23 4iT20*c*U23, Bj3 - 4ir2a*c*Ui3

, Bl2 - 4r2a*b*ui2

«here q (hkt) - exp -2x2(Cnh2a»2 ¢

...... * 2023kib*c**_____)
The program refines B or
and also, since
(sin e/X)2 . 1 h2a*2+ _...+2k .b*c*cos ct**

Then the B..’s can be calculated from the isotropic B by the

relations

B B23 * B._b*c*cos /2
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During the least squares refinement, the observed structure

amplitudes || were kept on their original scale, and the

calculated structure amplitudes jJFPM are converted to the

scale of the JPM data by means of an overall scale factor G

and before output on printer these amplitudes were converted

to absolute scale by means of the scale K, where M.l A

After several cycles of refinements using isotropic thermal

parameters for non-hydrogen atoms, the position of 48 hydrogen

atoms were calculated and then the anisotropic temperature

factors were used for the refinement of the non hydrogen atomic

parameters. No attempt was made to refine the hydrogen parameters

or temperature coefficients because of the possible swamping

effect of the cadmium atom. Special programs were written for

calculating the hydrogen atomic positions.

The procedure was repeated until no further improvement took

place as shown by residual Index

The S42D program utilises information either from the data

reduction program S42A or from the previous run of structure

factor least-squares program. The atomic parameters could either

be read from previous program or supplied separately on the comp-

uter texminal.

The final value of the R index obtained was 0.0605 for 7325

observed reflections. The final positional co-ordinates and their

thermal parameters and their standard deviations ate given in

Table 2.
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Discussion;

The electron density map revealed the structure of the compound

Cadmium Dinitrato Tris |'2;6-Dimethyl-y-Pyrone”™ as discrete

molecules. There is no bonding between them, only Vander Weal.s oK ¢

W
forces hold them together.

The study of other structures of cadmium nitrate complexes are

given below to compare with Cd-dimethyl-y-pyrone structure.

i) Aquodinitratobis (Quinoline) Cadmium (D) (C181 6 N™O7) (Ref 5)

The compound was crystallised in inonoclinic system with a - 11.018,

b-858 , c - 23.756 and 0 - 91.07 degree with space group P2i/c

The structure analysis revealed a seven co-ordinate monomeric

structure in which the cadmium atom is surrounded by two non-

equivalent, but bidentate nitrate groups by wo quinoline molecules

and by a water molecule. The cadmium—oxygen Cd O(NO3) is F
2.393 - 2.559 , Cd - O0(H20) is 2.346A and cadmium-nitrogen

Cd - N 2.296, 2.330&

The stereochemistry of the cadmium atom may be described as a
pentagonal bipyramidal geometry. In this case the axial sites
occupied by the oxygen of the water 0(7) and by the nitrogen
one of the quinoline molecules N (2) while the equatorial plane
contains the nitrogen of the remaining quinoline molecule N (D
and the oxygen of the two nitratogroups 0(1), 0(2), 0(4) and

0() . The last four oxygens are virtually co-planar with the

cadmium, although N(I) is displaced 0.88& from this plane.
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The figure below gives a diagrammaCic representation of the
equatorial plane of the pentagonal bipyramidal geometry of the
molecule, showing the distortion from ideal geometry. The

distances are iIn R and the angles iIn deg.

X

l::-s
fi
(i) Dinitratotrispyridinecadmium @IL) Cd(py): (Nos). (P.ef 4)
The compound was crystallised In a monoclinic system with space
group C2/c with 2-4 in a unit cell of dimensions
a- 12.434 , b - 9.494

, C - 17.385 , 6 - 115.42°

Structure analysis revealed the crystalline Cd(py)3(N03)2 was mono-
meric. The cadmium atom was found to be surrounded by three
pyridine and two bidentate nitrate groups. The molecule itself

showed 2-fold symmetry.

The cadmium oxygen distances Cd”0(l) 2.444 , Cd 0(2) 2.491 X
indicate that the nitrate groups are almost symmetrically co-

ordinated. Because of the large 1ionic radius cadmium can more
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readily accommodate a regular seven co-ordinate environment.

(ileinc bisCNitrato 2,6-dimethyl-y-pyrone) Zn(NO3)2 (C7H802)2 (Ref 2)

The compound crystallises In the monoclinic system, space group

A2/a with four molecules iIn a unit cell of dimensions

o 16.786X ; b - 12.922& ; c = 9.0891 ; S - 106.80

The structure was solved by Patterson and Fourier synthesis. The

zinc atom displays distorted tetrahedral co-ordination.

The nitrate groups are found to be symmetrically positioned with

respect to the zinc atom. The gamma pyrone ligands and nitrato

groups are nearly planar. The nitrato groups were monodentate.

(iv) Copper Nitrato 2.6-dimethyl-Y-pyron e (Ref 3)

The unit cell is triclinic with a - 15.872& , b e 8.772X

cC - 8.3841 , a - 124.35. 8 - 106.84 . y - 85.93° . space group pT.

The structure was solved using Patterson and Fourier synthesis. The

copper co-ordination is distorted square planar. The gamma pyrone

ligands and the nitrato groups were found to be planar but not

co-planar. The two gamma pyrones were cis to each other and the

nitrato groups were monodentate.

The cadmium gamma pyrone complex showed 7-fold co ordination and

the stereo-chemistry of the cadmium atom may be described as a

distorted pentagonal bipyramid.

The above type of co-ordination can be compared with calcium

Naphthionate, SH™0 structure determined by Brown. Ehrenberg and

Yadav (1). In this case. Che Ca™* is surrounded by seven water

molecules. Here each calcium ion iIs co-ordinated to seven oxygen

Saili

«ri
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atoms, all ftom the water molecules. The oxygen atoms around

the calcium are arranged iIn a distorted pentagonal bipyramid.

The reason of forming similar type of co-ordination polyhedra

can be explained as and Ca*™ have atomic radii 0.97 and

0.99 and because of the large radii, they can easily accommodate

seven atoms iIn the sphere of coordination.
The bidentate nature of the nitrate group iIn the cadmium gamma

pyrone complex can be compared.with the above mentioned nitrate
groups of sinc-nitrato- 2 .6-dimethyl-Y-pyrone and copper-nitrato

2 ,6-dimethyl-Y-pyrone, where nitrato groups are unidentate. In

Imp
the former case, the sevenfold co-ordination enables the nitrate

groups to be bidentate whereas in the later case Zn or Cu atoms,

because of their smaller size can only accommodate four atoms

within the coordination sphere. The planarity of the gamma

pyrone rings shows the electron distribution of o and v type,

Table S shows the pl~arity of the ring.
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Cl

Figure 2. Averaged dimensions of the
Zto-dimethyl-y”~pytone ring.

+f

CH-
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ATOMIC PARAMETERS

CADMIUM niMIXnATO TRIS(2,6, GAHMA-PTRONF)
ORIGIMAIj CnnpOIMATF.S

XIA

M.3614«l

«

9
9
0
9
9
9
0
9
9
0
9
9
0
9

9.
9.42497
.27596
.98959
.42834
.36954
47393
.65925

9
0
9
0
9
0
9
9
9
0
9
0
9
9
9
0
0
9
9
9
9
9
9
0

9
9
9
9
0
9
9
9
9
9
0
9
9
9
9.
9
0
0
0
9
0
9
9
0
0
0
9
9
9

.2175M
.23126
.13854
.11328
.94388
.19513
.16644
49891
.34190
.32352
.25315
47786
.43556
.45565
.53121

57833

.63986
.69674
.64397
.61443
.55398
.22240

18111
.11831

.07994
.99072
.12818
.19083
.31259
.26078

.27319
.22415
45410

.38996
.37833

.51811
.54175

.60553
.63520
.68752
.63193
.56893
.32906
.43139

35491

.35719

.32249
.39955

.41832
37427

40773

.28978
.09265

.39293
.33757
.45956
.64984
.32530,-
.35077
.38149
.38999
.41536

44594

y/n

9.37033
9.98814
9.29643
9.28089
9.25963
0.23767
9.18386
9.22593
9.26935
9.37596
0.41172
9.42829
9.4651t
9.35918
9.37391

.9.35888

9.49656
9.54465
9.58536
9.63879
9.55482
9.54686
9.59965
0.18947
0.29948
0.25975
9.28738
9.31554
0.27479
0.22369
9.99885
9.96269
9.94737
0.99891
0.11897

0,19377

0.12128
70.90114
=0.91826

-9.95720
-0,97682
-0.19857
-0.97319
-9.93348

0.69129
9,15629

-0.15399

9.29397
9.33935
9,21759
9,35999
9.40823
9.45743
0.58843
9.57796
9.52741
9.79987
9.17389
9.23903
9.96277
9,14151
9.29779
9.11622
0.06684
0.93475
-0.08695
-9.11248
-9.25996
-9,98493
0.29994
0.29251
9.38886

7./1C

9.35515
9.84911
0.33131

9.30048
9.40350
0.46401
0.76635
0.30515
0.28728
0.21329
8,19239
0.13514
9.19851

9,05980
0.11180
0.16819
9.39507
0.44019
9.42549
0.46493
0.26677
0.32603
0.33789
0.90558
0.95371
9.94759
0.99459
0.78989
0.84556
9.85974
9.70789
0.66496
9.69008
0.55961
9.59677
0.62990
0.68623
0.82321
0.88301
9.89935
0.96999
0.76422
0.80183
0.78370
9.37757
0.49762

9.87259
0.89367
9.31445
0.36156
9.26643
0.99445
9,41958
0.36978
0,33294
0.41232
9.38686
9.35824
9.43214
0.43329
9,91114
0.89406
9,76089
9.59216
0.80571
0.85880
0.82918
0.88424
0.99842
0,84784
0,92959
0.91983

SYG X/A

99992
99902
90925
90026
99928
.09938
99031
99925
99926
99932
99933
99931
.89939
99042
.00038
.99928
99922
.00030
.90032
.00030
.09039
.80032
.00027
90023
.00033
.09939
.99948
.90036
.80026
.09928
.80030
.80034
.09929
,00049
.90038
.00945
.88936
90025
90025
,89029
90933
.90037
.09923
.89028
90028
.80030

.09931
.80028
.09019
.09918
.90923
.99023
.89929
.89020
.89927
.98923
.89939
.99031
.89920
.98034
.89021
.98029
.89824
.98826
.89019
.90918
.89926
.89938
.89925
.89926
.99923
8.89042
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F.S.D.S
SYG Y/B

8.09083
0,00903
8.09041

0.09946

0.00046
8.00079
8.00969
8.09043
8.09943
0.00950
8.00948
8.90944
8.09055
8,00075
0.00950
8.09047
8.99046
8.09048
8.09051

8.00056
8.00070
0.00047
8.00041
8.00043
8.00047
8.00056
8.00080
8.09068
8.80043
0.00043
8.00055
9.00058
8.00050
8.09083
9.00084
0.00053
9.00056
8.00942
8.00052
8.09943
8,90074
8,09959
3.99044
9.09047

8.09037

8.00938

8.00050
9.00041
9.00033
9.00031
8.00038
8.00035
8.90041
8.00034
0.90037
8.00039
0.00053
8.00044
9.00045
8.00949
8.00039
8.99932
9.00043
9.00042
9.00040
8.00931
8.09046
9.00059
8.90039
8.00952
8.00038
8.00946

SYG z/z

0.90901
0.00001
0.00019
0.00921
0.90019
0.00025
9,99027
0.09018
9.00020
0.00928
0.99923
0.90922
9.09029
0.90031
9.00023
9.00028
0.00021
0.00021
0.09029
0.00029
0.90029
0.00023
0.00920
0.00019
0.09023
0.00025
0.00031
0.00931
0.00019
0.00019
0.00022
9.99023
9.09022
9.09931
0.09933
0.00029
9.90025
9.09019
9.90022
0.00019
0.90024
0.90029
9.90019
0.90023
0.00021
0.00023

0.09026
9.00921
0.00015
0.00014
9.99916
0.00015
0.90915
0.90016
0.90020
9.00016
0.00029
0.90021
0.90020
0.00030
9.90015
0.00017
0.00016
0.00018
0.00015
0.00016
0.00020
0.00031
9.00018
0.00021
0.80018
9.00031
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TABLE 2 (contd.)

hp) (0(2)
H(2) 1-O(A))
1(5) (-0(A
h(A)

(«) (-0(7)
h() COE)
h(io) (-0(11))
h(ii) (-0(11))
H(12) (-0(11))
Hd3) (-0(12))
H(1A) (-0(12))
H(1b) (-0(12)
h(1b) (-O(1A)
K(iy) (-0(16)
H(1H) (-O(IH)
M1v) (-0(ICI)
11(20) (-0(19)
h(2l) (-0(19)
h(22) (-0(19)
11(25) (-0(19)
h(2A) (-0(21)
M(2b)
h(2b)
h(27)
H(29)
H(29)
h(50)
h(51)
H(52)
H(53) )
11(58) (-0(52))
M(3b) (-0(32))
H(3*) (-0132))

)
)
)
)

)
)
)
)
)
)
25))
)

©

o
0(2
o
o
0

©
—~

6
0o( 26
0(26

)

b)
D)
)
26)
-0(26)
-0(26)
-0(29)

)
)
)
)
)
)

(-
(-
(-
(
(
(
(
(
(
(-0(30)
(-

(

o
o
o(

x/n

0.2392
0.1121
O.0tak«
0. 1A7B
0.0b76
0.0009
0.(PA
0.1(67
0.502A
0.2A10
0.2b35
0. 21A7
0.A4/|
0.b229
0.A940
0b0><b
0.56A6
0.(161
0.7395
0.6(66
0113
0.69bA
0.6/a2
0.biob
0.2011
0.0230
0.0606
0. 09bi
0.0799
0.08
0.1227
0.2191
0.1
0.20b19
0.2020
0.195A

y/H

0.3139

0.3252
0.200A
0.1902
0.10A6
0.16b9
0.2919
0.261A
0.A266
0.bbi9
0.A6(«

0.A050
0.595A
0.Alb2
0.2WA
0.3339
0.bA92
i.b(56
0.60(6
0.(152

0. 6100
0.b9i(

0.A6Y8
0.At>0
0.1932

0.5227

0.20(0
0.5bib
0.2/07
0.%(b
0.3777
0.2092
0.0AB9

-0.000b
-0.0(61

0.0(2A

87 -

%w'c

0.A2/0
0.A0A6
0.A611
0.A1%
0.2A59
0.292b
0.25h0
0.2A17
0.2253
0.12b2
0.0t)26
0. 122A
0.0200
0.06/
0.0b<)(
0.1 (99
0.A940
0.A%1
0.A533
0.A9((
0.2597
0.2(1b
U.2A90
0.3026
0.9967
0.9(bA
1.0193
V.02A0
U.i619
0.(996
0.(tXkA
0.9120
0.6(92
0.b20b
0.b(ol
0.bb2b

‘..00
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
b.oo
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TABLE 2 (contd.)

u(sY) (-c(33))
IUs8) (-t'(?5))
h(39) (-C03))
h(40) (-c(3b))
H1) t-cOO0)

K 42) N-COV))
h(45) ~-COV))
h(4-) (-c(5v))
H(45) (-CM«))
JK™b) (-C(4u)3
1 47) (-u(40)

(-

)
H(48) (-C(42))

x/n

0.4417
0.4751
0.4°54
0.41«9
0.)ub7
0.bOh?
O.bWY
0.b322
0.7310
0.bbtiy

0. 705t
Unnav

y/m

0.1020
0.2000
0.0b/Y
0.1=31
0.0011

.0.1440
-0.U»3b

0.00«1

-0.141b
-0.1YbY

-0.0530
-0.02i)V
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*/c

0.bbii
0.b025
0.b132
0.Yiy/
0.yw:s38
0.y0i3
.0.«<b03
0.VJ
0.Yyiv
0. /544

0. By
0.Y3Yd

M0

1>.00
1.00
13.00
~.00
.00
0.00
.00
~.00
13.00
b.oo
j.00
13.00

32



TABLE 2 (contd.)

c«Hi)

C«K2)

0(1)

0(2)

0(5)

0(4)

0(5)

0(*i)

0(7)

0(B)

0(9)

0(10)

h I

0.00294l

0.002b21

0.002b5
15

0.0021)7
1b

0.005W)
1b

0.004bb
25

0.00275
17

0.0021.5
15

0.0029H
b

0.0057b
19

0.005H4
20

0.005b9
17

0.0NIK
(

0.00442
2?

0.004Vv4
24

U.oow2
b

0.00IhM
n

0.0057]%

c,.

0.00709
5

0.000M9
5

0.00L.5*1
3)

0.00723
40

0.0075«
40

0.01746
HB

0.0152«
6]

0.00730
57

0.00b50
5%

0.01021)
50

0.0072H
40

0.00li7b
41

0.000Mm
47

0.01*>2b
m

0.00HOb
Vs

0.000B
a4

0.00Hh5
41

0.00M40
42
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0.00129 0.00001
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0.00155 0.00051
Il 30
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10 5b
0.00105  0.U0015
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0.0017b -0.00109
11 5b

0.0019«  0.0(X)44
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0.0y 0001 g
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0.0025b  -0.0014b
A
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4 4

).

009097
0..0009h

-0.00002
lh

-U.00051
19

0.00015
H
0.00245
27

-0.00095
25

-0.00009
1b
1,000k
m
0.fX)25b
21

0.00079
25

{L.O(X)59
20
0.001H1

0.005b0
52

0.002b0
Zh

0.00200
0
O-(ID@
<

0.00%4
o)

+0.1X)059
5

0.mxr”*o
5

QUKL
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0.000211
40
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a4

-0.00090
I

-0.(KKJ79
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-0.00095
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0.00190
41

-0.00252
47

-0.(XX»49
45

0.00055
45

-0.00079
49

-0.00bA
0

-0.00099
(0%
-0.00192
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0.0027«
57

0-@]]34E|



TABLE 2 (contd.)

0-002yZ
yf
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0.0120b
i

0-00veH
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0.00/37
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TABLE 2 (contd.)

cU )
cC3V)

C(40)

0.<X)5V"

»

0.00312
IV

0.005Y0
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0.00172
1
0.002V»>
>
0.003M
b
0.004M
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0.005v4
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0.004t>0
M
0.0027V
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0.0021.1
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0.003«>h

1
0.005vv
M

- 0.0027V
1

0.002HH
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0.00472
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0.004b3
v

0.00HO5
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0.00VhV
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0.00b40
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0.00v."J
2

0.00bbb
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0.01070
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0.00047
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H
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1
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1 T49 11 136 1 328 -347 -5 3 1568
.2 620 B87 -12 1042 2 568 -547 -6 5 318
) 1032 13 131 3 31 28 -7 7 564
-4 1421 -1 4 411 -439 -8 9 268
.5 941 5 165 168 -9 11 1783
-6 412 6 130 132 -10 13 690
-7 8/6 7 468 -474 11
.9 361 8 319 333 -12
.9 352 - 9 138 100 -13
1« 655 m 0 206 -167 -14
.11 780 1 403 408 -15
-12 142 2 126 -125
-13 300 4, K« 8 3 270 -272 Is
.14 491 9 480 449 4 476 381 0 -5 1651
-15 864 1 478 494 [5 300 -303 1 -7 380
.16 500 [6 119 -115 2 -9 2226
-17 40 17 399 356 3 .11 99
-18 282 -l 110 85 4 -13 1066
-19 690 5 616 *611 -2 87 -117 5 .15 341
.20 518 6 455 -439 3 447 495 6
.21 294 7 76 87 -4 108 109 7
.22 34 8 486 -449 .5 127 60 B
9 247 285 -6 175 181 9
s 4, 1 10 225 217 -7 4/3 -522 10
0 445 11 396 -441 -B 145 -132 11
1 98 12 377 347 -9 319 391 -1 IlIs 5«
2 922 13 199 165 10 97 -116 ) 0 139
3 78- 14 387 -354 11 370 423 -3 1 1672
4 655 15 347 266 12 76 85 -4 2 784
5 443 16 22 -54 13 606 -644 -5 3 1024
6 393 17 210 -196 14 135 145 -6 4 187
7 205 18 322 308 15 211 -190 -7 5 690
B 877 19- 279 -221 16 76 -89 -8 6 266
9 356 -1 590 -570 17 484 505, -9 7 1787
10 114 -2 198 -169 -10 8 637
11 339 3 232 247 lls 4, RS 10 -11 9 1129
12 772 -4 207 203 0 340 -367 -12 10 648
13 213 -5 501 496 1 100* -7 11 752
14 429 -6 234 -201 2 232 212 Ils 12 296
15 366 7 49  -57 3 363 -371 0 13 454
16 416 -8 107 -140 4 292 307 1 14 596
17 45 -9 260 -231 5 228 210 2 15 482
18 585 -10 608 555 6 461 -483 3 16 37
19 165 -11 164 142 7 243 233 4 17 77
20 121 12 40 -44 g 184 -178 5 18 170
-1 84 -13 277 265 9 298 -284 6 19 262
-2 816 -14 390 -399 10 353 357 -1 20 166
3 242 -15 428  -40« 11 191 -156 -2 21 564
4 636 -16 203 208 12 37 -29 -J 22 140
-5 135 -17 '75 71 13 338 346 -4 23 319
-6 233 .18 213 214 14 202 ~-198 -5 24 314
789 -19 294 297 -1 461 453  -to 1 371
8 1170 -2 51 51 7 2 1766
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Ms 7, K» 9 2 130 -145 -1 14 566
12 4ia -419 3 314 339 IS 447
13 342 -346 4 368 382 16 398
n 172 I»5 5 108 -143 1: 114
15 274 256 6 37 -50 18 679
<] 61 -620 7 167 -187 19 96
»2 343 -363 8 358 -342 20 179
9 141 127 21 109
.1 385 -405 22 372
-5 59.» -2 296 334 -1 166
L) -3 108 120 .2 1494
-4 193 212 -3 617
-5 264 260 -4 575
-9 302 -6 431 -475 -5 573
-10 1M -7 229 272 -6 1369
-11 576 -8 135 121 1 1348 784
12 308 -9 104 .75 2 282 -8 1275
-13 39 10 230 263 3 1139 -9 199
-14 109 4 888 -10 794
-15 391 Hs 7, Ks 12 -5 1881 -11 409
-16 20 0O 205 -225 -6 649 -12 1515
1 469 -514 -7 29 -13 704
-1 100 .87 -8 656 -14 54
-2 68 65 9 1505 -15 32
10 448 -16 1170
Ils 8, Ks O -17 773
0 1703 1722 -18 602
2 116 -99 -13 1055 -19 558
4 1515 -1578 -14 390 .20 382
6 1881 1907 -15 1097 .21 256
8 319 -372 -16 176 -22 670
10 1400 -1386 -17 237 .23 353
12 111 75 -18 258
10 328 14 899 865 -19 1055 s 8.
11 37 16 617 -638 .20 279 0 1076
12 138 18 234 -283 1 1139
13 194 20 373 444 2 286
-1 40 22 114 103 3 98
2 287 2 100 -73 4 1181
-3 247 -4 2936 -303i 5 431
-4 732 -6 1808  183( Hs 8, KS 3
-5 141 -8 485 52: 0 359 315
10 1588 -1651 1 652 -603
12 512 46 2 1097 1114
-8 679 -651 14 1244 1241 3 750 790 10 737
-9 148 156 16 815 -83 4 1338 -1325 11 891
.10 423 476 ~-18 1087 -111 HS 8. KS 2 5 103 102
-11 142 152 -20 1359 142 § 69 652 6 909 ~-923
13 144 -130 -24 1045 -100 2 111 95 8 1233 1249 15 633
-14 454  -487 3 784 801 9 223 265 16 234
ns g. ks 1 4 98 71 10 223 215 17 459
s 7, K« 11 H 42 33 5 2017 -2018 11 351 369 18 380
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CHAPTER 4.

PICRIC ACID - NAPHTHALENE 1;1 COMPLEX

Introduction

The compound was prepared by Dr J V Westwood (Department of

Chemistry, City of London Polytechnic) by crystallisation from

an alcoholic solution of equimolecular proportiore of naphthalene

and picric acid. This was one of a series of molecular complexes

which could be used for separation of homologues of an isomorphous

series, because of their clathrate-type structures.

Some of the structures of the molecular complexes which have

already been published are as follows.

Crystal data are reported (1) for the 1:1 molecular compounds with

naphthalene, anthracene, phenanthrene, acenaphthene, Tfluoranthene,

pyrene or triphenylene as donor and . ,; ,s -trinitrobenzene, picric
acid, picryl chloride or picryl bromide as acceptor (33 different

crystals have been studied ). In three out of seven pairs,

the trinitrobenzene and picric acid molecular compounds of a partic-

ular hydrocarbon are isomorphous, and iIn four out of seven pairs the

picryl chloride and picryl bromide molecular compounds are isomorphous.

a) The Structure of fluoranthene: nicrvl bromide, polymorph”

(monoclinic; a - 7.664(8), b - 8.035(2), «c - 31.631(8)&,

8 - 91.8(1)° , space group P2j3/c , Z - 4) has been solved by

Patterson and Fourier methods and refined by block-diagonal

least squares calculations to a final R of 0.062. The structure

consists of quasi-hexagonally close-packed mixed stacks of

alternating donor and acceptor molecules. The stack axes

parallel to [100] The i1nterplanar<spacing i1s 3.49« which suggest

a rather weak charge-transfer iInteraction.
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b) The Crystal Structure of Anthracene; Picric Acid CRef 2)

The structure of the molecular complex anthracene; picric acid

(monoclinic; am 7.180, b m 12.901, c m 19.205X, B e 90.52

space group P2i/c, Z - 4) has been solved by direct methods,

and refined to R - 5.0Z with the iIntensities of 2092 non-zero

reflections measured on a diffractometer using graphite-

monochromatized Mo Ka The components are arranged alternately

in quasi-hexagonally close-packed mixed stacks, extending In the

Qoo] direction. The picric acid molecule has an intra-molecular

hydrogen bond betw*e®"n the phenol OH group and an adjacent nitro

group. The individual six-membered rings of the anthracene

molecule are planar but the molecule as a whole deviates signific-

antly from planarity and is also almost but not quite centro-

symmetric. The bond lengths and angles conform to mm symmetry.

- .
2. gy~.ri,n.nfal measureTCnts of rierii- Actd-Satihth«Un«.

(1) Preparation of Crystals. The compound was dissolved in

absolute alcohol and warmed at 60°C to make a saturated solution.

The solution was then filtered and transferred into a crystall-

ising dish. The temperature gradient was maintained in such a

way that yellow crystals of a suitable size for diffractometry

were Tormed.

(i1) .el_erion of Crystal. The crystals were carefully examined

under Che optical microscope. Under cross polars, i1t was made

sure that the selected crystal was free from twinning. One

extinction direction was found parallel to the needle axis.



27~ Spflcc~Group and Unit Cell Dimctisiotis

The chosen crystal was mounted on a glass-fibre parallel to the

direction of the needle axis. First the crystal was aligned by

optical methods but the final adjustment was made using double

oscillations. The oscillation photographs showed mirror symmetry

perpendicular to the axis which was 6.87hi. A full rotation

photograph was taken along that axis. The crystal was then trans-

ferred to a Stoe Weissenberg camera, and zero and first layer

photographs were taken. Similarly the crystal was mounted along

the other two axes and rotation and zero layer Weissenberg photo-

graphs were taken.

The space group was determined from the following systematic

absences
Reflection Condition limiting possible reflections
) No absences
hki.
h = 2n
ho¢,
k « 2n
oko

so the space group was P2i/a

The cell patenters were measured as accurately as possible from the

rotation photographs, along the three chosen crystallographic axes.

Later on final corrections were made on the Stadi-2 system diffracto-

meter before making intensity measurements.

The final values were

a- 16.2481 . b - 6.871& . c - 14.306X

S « 96.62°

IXi
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4. Measurement of density
The density of the crystal was measured by the method of flotation.

The density of the liquid (Na I solution iIn water) was adjusted

in such a way that the crystal neither sank nor floated in the

liquid. Then the density of the liquid was measured on a Westphal

balance and this value was taken to be the same as the density

of the crystal.

The measured density of the crystal was 1.470 gn/cc. It was very

close to the calculated density (1.492 gm/cc).

5. Intensity Measurement

Intensities were measured using the 2-circle-Stoe-Automated-Xray-

Weissenberg-Diffractometer-STADI-2. This diffractometer is based

on the Weissenberg equi-inclination geometry. It works on the

same principle as Weissenberg equi-inclination camera.

» .

A high stabilized X-ray generator and a counting chain with scaler,

timer, discriminator, ratemeter. high and low voltage power supplies

and scintillation counter, belong to the complete system. It 1is
advisable to use a strip chart recorder system for inspection of
reflection profiles versus background to help to detect faulty

results, in this system Mo-radiation and a graphite mono-chromator

are used.

The instrument s mounted on a stable aluminium casting base. The

diffractometer height can be adjusted to align with the X-ray beam

by four adjustable legs.
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The two circles of the diffractometer are driven by two motors.
The u>-system Is connected to the rotating shaft with goniometer
head and crystal. The 20-system iIs connected with the rotating

arm for the scintillation counter.

The telescope i1s mounted on a rack and pinion support which was
mounted on the frame. This can be rotated about a vertical axis

in order to change the equi-inclination angle u . The automatic

operations of the diffractometer require a very precise setting

of the inclination angle vy

The two motors can be disconnected from their gears. In this
state the circles can be quickly rotated by hand, which is conven-

ient specially for the w-system for adjusting purposes.

It was found necessary to position the w-circle to an angular

accuracy of 0.01° , at the peak iIntensity of a particular reflection,

This can be achieved in the following way. The maximum peak
intensity was found by moving the circle slowly through the

reflection iIn the manual mode of operation.

In that position the allan screw on drum of the (i)-circle is
loosened and the drum is placed to the required position to an
accuracy of 0.01° . The scale of the*26-circle cannot be
disconnected. This scale should read 0.00° for the position of
the maximum intensity of the primary beam, otherwise necessary
corrections should be made, using same method as described

above for the u-circle.
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6. Adiustment of the crystal on the diffractometer

Prior to intensity measurements on the STADI-2 system the space-
group of the crystal was determined from Weissenberg and precess-
ion photographs. The photographs also helped to observe the

quality of the crystal from the shape of the reflections. |If the

quality of the crystal is poor or If the exposure time is too long,

another crystal should be used. It i1s worth spending time to have

a perfect crystal for intensity measurement.

The accuracy of the lattice parameters which were obtained by the

photographic method was of order of 0.5° So 1t was therefore

necessary to improve the accuracy of adjustment on the diffracto-

meter prior to remeasuring the lattice constants. For this

purpose the STADI 2 system was used in its manual mode of operation.

For the adjustment of the orientation, the Weissenberg photographs

of the zero layer line with hoi refle6tions were used to select

one strong reference reflection at low 20 value. The counter was

set to the 26 - position of the reference reflection and the U>-circle

slowly rotated until a strong reflection was found. To ensure that

the maximum of the desired reflection had been achieved, the next

reflection on the same reciprocal axis was selected on the Weissenberg

photograph. For that reflection the 29 and the u»-values were

calculated. The reflection maximum was found at these angular

positions, which proved that the orientation of the crystal was correct.

The next step was to iImprove the crystal setting. This was achieved
by studying the reflections from lattice planes (001). The (001)
plane was brought into the symmetrical reflecting position between

the primary beam and the reflecting beam by setting the y-angle
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with an accuracy of 0.02° on the diffractometer and on the

counter.
IT the crystal was perfectly adjusted, the reflecting maximum

should occur at these positions. |If the adjustment was not

perfect, considerable fluctuations of intensities would be

observed during the rotation of the W circle. These fluctuations

could be reduced very often by slight adjustments of the axes of

the goniometer head. If the absorption was large, some fluctua-

tions of intensity would remain during the rotation of the u

circle, but these fluctuations were symmetrical with respect to

the azimuthal angle. This was also minimised by readjusting the

axes. After the necessary adjustment, the crystal centring was

checked using a microscope.

7. Preparation of the iInput tape
Once the crystal was set, the next step was to prepare the input

tape for the intensity data collection.

The following information was required.

a) Lattice constant or reciprocal lattice constant of sufficient

accuracy.

b) Equi-inclination angle u (which remains Che same for all

reflections on each layer)

c) Wave length of the radiation used.

d) Information about whether the 28 scan or « scan iIs to be

used.

e) Specification about the AW minimum and maximum limits.
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The STOET program was used. The iInput paper-tape was prepared

for each layer at the computer terminal.

The listing of the i1nput tape would be required to measure the
intensities. Since the crystal was set at an arbitrary azimuthal
position, the actual values would not coincide with those listed
on the input tape. To make 1t " incide one particular (known
reflection) was selected and the counter was positioned to 1iIts

20 value. When the reflection maximum was found, the w-scale and
the drum were placed to the w—position according to the input list.
Before starting the automatic measurements, the angular positions

of few other reflections were also checked.

8. Structure Determination

The STOWK program was used to convert the intensity measurements

to structure anpUtudes (F"s). About 1200 structure amplitudes ()
were produced, and then both the NRC and Multan direct-methods
programs were used but the structure could not be solved. The

reason was not known.

Later a new set of iIntensity data was collected using the photographic
method. A new crystal was used on this occasion. The structure was
solved using trial-and-error methods as the direct methods had failed.

A Patterson map indicated layer structure with b/4 separation.
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From considerations of the P2i/a space group symnetry, It was

evident that each layer of the unit cell at y m I (and also at

y m D I aﬂd |) would contain one picric acid and one naphthalene

molecule. Paper models of these two molecules were made and used

for fitting in an a™ projection of the unit cell» and structure
factors were calculated%sing a special computer program for many

combinations of orientation and translation of the two molecules.

Two points were taken into consideration:

1) There must be about 3.5& separation between the atoms of the

two molecules;

2) There was a possibility of hydrogen bonding between the OH

groups of centrosymmetrically-related picric acid molecules

(this was later found to be true).

Repetitive structure factor calculations were then carried out

noticing particularly th. requirement for high F values for planes

002, 202, 401 and 203, until there was some semblance of overall

agreement between and F~ . Commencing coordinates for three-

dimensional refinement were then fixed with , - 0.125 and the best

x and z from the trial-and-error. Several cycles of structure

factors and least-squares were carried out using initially

temperature par»mters and ~ - 1/F,, Hydrogen atoms were also

included at calculated positions with - 8.01* but not refined.

The lowest R factor was 23%

The difference Fourier map showed alternative sites for the O atom

of the picric acid -OH . Site occupation refinement was Introduced

into the least squares calculations with the O atom in each of the

alternative positions which then converged to 0.80
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for 0(1) position and 0.20 for 0(8). These values were used in

further refinement until the final shifts are less than 0.30cr .

The final R factor was 0.066 and (weighted) m 0.136 . The
maximum electron density in the final difference Fourier was
+0.2eA””~ . The atomic scattering factors were taken from Inter-

national Tables for X-ray Crystallography, Vol 111, pp 202-207.

9. Discussion

The final atomic co-ordinates and equivalent isotropic temperature
parameters are listed in Table 1. Bond lengths and inter bond
angles are given iIn Table 2. The arrangements of the molecules
in unit cell together with the atomic numbering and hydrogen

bonds are shown i1n Figure 1.

Molecules of both picric acid and naphthalene lie approximately

parallel to (010) at y - i, J. T end i The overlap diagram is

shownCFigure 2)as a normal projection along b. C(U) of the
naphthalene ting lies almost exactly above the mid-point of the
picric acid ting. There ate hydrogen bond links between picric
acid molecules which are related by centre of symmetry either
through 0(1) - 0(1") 2.84* X across (0,0,0) with 802 site
occupation, or through 0(8) - 0(8") 3.082 X across (0,0,))

with 202 site occupation. These alternative sites can be occupied

with littld change to the co-ordinates of the other picric acid

atoms.

The H-bonds through OH - HO leave a spate proton from half the

picric acid molecules and this appears to be transferred to either



h e

- 142 -

0(4) or 0(6) which enables H-bonding Co take place between

0(4) ----H ..... 0(6) 2.901 X

The hvdroeen bondine between the nitro groups were confirmed by

the bond lengths N(2) - 0(4) 1.291 and N(3) - 0(6) 1.304 X

which were longer than the four other N-0 bonds (Mean 1.194 X).

These hydrogen bonds have a stabilising influence which

by the Biso factor »7.5X"

0(7). For 0(2) and 0(3) which were not H-bonded Che value of

Biso was «122)(

nitrogroups and the phenyl tings were found to be noticeably

for 0(4) and 0(5) and «8.5 for 0(6) and

The dihedral angles between the planes of the

different. SU) 0(2) 0(3) makes an angle of 13.61° with the

C(l) - () ring whereas N(2) 0(4) 0(5) makes 7.56°
N(3) 0(6) O(7) makes 5.67°

and

with Che phenyl ring (C() - (6)).

The bond lengths (Table 2) result from the superposition of the

two disordered picric acid molecules as a result ofwhich precise

positioning of the naphthalene molecules 1is. affected. Attempts

were made to separate the two arrangements, but no progress was

made along these lines. The results presented are Che best inter-

pretation which can be made at present.

To improve the resolution of the atomic parameters, two additional

complete sets of intensity data were collected on the diffracto-

meter using MO Ko radiation. At the same time a considerable

amount of photographic data on the Weissenberg camera was

collected.

A large variation i1n values of F was noticed which led Co a con

elusion that no two crystals used had the same proportion of

is reflected
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Figure 1. Molecules i1n Unit Cell showing
numbering of atoms-and potential hydrogen bonds

&



Figure 2. Overlap of molecules 1n orojection
along b, separated by b/2.
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TABLE 1. ATOMIC PARAMETERS

PICRtC ACin - NRPUTHIU.ENF. COMPLF.X

ORICTHMi COOROTMATFS c.s.n.s
ATOM MD. ok Y/B 7./C SYR Xx/K SYG Y/O0 SYG z/z
1o 1 R. 94127 0.11824 0.15417 0.00045 0.00080 0.00045
c 2 0.95414 0.10774 0.15260 0.00047 0.00099 0.00044
r ) 0.91450 0.11049 0.73466 0.00033 0.00073 0.00031
c 4 0.962)1 0.11887 0.31902 0.00041 0.00089 0.00044
w 5 0.95034 0.10963 0.32720 0.00044 0.00107 0.00053
C 6 0.99724 0.11234 0.24556 0.00033 3.00092 0.00051
C 7 0.6)952 0.12107 0.59267 0.00057 0.00089 0.00055
c 9 0.55572 0.13252 0.60611 0.00054 0.00109 0.00047
c 9 9.5)466 0.12307 0.70024 0.00035 0.00084 0.00039
c 10 0.45003 0.14129 0.70926 0.00046 0.00108 0.00050
¢ 11  0.432«)  0.11524  0.79575 0.00047 0.00099 0.00056
c 12 0.40754 0.12293 0.87427 0.00069 0.00110 0.00057
c 13 0.56712 0.12941 0.86473 0.00059 0.00115 0.00055
c 14 0.59474 0.12591 0.7741« 0.00042 0.00091 0.00045
c 15 0.67953 0.11159 0.75925 0.00046 0.00097 0.00063
c 16 0.69994 0.11905 0.66720 0.00047 0.00106 0.00051
N 1 0.79906 0.09962 0.06192 0.00049 0.00104 0.00053
* H o2 0.9263« 9.10934 0.41110 0.00039 0.00076 0.00042
1.07720 0.12588 0.25459 0.00043 0.00092 0.00061
9.97993 0.11307 0.07749 0.00053 0.00102 0.00052
0.93907 0.14717 ©0.00632 0.00056 , 0.00135 0.00054
0.72620 0.07445 0.06790 0.00052 0.00127 0.00051
0.74730 0.08545 0.39350 0.00041 0.00085 0.00046
9.86846 0.12928 0.48389 0.00047 =«00097 0.00039
1.1149« 0.13894 0.33984 0.00040 8.00098 0.00055
1.10990 0.14569 0.18509 0.00043 0.00090 0.00060
1.09126 0.13021 0.41249 0.00158 0.00413 0.00169
074773 0.10979  0.23086 0.00000 0.00000 0.00000
0.65672 0.11456 0.52203 0.00000 0.00000 0.00000
0.59776 0.14793 0.54720 0.00000 0.00000 0.00000
0.40472 0.17379 0.6507« 0.00000 ©0.00000 0.00000
036896 9.08520  0.80470 . 0.00000 0.00000
0.46652 ®(0.12374 0.94319 0.00000 0.00000 0.00000
0.61191 0.1374K 0.92654 0.00000 0.00000 0.00000
0.72720  0.09604 0.81794 0.00000 0.00000 0.00000
0.76416 0.12069 0.65484 0.00000 0.00000 ©0.00000
0.99517 0.02719 0.01864 0.00000 0.00000 0.00000
1.09039 0.0)895 0.47382 0.00000 ©0.00000 0.00000



TABLE 1 (contd.)

c(1)
c(2)
cu)
C(4)
ci5)
0(6)
0(7)
0(8)
o(ii)
0(10)
0(11)
o.(12)
0(13)
0(14)
0(15)
0(16)
N(1)
N(2)

N(3)
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Anlsotroole ¥raiwrKture v~exarn nnd thrir «.{i.d's

h

0.0056/
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2
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1 345 34T
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1 T4 -53
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3 04 13
4 04 11
H« 2» L« 2
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2 50 -55
3 152 125
4 201 200
5 4T -30
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1 514 453
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102 104 % 4(1)4 -411
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He 11» L* 2
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U -21
04 -5
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2 42
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1 93 99 3 oP -IT 0 oP -30 4 o -1
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0 119 815 2 T6 59 4 240 234 4 5T 4T
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M« 4t L» -3 1 55 -51 -55
0 T2 -65 2 oP -H IEI.|» 5t L» 6
1 196 203 3 91 -6T It L« -6
2 64 T8 4 o -8 13t L- 3 % 138 T9 % Zﬁ —2%(9)
3 13 1 93 93 95 -HT -
4 6(13 2(15 > 52 3 116 -104 4 oP -16
H« 9t L- 3 4 6T -T4
1 oP -64
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2 09 13
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0 09 4
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09 48
117 126
us - 106
3* L->12
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70 -67
09 -11
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98 89
09 -7
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5» La-12
09 -41
98 -78
09 25
8» La 12
57 69
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I-THIA-2,6-DIMETHYL-AH-PYRAN-4-ONE

Introduction

The above material was prepared by Dr Arthur Hill as a part of a program
to Investigate the anti-corrosion properties of gamma-pyrones. The

chemical formula and configuration are as follows

CH;

The other horoologues are given below

o Cu,
HR-« , «1*
2,6—dimethy1—T—pyrbne 2,6 dimethyl 4-thio-Y-

: rone

2,6 dimethyl y-pyrone hydrobromide monohydrate Py ©

®) ®

(A 2;6 dimethyl y-pyrone (Ref 3)

This crystallizes in the monoclinic system with a » 7.672X, b 7.212&,

C - 13.91%, $ - 121° . 2-4. * -
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results have been given for this structure, and the final results do

not seem to have been published yet. The unit cell parameters

correspond to those reported by Toussaint but with a different orient-

ation and space group -

®) 276-dimethvl-Y-pyrone hydrobromide monohydrat”™ (Ref 4)

This crystallises in the triclinic system with a - 7.00, b - 8.33,

c - 9.47& , a - 109.9, 6 - 92.9 and Y - 106.0° , space group PI.

The structure was solved from two projections giving R factors of

and 7.6Z for 307 terms. The results suggest that the keto oxygen

has acquired a proton and pairs of molecules are linked by a hydrogen

bonding system:-

© 2.6-dimethvl-4-thio pyron™ (Ref 5)

_ ~ TJouasaint. The compound was recrystallised
This structure was SO}Veé by J Toussainc.- P y

iron absolute alcohol. It crystallised In the triclinic system «th unit

cell dimensions a - 7%)( , b - 969X , C - 539)( , a 88.

8 - 105.25° , Y - 108.25°

, Z - 2.

The structure was solved by electron density projections on the (001)

and (100) planes. Bond lengths of the pyrone ring were interpreted iIn

terms ITf a resonance structure and values were deduced for the weights of

the forms contributing to the electronic structure of the molecules.

The atomic co-ordinates, bond lengths and bond angles are given below iIn

Tabltsl, 2 and 3.
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Table 2, Bond Lengths

Bond Length R
Table 3,

Bond AnglesO
c2 ~ C3- di 122.4°
C3 L] C5 114-20
C4 (13 C5“ CO 121-40
C5 - Ce- O 123.1°
Ce - 0 -C2 116.5
0 -cCc2 C3 122.5
cl - C2- 0 111.5
0 - cg* Cg 109.3
Cg (13 Cg_ C5 127-5
C5 - Cw- S 121.0
S - ci~ C3 125.0
c3-c2 Cl 125.5
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Preparation of the Sample,

The sample was recrystallised by vacuum sublimation of thio-pyranone

trihydtate, m.p (©6-68°C) at 0.4 mm of Hg pressure at 10(5t; This

way, pale yellow crystals were formed. The melting point of these

crystals was found to be 104°C. These crystals ate not very stable.

They decompose in atmosphere by taking up water from it. So the

crystal was coated with silicone grease and then mounted In a sealed

tube for Xray photography and diffractometry.

B. Unit Cell and space group determination.*

The unit cell and space group were determined on a Stoe-reciprocal

lattice eaplorer camera from one setting of the crystal (about C axis).

Later the cell parameters were refined on the diffractometer giving

a-9.036& ,b - 11.348i c - 7.360X . 6 -

104.40° , so the cell

volume “ abc sin 8 m 730.988AN

The space group was determined from the following systematic absences.

Heflections " Conditions limiting following absences

ool

p
the space group was la with equivalent positions, 0,0,05 j,'.i ¢[x.y.z-

I+a, y.

C, Density Measurement.

The density was™measured by the flotation method In sodium 1odide solution.

It was 1.275 g/cc and was very close to the calculated density which is

1.274 g/cc confirming that there are four molecules per unit cell.



.-
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B XFltspsx

Intensity date were obtained using the Stoe-Stadi-2 diffractometer which

uses Weissenberg geometry. The crystal was mounted about the C axis.

MoK, radiation was used. Intensity data were collected for 0-5 layers.

It 1,s possible to collect data from planes with diffraction angles up

to 30° for O to 2nd layer and up to 20° for the rest of the layers.

571 reflections were recorded. Out of that 114 reflections were small

or zero, which were neglected.

E. Structure Determination.

The structure was solved by Multan which used 136 E(hkl) > 1.2 and

gave nine clearly defined peaks at reasonable iInter-atondc distances.

The Table below lists the co-ordinates of the atoms as read from these

peaks. A comparison of these co-ordinates with the final co-ordinates

shows that the i1nitial E-«ap was a very good representation of the

Structure.
Table 4. E-Map Coordinates
/B 7C
Atom No, 7a

1.0004
0.5832 0o 0.9997
0.5811 1.0368 1'0758
0.8823 e 1-0391
0.7344 0.7301 0'0394
0.7327 0.8449 0'9995
0-5859 0% 0-9581
0.4335 0.8561 0'9598
O R 4337 O - 7341 -

0.9503



refinement of the structure.

The structure was refined using

least squares bn F. The R-£actor

went down to 6.113!

The final positional co-ordinates, thermal

parameters and their standard deviations are given in Table 5.

Bond lengths and angles are given in Tables 6 and 7. and the

equation of the mean plane in Table 8.

The fractional coordinates were adjusted so that X and Z

sulphur were at 0.5 to fix the unit cell origin pf the non-

centrosymmetrical lattice, by taking

X* - X - 0.08 approx.
Y>-15-Y

Z” - Z - 0.5

where X* Y* Z* are the new coordinates listed in Table

_ Y» anH Z* for sulphur were kept constant,
the refinement process X anH Zz tor 8 P

discussion

Cc axis proiection in Fig 1 shows the molecules iIn the unit cell

between z - 1l and r - J = Fig 2 shows how two molecules stack above

each other separated by 5’2 hy g-bOA - Fig 3 shows the electron

density map with contours through each atom.

The sulphur bonding was compared with the C-S list given by S C

«.rahams 0 ) and there were general agreement with values found in

comparable molecules. Comparison was also made with the structure

of di-p-tolyl sulphide

*CH3
CH3*
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published by W R Blackmore and S C Abrahams (2). The C-S-C

angle and C-S bond lengths were respectively 109.0° , 1.761

and 1.74&

s C Abrahams plotted the double bond character of the C-S bond

on the basis of about 40 crystal structure determinations:

According to that, iIn this structure the C-S bond i1s approximately
502 double bond. All C-C bonds are only slightly shorter than the
normal single bond length 1."<aX and both CC bonds agree with

uormal double bond 1.33X . The molecules are separate, with no

intermolecular distances less than 3.6A
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Fizure 1. Arrangement of molecules in half
ofrto nit cell (Z - 1 to 1) showing
numbering of atoms and close packing.
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TABLE 5. ATOMIC PARAMETERS

Thi« L rinul kimia Vnxm»X»re wd

xlr y/b *lo .l (1)
8 0.,>U00 0.0595?(1)  0.5000 Lyj(2)
0 0.5001(1?) 0.4735(4) 0.5195(14) 2.55(70)
o(1) 0.0064(13) 0.8500(9) 05501(*23)  3.23(19)
C(2) 0.6650(5) 0.7724(7) 0.5351(17) ?.50( 14)
C(3) 0.6439(<') 0.6569(6) 0.5405(17) 2.06( 13)
00) 0.5054(16) 0,5796(6) 0.5154(23) 2.22(13)
C(3) 0.3507(17) o.es16(9) 0.4081(10) . 3.12(21)
c(6) 0.3434(0) O.786(0) 0.47%41(15) 2.UK14)
¢(7) 0.1771(10) 0.0072(0)  0.4308(10)  2.54(14)

o
I>iditttd Hodoifh Pitfutorg.
*/o y/b b/o

HO) (C()) 0.7 0.9414 Ons97 5.00
W) (<) Omwn  O8EB o4t o0
MB) (-U(0) 0BD»  0.08B >00
HO) C<(B)) O7ow» 00059 0390 5.00
HE) («05) 0.Wia 0.4692 5.00
H@) (-C00) Ovs13  0-7009 0.5606 5.00
I'Q) (O) 0= 0.9047 0.4304 5.00

HO (o) 0.5 077 0.3100 5.00



TABLE 5 Ccontd.)

01
c(2)
cn9)
cidy

0(5)

cl’y

T -«

0.0010>
14

0.00990
13

0.01000
123

0.005"6
66

0.00692
63

0.00629
71

0.01105
142

0.00403
I

0.006I5
91

("22

0.00304

«

0.00474
55

0.00692
74

0.00461
al

0.00369
51
0.00539
51
0.00567
60

0.00969
54

0.00472
57

P %
0.00610
63

0.01162
193

0.01617
366
0.00930
366

0.00763
352

0.011236%

0.01379
457

0.00692
963

0.00650
276
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723

0.00069
65

-0.00145

249

-0.00066

254

0.00392
243

0.00060
211

-0.001156%

0.00075
219

»etr

0.00992
50

0.00650
207
0.01066
366
0.00068
903
0.00197
292
gy
0.00432

0.00397
274

0.00(}%%

"2
-0.00a/y
W
-0.001%
163

0.00v+/
lo¢)

0.00116
11

-0.00124
11

Ok

0.0006:

-0.0014
66

0.00064
19

f i\ w/
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TABLE 7. INTER-BOND ANGLES

tit-tM ONTL esee"e [-tNia»T«IM U * otM tU tt M «t *t«t r
.l . M <« ist Nt Nt iisrtNci
ML e« se" * =
cmt t 1 c  « Tt c t c t t.tit
tatui oM 0 | I0C
«MUS **(Q" C |
itt.tr l.trt t.itt
itt.tr t.irt t.ttt
ttt.tr t.trt t.ttt
Itt.tr 1.1rt l.rtt
itt.tr t.1ri l.rtt
ttt.tr t.srt t.rtt
MM.IS lattitiN« troN c t
11 c t c | iii.ti i.tit t | c t t.tti
$ 1 c t c 1 iit.ti 1111 1 1 c 1 t.tit
[ t c t c 1 111.11 i.tit e 1 c 1 t.tii
MtUt INttIttN« ttSN [ i
c 1 c 1 t iit.ii 1.ttt t 1 € 4 t.tit
[ t [ 1 N t 111.11 i.ifl e t M 4 t.tii
[ 4 c 1 N t iii.it 1111 e t M 4 t.itt
tMiit tNtM.ttM trac [ i
f 1 c t c | itt.rt l.tir * 1 c 1 t.tit
f 1 e t c t iti.it 1.ttt - 1 c f t.tit
c J c t c 1 iii.ti i.tti c 1 c | t.fit
tatt.li tatoittM troN [ 1
£ 4 c 1 e t itr.ti iLiti c t c 1 t.iit
4 c 1 M 1 tit.tt I.tM e t $ t.ttt
c i c 1 n 1 itt.ti i.itt c t H $ t.tit
ttiiit iNttitta« troN c i
tti.tt l.tft 1 1 c 1 t.tri
tti.tt t.ttt 1t c r t.tti
t.tr ittt e 1 c r t.irt
tttt.it tarnttM tr°N [ i
ttt.tr t.tti e t N 1 l.itt
ttt.tr i tth c t M r t.itt
tte.tr Tul e t H 1 TIH
ttt.tr ti a t n r .r
M A
ttt.tr t.tir a r n 1 l.rtt
itiut lamtiNt irta a t
It.ir .ttt c % & tl it
li.tr t.ttt c iitt
tt.tt t.ttt N t ft 1 l.rtt
tattii iavM.*iM 4fofl n t
- t N t n 1 11.tt :Htl ]__;HEI:
1 Mt N 1 if.tt .ttt
1 N t n 1 tt.tt t.tti t.rtt
MHII lavattlat 419M N 1 ——e
t M1 n 1 11.1t t.itt ( 1 n L
1 M 1 n t if.ti litt c 1 H IH
1 N 1 Mt tt.it t.ttt a 1 n T
tatui jacet.riNi 4TO« M t
atat
eatui tamriai 4fOM N 1
aoal
tauii la«<M.nat 41M Mt =
4 N1 11.tt l.rii c ot n Al
4 N - 11.tt irii VA =t N _|!
4 N t tt.tt l.ttl 1 fl T
tatui lamtiat ittfl N r
T 4 1.t iril c ¢ ft I I
f M 11.tt i.rii c 1 H |
T n t it.tt I.tll n 4 M i
a |
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4 322
« 74S
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10 124
12 17S
K* 0,
0 1922
2 347
4 274
« 446
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10 77
-2 441
-4 415
-i 441
-fl 341
-19 179
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fl» O«
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2 249
4 250
6 449
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-fl 334
K* 1*
1 740
1 111
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2 104
4 0*
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-4 flo
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440 435
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114 107
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402 409
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PO
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173

A
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O*
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131 2 519 532
4 434 434
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341 -10 252 222
345 -12 119 153
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37 K> 3. L« 2
81 1 189 184
29 3 313 321
5 o* 83
S 7 119 ns
133 9 155 141
458 11 oP 44
206 -1 113 141
70 -J 351 333
321 -S 181 149
404 -7 orP S3
244 -9 188 151
247 -11 104 99
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K« 3t L* 3
4 0 445 421
111 2 475 489
209 4 277 282
112 4 238 251
117 « 14« 12S
79 -2 252 24«
216 -4 416 417
59 -6 306 300
30 -8 154 140
-10 203 217
5
155 b« 3t C» 4
263 1 192 171
255 3 229 221
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SUMMARY and ACKNOWLEDGEMENTS

This research project has resulted iIn the determination of four new
crystal structures. The results have been conmunicated to those who
suggested the research in the first place, and three of the
structures have already been published; it is expected that the

fourth will appear in print within a few months.

Two of the structures have produced some interesting results. First,
the cadmium complex contains bidentate nitrate groups with variations
in the N - 0 bond lengths. Secondly, the picric acid - naphthalene
molecular complex presents an unusual disordered system with the
picric acid molecules occuping alternative sites which are mirror”
related to each other. Several kinds of disorder are already known
Co exist in picric acid complexes, and this work adds to existing

knowledge.

I should like to acknowledge the assistance given to me iIn this
project by technical and computer staff of the City of London
Polytechnic, including particularly those who have helped with the
operation of highly complicated scientific equipment. Also ter ray
supervisor. Dr C J Brown, who has not only initiated and directed
the work, but has also seen the results taken to the stage of being

accepted for publication by the editors of Acta Crystallographica.
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iV-Nitrosodiphcnylaniific

By a.Banewee, C.J.Beown and J. F. P. Lewis

Department of Metallurgy and Materials Engineering. City of London Polytechnic. Central House, Whitechapel
High Street, London EI| IPF, England

(Received |i January 19t2; accepted 11 April 1982)

AbMraet. C,,H,,N,0, A f,- 198 08, monocUnic, c lic,
a- 16-283 (20), 6-8-827 (IOXC- 16-508 (20) A,
~ - 117 53 (15)*, K - 2104-03 A», 1-25,

1-251 M»m->,Z2-8, A(CuA:a)--5418 A, F(OOO0)-
832, r » 0-067 for 807 observed reflexions. The
structure comprises discrete molecules with no inter-
molectilir interactions other than van der Waals forces.

latrodocrioa  Af-Nitrosodiphenylamine is a brown
crystalline solid readily obtainable by reactini di-
phmylamine with nitrous add, and is used industri-
ally u an anti-oxidant to slow the curing of rubber.

sample was supplied by Imperial Chemical Industries
Limited (trade name ‘Vulcatard A*) and the commerical
material was purifled by recrystallization from absolute
ethanol. Unit-cell dimensions were obtained first from
layer-line measurements on rotation photographs about

0567-7408/82/102744-02$01.00

several axes, but as the crystals were ui-dimensiond
with very similar a, ¢ and (IOl)-axis lengths, their
identification was difficult. No reflexions were observ-
able in the highangle region of Weissenberg
photographs so the best values of the lattice parameters
were calculated from the 2s measuremenU of spedfic
indexed reflexions.

Intensities were obtained from visual estimations of
multiple-fim Weissenberg photographs of layers 60f-
65/ and 660 which was also used for inter layer scaling.
The data were corrected for Lp effects but not for
absorption, which was small. The structure wes
determined with muLtan  (Main, Lessinger,
Woolfson, Germain ft Declercg, 1978) and refined
using the NRC suite of programs (Ahmed, Hall, Pippy
ft Huber, 1973). There were 1067 reflexions within the
region examined, of which 260 were < 1-0 on the scale
s

9 19é2 Iniemations! Union of Crystsllogrtphy

1/ u



yV-NITROSODIPHENYLAMINE

Table 1. Final atomic coordinates and isotropic ther-
malparameters

z

0 0-29%6 (3) 01977(4) 0J424(2) 4 55(11)
cE) 0-2366(3) 0 1577(4) 0-371t(3) 552(22)
@3 0 1493(3) 0 1037(4) 0 3071 (4) 6 22(25)
c(4) 01233 (3) 0 1121 (5) 0-2133(3) 4-19(20)
c@3) 0-1*14(3) 0 1754(5) 0-17ai(4) 6 65(25)
c(6) 0-2724(3) 0 2114(5) 0-2529(3) 4-73(20)
c(7) 0-4720(3) 0-1769(5) 0-4070(3) 320(22)
c(l) 0-5433(3) 0-2725(5) 0-4139(3) 5-31(22)
c(9) 0-6206(3) 0-2021(6) 0-4153(3) 4-71(20)
c(10) 0-6199(3) 0-0573(6) 0-3902(4) 5-34(22)
c 0-5449(4) 0-0403(6) 0-3742(4) 6-77(21)
c(12) 0-4665 (3) 0-0329 (6) 0-3774(3) 7-03 (29)

0-3920(2) 0-2401(3) 0-4109(2) 4-31(14)

0-4110(3) 0-3442(4) 0-4765(3) 5-96(19)
0 03441 (2) 0-3973(3) 0-4793(2) «11(22)

The positioiit of the H atom™ were calculated
(C-H-108A) and uied in the structure-factor cal-
culations with * 8-0 A* but were not refined. After
a number of cycles of least-squaw calculations, using
initially isotropic and finally anisotropic temperature
factors, the shifts indicated were all less than 0-50. The
final positional and isotropic thermal parameters are
listed in Table 1.*

Discassioa. The numbering of the atoms is shown in
Fig. 1, and a list of bond lengths and bond angles is in
Table 2. The molecules in the crystal are discrete with
no strong intermolecular bonds; the nearest approKh
of the 0 atom is to C(2) at 3-293 (7X and to C(3) at
3-477 (6) A- The mean C-C distance in the beniene
rings is .1-397 A, and the N-O bond of the nitroso
group is 1-206 A. Pauling (1944) predicted the N -0
bond length at 1-18 A, but the majority of
have been determined are grwter Aan this, pr~bly
because of ionization or hybridization; e.g. n
AT-nitrosodimethylamine  (Krebs A Mandt, 1975)
and 1-234 A in 5-nitro«)8alicyclic
1977). The best agreement with our value ia 1-199 A m
5-nitroso-"-acetyl-DL-penicillamine  (Carnahan, Un-
hert A Ravichandran, 1978).
The molecule lies in three planes defined by:
8a) CcdX C(%}, C(3X C(4X C(5), C(\%.O-SMBA--
-9271K-0-0199Z«-0-8719 from which the per-
pendicular distances of the atoms are,
-0-003(4). -1-0-017 (4X -0-033(4), -)}0-033(5),
-0-020 85), and 4-0005 (5) A.
86) ng : C(73, N&lx N(2X 0(l) 0-30" T4
-7335F-0-60772*- 10887 and the out-of-plane
Ha-_UtU 0fstniciurﬂ£t50ct armdrqjetfm[gl\ Q*r\e}jil'«(ﬂr’t iml
L&%O%W@Md\b S F’\'»|>'> &
ﬁ%n' yies ey ke obuined ﬂTouhlgl* Esecutiv* Senary,
ikio™l Union of Cryitailofraphy. S Abbey Souare.
CHI 2HU.Ensland.

2745
oK
i J.
F*. 1. Chametl foomu* ihowmt numberimofatars
Table 2. Bond lengths (A)and angles (")

c(-c(2 1-411 (7) C(7)-C(*) 13S7(7)

cgz))-c((s)) 1-360(7) C(S>-C(9) 1-405 E-g

C(3>-C(4) 1406(7) C(9)-C(10) 1-349(7

C(4)-C(3) 1425 (s; cglm-cmg (-415(1)

C(5)-C(S) 14M(7 c(11j-c(i2 |-454(s%

c(6)-c(l) 1-341(5) C(12)-C(7) i-gi?(g

C(I>-N(l) 1462§6 N(I)-N(2) 1-206(7)

C(7)-N(1) 1445 (6 N(2)-0(1) (7)
-C(2>- 7S (4 C(7)-C(S)-C(9) 116 2(5)
SEQ)CC((Z;)S% ) C(*)-C(*)-C(10)  1226(5)
C(3)-C(4>-C(5) ﬁ&%? c(9)-c(lom:(1) 121 4(5)
C(4)-C(S)-C(t) 110-9 c(io)-c(iim :(12) 114-7(5)
C(5)-C(6)-C(I) 1260 (4) C(ll)-C(12>-C(7)  121-3(5)
C(6)-C(1)-C(2) 120- O(4)C(I2)-CS7>.C(S) 121-6(5)
N(1>-C(1)-C(2) 11S-9 (4) C(1)-N(1)-C(7) 120-2(3)
N (1)-C ()-C (6) 121- 1(4) C(1)-N(1>-N(2) 1246 (3)
N(1)-C(7>-C(*) 119-2(4) C(7VN(I)-N(2) 1_150(3%
N()-C(7)-C(12)  117-9(4) N(1)-N(2>-0(1) 114-9(4

distances are, respectively, 40007 (4X 4-0-007 (4X
-0-023 (3), 40008 (4) and -O-OIO (3) A.

(c) C(T), C(8), C(9), C(10X C(Il), C(12) 0-04003T4-
0-2463y-0-9684z--3-1355 and the
deviations are, respectively,

-0-033 (5), 4-0-013 (6X-0-016 (5)and + 0 045 (5) A.
The angle between planes (a) and (W is 123-64 (5),
between (Wand (c) 38-62 (5), and between (a) and (c)
101-19(5)*.
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Acta Cryst. (1984). C4®, 1161-1164
Trii 2,3l IBiethyl-4H-pym-4-one)dInlnitocdinluin(i T, [CdQ\0,)., (C,H,0,), 1

By a.Baneiuee and C.J. Brown

AND P.C. Jain and P.Gautam
Department o f Chemistry. University o f Kurukshetra. Kurukshetra. Harynma 132 119./«d/a

3January i9t*i aettpted 22 March \9t*)

- comprises two discrete non-equivalent molecules in
Abstract. M ,« 608-8, monacknlc, P2,/n/.\ @ - each of which cadmium is seven-coordinated, to thr«
19'372(52; 6 - 11:345 (4), « 3'_023*(5) oxygen atoms of the dimethyi-4-pyrone ligands, and
93-17(5)*, K-5048-9A°, Z«8,; )*- 1-60(1), pidentately to four oxygen atoms of two nhrato groups.
D-1.602M»m->,~ MoAo, |-0 -7 069 The pyrone rings are planar and there are no strong
0-93 mm-, F(000)* 2464, r - 293K, A~ 0-061 for o "0 = = o o

7325 observed reflexions (/> a/)- The structure '

0108-2701/84/071161 04S01.50 ¢ 1934 Iniemalional Union of Crystallogrtphy
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litroAtetioa. The material was originally prepared by
Drs E. Briggs and A. E. Hill of the Chemistry
Department in the City of London Polytechnic (Hilt,
1971) as part of a research project to investigate the
protective properties of compounds of this class against
the corrosion of steel. The molecular formula and the
atomic numbering used are shown in Fig. 1.

Eaperimeetal# Equidimensional crystals (ca 0*2 mm) by
reacting hot solutions of cadmium nitrate and 2,6*
dimethyM-pyrone in 2,2-dimethoxy(\(">ane and cool-
ing during addition of ethyl acetate, density by floUtion
in carbon tetrachloride/methylene bromkk lattice
parameters initially from lero-level Weissenberg
photographs and refined on the dilTractometer, 7438
measured reflexions of which 113 considered unob-
served; absences QKO for k odd and kot for A+ / odd,
intensities on an Enraf-Nonius CAD-4 diffractometer
at Queen Mary College with crystal enclosed in sealed
glass tube, corrections made for Lp dfects and for
fading (maximum 8%; 3 standard reflections mon-
itored) owing to deterioration of crystals, but not for
absorption or extinction, index range AO to 21, AO to
12,/ 0 to +25, 18~ - 120%*; structure solved from
Patterson and successive Fourier syntheses; refinement
on F by least squares using initially and

&1/F~ and finally 8. until all shifts were <0-lo,
approximate H positions determined from difference
syntheses but included in structure factor calculations
in idealized positions with —b5-0 A* without refin-
ing, 4p in final difference synthesis generally within
10-4 e A-’ but down to -0-9 e A~* in regions around
Cd atoms, R,»0-16, scattering factors from

Fig 1. Pwjectiojiofpsrtoftheiwi<ceilon(010)t>iowwnom ofih«
moteeuict md tht etomie iram btritif imsd. AUmw 0fih« Ncond

moloculc arc numbered ¢ (n 211, N(n  2X0(n + 12X

192 .

TRIS(2,6-DIMETHYL-4/[-PYRAN-4-ONE)DINITRATOCADMIUM(II)

inttmational Tablesfor X-ray Crystallography (1962),
computer programs of the Nrc series (Ahmed, Hall,
Pippy & Huber, 1970) used on our D E C-10 computer.

Table I. Final atomic parameters ande jJ .’
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Table 2 (con/.)
Inter-bond
Table 2. Bond lengths (|A) (a;d selected Inter-bon ONI.0@)  12156) o(zggmf(i) (Zlé) 11-1171%(‘51)
angles TN T e (Ma2rN(Afoa) 1iTo(a
Anilct futierced et Cdl() ard 0d(2) have teen cepcited (e (ioINIZIMIE) 21700 Doz 1o
alm 3 ) 2-247 (4)
catiMMi m vy B
Ce0)-00 2>’72t A CK2>-0d7) 2-217(4)
ggg) X 3757 (4) Ca(2>-0(14) 2-414(5)
-0 ) E4§ C4(D-0(21) 2-400(4)
cein-otn 2444 ). 1557 (4
canMMt 2420(5) 24H(4g
caoMMin 2)12 (5) 1.254%%
o(l-c(1] Ilﬁ)(i) CABCOT 1-427
¢ ';'C > | 42457; Qv |420%4
¢lh-¢ c§25v-c§24 1-545(4
C(21-c(J | 54) (T) C(24)-C(25 1-447(101
CJI-C(4 1‘”5'22(4) C(24)-0d4 1-551(7)
col-otn 1555(53 0dav-C(27) | M5(4)
otn-c(») 1511 g C(24)-C(27) 1-504(1)
CES"C(@ ) (7)) C(27)-C(21 1-545(7)
c(«-cni 1241(0) 0§|5>_c§24g 1-244(4)
ool-cnt 11455E4) C(24)-C()0) 1421 (1)
C(Iv-C(f) Pirte Cleaiclee) 14204
cni-co«) %550(7) 4. 15 . R lbod i i
cmecim 7))  suat Fi. 2 260mety4pTari fog ngth
Ef‘ﬂﬂ%l |1-55514(|7§ S .4'))_'8(54 | 551(4) A) adagaa
gpvigt i A L
Ay AR charcasl o . : ;
%'ﬁ‘)%((?g C(54)-C(57) iﬁi@) PliCTubw. The final atomic coordinate and eqU|\1aIeln£
L e e isotropic tempergture nggrr(ljeters ?re glevegri] inTi?I\bT%b .
i - 15151 Bond lengths and inter-bond angle ar
1-501(4) 8@ ( I 1-552(4)
| a0t 00 1M;(41 | 547(4
! ian ctdo) clan 'l%l(%% Although prepared in the same way as the coppe
| 2ath ﬁ({g).bc((m) L1041 and zinc compoundizI thi» C%gﬂ'”"ﬂ)cggﬂ]ﬁoﬂ?dwg
O) : 'difTerent in  composition, probably
I 215(d) 1.254(4 .
HtMXay e N@V-(M22 1o greate size of the Cd atom. Thre 26"hmethyl-
N 1254) Nz 1one 4-pyrone ligands coordinate to the metal instead of tw,
1 215(1) L) 15048 and the two nitrato groups are bidentate in g(s)oiﬂlnatloo
cad>oved)  1site GBI 005 cBa) Bra@ where« in the Cu and Zn Coapnas Tey m
Caa10(S)cds) 15040 CK2>-<MI7)-c04) 19020 unidentate (Brown A Lewis, 1984tiA). J'hee
c@-CdCm i ?2255\)/3%22“"6%1)3 1225(5) ference confer seven-coordination on the Cd whereé
SHcaed 17l Sleapcizziod) 2 the Cu and Zn are both four-coordinated. Seven
CM:(24-Cl Qﬁ((? C(%J%\/IM %4 C|(25) 1274§4§ atoms lie at the comers of a slightly distorted
B T R cleor Cc(iﬁ“’%ﬁi &%) pentagonal bipyramid around each ofthe two Cd atoms
el ciEl o T CRA-MI4V-C(27) 1220(4) Fig. O* intnch of which four nitrito O atoms and one
CBCIE = | em Qrriancer ﬁﬂﬁgé yrone O atom form the equatorial pim and the two
sererrod B Cl21)-C(27>.0d4) 114414 other 4-pyrone O atoms lie at the aptca. The ntm
Chcinie  ma am CUCALCEn o Cdo0 ditance for the 2,6*<8r®lhyl-4-pyione ligands is
e &1 e EIMEBTD 1206) o 2283 (4) A, while the distance for the n|trato oxygem
C§I4)-C(1MM5) mg(‘? C(24)-C()0)-C(51) 1224(4) is ) &E
cihc@Cdol 2 €(50)-c(n-C2) 12L 4@ Zrhe sIX 4-pyrone rings are each closely planar,
SR B SUNUFO-OGH TG with the maximum
¢ay:cdol-o@)y  1211@) ¢()2)-cl -0(I4§ L) rm.s. deviation being 0(X)9 A,
a0 arca) Tiaan 855'{}?;(('5‘;5%(5)3) 1517 0-018 (6) A. The substituent oxygen and two methyl
chavCaemasl 153 C%Z)'Coz“i'%('ui' 12> 1 carbon atoms also lie in the plane of the rings. Mean
Sy calot) Lo 823332865)%(%423 Biaw - dimensions are shownin F|g.|2_- Thg B(I)\G (5100116
CliayCagy.ci2 1141 Ry el 1755 are also ~anar, the N atoms lying ,
Cd4)-CdS)-0(5) 111-4(5) 55 C(42)C()4)-0(17) 12L4(4
C(21)-C(I5)-<M5) 125 G ¢ 54)-C(57>-C()| 1224(5; _ _ _ _ )
€ds)Ca4)cdr) 11420) C527VC§21) C( 4; 124765 <Uitt of nnietufi rwnoci. =Bliotropie ‘hwinal
C$I4§-Cd7)>Cdl) 127 1(4) C(27)-C(21)-0(Il) 1202((5; HVBM % «lie» Wotemod u Cd(|) fdg) A
C(14)-Cd7)-0(4)" 1255(5 C(54)-C(21V-0dI) 115-0(4 pmmal\/ll' A V& W
cdl)-Ccd7)-0(4) 1011(5 Ciis-0(11y-clal] 120.0H) leaftsoumttpteM” Hiform”  hsoi b/\t)
C(17)-0(1M:(10)  111-4(4 c(40) C(41)-C(42) 124 4(5) A
Clarcizoican 12 C(40) C(a1)<MI1) %1 41(;3 W‘:&Q{y wing Qo o
s il el R Urh o oot
S S R B oAby
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0002 (6) and 0012 (5) A out of the planes of the O diffractometer at Queen Mary College, University of

Wssmlar sUuctural arrangement to this has Been
observed in dinitratotris(pyridineX3d"  (Cameron.
Taylor & Nuttall, 1972) and also in aquadinitrato-
bis(quinoline)Cd" (Cameron, Taylor & Nuttall, 1973).
The only structural results for 2,6-dimethyl-4-pyrone
compounds are for the hydrobromide monohydrate
T(HO pe, 1965) determined with limited X-ray data,
I|n|tratob|s(2 6-dimethyl-4-pyrone)zinc  (Brown A
Lewis, 1984a) and dinitratobis(2,6-dimethyl-4-pyrone)-
copper (Brown A Lewis, 19846).

Our grateful thanks are due to Dr M. B. Hursthouse
for arranging the data collection on the CAD-4

London.
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Piaric Acid-Naphthalene 1/1n Complex, C,H,NjO7.C,aH,. A Disordered Structure

By a. Banerjee and C. J. Brown

Department of Metallurgy and Materials Engineering. City of London Polytechnic. Central House. Whitechapel
High Street. London EN\ IPF

{Peettved 19 Marth 1954; aeeepud30 May 1984)

Abitraet. M ,» 357-28, monoclinic, P2,/a, a -
16-248(5), 6= 6-871(2), c* 14306 B)A r=
96-62 ( = 158647 A’, Z=4, D,= I-47(1),
D,= 1-496 Mgm Cu/fa. 2» 15418 A
l-{6m ,n-" f(OOO) -736, 7-=293K, A -0-066 for
918 observed reflexions (/> 30). Molecules lie in (010)
parallel to each other, stacking alternately fwric acid
and naphthalene with hydrogen bonds linking picric
acid molecules across alternative symmetry centres and
also along a The two arrangements are present in ratio
s:4:1, and it was not feasible to separate the two sets of
atomic coordinates.

iatrodvetkMi. Unit-cell dimensions have been reported
(Herbstein A Kaftory, 1975) as have the crystal
structure determinations of a number of homologues
(Carstensen-Oeser. Gottlicher A Habermehl, 1968;
Herbstein A Kaftory, 1976). Physical properties have
been reported by Mindovich (1956) and by Westwood
(1978). In none of these reporU was there any
indication of structural disorder, and this wwk ‘uu
undertaken at the instigation of Dr Westwood in order
to explain some peculiarities observed.

Experimental. Sample prepared by Dr C. V. Westwood
of the Chemistry Department, City of London Poly-
technic; recrystallired (ca 1-5 x 0-2 x 0-2 mm) from
ethanol; mp. 401 K. by flotation in Nal solutron.
Lattice parameters from rotation and WeissCThe™
photographs, refined by least-squares fit to 16 selected
reflexions measured on a Stoe Stadi-2 diffractometer;
intensities from noi-hel levels on the diffractometer
using to scans, interlayer scaling and 0*0 intensiti®
from ¢ Weissenberg. 1559 measured reflexes, 918
observed with /> 30,; index range *0to 16. *0to 6, /
-15 to 4-17; 28,,, « 110®. Seven standard reflexions,
no variation. Corrections for Lp and an empirical

0108 2701/85/010082 03501.50

correction for extinction to eight reflexions during
refinement. No absorption correction. Suucture solved
by trial-and-error as direct methods failed. Patterson
map indicated layer structure with 6/4 separation. Re-
finement by least squares on F using initially S,,, and
finally B,j. H atoms included at calculated positions
with * 80 A’, but not refined. Difference Fourier
during refinement showed two altemnative sites for the O

the picric acid OH; site occupation refinement
converged to 0-80 for O(1) position and 0-20 for O(8)
and these values used in further SFLS refinement pnbl
final shifts all <0-30. Final J?= 0066, R, = 0-136,
Atv= I/F,. Max. electron density in final difference
Fourier map +0-2eA->. Atomic scattering factors
from international Tables for X-ray Oystallogr”
(1962). nrc programs (Ahmed, Hall, Pippy A Huber,
1970) implemented on our D EC-10 computer.

Discassion. The final atomic coordinate and equivalent
isotropic temperature parameters are listed in Table 1.
Bond lengths and interbond angles are in Table 2.
The arrangements of the molecule in the unit cct,
together with the atom numbering and hydrogen bonds
are shown in FI?

Molecule of both picric acid and naphthalene lie
approximately parallel to (010) in layes withy =, j. |
and } and x-bonding inteactions aeoss the 3-4 A (6/2)
spacing; the overlap diagram is shown in Fig. 2 as a
normal projection along b. C(l14) of the naphthalene
ring lies aimost exactly above the mid-point of the picnc
acid ring.

» 0f niuctur« ftetors. xntsoiroptc jnemdtil pxrm«er
cskulfasled H-aiom COOfdtInaSI« have[)e%nJ ons]lted Xlt Ihe ntls
L|brary en fDIVISIO« as Su pement
9515 g PIeS may . be objane e exe
ecreta International  Union 0 Crysta otr phy 5A ey
Srtuare. Chester CHI 2HU. Enfland.

e 1985 International Union of Crystnllography
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A. BANERJEE AND C. J. BROWN

Table 1. Final atomic parameters and ej.d.'s

=)+ E(NAT -
X } 2
() 0-9413(4)  0-1182(8)  01342(4)  3»>(I4)
c(2) 08341 (3)  0-1027(10) 0-1328(4)  4«} (IS)
c(3) 0-8143(3)  0-1103(7)° 0-2347(3) 3
C(4) 0-8*23(4) 0-1189(9)  0-3190(4)  3S0(I4)
c(3) 09303 (4) 0109*(1l) 03272(3)  S-OT(Ié)
C(«) 09*72(3)  0-1123(9)  0-2438(3)  447(13)
c(7) 0*393(*) 0-1211 (9)  039%27(%)  5-5«(17)
C«) = 0-3332 (3) 0-1323(11) 0 *O*l&Sg 5-
c(9) 03347(4) 01231(8) 0 7002(4 2-«3(12)
C(10) a430S (3)  0-1413(11) 07093(3) 4
c(n 0-432¢(3)  0-1132(10) 07938(«)  6-
C(12) 0-«73 (7) 0-1229(11) 08143 s*g 7-
c(13) 03*71 (¢  0-1294(12)  0-8%47(« 5-
c(14) 0-3047(4)  0-1239(9)  07742(3) 4
C(13) 0793 (3)  O-1l1* (10) 0-7392(8) 42(17)
C(I€) 0995 (3)  0-1180(11) 0-*72(3)  5*I(I7)
N(1) 07991 (3 0099*00) 0-0*19(3)  9-04(19)
N(2) 0-82*4 54% 01093(sy  0-41ll (4  S-SKI3)
N(3) 10772(4)  0-1239(9)  0-284%(*)  7-3%(17)
o<yt 09799 (3)  0-1131(10) 0-0773(3)  7-3S(17)
0(2) 0-8301 (*) 0-1472E14; -0-00%3 (*) 11 93(22)
0<3) 0-72*2(3) 0-0744(13) 0-0*78 (3) 12-S7(21)
0(4) 07473 (4) 00834(s  03933(3  795(19)
0(3) 0-883(3) 0-1293(9) 04839 (4) 7-21(13;
0(«) 1-113054; 0-1389(10) 0-3398(«)  9-0*(19
0(7) 11095 (4) 01437(9)  01831(¢) | 22(1¢
0(«)t 1-0013(13) 0-1302(41) 0-4123(17) S-99(31,
t 80% ile occupation factor,
t %8% ntc occuBatlon f?actor.

Table 2. Bond lengths @and Interbond angles (®)
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1-417(11 C(9)-C(10) 1-319(9)
1-4302103 C(9)-Cc(14) Ilffél( 1
1-32% (10) c2|0)-0(nr -31S 2
1-404 (1) cn-c(2) 1 331(12)
1-4*9(10) c(12)-c(13) 1-317(13)
1-359() c(13>-C(14) 1-419(10)
1-423(10) C(14)-C(1S) I 422(10)
I 303(9) c(1s)-c(1*) 1-393(11)
| 373(10) N(1>-0(2) 1-193(11)
1-400(2*) N(13-0(3) 1-209(12)
1-433(9) N(2>-0(4) I 291 (9)
1-407(13) N(2>-0(S) I1254§?)1 )
x N(3)-0(* -
: 43123 ((%;)1) N Es%-o%ﬁ 1-117(12)
1133 («) C(10)-C(9)-C(l¢)  1233(«)
) c(9v-c(l0)-C(1)  1137(7)
J.'&)E C(10)-C(l1>-C(12) 123 3(1)
122 3(« C(11>-C(12>-C(I3) 11« 4(8)
0- C(12>-C(13>-C(14)  120¢«(«)
Jli C(9)-C(14)-C()3)  11«-0(«)
11« 3( C(9)-C(14)-C(I13) 1204 («)
1223 («) C(13V-C(14)-C(13) 123 3(7)
122 4(3) C(14)-C(15)-C(I«) 11« (7)
]ﬁlﬁ C(7>-C(1¢)-C(13)" 120« (7)
«5 C(2)-N(I>-0<2) 11«1 (7)
123 7(1%2)  C(2)-N(1)-0(3) 113 9(7)
179(1-2)  0(2>-N(D-0(3) 127-2(9)
1230(«) C(4)-N(2)-0(4) 101-2 (3)
119 3(« C(4)-N(2>-<X3) 1213(«)
ur 25«3 0(4)-N(2)-0(3) 130 2(«)
121 2(7) C(«)-N(3)-0(«) 11« «(7)
117 7(7) C(«)-N(3>-0<7) 1«-3(7)
113-0(« <X«>-N(3)-0<7) 124~ («)
1207)«;
t 80% «te occupatioo.
t 8‘% site OCCUBatIOO.

196 -

&3

Hydrogen bonds link pairs of picric acid molecules
related by centres of symmetry either through O (1)-
O(1*) 2844 (10) A across (0.00) with 80% site

(Kcupation. or through 0(8)—9(8") 3-082 (36) A

across (0.0)) with 20% site occupation. These alter-

o(gtive sites can be occupied with only small disturbance

to the coordinates of the other picric acid atoms. The
OH - HO hydrogen bonds release a spare proton from

half the picric acid molecules and this appears to be

astfansferred to either 0(4) or 0(6) enabling H bonding

1149, take place: 0(4)-.-H- -Oib*") 2-901 (9) A (Fig. 1)

1sdhat H bonding does occur between the nitro groups is

%%fp;)rted by the distances N(2)—0(4) 1-291 (9) and
3)-

40(

0(6) 1:304 (11) A which are both appreciably
longer than the other four N-O bonds (mean
1-194 (11) A|. The stabilizing influence of the postu-
lated H bond is also refiected in the value* of

which are «7-5 A>for 0(4) and 0(5) and «8-5 A>for
0(6) and 0(7) whereas for 0(2) and 0(3) which are
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