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Summery

The main part of the work described in this thesis
is concerned with the determination of the crystal and
molecular structure of pteridine by X-ray crystallographic
methods. The unit cell dimensions and space group of
*substance P', a dipteridyl derivative of unknown structure
&ere also obtained. An additional paper deals with an
investigation of the structure of the cellulose fibre sisal
with the electron microscope.

Pteridine crystallises in the orthorhombic non-
centrosymmetrical space group PnaZl (Cgv),with four molecules
per unit cell. The unit cell dimensions are a = 24,70,

b = 3.79, ¢ = 6.32 A. The crystal and molecular structure
has been determined with coordinate standard deviations of
about 0.03 A from a study of Fourier and Fourier difference
syntheses projecting on (010) and (001l). The molecule is
planaf to within 0.06 A and the bond lengths vary between
1.28 and 1.41 4 for carbon-nitrogen bonds and between 1,35
and 1.42 AL for carbon-carbon bonds. The experimental bond
length measurements are compared with molecular orbital
calculations and are found to ggree to within the limits of
the experimental errors.

The investigation was hampered by the fact that owing
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to the nature of the crystals only less than half of the
possible reflections could be observed with CuK« radiation.
Additional difficulties were caused by the non-centrosymmetrical
nature of the one projection which gives good resgolution and
also by the difficulty of distinguishing between carbon and
nitrogen atoms.

The peak heights in the final electron density projection
on (010) confirm the position of the nitrogen atoms, and the
hydrogen atoms are also resolved.

The crystals of 'substance P' dihydrochloride dihydrate
are monoclinic, space group Ila (Cg), with four molecules per
unit cell. The unit cell dimensions are a = 12.12,

b = 11.21, c = 13.46 4; £ = 114",

Specimens of sisal fibres prepared by degradation and
thin sectioning techniques have been examined with the electron
microscope. ZFrom the degradations particles of diameter down
to about 90 k, and length 500-5000 L were obtained,
Sectioning was not successful unless non-cellulosic components
were first femoved, which, however, may have caused some
degradation of the cellulose at the same time. Sections of the
purified material show concentric layers of width about 1400 A
and length up to 3 microns. The particles of the degradation

have appeared only in sections of such material.
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INTRODUCTION

The discovery by ven Laue in 1912 that X-rays are
diffracted by crystals has led to the develppment of a
powerful method of structure analysis. The final result
of a complete X-ray crystallographic structure analysis of
a substance is the determination of the positions of all
the constituent atoms, relative to axes which are determined
by the symmetry of the crystal.

In the field of inorganic chemistry this led to the
discovery that in many cases the molecule of the chemical
formula does not exist as such, the crystals consisting of
a regular three-dimensional assemblage of ions. The size of
the various ions can be measured, and it was found that the
structure of a crystal is largely determined by the ratio of
the numbers and by the ratio of the radii of the different
ions present.

In organic crystals the fundamental entity is the
molecule, and in such cases it is generally possible to
determine the spatial positions of the atoms within the
molecule, in a relative sense, by chemical methods and
ordinary valence theory. Application of the X-ray method
which, in general,is only possible after this has been

achieved, then leads to quantitative measurements of the bond
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lengths, valency angles and electron distribution in the
molecule., Intermolecular distances are also obtained, and
gspecial forces like the hydrogen bond can be detected.
Classical qualitative stereochemistry is thus given a metrical
basis.

In a similar way, the discovery by Davisson; Germer and
Kunsman, that électrons also are diffracted by crystals, led
to the electron diffraction method of structure analysis
which is, however, of rather more limited application. Electron
waves; unlike X;rays; can be focussed by means of magnetic
and electrostatic fields and this has been utilised in the
electron microscope. The resolving power of this instrument
is; at present; only about 20 A and it has been employed
mainly in the study of the grosser features of crystal
structure.

Other physical methods which may be used to determine
molecular structures quantitatively include neutron diffraction
and various types of spectroscopy; but these are alsoc more

limited in their application.
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I INTRODUCTION

Pteridine is the parent substance of a number of
naturally occurring compounds which were first discovered
in 1889, when F.G. Hopkinsl isolated & yellow and & white
pigment from butterfly wings. At that time their structures

were not known. However in 1940, Purrmann2’3

synthesized the
two pigments, which had been named xanthopterin and leucopterin,
and showed that they were derivatives of pyrimido [4:5-~b]
pyrazine. This compound, to which the name pteridine was given,

remained unknown till 1948 when it was synthesized by Jones®,

A number of growth factors, which are derivatives of
pteridine, have recently been discovered. These are composed
of the units 2-amino-4-hydroxy-6-methylpteridine, p-aminobenzoic
acid and a varying number of glutamic acid residues. They
include pteroylglutamic acid, the fermentation L. casei factor,

rhizopterin and the citrovorum factor. The three factors



which were originally known as folic ac;d, vitamin B, and

the liver L. casei factor were later shown to be identical
with pteroylglutamic acid. It has been statedl2 that certain
of these substances are essential for the process of cell
division in mammals. 45 such, they would be of great
importance in the study of growth and reproduction.

Pteridine may be considered as derived from naphthalene
by substitution of nitrogen for carbon and hydrogen at the
1-,3-,5-, and 8-positions. In general this type of replacement
in aromatic hydrocarbons leads to heterocyclic compounds
which also show a high degree of aromatic character. Thus
pyridine, pyrimidine, pyrazine and quinoline are stable
aromatic-type substances.

This can be explained in terms of simple valence th;ory,
since the electronic configuration of the heterocyclic compound
is very similar to that of the corresponding aromatic
hydrocarbon. However, owing to the greater electronegativity
of the nitrogen atoms, there is a tendency for the electrons
to concentrate on them. A partial negative charge is therefore
associated with each nitrogen atom, balanced by positive
charges on the carbon atoms. In general this localisation

of the m electrons is only slight and does not greatly

interfere with the aromatic stabilisation.

|
L
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In the course of an extensive study of the simpler
natural and synthetic pteridines; Alber?-lBhas found that
they are unstable unless electron-releasing substituents;
such as hydroxyl or amino groups, are present. Pteridine
itself is highly unstable; being rapidly decomposed by
dilute acid and alkall even at room temperature. In solution
it is decomposed on exposure to day—light?

Albert considers that the instability of pteridine;
compared to the mono-, or diazanaphthalenes such as quinéline
or quinazoline, is due to the greater degree of localisation
of the 7 electrons, caused by the high nitrogen to carbon
ratio of 4:6 in its ring system. The aromatic stabilisation
to be expected from the presence of the fr electrons is
therefore much diminisbed; and 1t is suggested that pteridine
may; in consequence, be non-planar. Substitution of the
pteridine nucleus by electron-releasing groups counteracts:
the localisation of the v electrons and thus increases the
aromatic stabilisation’ -

A similar case is the instability of 1l:3:5-triazine
compared to its triamino-, and trihydroxy-— derivatives,
melamine and cyanuric acid.

The object of this investigation was to determiné

the crystal and molecular structure of pteridine by X-ray

diffraction methods.
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No structural investigation by X-ray methods of a

pteridine, or of any other azanaphthalene, has so far been
reported. The related pyrimidine, pyrazine and purine ring
systems have, however, been examined by X-ray and electron
diffraction methods.

The X-ray work on the pyrimidines includes a three-
dimensional determination of the structure of 4- amino-

14 and less accurate two—dimensionsl

226~ dichloropyrimidine
studies of certain other trisubstituted derivatives such
as 2—amino-4:6- dichloropyrimidine™? and 4:6- dimethyl —2-
hydroxypyrimidine dihydratel6. The pyrimidine ring was
found to be planar, within the limits of the experimental
errors, but it does not have the regular hexagonal shape
of the benzene ring. For pyrimidine itself, Clews and
Cochram14 have suggested lengths of 1.38 A and 1.33 A
respectively, for the carbon-carbon and carbon-nitrogen
bonds and valency angles of 1303 114, 124 and 114 for the
NCN, CNC, NCC and CCC angles. These values were, however,
deduced from the results of the investigations of the
substituted pyrimidines and are, therefore, only approximate.
Only one structural investigation by X-ray methods of
a pyrazine derivative has been reported. Cromer, Ihde

17

and Ritter~', using three-dimensional data, found that the

pyrazine ring in tetramethyl pyrazine is planar, the carbon-



caebon and the two crystallographically independent carbon-
nitrogen bonds having lengths of 1.44 A4, 1.30 A and 1.32 i
respectively, 4ll the valency angles were found to be 1207,
to within 2",

Pyrazine itself has been examined in the gas phase by
electron diffraction methodsl.f3 Its structure was found to be
similar to that of benzene, the atoms of the ring forming a
planar hexagon. By assuming a length of 1.39 i for the
carbon-carbon bonds, the carbon-nitrogen bond lengths were
measured as l.35 A.

Of substances convaining the purine ring system the

o 2
hydrated hydrochloride salts of adeninelb’LO 21

and guanine
have been studied by X-ray diffraction methods, using two-
dimensional data. In both substances, the purine ring was

found to be planar, within the limits of the experimental
errors. In these investigations, however, poor resolution

in some of the projections prevented the accurate determination
of all the atomic coordinates. In the case of adenine |
hydrochloride hemihydrate, accurate molecular dimensions were
determined on the assumption of a planar ring system?o The
carbon-nitrogen bond lengths were found to vary from 1.30 A&

%o 1.38 A and the carbon-carbon bond lengths from 1.37 4 to

1.40 A.

23

1l:3:5- Triazine22 and its derivatives melamine and



cyanuric acid24 have also been examined by X-ray methods.
All three molecules were found to be planar, in the case of
l:3:5- triazine an accurately planar structure being
necessitated by symmetry considerations. In the investigation
of 1l:3:5- triazine tihuree dimensional data were employed and
the carbon-nitrogen bond was found to have a length of
1.319 4 # 0.005 &, %the valency angles being 126.8° and 113.2°
(botht0.4.) at carbon and nitrogen respectively. The melamine
molecule has similar dimensions, but in cyanuric acid the
relative magnitudes of the angles at carbon and nitrogen are
reversed. The angles, averaged over chemically equivalent
positions, are given as 115  for a carbon valency angle and
125  for a nitrogen valency angle,

The experimental work guoted above, and other work such

25

as the X-ray investigation of& —phenazine and the examination

of pyridine by microwave spectroscopy26 and electron
diffraction}8 indicates theat the arrangement of the atoms in
the six-membered nitrogen containing aromatic ring systems

is in the form of a planar hexagon which, however, unlike
the‘benzene ring is not regular. In general the carbon-
nitrogen bonds are some&hat shorter than the oarbon—carbdn
bonds and the valency angles at the nitrogen atoms are smaller

than at the carbon atoms. The differences are, however,

small and there is only a slight distortion of the regular

hexagonal shape of the benzene ring.
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fhese results were obtained mainly from investigations
of ring systems containing a lower nitrogen to carbon ratio
than the pteridine system, and except in the case of
1:3:5~ triazine, electron-releasing substituents were presentov
Any deviations from a planar structure would be small, and
would not have been detectable by the methods employed.
In 1:3:5- triazine the nitrogen to carbon ratio is higher
than in pteridine and no substituents are present. The
arrangement of the nitrogen and carbon atoms is however
different, and unlike pteridine the molecule consists of a
single ring. The non-planar structure suggested for
p“l:erid:i.ne,’12 although unlikely, is therefore not necessarily
excluded. It is of interest that in the recent very accurate
X-ray investigation cof acridine?7 the molecule was found
to be non-planar, with the atoms situated at distances of up
to 0.051 A4 from the mean molecular plane. The carbon-carbon
bonds in acridine vary from l1l.364 A o 1.439 A and %he
carbon-nitrogen bond lengths are 1l.342 i and 1.347 A.

It was hoped that the present investigation would
provide reliable measurements of the shape and dimensions
of the pteridine molecule. This would settle the question
of its planarity and also, by comparison with the accurately
determined dimensions of naphthalene?8’29 give a quantitative

measurement of the effect on. the dimensions of an aromatic
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system, of substituting nitrogen for carbon and hydrogen
at a relatively large number of positions. Comparison of
the general arrangement of the molecules in the two crystals
would indicate the effect of +this substitution on packing.
Bond lengths have been calculated for pteridine by the
method of molecular orbitals3o ancd 1t was noped To compare
these with the experimental values.

The information derived from this investigation would
also be of value in the study of the structures of the
naturailly occurring, biologically active pteridines; which

are themselves rather complex for analysis by X-ray methods.
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II CRYSTAL DATA

Pteridine, C6H4N4. llolecular weight, 132.1.
lelting point, 139°C.
Density calculated, l.483gm./bm§ Density found, l.487gm./cm§,

The crystal is orthorhombic with

b = 3.79 % 0.01 A,
c = 6.32%0.01 A.

Volume of the unit cell, 591.6 A3
Absent spectra, (Okl) when k + 4 is odd.
(hol) when h is odd.
Space group, Pna2; (Cgv) or Pnanm (D%g).
Structure analysis indicates PnaZl.
Four molecules per unit cell.
No molecular symmetry required.
Absorption coefficient for X-rays, CuKa.radiation,ft=9.74cm:l

Total number of electrons ner unit cell = F(000) = 272.
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IIT EXPERIMENTAL

Preparation of the Crystals.,

The sample of pteridine used in this investigation
was provided by Professor A, Albert5. The crystals,
prepared by vacuum sublimation at 125-130°C/20mm., were in
the form of very fine rectangular plates. The thickness
of these was only about 0.02-0.03mm., and attempts to
obtain better crystals by varying the experimental conditions
were not successful. Owing to the ;ery great solubility
of pteridine in most solvents, no suitable crystals could
be obtained by crystallisation from solution.

The plates are developed on the (100) face with the
b and ¢ axes lying in the plene of the plate parallel to
its edges.

Stability,

Ptéridine was found to be stable to X=rays and to the
atmosphere. It is however slightly volatile, a crystalvof
the dimensions used in the investigation volatilisipg
completely in one to three weeks depending on the temperature
of the laboratory. At 0°C the life-time of a crystal was
greatly increased, and by keeping the temperature of the
labpratory as low as possible (0-5°C), the necessary X-ray

diffraction pictures could be teken before a large part of
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the crystal had volatilised. No attempts were made to
preserve the crystals by sealing them inside a capsule as
this would have introduced errors due to the absorption
of the X-rays.

Determination of Crystal Data.

Copper K& radiation, A = 1.542 &, was employed,the
KP radiation being eliminated by means of a nickel filter.
Rotation, oscillation and equatorial layer line moving film
photographs were taken about each of the unit cell axese.
In addition, a first layer line moving film about b was
taken to record the general reflections of form (hif). The
axial lengths were measured from the rotation photographs.
The oscillation photogravnhs taken about the cell axes showed
symmetry, indicating that the crystal system was orthorhombic.
This was also evident from the moving film photographs, from
which the systematic absences were determined.

The density of the crystals was determined by flotation
in a mixture of pet—ether and n-propyl iodide containing
a trace of detergente.

Measurement of the Intensities of the X-ray Reflections.

The moving film photographs were employed to record
the (0 k4), (hOf) and (hkO) reflections whiich were used in
khe structure determination. The intensities were estimated

31

visually on a relative scale by the multiple film techniques
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For the (hOAL) and (hkO) zones, the crystals employed had
cross—-sections perpendicular to the rotation axes of about
0.5 x 0.02mm., and absorption corrections were worked out
graphically by measuring the length of the path through the
centie of the crystal for each reflection?2 The correction
factor varied from 1.02 to l.3l. For the (OkL) zone the
crystal cross—section was more uniform and absorption
corrections were not applied. The intensities were corrected
for Lorentz and polarisation factors, and the resulting
structure amplitudes,lFo‘, scaled by comparison with the
calculated values, are given in Table 8. In Table I axe
shown the dimensions of the ciystals employed and also the
number of reflections obseived in each zone at the commencement

of the investigation.

Zone of Cross—section Reflections Reflections Range of
reflections of crystal observed possible intensities
perpendiculax for CukKa»
to rotation axis radiagtion
(0ke) 0470 X 0.60 mm. 9 18 670:1
(hod) 0.50 X 0.03 mi. 50 110 2700:1

(hkO0) 0.50 x 0.02 mm. %% 120 2000:1
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An additional 16 (hk0O) reflections were later recorded
by means of a very long exposure to unfiltered radiation,
meking a total of 49 (hkQ) reflections observed. The range
of intensities was thereby extended to 5000:1.

The extreme thinness of the crystals was a source of
considerable difficulty. Even with the very long X-iay
exposures of up to 55 hours which were employed, oﬁly about
45% of the possible reflections could be recorded. There
was also a tendency for the crystals to bend whem mounted

on a glass fibre.
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IV STRUCTURE DETERMINATION

(a) Choice of Space Group.

A statistical examination of the intensities of the
reflections by means of the 'ratio* test3> and the *N(z)!*
test>% failed to distinguish between the two possible space
groups, Pna2l which is non-centrosymmetrical and Pnam which
is centrosymmetrical. The results obtained were intermediate
between the two cases. A possible explanation for this is
given later (see page 33). The N(z) distribution for the
(hOL) reflections of pteridine is shown in Fig.l, and it
may be seen that it is intermediate between the theoretical
tacentric' and 'centric' curves. Polarity tests were also
inconclusive.

Since there are four molecules in the unit cell, the
higher symmetry space group Pnam, requiring eight asymmetric
units, would be possible only if the molecules possessed
either a mirror plane or a centre of symmetry and occupied
special positions. The éteridine molecule would, if planar,
possess a minror plane and might also achieve centrosymmetry
by random packing. However, considerations of packing
requirements show that it is not possible to fit the

molecules into the unit cell on the basis of this space groupe.
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The non-centrosymmetrical space group Pnal requiring

l’
four asymmetric units was therefore assumed. No molecular
syumnetry need then be postulated and the four molecules

occupy general positions in the unit cell.

N(z) Centric

Acentric

20

i L i
0 0.2 O.4 0.6 0. 8 1,0

Fig. 1.
N(z) Distribﬁtion for pteridine compared with theoretical
curves for non-centrosymmetrical and symmetrical structures,
where N(z) is the fraction of the reflections whose
intensities are equal to, or less than a fraction 2z of the

local average intensity.



(b) General Considerations.

In order to obtain a trial structure it was necessary
to postulate dimensions for the pteridine molecule. No
attempt was made to distinguish between carbon and nitrogen
or to take into account any variations in the bond lengths.
It was aésumed that the molecule consists of identical atoms
(carbon) positioned at the vertices of two regular coplanar
hexagons with one side in common. Taking into consideration
the dimensions of the naphthalene molecule?8’29 a bond length
of 1.40 k was assumed. The hydrogen atoms were not
considered at this stage. The postulated model, unlike the
actual molecule, thus contains a centre of symmetry and
mirror planes.

Although space group Pna2l does not possess a centre
of symmetry, the (001l) projection, being perpendicular to
the twofold axis, is effectively centrosymmetrical. However,
owing to the shortness of the b axis the molecules must
lie very nearly in the (010) plane and this projection of
the structure should be well resolved. The resolution in
the (001l) projection would be much inferior and it was
therefore decided to consider first the non~-centred (010)
projection. The symmetry elements, coordinates of eguivalent
positions, and structure factor and electron density

formulae for space group Pna2l are given in International



Tables35. The origin of coordinates is on the twofold screw
axis parallel to c, the origin of the 2z coordinates

being therefore arbitrary.

(c) Investigation of the (010) Projection.

Examination of the (hOl) zone of reflections showed
that the axial reflections (hOO) were present only when
h = 4n, the highest order reflection observed being 24,0,0.
The symmetry of the space group however permits all the (hOO)
reflections with h = 2n to be present. The most probable
interpretatiomn of this quartering is that the four molecules
in the unit cell are spaced equally along the a axis and that
the molecules are symmetrical, or at least nearly so, with
respect to the x-coordinates, This is obviously in agreement
with the centrosymmetrical trial model which had been
postulated.

The x coordinate of the centre of the reference
molecule is therefore, to a first approximation, a/8. The
origin of the 2z coordinates being arbitrary, the =z
coordinate of the centre of this molecule was taken to be
zero. The trial structure in this projection thus consists
of a centrosymmetrical model with its centre at the point
x=2a08, 2z =0

In space group PnaZl, the calculated structure factor
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for a reflection (hOL) is given, in terms of its amplitude |F|

and phase constant & ,by

F(h0d) = (a2 + B2)F,
e (hol) = tan~t B/A,

where, when /Q is even,

4% £ cos2mhx cos2mlz,

4% £ cos2mhx sin2mfz,

and when ﬂ is odd,

-4Y f sin2nhx sinznlz,

43y f sin2mhx cos2mlz.

In these equations x and z are the atomic coordinates
expressed as fractions of the corresponding cell axes and
f represents the appropriate atomic scattering factor. The
summation is taken over all the atoms in the asymmetric unit,__
which in this case is one molecule. However, for the special
case 0f the centrosymmetrical trial structure which has been

postulated, the expressions given above simplify further.
When /t is even,

A = 82 f cos2Thx cos2mnlz

B=20 ' when h = 4n,
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and
A=0
B = 82 f cos2rhx sin2nlz when h = 4n + 2,
and when,e is odg,
= -8X f sin2mhx sin2nlz
B = 0 when h = 4n,
and
A= 0
B =. 83 f sin2mhx cos2nlz when h = 4n + 2,

the summation being taken over half the molecule. It follows
that the calculated phase constants are restricted to
multiples of 90°. Thus by postulating a centrosymmetrical
model with its centre at the position (a/8,0), a centro-
symmetrical projection has, in effect, been obtained.

The problem of determining the orientation of the model -
in the unit cell was also simplified by the shortness of the
projection axis, b = 3.79 L, since if the normal van der Waals
distance of 3.4 A is to be maintained between molecules
separated by a b translation, the maximum possible tilt of
the model out of the (010) plane is 26°. The permitted
orientations are thus limited.

For the purpose of this investigation, the ring atoms
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of the molecule were numbered 1, 2, 3, 4, 5, 1', 2', 3¢,
4', and 5', such that atoms 1 and 1*', 2 and 2', 3 and 3' etc.,
are related by the pseudo-centre. |
Structure factors were calculated for various
orientations of the trial model. It was eventually found
that the best agreement between the obsetved and calculated
st?ucture factors, FO and Fc, resulted when the long axis
of the molecule (L) was at an angle of about 45° to the
a axis in the (010) plane and the normal to the molecular
plane (N) was inclined at about 26° to b in (100). This
structure gave a discrepancy, expressed as Z“Fol“IFc”/Z]EI,
of 21,8% for the 50 observed (hOl) structure factors. The
atomic scattering factors for these preliminary calculations
were derived from the empirical scattering'curve used in the
investigation of the naphthalene structureZ?
The observed structure factors and the calculated
phase constants were now employed to evaluate a Fourier
synthesis (Fol) projecting on (010).
In space group PnaZl, the projected electron density

at points (xz) is given by

p(xz) = l/ac€gZ|F(ﬁg?)lcos2whx cos[2niz-m(h0fﬂ

-’ZZIF(QI;(Z)'E)TsinZIThX sin[2mlz-a(hot )B ,
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where X and 2z are expressed as fractions of the cell axes.
In this special case, however, the phase constants are
restricted to multiples of 90° and the electron density is

given by the simplified series:

Tz R 2”1‘1 "ﬂ ‘e 2 i in4:\24h¢2
X2z - l - ne o Jslnsly e 7-2.
p(xz) - A(hof)31n2nhx 31n2nfz+»ZZB(h0£)51n2whx cosZnﬂz}

izi?géﬂ)31n2nhx s1n2nﬂz+»i§g%%by?§in2whx cos2mlz].
The summation was carried out over one quarter of the unit
cell, a/4 by ¢, the axial subdivisions being
a/120 = 0.2058 A and ¢/30 = 0.2107 A.

This synthesis which contained 46 structure factors
gave good resolution of all the ring atoms. The electron
density distribution was, however, centrosymmetrical about
(a/8,0). The PFourier peaks representing atoms 1, 2, 3, 4 and
5 were merely reflections across this point of the peaks
representing atoms 1*, 2%, 3%, 4*, and 5'. Each of the five
independent peaks may thﬁs be considered as representing the
average of the contributions to the electron density of the
fwo atoms, really independent, which are related by the
pseudo-centre,

Before the projection could be refined it was necessary
to eliminate this centre of symmetry and separate atoms

land 1'y 2 and 2', 3 and 3' etc. One way of achieving
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this would be by shifting individual atoms or the whole
molecule in such a way that the atomic coordinates would

no longer be centrosymmetrical about the position (a/8,0).
This procedure would, however, be rather arbitrary and was
not adopted. Instead, it was decided to insert into the
trial model the nitrogen and nydrogen atoms which are present
in the pteridine molecule. By distinguishing between carbon
and nitrogen and by taking into account the hydrogen
contributions the centre of symmetry is eliminated without
necessitating any arbitrary shifts of the atomic positions.
There are, however, now four possible orientations of the
asymmetric model in the unit cell, as shown in Fig.2.

These involve identical coordinates for the ten ring atoms
and differ only in the positions occupied by the nitrogenrand
hydrogen atoms. In the four structures which are designated
A, B, C, and D, the nitrogen atoms occupy the following

positions: -

Structure A eeeeseces 1 3 1% 4°
Structure B eeeesesss 2 4 1% 40

Stmcture C EEEXEEXEK 1 4. l; 3t
StruCture Doocooocoo 142; 4'

Corresponding to these arrangements of the nitrogen atoms,

hydrogen atoms are linked to the following positions
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occupied by carbon atoms:-

Structure A ceeceeses 2 4 2% 3!
Structure B eeeesesss 1 3 2' 3
Structure C seseesees 2 3 2V 4!
Structure D seceessese 2 3 1t 3

Fig. 2.

Projection of one quarter of the unit cell on (010), showing
the four possible orientations of the asymmetric model in

relation to the symmetry elements.

In the diagrams e represents nitrogen.

|




The structures A, B, C, and D are chemically identical
and merely represent four orientations of the same molecule
in the unit cell. As shown in Fig.2, they are related to
each other by rotations of 180° about axes passing through
the molecular centre. These structures are however
crystallographically different. The choice of the correct
structure depends only on the difference in the scattering
power for X-rays of carbon and nitrogen, and on the hydrogen
contributions, since the positions of the ten ring atoms
are the same in each case., It was therefore a matter of some
difficulty to choose the correct structure and this
constituted one of the main problems of the investigation.

An additional difficulty was encountered when attempts
were made to distinguish between these structures using the
(h0l) structure factors. In the (010) projection the 24
screw axis and the n glide plane cannot be distinguished,
and the origin of coordinates is therefore not uniquely
determined by considering this projection alone. Thus, sincet
structure A with respect to 2l as origin is the same as
structure C with respect to n as origin, they cannot be
distinguished on the basis of the (010) projection. These
structures give identical values for |F(hOf)|. Similarly
structures B and D are indistinguishable in this projection.

This is the case only for the symmetrically shaped
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model at the pseudo-special position (a/8,0), and a distinetion
could have been achieved by arbitrarily shifting atomic
coordinates. This procedure, which would have been rather
unsatisfactory, was in fact unnecessary, since in the (001)
projection all these structures can be distinguished.

Within the limitations stated above, information
regarding the positions of the nitrogen and hydrogen atoms
can, however, be obtained from the (010) projection data.

It was found that in the (010) Fourier synthesis, F 1,
based on the symmetrical trial model, the electron density

peak values were

Atoms 1 and 1' ceeeeees 642 e/i2
Atoms 2 and 2% .eeseeeo 448 e/i2
Atoms 3 and 3" ceseccce 563 e/il2
Atoms 4 and 4' ceeeeees 9e5 e/}&2
Atoms 5 2nd 5' ceeccceees He3 e/'.A2

It would seem probable that the highest peak represents  
two nitrogen atoms, and the lowest, two carbon atoms. If
this is actually the case, then atoms 1 and 1' are nitrogen,
and atoms 2 and?!' are carbon,corresponding %o structures
A or C. -

Also, when the (hOl) structure factors were calculated

for the four cases, the discrepancies were 18.3% for
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structures A and C, and 21,7% for B and D.

The evidence obtainable from the (010) projection is
thus in favour of structures 4 or C.

In the calculation of the structure factors, the
hydrogen contributions were included. It was assumed that
the hydrogen atoms are situated radially at a distance of
1.09 i from the carbon atoms, the carbon-hydrogen bond

length being based on the values found in the naphthalene28

and anthracene36

structures. The atomic scattering factors
for nitrogen and hydrogen were taken as 7/6 and 1/6
respectively, of the corresponding values for carbon. When
the structure factors were later recalculated using
theoretical carbon, nitrogen and hydrogen scattering curves,
it was found that the discrepancy figures given above had

not altered appreciably.

(d) Investigation of the (001l) Projection.

On the basis of the trial structure obtained by
consideration of the (010) projection, y coordinates for the
atoms were calculated with respect to the centre of the model
as origin. The y coordinate of the centre of the molecule,
unlike the 2z coordinate, is, however, not arbitrary and the
position of the molecule along the b axis has to be

determined.
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Examination of the (hkQ) zone of reflections showed
that the reflections (hl0) were absent when h = 4n, and
the reflections (h20) were comparatively very weak when
h = 4n+2. It was not found possible to make direct use of
these observations, but they seemed to indicate that the
molecule might; to a first approximation, be in some pseudo-
special position also in the y direction.

In space group Pna2,, the (001) projection is
centrosyumetrical and the calculated structure factor for
a reflection (hkO) is given in terms of the fractional

atomic coordinates x and y, by

F(hkO) = 4Lf cos2mhx cos2nky, when h+k is even
and
F(hkO) = -4lf sin2mhx sin2nky, when h+k is odd.

The summation is taken over all the atoms in the asymmetric
unit (one molecule in this case).

Structure factors were calculated for various positions
of the symmetrical trial model along the b axis, the best
agreement between the observed and calculated structure '
factors being obtained when the centre of the model had the
¥y coordinate b/4. The discrepancy for the 33 observed (hkO)
structure factors was 21l.5%. As additional evidence for the

correctness of this structure, it was found that a value of
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zero was obtained for the calculated structure factors for
the reflections (hl0) when h=4n, and (h20) when h=4n+2.
The atomic scattering factors for these calculations were
derived, as before, from the scattering curve used in the
investigation of naphthalene28.

On the basis of this symmetrical trial structure a
Fourier projection on (001), F,2, was evaluated. This
synthesis contained 29 structure factors.

The (001l) projection being centrosymmetrical and the
phase constants accordingly restricted to 0° or 180°, the

IR TR T P TR mem . A - __a . #____N\ a
prc

— Theki2n 2 “hekadnel

P(xy) = 1/ab[22F(hk0)cosZnhx cos2nky- } IF (hk0)sin2mhx sin2nky

~ hoki2n = R:‘kIZr\fl
pxy) = l/ab[;}l“(hko)cos%hx cos2nky- _ngF(hkO)sinZth sin21rky3,

where x and y are expressed as fractions of the cell axes,

The summation was carried out over one gquarter of the unit
cell, a/4 by b, the axial subdivisions being a/120=0.2058 i
and b/15=0.2527 A.

In this projection of the structure, the resolution is
poor and only the atoms 2 and2' were resolved. The remaining
atoms overlapped in pairs. It’was however found that the
electron density peak values on these two atoms were
approximately the same., This would seem to indicate that
atoms 2 and 2' are of the same type,‘which again corresponds

to structures A or C.

J



The structure which has so far been derived, consisting
of a centrosymmebrical model with its centre at (a/8,b/4,0)
appears to be basically correct. It gives a discrepancy of
about 22% for 78 (hol) and (hk0) structure factors, and a
preliminary consideration of intermolecular approach distances
showed no abnoimally close contacts.

That the centrosymmetriy of the model and its special
position do not hold strictly, is shown by the presence of‘
certain reflections, such as 620 and 10,2,0, and also 410
and 810, which were recorded later by means of a very long
exposure. As mentioned above, these reflections calculate
zero for the symmetrical structure.

The restriction on the phases of the (h04) reflections
is therefore not due To symmetry requirements, as is the
case for the (hkQ) reflections. The values of 0°*, 90°,
180° and 270° fourd for w»n(hOL) merely represent a first
approximation to the true phase constants which are permitted
to have any value between 0° and 360°, The phase constants
which were finally obtained are shown in Table 8., It may
be seen, that although the (hOf) reflections have general
phases, the majority of these are in fact multiples of 90°,
to within about 10°.

The statistical tests which had been employed to

distinguish between the possible space groups (see page 17)
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depended on the fact that in the non-—centrosymmetrical space
group Pnazl, the (hoﬁ) structure factors are complex
quantities, whereas in the centrosymmetrical space group Pnam,
they are real. The close approximation of the (010) projection
to centrosymmetry may therefore account for the failure of

the statistical tests in this case.

(e) Refinement of the (001) Projection,

In the (00l1) projection of the structure, the atoms
of the molecule are rather close together and the electron
density projection FOZ which had been evaluated, resolved
only atoms 2 and 2'. Detailed refinement was therefore
not possible by means of ordinary Fourier synthesgs and use
was accordingly made of the Fourier difference synthesis, by
means of which unresolved projections may be refined to a
somewhat higher degree.

Starting with the symmetrical trial structure, two
successive (00l1) difference syntheses, D1 and D2, were
evaluated. The discrepancy for the 33 (hkO) structure factors
was thereby reduced from 21.5% to 15.1%.

In these syntheses, since all the ring atoms were
treated as being identical carbon atoms and the hydrogen
contributions were omitted, the resulting electron density

digtribution showed the difference between the observed
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electron density and that calculated for a model consisting
only of carbon atoms. The nitrogen and hydrogen atoms
should therefore appear as electron density peaks. fThese
would, however, be obscured to some extent because of errors
in the atomic coordinates and also because of the thermal
motion of the atoms which had not been allowed for at this
stage.

The expected electron density peaks did not in fact
appear, but it was found that both in D1 and D2 ihe
electron density was positive at atoms 1, 4, 1', 3' and 4t
and negative at the other ring atoms. Since if is unlikeiy
that a nitrogen atom would be in a region of negative electron
density, the structures A,B, and D are excluded. The
hydrogen atoms, however, could not be located.

Further information concerning the positions of the
nitrogen and hydrogen atoms was obtained by calculating
structure factors for the four possible orientations on the
basis of the atomic coordinates derived from D2. The

discrepancy figures obtained were,

Structure A .eececees 15.2%,
Structure B ceeeesees 14.9%,
Structure @ ceeseeeee 13.9%,
Structure D cececsccss 17.3%;
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The lowest discrepancy is thus given by structure C, which
is in agreement with the results previously obtained both
from this and the (010) projection.

As a final test, the five (001) difference syntheses,
D3 - D7, corresponding to the all-carbon model and the
structures A, B, C and D were evaluated., Consideration of
the electron densities at the atomic positions in these
sytheses showed quite conclusively that atoms 1, 4, 1* and 3°*
are nitrpgens, corresponding to structure C. ) ‘

In the calculation of these structure factors the
theoretical atomic scattering curves for carbon, nitrogen

and hydrogen given by McWeeny37

were employed, modified by
a temperature factor exp[-B(sinB/k)Z], where B = 4.8 4°.
This value for B was obtained from a comparison of the
observed (hkO) structure factors with those calculated for
structure C on the basis of the coordinates derived from D2.
As stated above, the discrepancy at this stage was 13.9%.
The validity of this temperature factor was shown by the
results of subsequent difference syntheses, and these
scattering curves were used in gll further worke.

Structure C having thus been established, the
refinement process was now continued with the inclusion of

the nitrogen and hydrogen atoms. The atomic positions were

shifted according to the difference synthesis corresponding



to structure C, and three further difference syntheses,

D8 - D10, then reduced the discrepancy for the 33 (hkoO)
structure factors to 9.4%. The coordinate shifts indicated

by D10 were very small, and on the basis of the experimental
data avallable, the projection seemed to have been refined

to the limit,

At this stage, however, another 16 (hkO) reflections
were recorded by means of a very long exposure to unfiltered
copper radiation. Structure factors were calculated for the
additional reflections, and it was found that the discrepancy
for the (hkO) zone had risen to 1l3.1%. The atomic coordinates
were now refined further by means of two successive difference
syntheses, D11 and D12. The shifts indicated by D12 were
all guite small and the resulting coordinates, which are

corrected for termination of series errors38

s Were taken as

the final atomic coordinates for the (00l) projection. The
final discrepancy for the 49 (hk0O) structure factors was 12.2%.

During the refinement of this projection it had been o

noticed that a small number of low angle reflections which
were too weak to be observed, calculated comparatively high,
and terms corresponding to these were included in the last

two difference syntheses (D1l and D12). The observed structure

amplitudes for these vanishingly small reflections were takeh

as half the estimated maximum value. A justification of this



procedure is given in Appendix II.

The final electron density projection on (001), F.3,
containing 46 observed structure factors is shown in Fig.4.
Each of the four pairs of unresolved atoms consists of one
carbon and one nitrogen atom. In every case the electron
density is greater at nitrogen than at carbon and the peak
densities on the resolved atoms 2 and 2' are again
approximately the same. This seems to confirm the validity
of the orientation of the molecule corresponding to
structure C.

It is of interest that although quite large coordinate
shifts were involved in the refinement of this projection
(up to 0.14 A in x and 0.16 4 in y), there had been no
alteration in the phase constants of the 29 largest structure
factors which had been determined on the basis of the
symmetrical trial model. The initial (001) Fourier projection,
F02, which contained only these 29 structure factors is, in

fact, very similar to FOB, the projection finally obtadned.

(f) Refinement of the (016) Projection.

The previous work in this and in the (00l) projection
had established quite conclusively that the atoms 1, 4, 1t,
and 3*' are nitrogens and that the hydrogen atoms are linked

to the carbon atoms 2, 3, 2', and 4', corresponding to
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structure C. By inserting the nitrogen and hydrogen atoms
into the symmetrical trial model in this way, an asymmetric
model was obtained. The pseudo-centrosymmetry of the (010)
projection was thus eliminated and it was now possible to
proceed with the refinement of this projection of the structure.

The (hOl) structure factors for structure C, which
have unrestricted phases, had been calculated previously
(see page 29) and showed a discrepancy of 18.3%. Using
these calculated phase constants and the observed amplitudes,
a Fourier synthesis (Fo4) projecting on (010) was evaluated.
Unlike Fol, this synthesis,which contained 48 terms,was not
centrosymmetrical, and independent electron density peaks
were obtained for all the atoms in the molecule.

The coordinates of the electron density maxima were
determined by means of two different analytical methods, a

39

simple treatment due to Booth, and a more accuraste but

laborious least squares treatment due to Shoemaker et al?o
Almost identical results were obtained and in all subsequent
work the Booth treatment was used to locate the positions of
the electron density maxima of the ring atoms. The positions
of the hydrogen atoms were calculated on the assumption that
they are situated radially at a distance of 1.09 A. from the

carboh atoms,

The structure derived in this way from the Fourier
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synthesis Fo4 gave a discrepancy of 1ll.3% for the 50 (hol)

structure factors.

The further refinement of the (01l0) projection was
carried out by means of a method described by Donohu.ef]'l
Two Fourier syntheses are employed at each stage, one
containing the observed amplitudes as coefficients
(Fo synthesis), and the other,the corresponding calculated
amplitudes (Fc synthesis), the phase constants being the
same for both syntheses.

The atomic positions derived from the Fo synthesis
are first corrected for termination of series errors by
application of the back-shift rule of Boothﬂ'2 Since,
however, the projection is non-centrosymmetrical, the
coordinate shifts which are indicated, after this correction
has been applied, are then increased by a factor, n, in order

to obtain a more rapid refinement of the structure, 40143+ 44

This procedure leads to the equation
X, = X] + n(x, - xc),

where X, is the refined coordinate of an atom,
Xy is the coordinate of the atom in the previous
structure,
X is the coordinate of the corresponding electron

density peak in the Fo synthesis,
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X, is the coordinate of the same electron density
peak in the Fc synthesis,

n is g constant.

Provided that the shifts involved are not too large, this
treatment allows for simultaneous refinement of a structure
and correction for termination of series errors ( see
Appendix I.).

The value of the constant n wmay vary from two for
a purely asymmetric structure with all structure factors
having general phase constants, to unity for the
centrosymmetrical case. In any particular case its value
depends on the relative numbersof the two types of structure
factors which are contained in the Fourier syntheses.

Of the 50 observed (hO{) structure factors, the five
of type (hO0) have restricted phases and to be on the safe
side, the possibly rather low value of l.5 was taken for n.
This assumption seemed, however, to be justified by the
rapid convergence of the refinement process.

The above cycle was carried out twice. In the first,
49 structure factors were employed in the evaluation of each
(616) Fourier synthesis (FOS and Fcl) and at this stage the
discrepancy figure was 10.5%. In the second cycle, the

Fourier syntheses (Fo6 and FCZ) contained terms corresponding
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to all the observed structure factors. The shifts indicated
by these were small and the resulting coordinates were taken
as the final atomic coordinates for the (01l0) projection.
The final discrepancy for the 50 (hO£) structure factors

was 9.1%.

The final Fourier projection on (010), Fo6, is shown
in Fig.5. It gives good resolution of all the ring atoms,
and three of the four hydrogen atoms appear as bulges in the
one electron per L contour line. The nitrogen atoms are
marked, and it may be seen that the electron density peak
values on these are higher than on the other atoms. These
results seem to confirm that the nitrogen and hydrogen atoms
have been located correctly. It must, however, be remembered
that the positions of the nitrogen and hydrogen atoms had
been assumed in the calculation of the phase constants, the
majority of which have general values, and that a Fourier
synthesis evaluated with such phases will tend %o reproduce
the structure from which they were derived.

It is of interest that the electron density peak values
on the outer atoms of the molecule are lower than on those
nearer the centre. This effect was also noticed in the
naphthalene and anthracene structures and was suggested to
be due to a thermal oscillation of the molecule about its

centre?8’36
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(g) Investigation of the (100) Projection.

Since only nine (0Ok{) reflections could be recorded
no attempt was made to refine this projection of the
structure. Using the y and z coordinates derived from the
investigations of the (001) and (01l0) projections,
structure factors were calculated for these reflections,

a discrepancy of 17.8% being obtained.
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V__RESULTS

The atoms of the molecule are numbered in the same
way as before, ie., as in Fig. 2, Structure C, and all
subsequent diagrams. The conventional numbering, given in

45

Ring Index and used in the recent literature, is shown

on page 4.

(a) Coordinates and Molecular Dimensions,

The coordinates of the atoms of the molecule, referred
to the unit cell axes with origin on the twofold screw axis,
are given in Table 2. The coordinates of the ring atoms
were obtained from the investigationsof the (910) and (001)
projections, the x coordinates being the mean of the values
derived from the two projections. The positions of the
hydrogen atoms were calculated on the assumption that they '
are situated radially at a distance of 1.09 i from the
carbon atoms. The centre of the molecule was calculated
from the coordinates of the ring atoms.

The observed bond lengths and valency angles,derived
from the atomic coordinates given in Table 2,are shown in
Fig.3, and collected in Tables 3 and 4. The bond lengths
are compared with those calculated by means of wave machanics

using a molecular orbital approximation?o These calculated



bond lengths, which are based on the assumption of a

strictly plenar molecule, are shown in Fig.3 and Table 3.

(i) (i1)

Fig. 3.
(i) Observed dimensions of the pteridine molecule.

(ii) calculated bond lengths.

45.



Table 2.

Final atomic coordinates.

Atom x(4)
N(1) 3.32
c(2) 2.00
C(3) 0.98
N(4) 1.26
c(5) 2,61
N(1') 2.86
c(ar) 4.16
N(3') 5.16
c(4') 4.93
c(5') 3.58
H(2) 1.76
H(3) -0,03
H(2') 4. 39
H(4*) 5.74

Molecular 3.09
centre

y(a)
0.13

OC.1ll

0.52
1.16
1.18
1.83
1.92
1.35
0.82
0.74
-0.30
0. 44
2.38
0.43
0.98

z(h)
-1.63
-1.96
-1.11
0.01
0. 42
1.63
1.94
1.15
0.01
-0, 41
-2.89
-1.39
2.86
-0.62

x/a
0.1344
0.0810
0.0397
0.0510
0.1057
0.1158
0.1684
0.2089
0.1996
0.1449
0.0713
-0,0012
0.1777
0.2324

0.005 0.1251

y/b
0.034
0.029
0.137
0. 306
0.311
0.483
0. 507
0. 356
0.216
0.195
-0.079
0.116
0.628
0.113
0.259

46.

-0.258
-0.310
-0.176
0.002
0.066
0.258
0.307
0.182
0.002
- 0.065
~0. 457
-0.220
00452
-0.,098
0.001
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Table 3.

Observed and calculated bond lengths.

Bond Length (obs.) Length (calec) Discrepancy
N(1) - c(2) 1.36 A 1.31 4 0.05 &
c(2) - Cc(3) 1.39 l.41 0.02
C(3) - N(4) 1.32 1.31 0.01
N(4) - C(5) 1.41 1.35 0.06
c(5) - N(1') 1.40 1.35 0.05
N(1')- Cc(2') 1.34 1.31 0.03
c(2')- N(3') 1.40 1. 34 | 0.06
N(3')- C(4') 1.28 1.31 0.03
C(4')- c(5') 1l.42 1.425 : - 0.005
C(5')- N(1) 1.39 1.35 0.04
c(5*) =C(5) 1.35 1.435 0.085‘

Root mean square discrepancy = 0.047 A
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Table 4.

Observed valency angles.

N(1) = C(2) - C(3) = 123.9° N(1')=- Cc(2')- N(3*) = 122.4°
c(2) - C(3) - N(4) = 120.4° c(2')- N(3')- C(4*) = 123,0°
C(3) - N(4) - ¢(5) = 117.2° N(3')- C(4')- C(5') = 117.3°
N(4) - Cc(5) - Cc(5')= 120.3° C(4')- c(5')-¢c(5) = 119.0°
C(5')= C(5) - N(1')= 123.7° C(5) = C(5')= N(1) = 123.2°
c(5) - N(1')- Cc(2')= 113.9° c(5')- N(1) - ¢(2) = 113.6°

(b) Geometry of the llolecule.

If the atoms of the molecule are strictly coplanar
then their coordinates X, y,and z should satisfy an

equation of the form
X+ qQy + rz + s = 0,

The coefficients q, r, and s were determined by the method
of least squares from the coordinates of the ring atoms,

giving as the equation of the mean plane of the molecule
X + 11.919y - 6.082z - 14.701 = Q.

The displacements of the ring atoms from this plane are

given in Table 5.
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Table 5.

Displacements from the mean plane.

Atom Displacement Atom Displacement
N(1) 0.01 4 N(1') 0.00 4
c(2) 0.04 c(2') 0.04
c(3) -0.06 N(3') ~0.03

N(4) 0.02 c(4') 0.00

c(5) ~0.04 c(5') 0.01

Root mean square displacement = 0.031 L

(¢) Orientation and Intermolecular Distances.

Molecular axes, OL, OM and ON were chosen, the origin
0 ©being the centre of the molecule. The axes OL and Qi lie
in the mean plane of the molecule and are directed as shown
in Fige3. The axis ON is normal to this plane. The
orientation of the molecule in the unit cell is then expressed
in terms of the angles which these molecular axes make with
the crystallographic axes a,b and c. These angles are given
in Table 6.

The intermolecular approach distances of less than
3.75 A between the reference molecule, coordinates (X,¥,2),

and the neighbouring molecules derived from it by operation
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of the screw axis, coordinates (X,¥,%+2), and by operation
of the n glide plane, coordinates (4$=-X,%+y,2+2), and by
unit translations along b and ¢ are given in Table 7.

The closer contacts are indicated in Figs.6 and 7, which
show the general arrangement of the molecules in the crystal

viewed in projection along the b and ¢ axXes.
Table 6.

Orientation of the molecule.

IJOb = 7303., cos I)Ob = 002875

I0c = 47.9°, cos I0c = 0.6707

MOa = 135.6°, cos Ii0a = =0.7142
¥Oc = 53.3°, cos Ii0c = 0.5976
NOa = 85.7°, cos NOa = 0.0745
NOb = 27.3°, cos NOb = 0.8882
NOc¢ = 117.0°, cos NOc = =0.4532



Table 7.
Intermolecular distances (k).
Molecule (X,¥7,Z)eeeesssse0 Molecule (X,¥,5+%).

N(4) eeveenennn C(3) = 3.46
N(4) .eveeeaees C(2) = 3.70

lolecule (X,¥y2)esveese.s. Molecule (X,1-y,3+32).
N(4) I EEEEREEREEREEE 0(3) = 3.69

Molecule (Xy¥yZ)ececcccs .. llolecule (5=X,3+Y,5+2).
N(3') EEEEREEREEEEXX] 0(4') = 3033
C(2%) vervnnnnnnn c(4') = 3.58

Molecule (X,¥,Z)eccessesse Molecule (x,14y,2).
N(4) eeeeeeeees C(3) = 3.36
N(1') seennnnces C(5) = 3.37
C(2') vevnncsas . C(4') 3+ 40
C(5') ceoeeensee N(1) 3e42
N(3") ceesoenees C(4') = 3.46
C(2') vevennn e N(3') = 346
N(4) seeeeessss C(2) = 3.46
N(1') eeeeeeeees C(5') = 346




C(5) eeeeesesse N(1) = 3.49
C(2') vevevnnns . C(5') = 3.56
C(3) eeveanno .o C(2) = 3.63
C(5) cveeeenes . C(2) = 3.66

Distance between mean molecular planes = 3.36

llolecule (X,¥y2) oeveeesoos Holecule (X,y,1+2).
N(L') veveeeneos C(2) = 3.34 |
C(2') veveeenees N(1) = 3.39
N(1') teevennnns N(l) = 3.53

C(2') eeeeneeass C(2) = 3.7

Molecule (X,¥,2) eeeoceeo... Molecule (X,1+y,1+32).

C(2') vevevenees F(1) = 3.50
N(L') eevvennens c(2) = 3.53
N(1') ceveeeeesss N(1) 3.73

i



Q 1
Lo bl | | L J

Fi * 4'0
Electron density and diagrammatic projections along the
c axis on (001l) showing one molecule. ZEach contour line

L]
represents a density increment of one electron per A ?

the one-electron line being dotted. (Fo3)
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Fig. 5.
Electron density projection along the b axis on (010)

showing one molecule. Contour scale as in Fig.4. (Fob)
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VI ACCURACY OF THE RESULTS

The standard deviations of the atomic coordinates,
s(x), 6(y), and s(z) were estimated by the method of
Cruickshank46. According to this treatment, for an atomic
coordinate derived from & well resolved projection, after

Correction for termination of series errors,

s = § Z[re’an?yt/ é’ﬁ’
X

where A 1s the area of the cell in projection,

|

AF 1is the error in the observed structure ampplitudes,
37»45x2 is the curvature of the electron density peak
at the centre of the atom,

z,denotes sunmation over all observed structure factors.

AP was taken as “Fol-!Fc”, which gives an estimate of the
"combined experimental and residual termination of series
errors due to the imperfections of the postulated model.
The values which were used for .|Fo| and |Fc| are given in

Table 8.

The central curvature was determined by assuming that

the electron density in the vicinity of an atomic centre

can be represented by the expression42
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P =P, exp [ - pr?] ,

where/P is the electron density at a distance r from
the centre of the atom,
/90 is the density at the centre of the atom,

p 1is a constant.

It follows that at the centre of the peak,

52/0/53(2 = - ZP(D0~

The final electron density projection on (010), Fo6, was
used to obtain graphs of anD against r2 for the various
atomic peaks. From these , the average values of p andeO
were derived, giving —39.76./:;4 and -—47.2e/';i4 as the
central curvatures for carbon and nitrogen respectively.

The standard deviations obtained in this way were
increased by a factor [u /(u-v)]% to allow for the rather
small number, u, of independent observed structure factors
compared with the number, v, of unknown parameters.47

Also, it has been shown by Gruickshank48 that for a
non-centrosymmetrical projection, the standard deviations
given by the formula must be increased by a factor of two
to allow for errors in the phase constants. More generally,
a factor, n, of value intermediate between one and two is

applicable?o n being the same constant which was used in
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the refinement process (see page 40).

In the refinement of the (0l0) projection n had been
taken as 1.5, but this value may have been rather low since
the majority of the (hOf) structure factors have general
phase constants. Accordingly,'to be on the safe side, the
values of & (x) and & (z) obtained from the (0l0) projection
data were increased by a factor of two.

The y coordinates were derived from the largely
unresolved (00l) projection for which Cruickshank's
treatment is not strictly applicable, and the values of & (y)
which were obtained, were increased by a factor of 1l.25.
There is, however, no theoretical basis for this procedure
and it is possible that the effect of the lack of resolution
on the accuracy of the y coordinates may have been
underestimated.

The coordinate standard deviations finally obtained
are

0.03%; 6(z) = 0.0234.

"

Carbon: s(x) = 0.022i; 6(y)

]

Nitrogen: ¢&(x) = 0.0l8ﬁ; s(y) = 0.025k; 6(z) 0.0l9ﬁ.

The standard devigtion of a carbon-carbon bond is then

0.035 A and of &z carbon-nitrogen bond 0.033 A. The standard

deviation of a valency angle, calculated by the formula
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given by Cruickshank and Robertson®’ is about 2.3°, and the
’

electron density standard deviations are O.42e/212 for the

(010) projection and 0.27e/.2&2 for the (001l) projection.
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VII DISCUSSION

The errors in the observed results having been
estimated, and since the probability distribution for these
follows approximately the Gaussian error law‘,"6 the observed
results may be compared with the theoretical or postulated
values by means of statistical significance tests. According
to the treatment of Cruickshank and Rober“csonl}'9 the
significance of a difference, A, between an observed value
with estimated standard deviation 6 and & theoretical value,
which is assumed to be the true value with zero standard
deviation, is estimated in terwms of the probability, P,

that such a difference, or one greater, could be due to random

errors alone. It is assumed that if

P > 0.05, A is not significant.
0.05 > P > 0,01, A 1is possibly significant.
0.01 > P, A is significant.

When the number of degrees of freedom, (u=-v), is large,
€& may be considered as an accurate estimate of the standard
deviation and the values of t = A /& corresponding to the

above values of P are

P = 0.05, t 1.960,

"
il

P OoOl, ) T = 20 576.
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If, however, the number of degrees of freedom is small

(£ 30), 6 is an uncertain estimate of the standard deviation,
and the values of t <for the different significance levels
are greater§7

The bond lengths observed in pteridine together with
those calculated by the method of molecular orbitals3o are
shown in Fig.3 and Table 3. The largest discrepancy
between the observed and theoretical values, 0.085 A, occurs
in the case of the central bond, C(5)- C(5'), where the
observed length is too small. Here t = 2.43, and this
difference is therefore possibly significant. For all the
other bonds the discrepancies are not significant. The root
mean square discrepancy, 0.047 k, is also within the limits
of experimental error. Thus, owing to the comparatively
large standard deviations in the observed lengths, the gquite
considerable differences between the observed and calculated
bond lengths cannot be regarded as real,

It is, however, of interest that in the case of the
central bond and in six of the other ten bonds, the observed
values deviate from the calculated values in the direction
of the symmetrical Kekule structure. Similar though smaller
discrepancies are found also in the case of naphthalene
28,29

where much more accurate bond lengths are available.

Here,the largest deviation also occurs in the central bond,
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where the observed length is significantly less than the

calculated Va.lue29 50

Although there does not seem to be
any theoretical basis for this, it would appear that in
pteridine, as has been suggested for naphthaleneso the
symmetrical Kekule structure should, in some way, be given
greater weight in the calculationse.

The observed length of 1.35 A for the central bond
in pteridine is, however, only 0.01 A greater than the
accepted value for a carbon-carbon pure double bond. It
seems unlikely that such a bond should occur in the molecule
and at least part of the discrepancy between the observed and
calculated lengths is, in this case, obviously due to an
error in the observed value.

The shortest observed bond length occurs in the
pyrimidine ring, N(3')-C(4') = 1.28 i. This would correspond
very nearly to a carbon—nitrogen pure double bond which has,
however, never been measured directly, but whose length has

1oL

been estimated by different workers as 1.24 Aj 1.265 A52

1.27 422 or 1.28 422294

It does seem therefore, that the
observed length is rather too low also in this case. A very
short bond in the pyrimidine ring would, however, account

for the formation of 2-aminopyrazine-3-gldehyde when pteridine
is treated with dilute acid? since ring fissure would tend to

take place at such a bond. This would also account for the
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general instability of pteridineos’7

The observed valency angles are shown in Table 4 and
Fig.3. Three of the four nitrogen valency angles are less
than 120°, for two of these, C(5)-N(1')-C(2') = 113.9° and
C(5'")=N(1)=C(2) = 113.6° the difference being significant.
The fourth nitrogen valency angle, which is 123.0°, is not
significantly greater than 120°. The angles at the carbon
atoms are generally greater than 120° but in no case is the
difference significant. The bond angles observed in pteridine
thus show variations similar to those found in other nitrogen
containing aromatic ring systems.

The displacements of the ring atoms from the calculated
mean molecular plane are given in Table 5. These are
measured almost entirely by the y coordinates and the
appropriate coordinate standard deviation is given by & (y).
The y coordinates were determined from the (00l) projection
on the basis of only 49 independent structure factors. The
number of degrees of freedom is therefore 29, and the values

of t for the different levels of significance are

P

0005, t = 2.04’5,
P = 0001, t = 207569

The maximum displacement of a carbon atom from the mean plane

is 0,06 A, for which t = 0.06/0.03 = 2.00. This displacement
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cannot therefore be regarded as even possibly significant.
The maximum displacement of a nitrogen atom is 0.03 A, for
which t = 0.03/0.025 = 1.20 and this is not significant.

The root mean square displacement is also not significant.

It may therefore be concluded that within the limits
of the experimentel errors, the pteridine molecule is planar.
It cannot, however, be claiwed that the question of its
planarity has been settled, since, owing tc the comparatively
large errors in the experimental measurements, deviations
of up to 0.06 A from a strictly planar structure would be
difficult to detect. A further investigation of pteridine
using three-dimensional data would obviously be desirable.
In connection with this, it is, however, of interest that in

25

the o —-phenazine structure,” which was shown to be planar
to within 0.014 ; in a three-dimensional investigation,
deviations of up to 0.06 A from a planar structure were
found on the basis of two-dimensional data.

"The arrangement of the molecules in the crystal and
the shorter intermolecular distances are shown in Figs.6 and 7.
As in the case of o -phenazine, the crystal structure appears
to comnsist of stacks of parallel molecules separated by unit
translations along the b axis, the perpendicular distance

between the mean molecular planes being 3.36 A. Some of

the atoms in these molecules overlie each other closely,
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and many of the closest contacts (minimum 3.36 1) occur
between such molecules.
The shortest intermolecular approach distance, 3.33 A,
is between the reference molecule and the one derived from
i1t by operation of the n glide plane. Another very close
contact of 3.34 i occurs between molecules separated by a
translation ¢. The shortest distance of approach between
atoms in molecules related by the twofold screw axis is 3.46 i.
It may be noted that all the intermolecular contacts
of less than 3.40 L involve = carbon atom of one molecule
and a nitrogen atom of another, the shortest non-bonded
carbon......carbon distance being 3.40 A. HNone of the
intermolecular approach distances are therefore less than the
sum of the van der Wzals radii of the atoms concerned. The
interplanar distance of 3.36 h is similar to that found in
graphite (3.35-3.40 i), benzperylene55 (3.38 A) and

coronene56 (3.40 A), but is rather less than the corresponding

57 27

distances in ovalene”y acridine and é«--phenazine25 which

ere 3.45, 3.47 and 3.49 A respectively.

Gomparison with the naphthalene structure?8’58 shown

that the packing of the molecules in pteridine is much closer.
The volume occupied by a pteridine molecule is 148 A3

compared to 181 A3 for naphthalene, the corresponding
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crystal densities being 1l.48 and l.lBgm./cm? The minimum
intermolecular distance of 3.60 A in naphthalene may be
compared with the many considerably shorter contacts in the
pteridine structure.

The more efficient packing found in pteridine may be
partly due to attractive forces between the carbon and
nitrogen atoms of different molecules as shown by the large
number of short carbon......nitrogen intermolecular distances.
However, the fact that the pteridine molecule contains four
hydrogen atoms fewer than the naphthalene molecule must also
be of importance in this respect. The ¥parallel disc' type

59 shown by pteridine is, however, basicall&

of packing
different from the packing found in naphthalene, and no

direct comparison can be made,
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VIII FINAL STRUCTURE FACTORS

The final structure factors, calculated from the
atomic coordinates given in Table 2, are shown in Table 8
under |Fcl and & together with the observed structure
amplitudes, |Fol, which have been scaled by comparison with
the celculated values. In the calculation of these structure

37 for

factors, the theoretical scattering curves of lMcWeeny
carbon, nitrogen and hydrogen were employed, the value of

the constant B 1in the temperature factor being, as before,
4.8 A%, The final discrepancy, expressed as ZHFOI-IFC” / 2IFo| ,
was 11.1% for the 101 observed (0kl), (hO4) and (hkO)

structure factors. The discrepancies for the separate zones

were 17.8%, 9.1%, and 12.2% respectively.
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Table 8.

Observed and calculated structure amplitudes and

phase constants.

hick 2sing Fol Fol 'S
000 - - 272.0 -
200 0.125 < 0.6 0.2 180
400 0.249 735 63.1 180
600 0.374 < 1.1 0.0 -
800 0. 499 11.7 11.2 180
10,0,0 0.624 <1.6 0.3 0
12,0,0 0.748 41.0 37.7 180
14,0,0 0.873 £2.0 3.1 0
16,0,0 0.998 <2.3 1.1 180
18,0,0 1.122 <2.5 1.1 0
20,0,0 1.247 9.0 7.9 0
22,0,0 1.372 <3.8 0.9 180
24,0,0 1,496 4.9 6.2 0
020 0.813 < 1.8 5.2 0
040 1.626 <2.3 4.2 0
002 0. 487 27.2 - 25.1 180
004 0.975 29. 4 2642 357
006 1.462 < 3.8 3.4 14
01l 0.474 64.2 75. 4 87

013 0.836 13.0 10.5 93




pief
015
022
024
031
033
201
401
601
801
10,0,1
12,0,1
14,0,1
16,0,1
18,0,1
20,0,1
22,0,1
202
402
602
. 802
10,0,2
12,0,2
14,0,2

2siné

1.285
0.948
1.269
1.243
1.421
0.277
0.353
0. 449
0.558
0.671
0.787
0.908
1.027
1.153
1.271
1.395

0.504

0.548
0.616
0.698
0.793
0.895
1.003

Table 8.

[Fo)

8.7
36.4

4.8

5.9

9.0
44.9
41.5
32.5
27.9
21.5
24.1
19.2
14.5
16.6
18.1

9.3

4ot
20.9
27.7
24.0
27.2
< 2.9
6.6

(contd,

40.8
3.1
7.1
5.9

53.9

45.7

28.9

27.7

20.8

24,1

18.3

15.7

14.7

20.3
8.7
6.4

23.6

28.8
23.8

27.9
1.9

7.2

19,

91
181
13
296
256
93

96

92
186
271
355
276
179

90
307
356
263
188
102
286
104

70.



16,0,2
18,0,2
20,0,2
22,0,2
24,0,2
203
403
603
803
10,0, 3
204
404
604
804
10,0,4
12,0,4
14,0,4
16,0,4
18,0,4
205
405
605
805

2s8in@

1.111
1.227
1.341
1.458
1.577
0.742
0,775
0.822
0.887
0.963
0.985
1.008
1.046
1.098
1.159
1.230
1.313
1.396
1.492
1.227
1.246
1.278
1.319

Table 8. (contd.)

IFol
<3.4
¢3.6
13.4

3.7
7.3
24.3
15.4
6.7
4.7
14.4
10.2
11,8
<3.3
<3.4
<3.5
9.4
16.6
6.7
7.9
5.8
10.9
14,3

6.0

iEe|
0.8
1.1
13.3
3.5
T.9
25.1
13.8
6.9
4.7
14.3
9.9
11.0
27
1;7
1.9
10.3
16.7
6.8
8.0
3.5
10.3
16.3

De 4

o,

21
326

282
179
87
157
285
38
273
82
183
84
40
242
175
272

86
262
181

92
356

71,



10,0,5
12,0,5
14,0,5
16,0,5
18,0,5
206
406
606
806
10,0,6
110
210
310
410
510
610
710
810
910
10,1,0
11,1,0
12,1,0

13,1,0

2sin®

1.374
1.433
1.504
1. 577
1.662
1.468
1.485
1.511
1.547
1.593
0.410
0.424
0.446
0.477
0.512
0.550
0.597
0.644
0.689
0.740
0.791
0.852

0.901

Table 8. (contd.)

o)
<3.9
9.9
7.6
7.8
3.5
<3.8
11. 4
6.3
12.9
4.4
<3.0
69.9
23.3
1.2
11.8
28.9
1.4
1.8
12.7
20.1
10.3
<1.8

15.0

IEc|
4.9
8.2
8.6
TeT
4.6
0.7

10.5
5.0

12.3
3.8
8.4

73.8

22.9
2.0

12.2

28.3
5.6
3.2
9.2

18.3

11.0
2.8

15.1

.

90
181
271

270
45

268
183
93

180

180
180
180

180
180
180

12,




hif
14,1,0
15,1,0
16,1,0
17,1,0
18,1,0
19,1,0
20,1,0
21,1,0
22,1,0
23,1,0
30,1,0
120
220
320
420
520
620
720
820
920
10,2,0
11,2,0

12’2,\0

2sine

0.958
1.022
1.078
1.127
1.186
1.244
1.310
1.360
1.420
1.492
1.916
0.814
0.820
0.830
0.847
0.867
0.892
0.919
0.950
0.984
l.021
1.060
1.100

Table 8., (contd.)

1ol
18.1
9.6
2.1
15.3
16.2
14.3
2.5
5.7
4.8
3.0
2.1
<1.8
1.8
6.1
19.0
8.4
3.0
T.1
12.7
11.3
4,1
Te5
9.0

el
16.2
1l.8
1.7
14.2
14.8
15.0
0.1
8.7
4.7
3.6
2.7
1.4
0.6
3.9
21.0
7.7
0.1

6.9

12.7
11.5
0.0
Te4

10.2

180
180

180

180

180

180
180

180

180

T3




hkf
13,2,0
14,2,0
15,2,0
16,2,0
17,2,0
18,2,0
19,2,0
20,2,0
21,2,0
22,2,0
23,2,0
24,2,0
130
230
330
430
530
630
730
830
930
22,3,0

2sine

1.154
1.200
1.240
1.288
1.329
1.380
1.438
1.481
1.531
1.600
1.654
1.705
1.223
1.227
1.235
1.246
1.260
1.277
1.297
1.319
1.344
1.837

Table 8.

IFol
{2.3
<2.3
2.7
2.8
6.1
2.5
4.1
9.8
Te3
£2.3
2.3
3.2
<€2.3
2.3
(2.3
3.0
3¢5
3.0
6.0
3.9
3.2

2¢5

(contd.)

el

1.8
0.3
2.9
3.3
5. 4
0.3

5.2

12.0
6.2
0.0
0.0
4.4
2.1
3.4
3.5
2.4
4.1
2.1
8.9
1.0
3.4
3.3

o O O O

180
180

180

T4.




INVESTIGATION OF THE STRUCTURE OF

* SUBSTANCE P !



76.

I INTRODUCTION

It was found that when 6-hydroxypteridine is
dissolved in sodium hydroxide solution a small quantity
of a dipteridyl detivetive is formed}l This was named
'*substance P' by Albert who showed that it is formed in
25% yield when 7:8-dihydro-6-hydroxypteridine and
6-hydroxypteridine are allowed to react in dilute sodium
hydroxide solution. Under these conditions, neither of the
starting materials will give rise to *substance P' alone,
and it has been suggested that the NH group of
7:8-dihydro-6-hydroxypteridine has added across the
T:8-double bond of 6-hydroxypteridine. According to this
mechanism, *substance P' is T7:8:7':8t'=tetrahydro-6:6*-
dihydroxy-7:8'-dipteridyl. On the basis of spectroscopic
evidence the corresponding 8:8'-dipteridyl which is a
symmetrical hydrazine was considered to be less likely.
Other possible structures for 'substance P' are the 6:6%=-
and the 7:7'-dipteridyl which are also symmetrical?o

The present investigation was undertaken at the
suggestion of Professor Albert in order to determine the
structure of 'substance P'. The free base is microcrystalline

and crystals of the dihydrochloride dihydrate obtained by

crystallisation from hydrochlorie¢ acid solution were employed.
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ITI CRYSTAL DATA

'*Substance P' dihydrochloride dihydrate, C12H1002N8.2H01.2H O.

2
Molecular weight, 407,2.

Decomposes below melting point at about 280°C.

Density calculated 1,620gm./cm§ Density found, l.597gm./cm.3

The crystal is monoclinic with

- 12.12 £ 0.04 4,

a
b = 11.21 * 0.02 4,
¢ = 13.46 £0.03 4,

114.2° £ 0.5°

"

P

Volume of the unit cell, 1668.1 A3
Absent spectra, (hkl) when ha+ k+ 1 is odd.
(h0l) when h or L is odd.
(0k0) when k 1is odd.
Space group Ia(Cg) or I2/a(Cgh).
Polarity tests indicate Ia.
Four molecules per unit cell.
No molecular symmetry required.
Absorption coefficient for X-rays, CuKa radiation,ft: 39.4cm:l
Total number of electrons per unit cell = P(000) = 840.
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III EXPERIMENTAL

The sample of the dihydrochloride of *substance P!
used in this investigation was obtained froﬁ Professor
A. Albertll. The large, but irregular shaped crystals are
stable and unlike pteridine are not volatile at room
temperature. Nickel filtered copper K« radiation (A=1.542 E)
was employed in the Getermination of the crystal data.
Rotation, oscillation and equatorial layer line moving film
photographs about each of the unit cell axes and a first
layer line moving film about b were taken. The axial
lengths were measured from the rotation photographs and the
/?angle was estimated approximately from the moving film
taken about the b axis.
The systematic zbsences, determined from the moving
film photographs correspond to the two space groups
Ia(Cg) or IZ/a(Cgh). Application of pyroelectric tests66,
showed that the crystals are polar, thus excluding the
centrosymmetrical space group.
The density of the crystals was determined by flotation

in a mixture of carbon tetrachloride and benzene containing

a trace of detergent.
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APPENDIX T

The Refinement of NOn-Centrosymmetrical Structures by

Fourier Synthesis.

Since a crystal structure is periodic, it may be
represented in terms of the electron density distribution

by a Fourier series. In the usual notation,
plxyz) = L/v T L Y|P (nxd)cos [2mhxs omky+ omdz— o hkl)] .

For centrosymmetrical structﬁres, the possible values of the
phase constant are restricted to O0° or 180°. If these
values can be correctly determined, the resulting Fourier
synthesis will give an exact representation of the structure,
apart from errors due to the inaccuracies in the observed
amplitudes and the finite terwmination of the series.

In the non-centrosyumetrical case, however, the phase
constants have unrestricted values, and even slight errors
in the atomic positions for which the structure factors
are calculated will lead to errors in the phases as well
as in the amplitudes. The Fourier synthesis based on these
phases will therefore be in error and will tend to reproduce
the structure from which the phases were derived. The
refinement process is thus slow and in theory never reaches

completion.
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It has been shown by Cruickshank43 that when the
shifts indicated by such a Fourier synthesis are less than
0.10 A, they should be doubled in order to compensate for
this effect and thus obtain more rapid refinement. Ilore
generally, if the structure does not have a centre of
symmetry, but its projection on certain planes or lines is
centred, a factor n 1is applicable?o The value of n in
any given case depends on the relative numbers of real and
complex structure factors which are being used, and may vary
from two for the purely asymmetric case to unity for a
centrosymmetrical structure. A4 proof of the validity of this
*n-shift* rule has been given by Cruickshank.44

Owing to the experimental conditions, the Fourier
series will, in generzl, be terminated when its coefficients
are still appreciable and the theoretical requirement of a
summation over an infinite number of terms is, therefore,
not even approximately fulfilled. Systematic errors then
occur in the electron density distribution as given by the
synthesis, each electron density peak being displaced from
its true position by diffraction ripples from the other peaks.

The following method of correcting atomic coordinates
for termination of series errors, known as the 'back-shift*

h42,63

method, has been suggested by Boot and verified

64

theoretically by Cochran. *Having calculated the structure
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factors from the final atomic coordinates, a synthesis is
computed using these calculated values as coefficients.
Any terms not included in the original synthesis with
experimental coefficients are similarly omitted in this new
synthesis., The coordinates derived will, in general, deviate
slightly from those used in calculating the F values; these
deviations give the errors with reversed signs of the original
coordinates and may if desired be applied as corrections.,’
This simple procedure is generally applied, as such,
only to centrosymmetrical structures. Its extension for
simultaneously correcting for termination of series errors
and refining structures with no centre of symmetry has been
described by Donohue41.
Let the coordinates of an atom in a nearly correct
trial structure be (Xl’yl’zl)' On the basis of this structure ,
structure factors are calculated and the resulting phase
constants used to evaluate two Fourier syntheses, one
containing the observed amplitudes as coefficients
(Fo synthesis), and the other, the calculated amplitudes
(Fc synthesis). If the coordinates of the corresponding
electron density peak in the Fc synthesis are}(xc,yc,zc),
the error due to termination of series is given

(for the x coordinate) by

X -X

c 1°
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This is applied with reversed sign to the corresponding
peak in the Fo synthesis (coordinates xo,yo,zo), giving
X, - (xc-xl)
as the coordinate of the peak, corrected for the effect of
termination of series.
The shift indicated by the Fo synthesis, after it has

been corrected in this way by the back-shift method, is

therefore
X, - (xc-xl) - Xq.

Application of the n-shift rule gives the required shift as
n[xo - (xc—xl) - Xl]’

The refined coordinate X5 is then given by

Xy = X + n[xo—(xc—xl)—xl]

X + n(xo—xc)
and similarly for the ¥y and z coordinates.

These coordinates are, however, subject to efrors due
to the approximations in the n-shift rule, and a single
cycle will, in general, not give the true atomic positions.
The method may be considered as providing a means of refiﬁing ~

non-centrosymmetrical structures more rapidly.
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APPENDIX II

The Treatment of Accidentally Absent BReflections in

Fourier Refinements.

Although the possibility of including accidentally
absent reflections in 'error syntheses' had been pointed

65

out by Crowfoot et al, in most structure analyses, absent

reflections are not considered during the refinement

process6l’62

and structure factors corresponding to these

are calculated only for the final atomic coordinates. The
sructure amplitudes of the unobserved reflections are
estimated on the basis of the minimum value that it has been
found possible to observe at the corresponding angle. This
amplitude,'FomaXL then measures the maximum possible value

of the structure amplitude for the absent reflection. The
general agreement between these amplitudes and the calculated
values, which in this case implies that |Fcl| should be less
than |Fo™2%|, is taken to demonstrate the validity of the
structure, which has been derived only from the data actually
observed, When, however, the number of observed reflections
is small owing to the experimental conditions, such as the
nature of the crystal, it would appear to be desirable to
extend the available information by making use of vanishingly

small reflections, at least in the final stages of the

refinement process.
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In the case of refinement by difference syntheses,
the criterion for the use of absent reflections would be
that the corresponding values taken for (Fo - Fc) should be
nearer to the true values than is obtained by omitting these
terms, which implies that [Fol -=[Fcl= 0. If |Fecl| is
considerably greater than [Fo"®*|, say by a factor of two,
then it may be assumed that Fc defines the phase constant
for the reflection with a considerable degree of certainty.
It follows that by taking the observed amplitude of the
vanishingly small reflection as %lEomaXl, the maximum
possible error in the value of (Fo - Fc) is equal to 4|Fo™2%|,
In general this would be small and it can be shown that if
|Fel > 3/2|Fo™®*|, this procedure will lead to a better value
for (Fo - Fc) than is obtzined by making it equal to zero.

It thus appears, that if the calculated value of the
structure amplitude for an unobserved reflection is more than
twice as great as the estimated maximum value, then a term
for such a reflection may be included in the difference
synthesis as (&Fo%*- Fc).

The corresponding procedure in the ordinary Fourier
method, using separate Fo and Fc syntheses,would be to include

max

in the Fo synthesis the values £Fo for all those unobserved

max) = The calculated structure

reflections where | Fe| > 2]Fo
factors corresponding to these would be included in the

Fc synthesis.,
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ADDITIONAL PAPER

INVESTIGATION. OF THE STRUCTURE OF
CELLULOSE FIBRES




I INTRODUCTION

The chemlcal work of Haworth, Irvine, Hirst and others
during the years 1920 to 1930 showed that cellulose is a ,
linear macromolecule consisting of a large number of 4-gluco-
pyranose units linked through 1l:4- glucosidic bonds. The
molecular weight of cellulose has been estimated by various
chemical and physical methods as about 500,000 corresponding
to about 3,000 glucose residues.

Barly X-ray investigations of cellulose fibres by
Nishikawa and Onol' in 1913 and by Herzog and Jancke? in 1920
demonstrated that they are crystalline and that different
fibres have identical crystalline structures, but that this
crystallinity is discontinuous. Later X-ray studies by
Meyer and co-workers®>%:5 getermined the unit cell dimensions,
and & structure was put forward in which the chain molecules
lie on the twofold screw axis parallel to b of a monoclinie
cell containing four glucose residues. Two glucose units
account exactly for the fibre peripd of 10.3@ and the chaln
- length corresponding to a molecular weight of 500,000 is thus
about 15,000A. |

The X-ray investigations had shown that the fibre is
not a single crystal but that the regular three-dimensional
arrangement of glucose units, as defined by the unit cell,

1; bulilt up to form small crystalline regions, or crystallites,
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separated by more amorphous material. In addition, non-
cellulosic components are also always present. The dimen-
sions of these crystalline regions have been extensively
studied by X-ray and chemical methods and more recently, by
means of the electron microscope.

X-ray measurements by Herzoge, Hengstenberg and Kark”,
and Kratkye appeared to show that the crystallites in ramie
are approximately 50-100A wide and at least 500-600A long,
but rather lower values for the widths were ocbtained by
Heyn? for a number of different fibres. However, owing to
various uncertainties and assumptions, these values may re-
present only an order of magnitude.

Chemical methods are based on degree of polymerisation
measurements after partisl acid hydrolysis, it being assumed
that only the amorphous regions have been hydrolysed, the
crystallites remaining intact.lo This has been carried out,
among others, by Nickerson and Habrloll and Horehead.l2 who
report lengths of about 1,200-1,500A for the crystallites
of native fibres. Ranby and R1b1l® nowever found that after
vigorous hydrolysis, most of the cellulose has a degree of
polymerisation of about 100, corresponding to a crystallite
length of about 5004.

Electron microscopic investigatiops of cellulose have
been limlted by the necessity of obtaining sufficiently thin

specimens. To achieve this, the fibres have been broken down
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by chemical and physical methods such as partial acld or
alkali hydrolysis or by beating, grinding or ultrasonic ir-
radiation. Alternately replicas of the surfaces and of
sections of fibres have been employed.

A large number of investligations have been reported
in which fibres disintegrated by such treatments have been
examined in the electron microscope. The results of the
earlier studies are in agreement that the fibres break down
into very long fine fibrils but differ considerably in the
actual dlmensions measured. More recent investigations
have shown that the apparently intact cell walls of both
plant and bacterlial celluloses seem to consist largely of
very long "microfibrils" 250-4004 wide,l%4"17 yhile drastic
dispersion ylelds smaller units of approximately the same
dimensions as the crystallites postulated from X-ray measure-
ments. These smaller units have recently been extensively
investigated with the electron microscope. Moreheadl?®
found that cotton, wood and ramie on acid hydrolysis followed
by ultrasonic irradiation ylelded particles which have widths
of 64, 45 and 40& respectlively and lengths in close agree-
ment with those calculated from degree of polymerisation ,
experiments (1,200-1,500A). Ranby and Ribil® examined cotton
and wood cellulose disintegrated by washing with distilled
water to a pH of about 3.5, after treatment with sulphurie
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acld. TUnder thegse conditions a colloidal solutlon of cellu-
lose 1s formed, which was found to conslst of particles
50-100A wide and 500-600A long. Using similar methods,
Mukher jee, Sikorskl and.Woodal8 showed that ramie, cotton
and jute disintegrated into particles which are 155, 130

and 85& wide respectively and which vary in length from

IOQA to 2,5005. Very long strands, 50-100& wlde, have been

observed by Hodge and.Wardroplg

in sectlions of delignified
wood which had been disintegrated in a Waring Blendor and by
Ranby and R1p113:20 1 cotton and wood broken down by ultra-
sonic irradiation, and also in sections of various natural
and synthetic fibres. It was further found that these
particles are in the form of flat filaments, sbout 30A thick,
developed on the (101) f;ce,ls and that the larger micro-
fibrils have also a similar shape.21

According to Kratkys and FreyJWysslingzg the small
particles, all of about the same dimensions obtained in
these investigations from a number of different celluloses,
are "elementary fibrils" which correspond to the crystallites
postulated from the earlier X-ray studles. The microfibrils
of about 250& width are considered to be made up of these
crystalline units, a width of about 704 and & thickness of
SQA belng postulated. It 1s assumed22 that the elementary
fibrils are surrounded by imperfectly crystalline, or

"paracrystalline”, cellulose which is responsible for their
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aggregation into the larger microflbrils, the crystallino
core of which is, in turn, embedded in a cortex of para-
crystalline cellulose. The cell wall 1s then built up of
these microfibrils.

The crystallites or elementary fibrils are not sharply
defined entities in their natural state.®:23:2%¢ 71¢ ig ve-
11eved®4,25,26 ghat they merely represent randomly diatrib-
uted regions of good crystallisation in a coherent three-
dimensional network in which there is a gradual transition
from reglons of high lattice order to regions of low lattice
order where the molecular chains are only approximately par-
allel. A single cellulose molecule will, in general, pass
through several crystalline and intermediate paracrystalline
areas, thus holding the structure together.

Ordinary light microscopy has shown that most cellulose
fibrea are made up of many individual cells, which in the
cage of sisal have a diameter of about 24 mierons.27 These
conslst of a thin outer primary wall and a thicker secondary
wall which contalns the bulk of the crystalline cellulose.
The secondary wall i1s built up of layers of wldth estimated
a8 0.1-0.5 microns, which are arranged in the form of con-
centric tubes. .This configuration is apparently due to the
alternation of layers of material of high and low c;llulose
content. The layers of cellulose are, in turn, built up of
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fibrils, a few tenths of a micron in dliameter, which are
oriented in a spiral at an angle of up to about 45° to the
main fibre axis.

The orientation of the crystellites with respect to
the fibre axis may be determined by X-ray methods, and by
comp&ring the results of these measurements with microscopic
measurements of fibril orlentation, it has been shown that
the long axes of the crystallites (or elementary fibrils) are
aligned parallel to the long axls of the fibril. It is
thus possible to relate X-ray measurementsrof crystallite
orientation to fibril orlentation as observed in the light
microscope. 8ince the elementary fibrils are presumably
oriented parallel to the length of the microfibril, it would
appear that the microfibrils are, themselves, oriented par-
allel to the much larger fibrils. This has been conflrmed
in the case of the marine alga Valonia ventricosa by Preston
and co-workers, who found that the microfibrils observed in
the intact cell wall with the electron microscope: showed
the same orlentation as had previously been determined for
the crystallites and the fibrils from X-ray and light micro-
scoplc studies .28 By means of electron diffraction measure-
ments it has been shown that the molecular chains lie par-
allel to the length of the microfibril.®®

Other electron mlcroscople investigationsls’lg of this
nature have involved the use of materlial disintegrated by
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rather drastle procedures and the interpretation of the re-
sulting micrographs 1s difficult. Comparatively little
direct evidence is thus avallable concerning the arrangement
of the microfibrils in the cell wall.

In this investigatlion the structure of the hard leaf
fibre sisal has been studied, firstly, by applylng the dis-
integration technliques developed by the earlier investl-
gators, and secondly, by attempting to cut sectlons of the
intact material sufficiently thin for direct examination im
$he electron mieroscope.

Sisal has not been investigated in the past to the
same extent as other fibres, due, no doubt, to the high pro-
portion of non-cellulosic components which it contalns.
However, Mihlethalerl® found that efter removal of impurities
and dlsintegration in a Waring Blendor, sisal shows nmicro-
£ibrils 250-400A wide,similar to other fibres. The orienta-
tion of the crystallites has besen measured by X-ray methods,
a value of about 18° for the spiral angle being given.sa’sl'

No electron micrographs of sections of a native cellu-
lose fibre have apparently been published. Hodge and

Wardropl®

have however used sections of delignified wood
disintegrated in a blendor and also replicas of sections,
while Ribi,zo although not showing any micrographs, states
that microtome sectlions have been examined.

It was hoped that the present investigation would econ-




firm the presence of elementary fibrils in sisal and that
thelr dimensions could be measured. Electron micrographs
of sufficiently thin sections should revesal the organisation
of the cell wall, from the elementary fibril, through the
microfibril, to the coarser fibrils and layers visible in
the light microscope. This would, naturally, also deter-
mine what degree of individuality these postulated units

possess 1in the intact fibre.
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II EXPERIMENTAL

The material employed throughout this investigation
waa sisal fibre supplled by the Gourock Rope Work Co. The
micrographs were obtained with a Philips Metalix electron

microscope.

{a) Investigation of Fibres Disintegrated by Acid Hydrolysis.

Following the procedure of Mukherjee et al.,18 the
hydrolysis was carried out at room temperature with solutions
of sulphuric acid of concentrations varying from 950 to
1,000 gm./litre, acting for periods of one to three weeks.

The treated fibres were centrifuged and the supernatant acid
removed. Further washings by centrlifugation after adding
distilled water were continued till neutrality was reached,

the supernatant being rejected each time. As had been ob-
served in previous inwestigationa,ls’ls when the pH of the
supernatant approached a value of about 3 - 3.5, the fibres
disintegrated, forming a solution of colloldal cellulose.
Specimens for examination in the electron microscope were
prepared by evaporatling drops of the solution on Formvar
covered mounts and shadowing with palladium-nickel at 15°. |

When sisal is placed in sulphuric acid of such concentra-
tions the solution remalins colourless for 24 hours, but during

the next 24 hours the solution and the fibres themselves

become coloured a deep red, presumably due to the extraction
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of some impurity in the fibre. Washing with distilled water
dld not suffice to remove this impurity, and the electron
micrographs obtained from the examination of such solutions
were not satigfactory.

This red colouration reaches a maximum after about two
days and if the discoloured acid 1s then removed and replaced
by fresh acid, no further discolouration takes place. Thils
was carried out, the fresh acld being allowed to act for
several days. Much more satisfactory results were obtalned.

Since sisal has a relatively high content of non-cellu-
losie materials, particularly lignin, a large proportion of
this part of the work was concerned with the problem of ob-
talning a clean sample of colloidal cellulose. Several dif-
ferent methods of achieving this were attempted. Finally a
rigorous extraction process described by Preaton32 was em-
ployed, in which pectins are removed by treatment, first,
with a 50% solution of hydrochloric acid in alcohol and then
wlth ammoﬁium oxalate solution, hemicelluloses, by extraction
with hot dllute sodlum hydroxide solution and lignin, by
treatment alternately with chlorine water and hot dilute
sodlum sulphite solution till no colouration results. A
white, clean-looking product was obtalned which gave no
discolouration on sulphurlc acid hydrolysis.

Plate 1 is a micrograph of a speclmen prepared in this
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way. It shows the characteristic cellulose particles sim-
ilar to those obtained in previous investigations on other
fibres. There does not sppear to be any contamination by

impurities.

(b) Investigation of Fibres Using a Thin-Sectioning Technigue.

The main difficulty of cutting sectlions for examina-
tion in the electron microscope is the necessity of making
these sufficlently thin. Ideally thelr thickness should
not exceed 0.1l microns, and although this was not in fact
achieved, a number of sectlons were obtained which gave quite
interesting electron micrographs. I am indebted to Dr. J.
Hossack of this Department for the cutting of the sectlons.

Since sisal is a stable material no fixation was re-
quired. The fibres were dehydrated in absolute alcohol and
impregnated with monomeric n-butyl methacrylate containing
5% methyl methacrylate. The blocks, prepared by heat poly-
m;risation at 60° C. were cut on a Spencer Rotary Microtome
modified by the inclusion of a Pease and Baker adaptor, using
glass knivea. The sections were floated on agueous alcohol
and picked up on Formvar covered specimen mounts.

Stalning of cellulose has not been very successful in
the past and instead, the plastic was disasolved out with
acetone and the specimens shadow-cast with palladium-nieksl
in the usual way. The removal of the plastic appears to be
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necessary since electron micrographs of unextracted sections
show extremely poor contrast. |
Plate 2 which 1s a micrograph of an unshadowed speci-
men shows part of a slightly oblique cross-section of a fibre, |
parts of several of the individual cells being visible. |
It was found that blocks prepared in thib way from
intact fibres did not cut well. This was probably due to
the fact that the fibres, having a hard close texture, had
not been impregnated sufficiently well with monomer. It
was therefore declded to use material from which the non-
cellulosic camponents had been removed. The purification
was carried out in the same way as for the sulphuric acid
degradations (see page 100). The cleaned material was
placed in distilled water and shaken up for a few minutes,
when it disintegrated into a loose pulp consisting of smaller
fibres, presumably the individual cells of which sisal is

camposed.27

This was prepared for cutting in the same way
as before. The blocks thus contain a randomly oriented
mass of small flbres which could be cut much better.
However, owing to the random orientation of the small
fibres 1n the block, it was a matter of some difficulty to
determine the angle at which a given fibre was being cut.
Also, since the purification process is of such a draatic
nature, some degradation of the cellulose and considerable

swelling and distortion probable take place.
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Plates 3 - 7 are electron micrographs of shadow-cast
sections of purified sisal prepared in this way.
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IITI RESULTS

Plate 1 is a micrograph of sisal disintegrated by
treatment with 1,000 gm./litre sulphuric acid solution at
18° C. for 13 days after rigorous extraction of impurities.

The width of the smallest particles visible is about
QOA. A larger number have & width of about 170&, while the
majority of the particles have a width of around 500&. Al-
though intermedlate values also occur it does appear that a
large proportion of the particles obtalned have one of these
three widths. The thickness of the particles, measured from
the length of the shadows, was found to vary considerably,
the minimum being about 20A. The lengths of the particles
vary from approximately 500A to 5,0004.

Plate 2 is a milcrograph of a section of an intact fibre,
showing the individual cells. Some detail is visible in
the cell wall, but 1its interpretation does not seem possible.

Plates 3 - 7 show sections of purified sisal fibres
cut at various angles. Plate 3 is a micrograph of a longit-
udinal section. The approximately parallel layers which
are visible have a width of about 1,400& and appesr to be
broken up into lengths varying from about 3/4 to 2 microns.
Also visible are some very fine long strands sbout SOOA wide
and of length of the order of one micron. Plate 4 shows &

cross-section. The dlameter of the cell shown 1s about 20




105.

microns. It can be seen that the layers are arranged in
concentric rings, which are however not continuous. The
width of the edge of the rings 1s about 1,400A.

Plates 5 and 6 show the same oblique section, Plate
6 being a twofold enlargement of part of Plate 5. Here
there 1s consliderably greater disorder in the arrangement of
the layers, due perhaps to a greater degree of degradation
during the purificatlion process. The width of the layers
is rather variable, but the average seems to be again about
1,400&. The lengths vary conslderably, going up to about
3 microns.

In Plate 7, the layers have been cut obliquely and
something of their internal structure is visible. A few
particles of about 100& width are present. However, the
majority of the units have a greater width, of the order of
300 - 500 A, with quite a large number having a widbth of
about 500&. The particles seem to lie more or less perpend-
icular to the plane of the section, and thelr length appears
to be equal to the height of the section. This would sug-
gest that they are parts of a longer system.
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IV DISCUSSION

The 90& width of the smallest particles obtained in
the sulphuric acid degradations agrees fairly well with
the determination of crystalllite size from X-ray measure-
ments, and also with the results of other electron micro-
scoplc investigations. It would thus appear that these
particles correspond to the postulated elementary fibrils of
sisal. The measurements are, however, only approximate
and smaller particles, if preseht, may not be resolvable
by the microscope.

Attempts to cut sufficlently thin sections of intact
fibres have not been successful, and in the micrographs
obtained,very little detail 1s wvisible in the cell wall.
Camparison with the mlicrographs of sections of purified
material shows that a great deal of non-cellulosic matter
is present.

On the assumption that the section is oblique, the
diameter of the cell shown on Plate 2 appears to be approxli-
mately 9 microns, considerably less than the value cbtained
from light microscoplc studies. The circumference of the

cell, however, would correspond to a dliameter of about 23

microns, in excellent agreement with the optical measuremonts,-,

suggesting that it is really a cross-section, with the fibre
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having been squashed during the cutting. The cell shown
on Plate 4, which is, however, a micrograph of purified
material, also has a dlameter of about this length.

Much more interesting results have been obtained with
the purirfied maéerial. The layers of cellulose, whose width
could merely be estimated as being of the order of 0.1-0.5
micron from light microscopic studles have been found, in
actual fact, to be 1,400 wide in sissl. In oblique and
longitudinal section these layers appear to be broken up
into lengths varying from about 3/4 to 3 miecrons. This
may be due to degradation of the cellulose in the purification
process, or to the resolution of the individual fibrils of
which the layers are composed. The discontinuity of the
layers seen in cross-~sectlion on Plate 4, could also be due
to fibrils of about 1,400A diameter lying roughly perpendicu-
lar to the plane of the sectlion.

Plate 7 shows that the layers of 1,400A width are built
up of small particles, the majority of which appear to have
approximately the same width (300 - 500A) as the microfibrils
discovered.in the earlier electron microscopic studies.14"17
The full length of these particles cannot be estimated from
this plate, but they appear to be at least as long as the
section is thick (probably about 0.2 micron). On Plate 3
can be seen strands of about the same width which have lengths
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of the order of one micron. However, since in every case.
one end of these merges into the layers, this value also,
represents only a lower limit for their length, in agreement
with the indefinite length found for the miecrofibrils in the
earlier investigations. It is of interest that particles
which are 300& wide constitute the main product of the chem-
ical degradations (see Plate 1).

The particles of lOOA width also visible on Plate 7,
may correspond to the elementary fibrils which have previously
been found only in material which has undergone drastic dis-
integration. They could, however, represent edge-on views
of the larger, ribbon-shaped microfibrils.

The results of this investigation are thus in agree-
ment with the recent theorles of Kratkye and FreyJWyssling.zg
The postulated elementary flbrils and microfibrils have,
however, been visible only in sectlions of material which may

have undergone considerable degradation.
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Plate 1.
Sisal disintegrated with sulphuric acid. Shadowed with
Pd - Ni at 15°. Magnification x 4f,,800.



Section of intact fibre.

Plate 2.

Unshadowed.

Magnification x 7,300.
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Txdl

Plate 3.
Longitudinal section of purified material.

Pd - Ni at 15°. Magnification x 9,200.

Shadowed with
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Plate 1.

Cross-section of purified material. Shadowed with Pd - Ni

at 15°. Magnification x 5,800.



Plate 5*

Oblique section of purified material. Shadowed with pd - Ni
at 15°¢ Magnification x 7,700.



Plate 6.

Part of Plate 5 enlarged.

Magnification x 15,300.
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Plate 7.

Slightly oblique cross-section of purified material. Shadowed

Pd - Ni at 15°¢ Magnification x 24,000,
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