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SUMMARY

This thesis describes the struoture deteraination
of two complexesz of parabanic acid, and the nature of

intermoleocular contacts found in esoch compound.

Urea parabanate (UPAA) was studied in the searoch
for further examples of carboneoxygen contecte of the
type previously found in parebanis ecid and four other
organic solids, The absence of a heavy atom in this
struoture led %o the investigation and determination of
+the atructure of thiourea parabanate (TUPBA) from its
Patterson function. Although the two structures ere not
isomorphous, sufficient information waa available from
the sscond to determine the UPRBA structure from its
Patterson function. Toth structures were refined by

least squares methods,

Carbon~oxygen contacts have been found in UPBA,
The contaot lengih and angle eare not in accord either
with previous dsta or with suggested mechanisms for the
contact. A re~evaluation of the data has suggested an
slternative mechanism which explains both the spread in
contact enzles and the lack of ocorrelation betweern con-

tact length and angle.



4 second type of contmct has been found in TUPBA,
Here the contact is between sulphur and oarbon stoms,
and the contact angle (at the sulphur atom) is near
90°. A mechanism for this violation of the Van der

Yaals' packing is mlso suggested,
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CHAPTER ONE ﬁggggg,})

THE CARBON=OXYGEN CONTACT AND AN INVESTIGATICN

OF THE STRUCTURE OF UREA PARARANATE

1.4 Introduoction

Since the atatement of Bragg's law, X-ray and
neutron diffraction methods have been enmployed in the
determination of many crystal structures. The deta
which has thus been socumulsted include the spatial
arrengement of =ztoms within the unit cell, =nd as such

may be useful in three main wsays.

{1) Comparison of theoretical with empirical bond
lengths and angles has provided a means for testing

various conceptions of stomisc structure,

(11) Specific prediotions asbout the interaction of
certain classes of atoms may be msde. FTor exanmple,
the dimensions and planarity of the tensene ring,

snd many hetero-cyclic compounds, sre wmell known.

{111) Genersl forec=sts may be made about syatems
for which there 1s no explicit data. Such s pre-
dlction may concern the possibility of hydrogen
bonding between molecules in 2 s0lid, the basis for
this belng the prevalence of this kind of inter-

molecular bonding in those organio crystalas which
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have been studied,

Although there asre inherent dangers in making dog-
matlic statements on such a basis, much insight on the
orystal structure may be zained by thiz approach,
Fxamples of the use of this technigue inoclude the
“atson=Crick base-pairing in their model for D, ¥N,:i.
(¢#atson and Crick (1953)) and the discovery of the a-
helix (Pauling, Corey and Branson (1951)). ®ith regerd
to the latter, proteins were known to be polymers of
amine ascids linked tozether in polypeptide chains and
X-rsy diffrasction photographs had shown some of these
chaina to be heliocal. Of two stericaelly ressonable
helices (the « and y forms) the a~helix requires less
bending of the N~H,..,0 hydrogen bonds and was therefore
selected, Slubseguent structure esnalyses have verifled

the a-helical structure of proteins.

On the other hand, the recent di scovery of another
intermolecular donding mechanise in a certain claas of
organic solids has shown thet itz influence must alao
be considered when making general predictions sbout the

cry stal structure.

Until 1366 only five examples of this new mechanism
had been observed. Theywere in parabanic acid (Medlin

(1955) and Davies and Blum (1955)), chloranil {Chu,
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Jeffrey and Sakurai (41962)), anhydrous barbituric acid
(Bolton (1963)), alloxan (Bolton (1964(a))) and tri=-
ketoindane (Bolton (1965)). Figure 1.1 shows the most
stable valence bond structure for these compounds and

the intermolecular contact data in each case., The con-
tact is always between a carbonyl oxygen atom and a ring
carbon atom and it results in a significant shortening of
the sum of the Van der Waals' contact redii for carbon
and oxygen stoms {3+1%), Further, in each case there is
8 deficlency of soidie protons for complete hydrogen
bonding of all the el ectronegative atoms in the erystal,
The se consistencies in the data enabled Bolton (1964(b))
to predict the existence of contaocts in alloxan and tri-
ketoindane. 1In fact in these two structures no hydrogen
bonding occurs, despite the presence of two N-H groups in

alloxan.

Bolton (1964(b)) has formulated two empirical crit=
eria for the formation of carbon~oxygen contacts. The
requirements are the existence of seversl carbonyl groups
associated with a ring moleocule and the deficiency of
protone outlined ebove, The significance of the second
condition hes yet to be verified. The implication that
facilities for hydrogen bonding will be utilized in pre-

ference to those for contact formation is contradicted by
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the alloxan structure.

Two other points of interest are in context in this
introduction. The approximate collinearity of C = 0 ,.
ee C! atoms and the direction of the contact relative to
the p, orbital of C' support the view of Bolton (1964(d)),
whereby the interaction is similar to hydrogen bonding,
a dipole attracting a charge. Also, there is no adequate
explanation for the fact that the oxygen atom involved in
the contact is not involved in a hydrogen bond (i.e. apart
from the fact that in some cases no protons are available),
since there is no geometrical reason why the two mechan~
isms may not act simultaneously. It is well known, for
example, that a2 given oxygen atom may be aoctive in

multiple hydrogen bonding (Vaughan and Donohue (1952)).

The study of a compound with excess protons for
hydrogen bonding, but which still might be expected to
be stabilized by the contacts, was considered. Urea
parabanate (UPBA), a complex of urea sand parebanic aocid,
is such a compound.

04

/C1 \ H2 H32 /cz. H42
M 72/ \N3 \Nl./

H31 Hat
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There are six protons in the structure {(CO(NH,), =
(co)3{(mi),) and all four carbonyl oxygen atoms may
therefore be hydrogen bonded, Since the parsbanic acid
erystal structure is stnbiliged by 8 controt, knowledge
of the UPBA structure should provide interesting inforne=~
tion on the way in wﬁich the t{wo bonding mechanisms com=
pete., To the suthor's knowledge, this is the first
complex of any of the five compounds in question %o be

studied.

The study of thisz compound is related to other work
in this laboratory. UTuring the synthesis of parabanic
ecid, Yedlin (1355) observed tws unknown compounds whioch
have 3ince been identified as urea oxslate =nd uresa para=
benate, The structure of the first of these was deter-

mined by Gurr (4961),

1:3e1 Preliminery Investization of UPRA

“reliminary wmork on the structure of UPR! was done
in 1965 as part of the F.lc. Honours course in Fhysics.
In brief, the report of thet work contains the following

relevant inform=tion.

{a) Crystals of UPBA were grown by ssturating a
werm solution of psrabenic scid with urea. The

erystel hebit is tsbuler prismatic, elongated in
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the b-direction with the (101) face well developed.

(b) The crystals melt at 183°C and the clear melt

decomposes at epproximately 22006.

{c) The results of mioro-analysis give the relative
proportions of the elements as Ca0,NyHa, suggesting
that the complex has formed with ures and parabanie

acid in the ratio 1:1 (M.%We = 174).

(4) The density (8) was found by flotation to de

1+61 grms/ce,

(e) Rotation and Veissenberg data about the b-axis

give the approximste unit cell as

a = 9-05%
b = 5568
¢ = 14+8R%
g = 107°

Using the relationship
nn
Q.
NoV
where m = molecular weight

Ne¢ = Avagadro's number

and V = unit oell volume,
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ny, the number of asymmetric units per unlt cell,
is four. This value gives agreement with the

measured density to within 47,

(£) Fxtinotion along reciprocal lattice rows defined
by (h,0,2n+41) is a necessary but not sufficient oon-
dition for spece sroup P24/c. (The space zroup was
subsequently determined uneguivocally when a-axis
photographs revealed extinction of (0,2n+1,0)

refleotions).

(g) The angle between the optic axes (2V) ia close
te 90°, implying therefore at least thet the struc-

ture is not planar,

(h) There are no well defined cleavage planes but
two were found which are apparently related by the
screw axis. (Later, these planes were found %to be
close to {211) and 274)). A less well defined

cleavage was subsequently indexed as (?b1).

(1) TInfra-red spectra of urea, parabanic acid and
UPBA were recorded {in potassium bromide discs) for
tfinger printing' purposzes only. Considering the
method of creparation of the complex 14 was not
surprising that no new high energy (covalent) groups

were evident,
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(3 This work ended =t this staze with sollection
of three¢ dimensional b-axis dsata by the “eliszsenterg
msthod., Uultiple (4) film packs were used, Four
layers of unintegrated intensities were recorded on
& three dsy exposure from s crystal whioh had been
stohed into & cylinder of radiuvus *{1 mms. Thisc was
done to minimise abscrption effects {see section

1,269 )0

12142 TFguipmen

For most of the mork desoribed in thiz thesis a modi-
fied Solus veodical Y-ray Unit was used {Metthews (1963)).
Typical tube ratings for Cu Ka radiation were 30 kV (fall
wave rectified) and 20 mi, The only modificstion to this
unit as deseribed by ¥stthews was the replecexent of the
vacuum diodes by solid stste rectifiers, this alteration
being mede for the work described in chapter two. Jeverel
of the alignment photographs for the work in chapter two

were taken on & Hilger X-ray Diffraction Unit.

1.2 Intensity “sta
Of the 41600 independent reflections within the
1imiting sphere for Cu Ka radistion, 956 were estimated

by eye from the beaxis settings # well shaped, low angle



9.

refleotion was used in the preparation of a calibration
strip with linear range from 1 to 30, On this basis

879 of the reflections were assigned non-zero intensity,
In addition to the three day exposure taken carlier, six
day and three hour exposures were also recorded. The
former ensbled more socurate determination of weak
reflections whilst the l-tter was necessary for those
orders of diffraction which were otherwise outside the
lineer density range of the film. P¥ilm factors were cal-
culated by hand and all intensities were scaled to the
top film of the six day exposure, Intensities in the
range 1 to 40000 (on some arbitrary scale) could be esti-
mated (F(000) = 360).

122,41 FPhysicel end GCeometrioal Corrections

Corrections for contraction and elongation of upper
level Welssenberg data were made according to Fhillips
(1954, These corrections were made by hand by measur-
ing the distortion in length of the reflections in ques-

tion, TFor contracted reflectlions the correction is
_ L-aL\
I, =1, (5--/ ()

L

and for elongated reflections

I, = T, (L;AL) (v)
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where AL is the distortion from the mean length L and I,
is the intensity estimated from the film. Fhen the con=

traction was severe (b) was used alone.

“quivalent reflections were then averagzed sccording

to the rules for space group symmetry P2./c, vis.

i{hk¢) =« I(nke)
and I(hk2) = I(hk%)

and the mean valuz was used for subsequent caloulations,

The C.S.T.k.0%'s CIXRUS 3200 ocomputer was available
to students of the University and this was programmed to
make Lorents-polarisation correotions. Unitary and
norsalised structure amplitudes, which st this stage were
unsceled and uncorrelated from layer to layer, were also
caloulated. These quantities sre defined as

Ty
U, = == {sun over atoms)

if
j IR

i /'F i*. %
ane " \czr' )

respectively, where the value of € depends on the space

group and the value of h.
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Since g e 130 nu°1 for UPBA, the optimum thickness
is +15 oms. The orystal diameter is therefore approxi-
zately .2/u and absgorption effects were considered to be

negligible.,

¥ultiple diffruction wes concsidered and rejected as
insignificant. Although thias effect is probably present
on (hKt) sections when K { 0 (since ¢ & 152) it will not
effect a structure s=nalysis in whioch accuracy of 01% is
required. Panke and %Yolfel {1969) hnve recently shown
that in HgaS1 the errors introduced by nmultiple diffrace
tion are of the order of 0+41 &/A% in the finsl electron

density distribution.

1:2,2 a-axis Photographs

Several of the faoces in the [010] zone were indexed

from the zero layer Welssenberg film and it was therefore
possible to align the ocrystal for a-axis photographs,
However, the morphology of the crystal mede 1t diffiecult
to obtain a orystal suitable for Xe-ray work. The c-axis
was alao unsatisfactory in this respect 2nd it was deo=
ided to work on the b-saxls data alone. The mein impli-
cations of such & decision are the failure to record
certain prinoipal axis data {in this case (020), (04D} eto)

end the lack of information for correlation of intensities
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me2sured from parallel reciprocal lattice sections. The
principal axis date is of most importance when there is

e moleculer plane perpendicular to this exis and in this
case the cleavage informetion left little doubt that
U(oke) would not be significantly large. Furthermore,
since all the b-axis dats had been scaled to the asix day
exposure {(and fluctuations in the Xersy flux over six

days should average themselves out) it was considered that
the interlayer scaling constants required to correlate the

sepsrate leyers would be close to unity,.

12203 _The Touble-31lit ieissenberg Method

As a oheok on these constants, & modified version of
Stadler's (1950) double slit ¥eissenberg method was used
to record simultaneously the szeroth and nth b-axis layers.
A pair of ocompatible lsyer line soreens were constructed
for the purpoase of reocording each layer on sevsrate halves
of the film. (Jee appendix &), This eliminates the need
for the ring of variasble width as required by Gtadler.
Kotation of the screens through 1800, followed by a seoond
photograph, provides the necessary data for making the

Phillips correction.

#“hilst the correction for the Lorentz factor is e

funotion »f cosy, the polarisation correction varies with
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sinv. (Lp)-ﬁ is therefore different for data ocollected
in the equi~ end anti-equi-inclinstion positions, In
the double slit method, the zero loyer cone intersects
the film in the antiecoui-inclination position. Yartha
{1952) hes drawn contours of (Lp)~1 (for snti-equi=
inclinetion}) as a funotion of the inclinstion setting
end these were used to make the corrections for zero

layers from this set of deta,

For a given film, approximately twenty reflections
of each type, (hoi) and hEL), were estimsted visually
and correoted in the way outlined above. The ratic of
the finsl intensity tc the intensity of the same reflec-
tion from the b-axis film packs was then found. The

sonstants are all oclose to unity. If

T L TR

\I(th)buaxiB data £(hoz )b axis data /

then Cq = 101
Ca = 94
Cs = 1°19

From the data, these values are reokoned to be accurate

to within 107,
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1a24h 8‘13 Filson r:’:!..tj't
Le~st squares fltting of the 2ata to a *ilson 1ot
(*11son (1942)) showed that it was almost on an absolute

scale. The best fit psrameters (see Fig, 1.2) were

where kxoba = Iabs

and ® is the tempa ature Pactor constant in the exnression

£ = £, exp(~-B5%),

1.3 nit Cell Tata

After a satisfactory trial :truocture hed been deter~
mined, the unit sell constants were redetermined with
greater accuracy than before. This was necessary in order
that suff'icient sccuracy in the dond length and sngle data
night be obtained, especially when it was apparent that

close carbon-oxygen contacts were present in the structure.

The “eissenberz film was ocalibrated with sodium
chloride lines in the following way. Cryztals mounted
for both b 2nd & axis photographs were dipped several
times into a cold concentrated solution of sodium chlore

1de (ANALAR), Towder lines sre produced on the Weissenberg
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fiime Yor a body~centred cubic reciprocal lattice (RaCe
belng fecece: the extinction conditions are such that,

if zero is considered an even number, the indices of
refleoctions with non-sero intensity are elther all odd

or all even. The ocell constant for Jals is 5~627LR. The
reclprocal lattiece coordinetes of the powder lines were
determined by d4d® = A\. From the{ho?) 2na (ok3) sections
of data

a* = +1786

i

*0003
b* = +2742 +0002

e* = *1087 ¢« <0003

it

The engle of the cell was determined by measuring

sccurately the angle between three well developed faces
of the crystal, all of which were in the [010} gones These
faces were (101), (001) ané (701) snd the angles, as deter-
mined from meazurements made on & one-circle Unicam S.25
gonlometer, were acourzte to sﬂe minute of arc. Ceveral
measurenents from two sersrste crystals were made., The
values for two independent angles can be used to zet two
values of F* by using the geometry of the (hof) reciproocal
lattice section., The final unit cell parameters are

e = 9137 + -01LR

b = 5623 + 0038

¢ = 15013 + <0458

B = 109%g+ 4 o2
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Thies technique of determining the cell constants is
recomeended by its simplicity, even though the a200uracy
obtalned 15 somewhat less than that obtainable by other
methods {e.z. 7arquhar an! Lipson (1946)}. The uncert-
ainty in the length o? a 12 bond in the e~direction is
approximately '0333 and it was expected that this would
be sizgnificantly less than the standara deviation of bond

lengths as determined by the least squares procedure.

1s4 _The Fhase Iroblem

The well known Fourier transform relstionship
between an object (e.g. crystal struoture) and itas dife-
fraction amplitudes haa been di zcussed by Lipson and
Cochran (1966). The three dimensional pericdicity of the
unit cell in the orystal structure requires sampling of
the unit cell transform at polnts on & reciprocal lattice,
the geometry of which is inversely related to that of the

real lattice.

Three important properties of the Fourier transfornm

which are relevant to cry=tal struocture work are:

A}

(a} repetition in one space gives sanpling in the
other,
{b) multipliocation in one space gives convolution

in the other, and
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(¢} =a seotion in one space glves a projection in

the other,

The operations or addition an¢ subtrasction are preserved
by the traasform provided proper acoount is takea of Lhe
phase. Ths property (o, was must useful before the =a2dvent
of high speed electronie computers, since knowledge of

two 2~dimensional projections of a structure suffices to
locate the scatterers in 3~dimensions (provided overlap

is not too aevere).

If p(xyz) iz the density distribution in & cell of

(3.4
]

volume ¥ and 7(hke) is the complex diffraction amplitude

of order (hk?) we mey write
1 oo
p(xyz) = = LIX F(hk?) exp|-2#i(hxeky+<s)]
V hke

-0
Yrom intensity mescurements of the diffrsction deta only
the real part of the complex emplitudes are¢ known end

deterxination of p{xyz) cannot proceed directly.

The structure factor equations sre
N

F(s) = & £, exp2ei(r, .3
Jud 4

where f’J 13 the atomioc scattering factor of the jth atonm
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at the coordinete r ni . 1is the reciprocal lattice

J
vector to the point {hk#}. There sre 3¥ unknowns in

such an eoustion snd it might be exrected thet the chserva-
ticen of 3N orders of diffrection would be different for &
unicue solution. FPorever, each new observation intro=-

duces & new unknown, vis. the pheuse of thsat structure

factor, end for m equetions there sre 3% &+ m unknownse
There are two ways of approsching the phase problem,

(1) #hrt informetion -bout the structure is carried
by the intensities?
(2) ¥het information about the phases is carried by

the amplitudes?

The inhereant equivalencte of the two approaches is

masked by the way each is expressed,

(13 Tatterson {1935} hes defined a function

[ A
4
P(u) = vl [ 2{x) a{x+u)ax
00 O
which can be shown %0 reduce to
’

Plu) = =
v

fuf

l

{3)]* expzri(u.s)

fen o2

The Fatterson function is, by definition, the autccorrela-

tion Tunction of the unit cell contents snd for
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computational purposes is the Fourier transform of the
intensities, The autocorrelation function of & set of

N points is the vector set of the fundamental set and
conteins N images of this set st the origin. The finite
slse of the atoms and the crowding of N®*-N peaks into
the Fatterson cell (of the same volume as the real cell)
ceuses overlap of peaks, and the function, for large ¥,

is often insoluble.

(2) The fact that the phsseleas intensity data can be
trensformed into » function directly related to the scate
tering density implies th=t phase information is stored in
the diffraction amplitudes., However, the existence of
homometric sets (i.e. two real sets with the same vector
set) suggests that this phsse information will not rlways
be unique. If it can be extracted, the Fourier tranaforn

relation can be used to find the scattering distribution.

Ina structure of two atoms (space group P4) the
structure factor equations ocan be solved to £ind the

coordinates as follows,

£(8) = £ exp2wi{rssS) + f3 exp2wi(rs.S)
I#(8)] = [(£4 cos2m(rsa3) + £, cos2w(zs.3))?
+ (£4 sin2w(zr+.3) + £, Sin?f{zﬁoﬁ))']i

e [F(S)|® = 2% + £3 + 20,1, cos2wS.(zs=rs)
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Without loss of generality, atom 1 may be put st the origin.

The solution of the eguations

[P(400)|® = 2§ + £3 & 2P.f3 cos2w(xy)

[7(010)|* = £% + £2 « 2ffy cos2w(ys)

+

[7(001)]|* = 2% + £3 + 2040, cos2w(s,)
will yield |xe|, lyse] and |3.].

Likewise

P(140) = 25 + £3 & 29,2, cos29(xXe+yse)

will yield lxm+y¢], and the relative signas of x, and ya,
and similarly of %y and %o, may be determined., Measurenent
of five orders of dif fraction is sufficient to solve this

system,

%hen there z2re three scatterers in the cell, higher
crder diffraction amplitudes must be conzidered and poly=-
nomial egqustions are generated, Geometrically the sproblem
with N>2 is that the shape of a three sided figure (a2)
is determined by the length of its sides, but this is not

so for & four sided figure.

Karle and Hauptman (1953) have used probability
methods to determine the signa of structure amplitudes
of ocentrosymmetricorystals and the literature illustrates

the growing use of thie end similer methods of phase
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determination. Recently Karle and Karle (1966) have

given a procedure for noncentrosymmetric space groups.

Cther methods of phase determination include the
heavy atom method (Carlisle and Crowfoot (1945)) and the

method of ismorphous replacement (Cork (1927)).

The underlying importance of phase determination
in all orystal structure work has stimulated the follow=-

ing speculations on possible solutions.

(a) Consider the following pairs of functions
which are Fourier nmetes (i.e. one i s the Fourier

transform of the ot:cr and vice versa).

p(r) o 2(8)
P(u) o |[F(s)|® (1)
p(r) o |[2(s)]

Here o, P and F have their usual meaning and p(r) is
defined on the unit cell of p(r) to be that distribution
of scattering material which has a purely real diffrac-—

tion pattern |F(3){. In one dimension

&

p(x) = ; [P(h)]| exp2mihx (2)
h=wo

oD
= I |F(h)| (cos2whx + isin2whx)

ha oo
o0
= 2 {lF(h)I (cos2mhx + isin2whx) + |P(=h)|
h=o (cos2whx - iainthxJ



o0
=2 3% |72(h)] oos2whx (3)
h=o

since |#(h)| = |¥(-h)| (¥riedel's Law) .°. p(x) 48 real,

The logic in this result is
p(x) real - Friedsl's Law = p(x} real.

(It should be noted that Friedel's Law only holds for non=
anomatous scattering}. However p(x) is strictly positive
{in reality} whereas p{(x) Ray assume negative values.

The physical meaning of these negrtive regions in p(x)

is that a phase change of # oceurs when radiation is
scattered from them. (Brages scattering occurs without

change of phase). Fouetion (3) implies that
pl{x) = p{~x)

and p(x) is therefore centrosynmmetrio, regsrdless of

symmetry elements in p(x).

4n interesting property of p(x) is thsat it has the
same autocorrelation function as s(xj. If = revresents
an operation by which & function 18 ccnvoluted with its

inverse, then

P(u) = o{r)*e(r) = p(r)%p(r)

(The inverse function here is defined es the centrosym~

metrically related funetion}., The existence of homometrie
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sets has been meutloned earlier in this section, If
distributions which scstter with a phase change are cocn=
sidered, then every set has an infinite number of homo=-
metric sets; each corresponds to the transform of the
anplitudes with & particuler cormbinetion of phzse angles,
In general, only two of these zets are reai, vis. p and p,

since Friedel's law states
E(h) = F*(=h)

and the result (3) does not necessarily follow from (2)

when the Fourier coefficients are complex.
Two possiblie uses for p(r) are

(L) improving the resolution of P (u) as defined by
p(r)*p(r) rather than by the Fourier transform method,

and
(i1) direot determination of p(r) from p(r).

(1) The followins argument may bs used against the first
proposition. Although p(r) will be sharper then P{u)
(Fourier transform of a broader distribution is involved)
this resoclution will be lost when the autocorrelation
operation is performed. All that is known about p(r) is

that it is real snd centrosymmetric. Whether or not it
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is s continuous aistribution {unlike o(r) which is con-
centrated around well def’ined polnts in the cell) is open
to speculation. Tf p(r} does have the seme oharccter as
p(r) then we can define s function p'{r) which is the
point set corresponding to p(r}, each point heving a cer-
tain weight enéd £ phese sngle of O or w, & geopeitrical
sutocorrelation of p’{r) will then give » point vector
aet which can then be solved for p(r) on the basis that

p(r) i: always positive, The approximation of

P(u) = p(r)*p(r)

to
F*(u) = p'{r)*p’(r)

is obviously ecritical,

In some geophysiocal work, the scettering medium
(e.ge the lonosphere) is s ocontinuous di:tribution and
p(r) may well be suoh a funotion. However since p(r) doces
have some of the properties of p(r) (ec.ge it is real), the

charscter of the p(r) distribution may elso be found in

p{r}.

(i1) From the sbove discussion it is seen that p(r) and
o{r) sre spparently unique &2 resl solutions to the

FPetterson function P(u). One way of looking at p(r) is
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to say that the phase information carried by the ampli=-
tudes has been converted into the phase information in
the function p(r). Tt is interesting that phase angles
carried by amplitudes from a noncentrosymmetric structure
convert into phase angles of O or 7 in p(r).

(b) Another approach to the problem was by con-
sideration of Fourier series whose amplitudes were 31/n
where n is integral. The error in approximating these

coefficients by 'El % is smaller for large n. Thus if

p w B
p « |F|
1/ 1/
p ® e p P
1/ 1/
p T e ] P
1/ 1/
then lim o % = P B
noo
1/n
The functio? o may be complex but approaches the real
1 - ~
function p B in the limit. If n is even then
2/ 1/ W 2/ 1/ 1/
o n _ v n - N ndp Pap Do, 'n

(*' represents 7e1f-ocnvolution, not autocorrelation).
1

For large n, p B3 very sharp since the coefficients

1
iE! B are quite flat. Tt is likely that errors in
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measureanent ol IFI’ will Ye magunified when the nth root
of 3?1 1z uzed ?s coefficient in the: Tourler expansion,
The function p1 Bois always centrosymmetric and therefore
the operation of successive self convolutions will always

rozenerate p and not po.

The foregoing discussion ocontains some of the author's
ideas on the phase problem. The funoction p(r) has not been
caloulated for either of the structures determined in this
project since 1t iz not clear that 1t would assist in the

solution. The ldeas expressed have not heen snlarged.

3.5 . _The Patterson Funotion

By definition the asutocorrelation function is centro=-
syametriec, and the 0dd terms in the expansion for P{uvw)
are zeroe. Therefore we may write

1 .
P{uvw) = = ZEZ |7(hk)|?cos2w(huskveinw)
V hk#

This computation was done on the University's CDC
6400 machine using a Fourier prozram written dy Dr, F. ¥,
Radoslovich of the C.S.I.R.C. (Adelaide). This program
required cnly minor modificetion to render 1t compatible
with the 6400 and was subsequently used for the work des-
cribed in this chapter. The use of projections was not

considered st this stage asince a three dimensional Fourler
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with 10UC coefficienta couid be computed in approximately

three minuies.

Lipson snd Cochran (1966) give the least number of
intervals along & cell edge to be 4h ax for any given
+ a b o
direction. On this basis, the sampling of /30, /30, /60
could have been a iittle finer in the a directicon,

Fithout hand sorting of the cards, the above saapling

made best use of the facilities of the RProgram,

151 Sharpening

The Patterson peaks were sharpened by applying sn
artificial temperature factor %o the structure factors.
The chosen value of B was 2+3, The dlffraction prttern

of a step function of height a and width T is

7{n) = aT !

/gin{tnT))

(#aT)

and therefore 1f the effect of applying the temperaturs
fsotor iz to inorease the value of structure factors at

the edge o the limiting sphere by a factor of 10, & simie-
lar increase in the amplitude of the ripple may he expected.

“n this case at 8in® = 1 we have

Pl

Fo o ¥ exp ""2.3 ’.,.__.._.1 *)
. \ K1~5h) /

& 3F
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1.0, I,‘ & 97

and hence e 7 fold increase¢ in the sh arpened ripple over
the unsherpened ripple will result. The velue 2 = 2°*3 has
been found to glve good compromise between maxinum sharpen-

ing and minimum diffraction ripple.

1:5.2 Harker Sections

Symme try related stoms in the P2./¢ unit cell ere

found in the following general positionsi=-

(xys)
(x:%"y ,%‘4-2)
(; s%“‘ya%"’)

- e

(x ¥y s)

The vector set of this array of four points will also be a

set of four points #ith coordinates

(000) (weight L),
(2x,2y,2%) { 2),
(2x,%,%+22) ( " 2),
and (0 d=zy,5) g " 2).

When the set of interatomic vectors is gencrated
the translational syumetry of the cell is lost and the

Yatterson symmetry is therefore Pz/m. It is therefore
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sufficient to caleulate only one quarter of the ratterson

cella

1eH5.3% Holutions of the Vector let

The Yarker plane, ¢ = &, is densely populated with
peaks, but the line sectlon, u = 0, v = %, shows only two
mexims. The peaks et v = O, snd v = 3 correspond to
scattering centres et y w 1/4 end y = 1/12 in the real
cell. This apparent constraint on y coordinates could
lesd to the conolusion that there are two moleoulsr planes
perpendicular %o b, Further evidence in support of this
view 18 the density of pesks in v = O and the sbsence of
other peaks until v = 1/6, s distance of sprroximately

‘9?.

Such a conception, however, is not only contradict-
ory to the opticel evicdence but is most unlikely in a
gstructure such as this where the intermolecular bondés are
alpost certain to be hydrogen bonds., The stzence of other
peaks slong the Yarker line is appsrently the result of

overlap,

The fact that many peaks (seven) had arisen at v = O
is not so easily explained, If the structure were planar
and perpendicular to b, the absence of {oko ) spectre wculd

only serve to smesar out the peak coordinates arounmd v = O,
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The effect of these Fourier waves (when they are large
and are inoluded in the summation) is to add grosaly

to those peaks near v = O and to contribute little to
those elsewhere. (This is the case for large P(040) ana
small F(020)). The density of reaks on v =« O can best
be attributed to chance vector relationships between

atoms,

Gne way of making use of the two Harker line peaks
is to treat the two molecules in the asynmnmetric unit as
dirfuse scatterers, The strongest peaks in the Yarker
Plane were used in conjunction with two Yy values derived
from the line seoction. The relative weights given to the
scatterers in reoiprocal aspace were 2:4 (parataniec acid
has 58 eleoctrons end urea, 32), The parabanic acid was
placed to correspond to the heavier of the T"atterson peaks
and structure factors for this model were calculated,
(This caloulation was done on the 6400 by SFLOFU, a
?linders University version of the ODskridge least squares
program. The progrem was made available by Tr. ¥, Taylor),
After scaling IFg = ch the reliability index for 60 low
angle reflections from seroth and first b-axis layers was
*60. A Pourier map was computed using 30 coeffiocients
whose phase angles were strongly indicated from the struce-

ture factor caloculation, but there was no sign of any fine



3.

structure and the density profile in the region of the

diffuse scatterers was flat,

This was a surprising result since the Fourier had
been losded with those ph:ses which would tend to trans-
form the structure factors baock into the model. rFailure
to reproduce the model from the Fourier was taken as an
indication that this approach wes unsatisfectory. (Tt is
interesting to note here thot the structure was finally
solved from the parabanio acid phases alone). Although
it might appesr that this, in turn, suggests that there
is no information of value in the Harker line peaka
{because of overlap), one of the real cell coordinate;
implied by this line is y = 1/4, and this defines the
glide plane, In parabanic acid (Davies and Blum (1955))
the space group symmetry is P2¢/n ané the molecules are
centred on the diagonal glide plane, although they do
not actually lie in the plane. At beat the Harker line
information infers the existensce of a moleocule centred
on or near the zlide plane, ‘urthermore the relative
peak heights of these two Hariker peaks imply that this

molecule is more likely to be paratanio acid than urea.

1e5.4  Moleculer Planes

The molecular structurea of both parabanic acid and

urees are known to be planar, and any distortions in this
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planarity as a result of the formation of & hydrogen
bonded complex will be negligible in the autocorrelation
funoction. I[foleoular plenes (hkf) in the real cell will
manifest themselves as planes of the same srientation
through the origin off the Patterson function. The loca=-
tion of suoh planes is possible either from a knowledge
of charsoteristic images of parabanic scid a2nd ures
molecules or from some oomputation on the density of
peaks in various planes through the Patterson origin.
Since the former msthod supplies both the plane and
orientation of the molecule (whilst the latter, only

the plane) 1t was attempted firat.

The largest scale known structure in the cell was

the oxygen triangle of the parabanic acid molecule,
o1

4.568R

o2 _____ 03
2.966 4
Large scale iltages were preierable tc suzll scale images

by virtue of their dominance over the origin peak of the
Patterson function. This pesk was in fact of the sanme

size as the urea moleoule,
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The 6400 was programmed to compute peak distances
from the origin anéd two possible imeges of the above
triengle (01 st the origin) were found. Tn the first
the 02-03 vector was only 2+2% and the long sides of the
network were L+9%, The image ley in the (211) plane,
The second imege hed dimensions LS, L5, 3*&3 :nd again
was in the (211) plene. The latter is more satisfactory

for two resasons,

(L) There is evidence for the existence of an image
of the triangle with 02 &t the origin. Theoretically
the vector set contalnsimages of the fundsmental set
in all of the points of the fundsmental set, Images
of parebanioc acid in carbdon and nitrogen atoms are
not seen sinoe weaker interactions ere involved.

(The atomio numbers of carbon and nitrogen are only
marginally less than that of oxygen yet the relative
pesk heights for interasotions between these atoms

are magnified as shown below:-

0-0 64
N=0 56
N-N 49
C=0 48
CeN 42

{3

Cal 36 Y.
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Images of parabanic acid oxygen ntoms are ceen in

both 01 =snd 02 in Fige 143

{11) There is not sufficient energy in a hydrogen
bond to di:stort each of the carbonyl groups (C2-02

ané C3-03) by 25° ss required by 02-03 = 2+2%,

The second image was therefore considered the better
and was subsequently used as & sterting point for models

of the structure,

The ¥iller planes {211) and {422) a2re both strongly
refleoting with unitary values °*3 and *45 respectively,
the latter being the second to largest U(hk:) recordsd,.
This value of °*45 is slgnificantly larger than may, at
firast, be apparent. The space zroup symmetry foroes
matter in (211) into (271) snd U(27T1) is slso *45
(F(nk2) = ¥(hk¢)). The unitary values as used here

were defined by

oy

= 2
Py

h

3 J

U

&and no asocount was taken of symmetry related planes,.
Later in the analysis, when there was evidence for the
{211) plane as the plane of the complex, the significance
of these unitary values was fully realised. At mo:ct,

half of the unit cell contents may be in the (214) plane
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and therefore Smax(211)= *5. (This 4s not strictly so
since pome scattering material may lie on the line of
Lntersection of the (211) and (271) planes, and there-
fore contributed sirongly to both structure factors).
iowever, it could not be conoluded immedis<tely that the
ures molecule nlso occupied this plane since cleavage
evidence had revealed the possibility of & moleocular

plane in the {010] zone.

The (211) plane of the Fatteraon was drawn out to
scale from the three dimensionsl synthesis and was found
to bs densely populsted with pveaks (Fige. 1.3)e In par-
ticuler a strong peak at (¥, 1, O) is in this plane.
Petail of the imidazole ring is swamped by the origin

preak and general overlap.

From the Harker section informetion it is thecreti-
cally possible to locate, the prrabanic acid moleocule in
the cell once its orientetion were known. £t best the
x and z coordinates could be determined from the v = ¥
seotion since the y informetion hes been lost in overlap
alonz the Herker line. However when the real cell has &
centre of symmetry, es is the case for UPBA, the ocoordin-
ates are oversolved by using all of the Harker information.

In particular, the Harker peaks which result fronm



(5.1.0) (0.00)

(75.1.5) i (.25.0,.5) (25.1.5)
® Parabanic acid image in origin

The (211) plane through the 'origin of the sharpened Patterson function (UPBA).

Fig. 1.3




36,

interastions through the centre of syametry zay be used in
this ocase. Thes22 psaks are not confined to a plane or =

line but mes be used as Followas.

If in the (214) Patterson plane we aasizn the follow=

ing coordinates tc the parabanic aoid image
(000

(ug,vi,w1) (uz vp . w2)
and 1f 01 is at (xys} in the real cell, thenon v = ¥,
the interaction of this network with a sorew related

network appears as

(2x,%, %+ 22)

11
(2(x +uy), —12——12— + 2(z+wyq)) (20x+u2), 7, 9 * 2(2¢wW3))

Since (usviwe) and {uavewy) are known from the orientation
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of the image in the orizin, this figure is uniquely
defined {at least with reapest to orlentation) on the
farker sectione If such a figure were found, the x and
z coordinstes of 01, 02 and 33 are k¥nown and the y coor-
dinstes may be determined dby seeking a consistent trio
of (2x,2y,28) neaks in the "atterson (i.e. consistent
with vy and w3 in *he orizinal image). A search of the
computer output for these characteristic vectors on

v = % failed to realise a suitable {xyz)e The use of
superposition methods later proved more successful and

did in fact lead to the structure.

Mention has slrecady been made of two relevant facts

concerning ures images in the Fatterson; (i) the {igure

2.26R

N 2.30A N

is not large enough for an image to be seen in the origin.
{11) Oxyzen-nitrogen veotors have less weight than oxygen=-

axygen vectors in the Patterson,

Any image of the urea in the Patterson would neces~
ssrily be 1ln one of the parabanioc acid atoms. " search

was made of the (211) vlane of the "stterson through the



origin, on the assumption that ures might be in the senme
plane a8 parabanioc acid, but no urea images were found,
The listed ocutput of the data reduction showed that
several low angle planes were strongly reflecting.
Besides {211) and (422), rows defined by (hoh), (hoh)
and (okk) had large ¥ values. The planes (101), (101)
and {041) through the Patterson origin were sll plotted,
but no imazes of urea were found, The (701) Plane was
considered to be the most likely of these because 1t was
parallel to the ocleavage plane found earlier., Planes in
the [010)] sone provided a favourable packing arrangement
for urea molecules up the b-axis., A hydrogen bonding
acheme not unlike that found In the crystal structure of
urea {Vaughan and Donohue (1952)) is possible (see seo~

tion 1.7).

The {211) plane was agein searched, this tize for
evidence of hydrogzen bonding to the varabanlec acid mole-
sule. A number of peaks were found which were 33 from
01, D2, 03, N4 and N2. At this polnt the intsrssetion

# the Harker plane with the (211) plane posed the pro-
blem of discerning between genuine Harker seaks and
general peaks. Feaks 33 from 02 and 03 were selected
end the (104) and (101) planes through these points were

plotted. Mo sign of a urea image was found.
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Pt this stage of the =nalysis the shortness of the
L-axis had presented the srestest difficulty in inter-
preting the Featterson funotion. Overlap along the
Yerker line snd swarping of peaka near v = ¢ (especially
on 1241)) had ied %o loss of information which was nreded

to eff'ect 8 soclution of She vector set.

1s5  Direct Methods

1601 Phase Veierminstion

At this stage it was neozasary %o turn attentlion
towsrds direct methods. ¥xisting nethods for extracting
the phnse informstion from the amplitude information have
their roots in probability theory and, es sueh, d¢ not
guarantee the correct solution for s givern phase¢ angle,
Statiaticelly, one hopes that suifficient of the phase
anzles are correct to aenable interpretation of the Fy
aynthesls., The probability of the angzle being correct
15 usually zreatest when the nornmalised structure anpli=-

tudes used in the phase determining procedure are large.

Normalised struocture amplitudes

A L 5l

eZr?
J

{where € = 1, hki * 0 nnd assumes other integral values
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for the two and one dimensional sukgroups of the P24/0
reciprocal lattice) had been computed on the 3200 and

although they were unsocel ed and uncorrelated the proxi-
mity of the scaling constants to unity justified their
use without correction, Hauptman 2nd Xarle (1953} rive

23 a sizn determining procedure for space zsroup P24/e

- " ket /.2 -
'i( 1757 (2f )

B
8%oh,0,2¢
where a denotes ‘sign of',

On the zero layer, those reflectiona with largest
© value which are suitable for this formula are (202},
(50L) and (306} but in no case was the phase strongly
indicated. The fact that only four layers of b-axis data
had been collected was probably ascounting for this in
part, farle and Karle (1965) note that with organic
crystals containing essentially equel atoms, few phases
are likely to be determined. The faillure of the formula
for the largest F's to which it could be spplied exem~

plifiea this point.

The simplest of sign relsfionships for centrosynm-
nmetric cr.stals claims the high probablility of Fah being
positive when Hh and U2h are both large. On this basais

the signs of (2 0 12), {404), (022}, (5O} and (422) sre
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all positive, (In the finanl snalysis, the lsst of thcase

has opposite sign to the first four).

1-6.2 Line Fouriers

The Yerker-Xasper sign relstionship
s{hjs{h’) = s{h+h’}

was used to determine the signs of points along the row
(hog}. The presence o s slgnificant peak in the trans-
form of these reciprocal lattice points would indicate
which, 4f any, of the (101) plenes was a moleoular plane.
‘he sunmation of Fourier coefficients of thisz type pro-
jects the electron density onto a line in the b-plane.
This line mey in fact be chosen arbitrarily, the only
constreint being that it must pmss through the (hoh) planes
{i.€s it cannot be in the {101) plane). The best choice
of this line is moet spparent when the cell has cubie
syrmetry. Tn this cese the line perpendlioular to the
{hoh) planes would be ohosen. TIn a monoclinic cell, how-
ever, the Tourier transform of the (hoo) type coefficients
is usually thouzht to be a projection along the a-axis,
elthough this line is not perpendicular to the {(hoo)
planes. This projection may equally as well be considered
to be slonyg tha line x = 2 provided 1t is recognized that

no % information is contained in (hoo) 2iffresction dats.



The Fourier transform relstion is

p(xyz) = & F(hoo} exp2wil(hx+ky+iz)

&
h
and sinoce k and ¢ are zero, the denslty is Iindepeadent
of y and z. The line y = constent, z = constant (L.e.
he a-axis or a line parellel %o 1t) 1s the best cholce

for a one dimensional projection in thiz case.,
For the case in question

plxyz) = 2 7(hoh) expowi(hx+ky+éz)

b
h

= L F(hoh) exp2sih(x~z)
h

Clearly ¢ 15 independent of y and is a function only of

x and of z. This implies that the best line is in the b
plane. fiowever p dependa only on the value of (x-3) and
therefore any line x = 642 + 0 (04 * 1) is satisfactory.
If we choose 0y = 0 = O and a peak is found in the line
fourier at s = 3, the implication is that the (202) plane

is a molecular plene,

Eeevers~Lipson strips were used for this one dimen=
sionel caloulation. Since all of the coefficients haé
been given the same sigan, the synthesis had an origin pesk
but no others were genersted, "hilat this might 1rply the

existence of matter in (TO1), changing the sign of (606)
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generated a peak corresponding to scatterers in (502).
# trzreform of thi:z type vhere only five coefficients are
involved is very sensitive to phese and therefore could

not be given much weight,

“imilar ettempts to determine phase angle slong
cther reciprocal lesttice rows whlch wers considered

important were not successful. The relationship

Up & 5(1 4 Uyp)

was used, but failed to indicate strongly suif'ficient
signs 1or the analysiz to proceed directly. This was

due to & lack of suificlent suitable peirs of reflecticons.

127 Hodel Puilding

Yitaigorodskii (1965) has emphasized the wrell kmown
importance of moleculsr geometry in determining the
crystal structure of organic crystals. ¥y trestiing the
iateraction potential for itwo molesules as a rectangular
function {clessical 'billisrd ball'! approximaetion) 1t is
possitle to determline the closest paciisd moleocular asrrange=
nment. Hitaigorodsikii's srgumesnt is that this configzuration
is dlavariably the one which satiaslles the condition of
minimum free ecnergy. Other properties of 3he molecule
{such as the dipole moment of various bonds) play only a

secondary role in determining the structure,
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Tt was remarked in section 1.1 that the a-helix
was determined in part from steric (i.e. packing) con=
siderstions. Kecently Cekan and Pelc (1965) have made
use of this technique in studying the effeot of structural
chenges on the actlion of certain steroids., These and
other examples are evidence that real structural informa=-

tion 1s ecntained in the size and shape of the molecules,

A peraspex model of the unit cell and cardboard rep=
licas of the planer molecules were constructed. The scale
of the models was 2om ® 18, The molecules were so con=-
atructed that there was » 1-53 radius around each of the
outer atoms, Hydrogen bond facllities ocould therefore bde
quickly recognised by contact of nitrogen and oxygen atonms

on neighbouring molecules,

It has previously been noted (section 1.5.4) that
urea molecules will pack up the b-axis in & configuration
similar to that found in the oryastal structure of ures,

In the urea structure, each oxygen atom is hydrogen bonded
to four protons, two from a molecule in the plane of the
oxygen atom and two from molecules at right angles to this
plane, In UPBA it was originally postuleted that the
latter two hydrogen bonds would be to varabanic acid mole=-

cules {and not to the urea oxygen atom) whilst the former
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were essentially the same, The urea plane was not known
definitely at this stage and it was therefore necessary

to consider both (101) and (101) packing possibilities.

Throughout the mocdel building work it was recalled
that the unique carbonyl group is not involved in hydro=~
gen bonding in the orystal structure of parabanic aciad,
Rather, it is this group whioch is involved in a close
contact with a carbon etom on a 30Tew related molecule.
Although the behaviour of this group in san environment of
excess prctons was not known, in the initial stages of
model building it was presumed that it formed no hydrogen
bond. The possibility of parabanic acid molesules sitting
astride the o-glide plane and the link this has with the
orystal structure of parabaniec acid has already been dis-
cussed., ¥hilst molecules relsted by the diagonal glide
in parabenic asid are hydrogen bonded to each other, in
UPBA, ¢/2 = 7‘52 and duplication of the paradbanic acid
mechanism is forbidden (a shorter axis in the direcstion

of the glide would be required).

The only uneguivocal informetion that was availabdle
at this stage was the orientation of the perabanic scid
nolecuvle, &3 defined from the Fatterason function. Neither

its position, nor the orientation or position of the ures
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molecule was known. HZnowledge of active sites on each
of the molecules for hydrogen bonding was of use but
the usual problems associated with supporting a three
dimensional model mede this approach oumbersome. The
subsequent mechanical simplification of the problem to
two dimensions (chapter three) enabled more aignificant
contributions to the structure to come from this teche

nigque,

Tt is well known that s deep understanding of the
symmetry elements of a structure, together with the
effects caused both in the point set and the vector aet
by these elements on displscement of the asyametric unit
in the point set, is essential for s deconvolution of
the enpirical date. The experience gained with these
models led to such an understanding for this space group

in perticular and of the intellectusl process in general.
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CHAPTER TW®O

THE CRYSTAL STRUCTURE CF

THIOUREA FARARANATE

2,1 _Introduction

The diffioculties involved in deconvoluting the
Patterson function are most severe when the structure
is built up of light atoms alone. The convolution
function is itself N images of the real structure (one
image in each of She N atoms at the origin) and in the
absence of a heavy atom none of these images is, in
zeneral, outstanding. The cverall weight of & particular
image devends on the imeging atom and if this is heavy
all the other points in the image are weighted propor-
tionately since they are, at worst, heavy atomelight

atom peaks,

Acoordingly, 1t was decided to grow crystals of
thioures parabanate, and to investigate its astructure,
A selenium substitution wea alsc considered, but sulphur
was selected bBecause thiourea was readily availlable.
Zulphur is not sufficiently heavy to enable phase deter-
mination in this structure (assuming e 41:1 thiourea:
carabanioc aocid content). The parameter r, defined by

53m (1961), has the value *55 and therefore only 657 of



L8,

signs would be determined if the structure were centro-
symmetrie. However, it was expected that the Patterson
function would be more tractable than that for UPBA,
Initially the information that was being sought from
this structure concerned possible urea-parabanic acid

hydrogen bonding mechanisms.

In the following discussion the atoms in the asym=-

metric unit will be referred to as

The possibility of this structure exhibiting the
contacts mentioned in paragraph 1.1 should not be over-
looked, even though the effect of the substitution is to
weaken the affinity of the urea molecule for protons.
(S=m=H=N hydrogen bonds are weesker than O---H~N hydrogen
bonds, the electronegativity of 5 being less by compari-

son with that of 0). TIf any weight is given Bolton's
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second oriterion this cculd be expected to reduce the

possitility of contacts occurring in this structure.,

2s2 Physical Froperties

Thiourea was purified by successive filtration of
the mother liquor. Half a gram of thiourea (excess) wes
subsequently added to one gram of parabanic acid in cone
centrated solutlon. Tabular priamatio orysials of the

complex molecule settled out of the solution,

The faintly yellow coloureéd orystals have a well
defined zone axis along which they are elongated, and
they were apparently moncoclinic. There i: a well pro=-
nounced cleavagze plane perpendioular tc the unique axis
and the possibility of hydrogen bonding up this axis seemed
remote, ¥%hilst no other cleavages as such were found, it
is possible to cut the orystal, without severe fracturing,
along two other planes. These planes have the unique axias
as their zone axis. This was to prove useful later in
obtaining crystals suitable for intenaity work about some

other axis,

The crystals melt at 213°C and at 220°C the cleer
yellow melt decomposes. The density wes found by flota-
tion in a mixture of benzene and ethylene dibromide to be

1+59 grm/o00 and results of microanalysis implied the
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presence of one molesule of thiourea to one of jarabanic
acid. 4 comparison of the observed (microanalysis) snd
calculated (1:1 complex) percentages of the elements is

given in the following table,

Flement . Observed Y Calculsted
H 3612 3011
c 24.52 25.26
N 29.00 29447
0 25,00 25,26
s 16444 16.84
99.08 39490

Approximate unit cell data were determined from rota-
tion and Feissenberg photographs of the crystal in the
b-axls setting. Tith a = 11+0%, b = 6348, ¢ = 6-25% ana
£ = 11#0, there are two molecules of thiourea psrabanate
(2Up3A) in the unit cell, The absence of extinction along
rows defined by h, Z = 2n on the (ho?) section eliminstes
the possibility of a glide refluction in either the g or g
directions. The only extinction condition {(found later
when orystals were mounted about a second axis} was defined

by (0,2n+1, 0 and therefore the only symmetry element is

s two=i'old screw axies psrallel to b.
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Diffraction emplitudes from a P2y unit cell are non-
real snd three dimensional analyses of noncentrosymmetrio
structures had not previously been attempted in this labe
cratory. However, excellent computing facilities had
become availabdle {section 2.5} and the problem of phase

aengle computation wae therefore not serious.

221 Unit Cell Isomorphism

Initially, the main objeet of this structure deter~-
nination w2s to get information which may be of wvalue in
solving the UPEA struocture. The respective unit cells
were therefore compared. The monoolinic ansle in each
case is approximstely 110° and the length of the unique
axis 6%. The ubsence of the glide plane in TUPBL corres-
ponds to the approximete halving of the length of & from
UPBA to TUFBA, At best 1t could be said that there is
some pseudo-isomorphism between the structures, whereby
matter related by the glide plane in UPBA is related by
the ¢ translation zroup in TUPBA, This isomorphism was
not expected %0 be directly useful in determining the
UPBA structure, Already a very pronounced (oke) cleavage
plane in TUPBA implied that the moleoules were packed

quite differently into the cell,
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2s2:2 The b=plane

A perspex model of the unit cell was constructed
(2om = 1%) ané planar nmoidels of the complex in the
b-plane were investigated, It was found that this plane
was approximately the zcorreot slse to accommodate one
moleoule of the complex and this observation was con=-
sidersed highly significant in the light of the strong

cleavage.

The absence of hydrogen bonds up the b=axis implied
that the final position of any planar unit relative to
the sorew axis would be determined solely by the least
energy oondition betwsen the two sorew axis related
layers. OTince the lesst energy condition is not one
which 18 readily computed, the best information that
could be obtained at this stage was the orientation of
the molecules relotive to the a2 and ¢ call edges. This
orientation is determined by hydrogen bonding with adjoine=

ing cells.

It was declded to leave this work until the
Fatterson function hzd been studied, asince this was the
only way in whioh the energetics of the problem sould be
effectively solved. However, the Patterson funoction
Yielded the astruoture, and model building techniques

were not used., After the struocture had been determined,
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altern:ztive packing srrangements for the complex in the
b-plane were investigsted, Cnly one other was found,
The constraints imposed on the structure by the zeouetry
of the molecules and unit cell, sand the (oko) cleavagze,
are nearly suffiocient to effect s two dimensional solu-

tion of the structure.

2¢2 . Intensity Cata

29 3e1  beaxis Uata

The orystal used for the collestion of b-sxia data
was etohed down to a oylinder of radius spproxinmately
U*1 mms., For TUPBA the absorption coefficient u =
34'8cm‘1 and the optimum thlokness (%D is therefore
*6mms. Under these conditions absorption affects may
be neglected. Four layers of unintegrsated data were
collected by the +ecissenberz method on nacks of four
films. ZExposures oi' the order of ten hours were found

to be adequate,

2¢3.2 {102] 2xi8 lata

A parallepiped ocut from the erystal by using the
cleavage plane and the other two plenes mentioned earl-
ier, wes mounted. Tt wes a%t first thought that this erys-
tal, which wns elongeted in some direotion, wss lined up

about 8. An approximate determination of the planes along
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which it was possible to cut the crystal was made. The
well developed face was close to the (601) plane whilst
a seoond external face in the [010] zone was indexed as
(101} (espproximately 20” from (601)!. One of the
'cleavages' was subsequently found to be (101} whilst
the other was parallel to the plate. The indexing of
faces, by aligning them normal %o the Xe~ray beam, and
ohserving the position of the 'straight through' beam on
the Vslssenberg, beconmes incressingly difficult as the
piane in guestion reflects &t higher engle. This work
was not carried any further since the following study of
the {ho:) reciproocal lattice section gave the rotation

axis uneguivocally.

The orystal was etoched into s cylindrical shape of
gsimilar racdius to the b~axis cryatal,;, and four layers of
unintegreted intensities were ocllected, again in packs
of four films, The spaoing between layers (oké), (1ki)
eto. 18 *152 reciprocal lattice units but the observed
spacing was only *1241 r.l.ue The dD* axis on the sgero
layer was identifiable by the 25 extinotion condition,
The spacing of the other axis was *310 re.l.u. compared
with *267 rel.us up 6%, & plot of the {(hot) section
{see 7ig. 2.1) showed the point (201) to be *320 r.l.u.

fromn the origin. Furthermore the spacing of *121 units



(201) . (101) /(001) o (101) o (201
-‘ggo |
0.(200) o (101 (100) . (200) N
Fig. 2.1 (hol) section of reciprocal lattice (TUPBA).
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up the rotation axis was el so explicable, The zone sxis

°f rotation [uvw] is thercfore defined by
Reuskevedgw =« hatsekagvelow = O

where (haka<4) = (010}

and (hakate) = (207)

This yields [uvw] = [102] snd the sone rules for the four

lsyers of data sbout this axis are

he24 = 0,1,2’36

2233 Tata Feduction

There =re approximately 500 reflections sacessible
¥#ith CuKgq radiation and of ithese 639 were reccrded., Of
these 113 were unobserved whilst the intensities of the
remainder were estimoted by eye from a calibration strip

a8 described in chapter one,

The correction for expansion and contrsction of
upper lievel VWeissenbers data was made using the method
of Phillips (1954k). teyond 2 certain film coordinate,
TB, the arithmetic mean of reflectionsabove :=:nd Lelow
the film ecquator was taken. This coordinete varied fron
layer %o leyer and was determined by the condition that

L%

the shape of contracted snd elongated refleotions was not
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visibly different,

The bwaxis data was treated by AUFAC (seotion 2.5)
for fila factor determination and Lorents-polarisation
correctionss The Lp correotions for the [102] exis
data were made using a Cochren chart since AUFAC is not
sufficiently general to handle other than principal axis
data. Least squares correlation of the interseoting
reciprocal lattioce layers was executed on the 6400 by

AULAC (section 2.5).

293.4 Soaling

The #ilson plot (Wilson (1942)) (Pig. 2.2) gave the
scale factor and temperature factor (as defined in
cshapter one) to be

k= *32
Ba 3°23

2:4 Unit Cell Date

The method described in chapter one for determining
the cell constants of UPBA was used in this instance,
Crystals mounted for both b and [102] axis rotation were
dipped several times in cold concentrated NaCl solution,
The resulting powder lines were used to calibrate the
film and gave the following values for the cell edge

constants:-
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Fig. 2.2 Wilson plot TUPBA.



¥ ‘1556 + s 0001 ra.l.tie
¥ = e2LLE + 0002 r.leu.
c* = *27L0 + *0002 r.l.t.

The angle between the two well developed faces on three
different orystals wes measured sand found to bde

28°,3% + 01*, The (ho?) reoilprocal latilee section
was drawn to scale with % = 46°% and measurements
revealed an uncertainty in the plane of the plate, vis,
{504) or (601), Xnowledge of the angle between eilther
(101) and {601) or (101) and (501}, together with the
adze econstants, is sufficient to solve for B* and the

two values obtaeined are

o . o ¢ ! L
pt1o1j‘(50%} = 68 30% &+ 02
and

O,
,‘9(101)“(601) = 64 25" 4 D2' ,

Thilat the latter 13 closar %o the 65° wmeasured from the

Yeissenberg film a cheok was done by uslng the relation=

ship
nm nave
6 = =
NoV  NoA?
For f* = 68030'B 8§ = 1+68gm/oc and for

A* = 64°%28', 8 = 1+63gm/ce. This further supports

{601} as the plane of the plate in the light of the weasured



density of 4+59 gm/ce. The real cell constants are

therefore

&

JQ= 384 * (1A

L

a8

i

b= 6298 + +003%

¢ 62238 + +0128

"

£ = 115°34°% & 029

f#

’he error In b 4is smallesit since caleculation of b Pron

b* does not lnvolve sin’*.

2o Computing Fasilities

8y the time the stage had been reached for handling
the deta for this structure, excellent computing faolll-
ties had become avallable to orystallographers at the
University. The 6400 had been programmed to handle six
of the major operations from intensity data to structure.

These operations were performed hy

(1) AUFAC - a least squares film factor progranm
incorporating Lorentz-polarisation
sorreoctions,

(2) AULAC = a lesnst squares interlayer scaling
Programn,

(3) ARSFAC~ a program for applying sbsorption cor=-

regtions,
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(1) PREPPLE =« a poutine to write nagnetic tapes
for (5) ana (%),

{5} PFUORPLS - a 7linders University version of the
Oak Ridge least uquares nrogran,

and {6) roonizh,

Sone of these programs are nodifications of existing
routines, ‘%agzes (L) and (§) are Adelside versions of
programs written by F.%. Ahmed (Division of lure “hysics,
National Research Council, Dttawa). The first twc are
extensions of programs written by G. Paul (Sydney). Drs.
Hs Znow {Physical snd Tnorganic Chemistry) snd J. Jones
(Geology) of thiz University and Dr, ¥, Taylor (Zchool of
Phys. Soience) of Flinders University were jointly res-

ponsible for the setting up of this system.

Thilst the advent of these Ifacilities eliminates
otherwise boring and time consuming calculations, the
time spent in numerous hand caloulations (e.g. Lp correc-
tions, one~dimensional “ouriers and¢ several structure
factors} was eonsidered very valuable. The author had
the benefit of executing programs in the developmental
stages of thls system which wus subsequently used for the

remaincer of the work described in this thesis,
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m“he Fatterson ‘unction and Trial ctructures

|

2.

R

To 3

o1 Fattorson Symaetry end Merker Gections

The P24 unit cell has atoms iln the g eneral positions
: v - . .
{xys) and (X, Z+5, &)s sonvolution of this cell with

itsell generates a oell with space sroup symaatry r2/m

and therefore only ons guarter of the Pstterson need he
conputed. The only Tatierson peaka whlech arise +hrough

#he interaction of synmetry related atoms are the peaks
on the Harker section v = k; The sulphur-sulphur peak,
theoretically the heaviest in the Patterson, lies on the
tarker section at (2x, }, 22 ). The lack of y tnformae-
tion from the 'larker section in this case is related to the
absence of symmetry elements perpendicular to the unique
axis and 1llustrates that the origin may be arbitrarily

specified ur this axls,

(3%

2,602 Patterson dtructure

The unsinarpencd three dimensional I tterson function
snowed all the vector intervactions %o be in the b-plane,
l.es peaks were conflned to v = 0, f. This was further
evidence in support of the complex lying in {020; planes.
etween v = 0*1 and O+4 the valus 27 the funotlion was
everywhere negative except in two regions where 1t
appeared that lerge scale planarity may he swasping o

general interaction with v * Qs
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The Patterson was sharpened using an oxygen form
¥
factor, the coeffioients becoming | °/f|*. The sharp-
ened synthesis was subsequently used in the determination

of the structure,

The presence of two large peeks of approximately
equal weight on the Harker plane prevented unequivocal
determination of the sulphur position. 2ee Tige 243)e
Hatthews (1963). in solving the structure of the sodium
salt of S~phenyl-thiasolidine-2:h-dione, had similar

problems with sulphur as & heavy atom.

For the moment attention was turned towards the para-
banic acid figure which had been located in the UFRA
Patterson function. An examination of the v = O section
revealed an imege of this figure, (Jee Fig. 2.4). The
dimensions of the image gave the 04-02 =2nd 01-03 vectors
as h'hg and the 02«03 vector as 3-83. These figzures oon=-
pare favourably with A'GR and B'OX in parabanic acid., In
addition this image provides for hydrogen bonding of para=
benio acid molecules up the c~axis through Q3mwnTq-11
(PFig. 2.4). %n attempt to loce=te the molecule in the
cell from the v = ¥ informetion rcsulted in the locatlon
of two possible positions, neither being indicated more

strongly than the other.



e True S-S peak
e False 5-S peak -

The Harker Section v=1/2 of the sharpened Patterson function (TUPBA),

Fig. 2.3



e Parabanic acid image in. the origin.
e 15t Thiourea image in the origin.

e 2" Thiourea image in the origin.
The v=0 section of the sharpened Patterson function (TUPBA).

Fig. 2.4
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¥hen the Pat:erson was sharpened, { peaks with v
coordinates & 1/4L had arisen, the two strongest of these
being in the regions previously mentioned. Even these
peaks were week compared with the genersl peaks on v = O
and at best they cculd have arisen from light atom =
light 2tom interections. However, since there is only
one heavy atom per asymaetrio unit, the interpretation
of heavy atom-light atom vectors 12 not ambiguous =znd it
was therefore decided to nttempt a solution based on

these interactions,

The v = O cection was found to show two possidle
images of the thiourea molecule in the sulphur aton.
The scale of this molecule is sufficlently larger than
that of urea to cnable the imsge to dominate against the
origin peak, whilst the weight of the sulphur atom further
enhances the image in this case. There was now no doubt
that the complex was planar snd thet the peaks off v = 0,%

were purely a result of sharpening.

Of the two thiourea images (Fig. 2.4) the first wes
not as dimensionally acourate as the seocond (N3-N4 was
too short) nor did it offer many possibilities for hydro-
gen bonding. The ambiguity in the sulphur {end hence the

thiourea) position wes resolved in the followinz way. The



63

strongest peak in the three dimensional sharpened
Patterson function is at (%,0,0). Since this peak cen=-
not be & beavy atom~heavy atom peak it must result from
the overlap of either heavy stom-light atom and light
atom~light atom veotors or of many light atome~light atom
vectors, The former postulate is the more reasonable.

If ihe sulphur is at {(xys) in the real cell then a light
atom, L, will be found at (x+%,y,s) and on the Harker
section S=5° and L-L® will overlap at (2x,%,2s). Hore
importantly the 5-L® interaotion will be found at (2xe},
¥,28), i.,e. since the S=-L intersction is perpendicular

to the symmetry element an undistorted image of this
figure will appear on the Harker section. This criter-
ion was sufficient to 1dentify the sen® peek, In fact

by wirtue of the (020) planarity of the thiourea molecule,
an image (undistorted) of the whole molecule is evident in

the true 5-5° peak (Fig, 2.3).

The parsbanic acid moleoule wes losated by consid-
ering the active sltes on the thiourea molecule for
hydrogen bonding. Both N3 and ML are proton donors for
hydrogen bonds end acceptor atoms must lie in the plane
of the thioures moleocule., A thorough investigetion of
all peaks 53 from the donor sites revealed two possible

parabanic acid oxygen networks (see Pig. 2.5). Although
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Fig.2.5 Parabanic acid triangles in v =0 section of Patterson function (TUPBA).
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both of these provide for hydrogen bonding of parabanie
ecid wolecules in the ¢ direction, the first puts X2
end N3 in an unstatle configuration. In addition the
second is 2 better metch to the parabanic acid dinmen-
sions. Other peaks, besides those shown, were found 52
from F4 but they led to violation of the ¢ translation

group symmeitry and were therefore rejected.

“hen the complete Patterson section v = O is drawn
ocut, an antire image of the complex is visible in detail,
with only sligzht distortion of the imidagzole ring. 4An
undistorted image is also clear in the Harker section,
this being a consequence of the orthogonality of the
complex to the screw sxis, The peaks chosen for the
original garabanic asid image are iight stom-light atom
peaks ap expeocted, [t wag encourasging to observe that
this image did yield the correct orientation for the
parabanic scid molecule, It was therefore ressonable to
poatulate that the image found in the UFEA Patterson was

also genulne.

2s5.3 Trial Structures

A trial structure based on the coordinates obtained
from the Petterson, as desoribed above, was set up.

Structure faotors were calculated and after scaling
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IFg = EFc the residual was *57. This is the value that
%ilson (1350) gives as the most probable value of 7 for
2 random set of noncentric points, end was most unusual

in light of the detailed structure in the Fatterson.

Due to the disposition of the molsoules with respect
to the sorew axis, the b-axis projection does not suffer
greatly from overlap and a Fourier projection was ocone
puted using the phases of' the trial structure, Mo shif'ts
were evident and it wes apparent that the phase informa-
tion #as grossly leo-ding the Zourier in favour of the
trial struocture., A few new peaks were generated but no

struotural sense could be made of then,

The siructure factors Fp and ?o Por the centro=
synmmetric (hot?) section were plotted on ¢ lettice and
examined, Gross dlsagreement was found in several rezicns
of reciprocal spsce. IMlong the line 2 o 5, four points
gave L{7,| = 21, xlyol = 155 and slong % = 4, 2|¥Fe]| = 185
and ZI?OI = 120, "hifts of the trial structure were made
in an attempt to amend the largest of thege discrepancies
and although this method was successful in part, the
shifts were not large enough to affect the overall R

factor,

5 three dimensional Fourier was computed using the
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complex amplitudes of the model but this was of no assise
tence in interpreting the spurious peaks ob served eorlier

in projection.

4t this stage there ocould be no doubting the sulphur
positions 4n image of the msymmetric unit was visible in
the oe5* peak., There was little value in doing a Fourtier
on the sulphur phases sinoce only just over 50" of the
signa on the (ho#) section would be determined (section
2+1)s A Fourler using the thioures phases wes conputed,
but azain no structursl interpretntion of the map was

posaible.

A re-examination of the Fo, F_ lists (output from
FUORFLS) revealed that on the (hko) section systematio
swapping of Fg and Fc for ndjeacent reflections would
greatly improve the residual. There 2re 50 reflections
of this type and by comparing Fo(hoo) with Fc(h10) and
Fo(h20) with Fc(hﬁo) (and vice versa) for 1k pairs of
reflectiona, the residual for this seoction is reduced
from 32 to *17., This was the most significant result
to ocome from the exhaustive study of the structure faotor

listings,.

It is well known that the centre of symmetry st the
origin of the Patterson function may lead to the incorrect

orlentation of the solution of the vector set and that
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this arbiguity mey be resolved by Yerker section inforrma-
tion. Tn TUPR4, shere there is only one heavy atonm per
asymretric unit, the Yarker section peais at v = » are,
with one exception, light ctom-light atom vectors. The
exception 42 the ©-% peak, but location uf this is not
sufficient to eliminate an uncertainty of « in the
orientation of the asymmetric unit. There is, in this
case, an sbundance of pesks on v = ¥, but many of these
serise froxr the fortuitous orientation of the complex
relative to the b-axis and are not genuine Harker peaks.
The hizh density of pesks in v = % has csused gross overw
lap, and it was found that the alternative orientation of
the complex zave no worae agreement with the Harker peaks

in the structure.

The complex was rotated through 180° about an axis
through 5 ané parallel to be The reliability index was
*+24, This shift of the trial struciure to an apparently
satisfactoery wmodel is of the type that might be inferred
from the peculiar property of the structure factors

mentioned above.
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2,7 Ytefinement

2471 ¥ekthods of Crystal Ztructure Fefinement

Once a suitable triasl structure has been found, the
remaining task in the snalysis is to refine the ztruoc~
tural perameters of the model to give better agreement
with the experimental data, the intensities., The two
poat commonly used methods of refinement are

{1) Fourier Xethods

(11} Least Squares.

Infoermstion concerning the shifts of the trial
coordinstes may be obtained from a knowledge of the
slope of the electron density in the region of' the atomio
centres, Series termination effects for which allowance
nust be mede in this differentisl epproach, may be neg-
legted Lf difference Fourier meps are used for refinesent,
Since the coefficlents of such a series are (iF,lw{Fol)
it say be assumed, to a high degree of accuraocy, that
beyond the sin8/A 1limit o the data the values of Te

and ?e are equal and the coefficients therefore zero.

The method of least squures is the one which is best
sdapted to automatic data processing. The quantity nini-

nised is

R RACL AN
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the sum beinzg over all independent structure anplitudes.
This method is essentially the same sz the Aifferentisl
¥ourier method when the amplitudes are appropristely
weighted {Lipson and Cochran (1966)). The computing
freilities available to the suthor for the execution

of lewst squares refinement influenced the ohoice of
this methods. There seemed little vaiue in using the
differential method when programs would have to be
wrlitten for its exeoution, and no resulis which were
net obuainable by least squares could be produced., The
prégram FUORKLS {seotion 2.5) was used for the work

deacribed herealfter,

2+7.2 Least Sguares Zefinement in the P24 8page

The least squares refinement of atomic ocoordinates
in certain noncentrosymmetric structures may lead to
diffioulties arising from the independence of |Fe¢| on
one or more of the coordinate parameters. In the space
group P24(d unique), the effect of a gross shift of all
of the y coordinates iz seen only in the phasge angle and
not the azxplitude of the structure factors. In cther
words, the origin of the P24 ocell may be specified arbi=-

trarily along the b axia (Rollett (1965)). & shift of
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the origin by b/k has the effect shown in Fig. 2.8,
IF,I remains unchanged. Any space group in which the
displacement of an atom by (4x, &y, Az) does not result
in shifts in eny of the symmetry relested atomsof (-éx,
-4y, =4%2) will exhibit this feature. The effeot of
attenpting lenst squares refinement under such condi-

tions mey be formuleted us follows,

The structure fsctor equations, in their most general

form, may be sritten as

Fo(bk?) = I £ expzwi(hx +ky )

3

the summation being over 211 stoms in the unit cell. If

JrEvyeisy

we conslder, for the moment, only refinexent of the posi-
tionel parameters, R will be minimised when the partizl

derivatives

ok 2R 8R

’ ’

a
xJ Byj 333
have all vanished,

I we write

R = f wi(hka}ni(hka)

where



\_—/

' Phase—amplitude diagram showing effect on E(hkl) . of moving
origin through b/4. ( five atoms )

Fig. 2.6
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8, (nks) = |Fo(nk2)] ~ |F _(nke)]

then the condition for a sinimum is that

as
I w, 4, == x 0, similerly for y.,, %,.
i B S 35
3
. Py
This may be further simplified since —— x  etc. and the
ax

condition for minimum i 1s thereiore d

alr |
Iow, 8 ———fe = O etc.
% axj

For the space sroup P24, the real and imeginary contrie-

butions of the jth atom to the structure factor F{hk¢)

are
k
oA 2 - 2 -
ij g Zfé coazf(hxj+ sj+ A) o008 W(kyj h)
and
k k
fdnj = 2f, coszv(hx3+u23+ Z) ain2ﬂ(ky3- :)
where

e

[7(nre) “,j(§fjig)’ ¢ (zrana)'

Consider the partial derivative

ar 35, 1 B, 1
— e P e (EP A )y, =k Er.B ) -
\ J 3) ¥ M ayj \ 4 3) g

The trigonomeiric functions of the phase angle of the
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strucrure factor are defined by

sing = gEfJﬁJ)/}Fl

and

cosa = {Erdﬂj}/lﬂi

and thereflore

oF —@ A a3 -
— g fj —d cosa * —l sina |
;) 0 as
5 3 b 4 3 J 3 -
- k k
= T =2k cos2% hx +i2 4+ = :inzw(ky - =-lcosa
z k".ﬂ V4 k\_. -
+ 2koos2u{ hx +ig 4 = jcos2m ky, =~ ~131nfj
CAE AW \"§ L/
= kfj(ﬂjgina - Bjcosa)

This relationship is true for all atoms 4in the cell and

for all structural factors. Thus when k = O %5— = 0, =

J
result which is well known for ell =zpace groups

since it is not pocailble to refine y coordinates on {ho#)

dats alone,

for non-gero k the partial derivative vanishes when

B

tana(hk?) = i
A
3

= tanEv(hyd - )

A4
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It immediately follows that if yJ = gonstant for all
stoms Iin the cell then all of the partial derivatives

%%- will vanish.,. Thus when all the sostterers sre in

J

the b plane the normal equations for the shifts, 5y3'

have an infinite number of solutions.

Then the scrtiering density is spresd throughout

the cell in the b dlreotion, at most one of the -g%—- 1s

J
zero. The structure amplitude, however, remains
independent of the choice of orlgin along the acrew
axis end 1t hes been found necessery (¥srle snd ¥arle

{4968)) to hold several y coordinates constsnt to effect

least squares refinement under these c¢onditions.

The plecement of several atoms in the screw releted

position iz of no assistance 1n the present case since
F k r k s
tan2w{k(y +4) - =) = tan{2w(ky, - =) + wic
J J
b L
k
= ta.n21r(kyj - =)
4
for all integral k,

The problem wes overcome by holding sone of the yj
constant and refining the others, Ty # spreed in y
ocoordinate of 4 of the cell cdge was arbitrarily appliled
to the atoms. “ince the structure factors sre dependent

upon relative shifts of atoms in the b direotion,
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constraints =re forced upon the solutions of the normal
equatidns for éyi. i*ross shif'ts are therefore intoler-

able.

It was Tound that if the stoms were put in around

Yy = O large shifts resulted,

ar - . k\ . k

it = =2kf cosZul hx,+4%2 + - 8in2w%w ~ ~ cosa
J J

gayj - L ( 5/ -

._I k / k s’
—cosZwkhxj+f J+ — cosaﬂ - ~)sina?

P‘lh‘

= «-2kf oosZa*th+£s + ™ Bin\¢+2ﬂ

0N

when yj = O for all }

3
J

[2£,cos2m(hx + & + 22 )]atn(- 2ZK)
tana(hk? )= J i_ & i Iy
[EfJOOSQﬂ{th+ % + yzd}}GOS(‘ ZZk)

/ﬁk
= tan | -
s & 5 | 25

, ¥ (k even)

0
" %E (x oad}

or

iy R

e

and sin {a + Fo = 0 for all ke« Therefore when yj s O,

4
g%— has a correapondingly small value,
b]

2¢7e3__.eagk Sguaras Yefinement of TUPBA

On each cycle of least squares at least half of the
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y coordinates were held whilst the others were refined.
(It was previously found that the sulphur atom was not
neavy enough to be u:zed alone}. Jn the next cyole the
roles of tha two sets were reversed and on subsequent
cycles the parameters were mixed s0 that no psrameter
#85 relined independently of any other., Although this
scheze =u8 not rollowed to the letter, it provided the
basia for the y coordinste refinement. Initially these

coordlnates were 4ictributed randomly through y = +2, +24,

The firct three refinement cycles reduced kK from 34
toc 1€, This refinement was carried cut on the coordin-
ate psrameters slonse TIwo further ¢ycles on the isotro=-
pic teaperature faoctors further reduced %X to 16°. 3ince
the second of these cyoles had had very little effect it
w¥o3 decided that further oconvergensce of E would result

enly from the use of aniaotropic atoms,

2sf:h Anisotropic refinement

The iaitial values of BiJ in the temperature factor

natrix were
/_,’ &qi arg® \
! e e, \
f Ei " 0 B’. A cosjg* \‘
%

A
\ L cosf* 0 %.T /



where Bi is the isotropic temperature factor of the ith

2tom end the anisotropic fempersature factor has the fornm

fT = F'o exp = {F1sh® + Bpak?® + #33¢% & 2eghk

+ Aesh? + Baské)

This conversion to anisotropic atoms introduced cartain

proilems in the relinement,

At the end of each lenst zquares cycle it is neces-
sary %o check that the new Zemperature Pfactor matrix
represents a physical reality. (This condition is satise
fied when the diagonal elements of the matrix are posi=
tive, the 2x2 minors of the matrix sre positive and the
determinant of the matrix is positive). The stoms which
were most severely anisotropie had a large c¢rror in one
or zore of the Bij components a2t the start of this
ref’inement, and therefore there was a tendency to either
2lose in 2n an invaelid nminimum or else to overshoot the
genuine solution, Fither of these results may yield an
anreallstic temperature factor. Under these conditions
it was necessary to compute a dliTerence synthesis to
check the temperaturs factor refinement snd this was done
sfter least squeres had further refined the structure

to B o= 1357,



The most severe anisotropy, and for which no account
had yet been taten, was in the reglon of the sulphur
atom. Negative difference density in the direction of
the S«Ch bond implied thnat the model had too much therw
wal motion in this directions The temserature factor of
the sulphur atom hed in fact been overestimated in the

whole of the b~plene,

2e7e5 Hydrogen itoms

In ¢ddition to this vibrational information the
diff'erence map also revealed the hydrogen stoms in the
structure. ccordinate for each of these six atoms had
previously been postulated on the basis that the proton
should lie approximately 18 from the nitrogen aton (%o
whioh it was tonded) on the line jJoining the nitrogen aton
to the oxygen atom (to which it wes hydrogen bonded).

Four of the zlx hydrogen atoms were found at the prediocted
sites whilst H32 and H2 were removed from this position,
The postulate that an N2-H2«--5 bond had formed was not
Justifiable at this stage since the 2«5 approach was
3-32. Similarly the N3-02 approasch weas 3¢2% anad under
these conditions sollinearity of N3, H32 and 02 1s not

regulred,

“ach oi° thess departures from the predioted coordin-

ates waz lezs than ‘52 in the 2z direotion and s8¢ the six-
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postulated coordinstes were used &s the atarting values
for the lesst sgueres, The fact that 2 was not signifie
cantly altered by the inclusion of these =stoms was iLhe
rasult of a simultaneous attempt to modify the Bij for

the sulphur stom. This was not sucecessful,

The reason for this would seem to be rel=ted %45 the
size of ths momoclinic angle {(F* = 64°26')., Tt is there=
forg dlfficult to sesarste the effeoct o the motrix
components fee, M3ss and Fy3, snd in fact the least asguares
onalysis had shown that in particular S¢¢ and f43, and

B1s and P33 were highly correlated (>*L4}.

Lezst squares reflinement of the y coordinate of
hydrozen atoms was not possidle, The planarity of the
molecule was used to0 assign them the same y ocoordinate
ns the nitrogen stom to which they were covalently

bonded.

2e7s5 3econdary xtinctlon

‘n investigation of the structure Ffaotor lists
showed that A(= [Fel| = lFal} wss large ané negative for

the three strongest reflections,
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hk? Po ¥, A
020 107 132 «?28
0LO 53 58 -5
201 30 51 -21

A number of pnlanes had Fgy values near 25 dut for these

4 was neither consistently positive ror negative. The

data from three orders of diffraction is not sufficient

to treat the problem of secondary extinetion statiastically
and for this reason crystals were dipped in liquid air

and a new set of intensitles were read for these and

twanty other refllections.

The intensity of (20?) was found to be both extinc~
tion effected 2and in error as a resuls of a poor film
readings. The new ¥y values massigned to these reflections
were 123,64 and 35 ruspectively. A4(207) remains the

ilargest low zngle difference in the data.

2s7e7 Final Tefinement

Least squeares refinement ultimstely converged et
E x ¢117. The relirbility index for the observed erpli=-
tudes slone 1ls *0S7 snd sagreement factors for octher

reciprocal lattice regions of interest sre as shown:
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R Data

*117 hké

*139 hot

147 hko

100 oké

Number of

e 3in®/A _range reflections
*114 0 - +379 211
*098 *379 - 478 150
*125 *4L78 « 547 122
*134 *547 =~ =602 98
*182 2602 - +713 62

On the last cyocle of refinement most parameters
hed shifts less than one half their standard deviations.
The two exceptions to this were the 3 coordinates of H32
and H41 which oscillated through 6% ana «2% respectively,
The temperature factor components generally had large
standard deviations (possibly attributable to high
correlation coefficients between them) and whilst they
had all converged, a final difference map showed further
anisotropy, again chiefly around the sulphur atom.

These anomalies are discussged in the next section.

The final parameters and bond lengths and angles

are given in Tables 2,1 and 2,2, The values used Pfor
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H32 and H4Y are the average least squares values, The
standard deviations of bond lengths and angles are those
of Ahmed and Cruickshank (1953) and are given in section
3s2¢5+ It was necessary to estimate the atandard deve
iations of the H(y) parameters and this was based on

the relative standard deviations of octher (xys) para=
meters., The standerd deviations of H32 and H4L{ are the

least squares values,

The moleculer dimensions and planar structure of
the complex are shown in Figures 2.7 and 2.8 and the Fg,

Fc values sre given in appendix C,



01
02
03
N1
N2
c1
c2
C3

o
i

N3
NG
Ck

4]
H2
H34
H32
H4 1
HA2

TABLE 2,44

final Coordinste Parameters

24533
*8978
*735%
*6820
* 5616
*5576
*7750
*6927

+2705
*0194
*1765
*1461

+6626
*483h
* 9345
*0102
*0771
*2716

y

+2308
*1947
*1884
2045
+2025
*4948
+2201
*1916

*+2090
*2104
*1829
*1306

* 2045
*2025
*2104
*+2104
*1829
*1829

*0148
*5213
*8052
*2090
‘4243
*1983%
4378
* 5840

*4640
*4510
-1 %4
*41832

*0L91
* 5831
+0096
* 3000
~-+1925
-*0078

o(x)

*+ 0007
* 0006
=006
*+ 0007
+ 0007
* 0008
+0008
* 0009

+0002
*0008
*+0008
*0009

*0133
0123
0141
*0138
*0148
*0140

o(y)

+0030
*0034
*0028
+0033
*+0040
*0044
*00L6
*0048

*0016
*Q0L7
0042
20045

*05
*05
*05
«05
<05
*05

o(s)

«00114
*0011
*0010
*+ 00114
*0011
*0014
0015
*0015

Q003
*0014
0014
0017

+0288
«0209
*0248
*0259
<0243
*0232



01
02
03
N1
N2
4
c2
G3

K3
N&
Ch

H1

H39
H32
Hh4
Hik2

Final Thermal Parameters x10*

TABLE __2.1B

38
34
54
30

Baz

202
191
158
231
222
2hi
186
171

176
530
207
198

Bs3s

88
161
6l
108
85
117
103
85

N1

< N2

N3
H3

! Nb

NL

Bia
23

-26
-13
46
-13
48
53
51

Bas



RBond

01=GC1
G-t
Ci=N2
N4 =H4
N2=-H2Z
N1=G2
N2=03
C2~02
C3-03
C2=03
LGl
CL=N3
Ch=Nh
N3-~H 34
N3~H32
NLh-Hh1
Ni-HL 2

4

1+242
12340
1+392

*926
1+566
1367
14354
1+189
14250
12584
1°698
10325
1+402

*968

*977
10496
14034

rABLE 2.2A

Bond Lengths

o(a)

+013
3116
<014
«134
«171
°Q12
«015
-o*é
*010
-018
+011
«019
.015
1M
*469
*164
246

Bond

Ni~01
H42-01
3=N2
E=H2
N1=-03
H1-03
N 3=02
H32«02
Nh-02
Hi1-02
N3-03
H31-03
5=-01

8.02%
Se3®

249385
1962
3312
2+427
2-830
2°042
3+129
2¢216
3+4184
1+995
2324
1+996
3147

30231
3343

418t column is intramolecular data.
ond column 1s intermplecular date,
All bond lengthes in the plane of the

complex except the last two which are

between adjacent layers,

o(a)

*016
218
011
*18%
011
*175
Ok
-200
012
*176
013
*199
*007

+029
034



Angle

01-C1-N1
01~C1~N2
C1-N1=C2
C1=N2-C3
N1=-02-C3
K2=C3=C2
N1=02=02
N2=-C 3«03
C4-N1=H1

C4-N2-H2

3-Ch=N3

5= Gl N

Cl=N3=H34
Ch=N3=H32
ClmNi=Hhq
Ch=Ni=-HL2

e“

1236
122°7
111+9
1076
1017
1063
1314
1264
1010
1487
1184
1209
13244
112<9
112-2
1263

18t colunn
2nd column
All sngles

TABLE 2.2B

Bond Angles

o(9)

*9
*9
-8
9
‘9
"7
140
*9
130 4
94
7
7
17+8
14,40
9.2
11+6

except the last two

Angle

Nb=H42-01
N2-H2-8

Ni1-H1-03
N3=H32-02
Ni~H41 =02
N3-H31=03
Ch=5=01

Chm5=C2°
Ch=S=03?

.

o

170+9
1268
1465
1550
172+1
1597
168+4

90-2

85+1

~ intranolecular angles,

- intermoleoular angles.

a(e)

393
5+0
149
18+8
28+1
211
148
1+0
140

in the plane of the complex
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1.242

. 1.340

1.367

\101.7"
126.9 1.584

131.4

1189

02

1.698

Fig.2.7 Dimensions of thiourea and parabanic molecules
in TUPBA.
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The disposition of thiourea and

parabanic acid molecules

Fig. 2.8

on
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(020) planes.
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2¢748 The Relisbility of the Ztructure

A disoussion of the structure is found in chapter
four, &Jome Tinsl comments on the (p,~n°} and po maps

are in oontext at this point,

Vention has already been madas of several faatures
of this structure which might warrant further refinement.
The difference map showsed that there was further ani=-
sotropy, espeoially for the sulphur atom, whilast a
number of other peaks (typiocally of height *6e/A”) bore
no apparent relation to the itrial struoture. In addition
to this, correlation existed between parameters in the
least squares and the refinement was hampered to sone

extent,

The original aim of this structure analysis was to
derive information on possible urea=parabanic acid hydro=
gen bonding meohanisms, Dlespite the fact that UPBA and
TUPBA were not isomorphous pairs, valusble information
on the =c¢tivity of the unique crrbonyl grour in parabanic
ecid hed been obtained, The fact that the ﬁij paraw-
meters were uncertain was considered to be of only
secondeary importence since the correlation between these
and the occordinate parameters =2s not large enough to
suggest that an error in one might lead to = false solu-

tion in the other, No further attempt was made to refine
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5%

the ﬁi parameters, It should be noted however that the

3

quoted values for sulphur sre too large in the b-plane,

In order to investigzate the other zpurious peasks
in the difference nap an 7o synthesis was computed.
“hoase reglons in the difference map which were causing
sreatest toncern were where Po=p R + *5., It was found
that at several of these ocoordinates pe¢ was negative
and this requires Pe to be also cegative, The caloulated
density may only be negative ss a result of termination
effects, whilst pe mey suffer from poor |Fe| values and
incorrect phese angles &8 well as termination errors.
If F¢ and Fc have different cut-off levels at the sind
limit then the above peaks may, in pert, be explained,
The table on page 20 illustrates how R inoreases with
angle. For the highest sin®/\ sone |Fo| = -87]F°] and
the termination ripple in Py is therefore amore severe
then in po. %hilst this argument may not stand quantita-
tive analysis it dces show that the effect in question
is working in the right direction to enhance any fortui-
tous build up of difference density. 2 summary of peak

heights at the sntomic centres in the two maps i3 gilven

in tsble 203-

The anomalies in these peak heights may be explained

in terms of the slight tilt the complex has to the (020)



TABLE 2.3

Summary of Final Fourier ‘aps

Atom Pk, ht., in pe(e/A?) Pk. ht. in p.oaoie/k’)
01 1128 -*25
n2 12+70 -+20
a3 11+90 - 37
N1 10+70 -8
N2 10+00 «20
c1 562 =558
52 10+50 -33
c3 6+90 *05
= 391+84 05
N3 B«85 -33
Nb 955 =idq
Ch 9+06 ~+28
H1 *82 -6
H2 12 +08
H34 1450 -+ 30
H32 1+08 43
K44 1200 ~*10

Hi2 1275 *10
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plane. The peak height at H2 in the pp map recuires
explanation. The pe density is ~ 2¢5e/A% nesr H2 (in
fact on the line joining N2 to 2) end the extra stability
that this configurstion gives the N2«H2«~=l hydrogen bond
makes it a preferred orientastion. However, ithe differ-
ence peak at H2 supporis the least zguerez solution for

its woordinate and this value was subsequently used.

Two pesks in the difference and po maps are of great
interest, They are the only significant peaks out of
the moleoulsr plane snd they lie *~ +8% above and below
the pasrabanic molecule on the line through the sulphur
stom normal to the (020) plane, The peak heights are
very similer (although not relsted by symmetry) end are
«5e/A° (p¢~pc) and 3+38/A° (p¢)e The signifiocance of

these is discussed in chapter four,

It is seen in table 2.2 that the standard deviations
of bond lengths and angles 1s somewhat lsrger than usual.
This 1s partiocularly true wvhen hydrogen atoms =2re
involved. Despite this there ie sufficlent scouracy to
place high levels of signifioance on a number of anoma=-

lies in the structure (ses shapter four),
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CHAPTER THREE

IHE CRYSTAL STRUCTURE OF UREA PARABANATE

3.1 The Structure Tetermination

Information concerning the intermolecular bonding
mechanism for thiourea and parabanic scid was now
available. The planarity of the complex indiceted the
possibility of the urea-parabenic acid complex also
being planar, snd in the following approsch to the
structure, this waa subsequently verified from the

Patterson.

Farlier attempts to determine the UPBA structure
were prejudiced against involving 01 in hydrogzen bdonds,
but 1t was now apparent that in an environment of excess
protons this particular carbonyl group could accept =a

hydrogen bond.

The length of the b-axis shows that there is no
overlap of ocarbon and oxygen Van der Tasl's radii 4in
TUPBA but the situation in UPBA was thought to be quite
different. If UPBA were a planar complex then it was
most likely that the (211) plane would be the molecular
plane. Fach such plane is intersected by a set of

symmetry relsted (211) planes and the likelihood for
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contact formation is probably greatest in the vicinity

of these linesa,

An éxtenslive searoch of the Fatterson function
finally resulted in the location of the parabanic acid
molecule., Juf'fioclient phases were determined from this
moleocule alone to enable an Fy synthesias to reveal the

ures 23 a slad of higzh density in the map.

3.1.1_The (211) Plane

Although the orientation of the parabanic scid mole~
cule was known, previous attempts to determine its
absolute position had been unsuccessful. Thilast this
may be a reflection on the guality snd even validity ol
the original image, the perabanic scid image in the
origin of the TUPBA Patterson function was equally dis-
torted yet still defined the correct orientation of the

molecule,
Fach (211) plane in the cell is defined uniquely by
e constent 4 where
2X + ¥ + 2 = 4
and 4 i3 a function of the distance of the plane from

the origin. Tetermination of this constant for the

molecular plane was attempted in the following way. If
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d 18 nongero, in the real cell there are two planes
2X + ¥y + £ a2 4

related by = centre of symmetry at the origin, In vector

space there are four such plenes, two coincident at
2 + ¥ + 2 2 O

and two others defined by
2x + ¥y + 2 = *24d.

vensity of peaks in these planes results from vector
intersctions between the real spsce planes. The UPE2
Fatterson function satisfies these conditions only when
@ = O, and the parebsnioc acid molecule is therefore
forced into & plane containing a centre of e symmetry.
This result checks with eignificantly large values of
7{211) and UY{422)., For both of these planes to be
strongly reflecting, the optimum condition is that there
be only one (211) molecular plane per unit ocell., TIf &
i1s other than zero, symmetry conditions dictate 2 second
Plane, If there were 2 planes per cell, where dy~dy = %,
for example, then U(214) would be small whilst U{422)

would remein large.

For & general (211) molecular plane in & unit cell
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with space group syametry P2./0, the four asymmetrio
units may be defined in such a way that their planes

are given by

2% + ¥y + 2 = &
-2x -y - z = de {(centre related)
I3x = (F=y) + (2+%) = ag (glide relnted)

2{1=x) = (y+3) + (&~2) = a, {sorew reclated)

vhere d = =do
d5 = =-dg

and d = dg

Therefore the planes (271) which contein the sorew and
glide related molecules also pass through centres of
symmetry. This result wae not unexpected in the light
of the TUPBA structure and of other hydrogen bonded

structures in genersl,

The problem was greatly simplified by this condition.
¥odel building wes now possible in the (2141) plane through
the origln end the difficulty of supporting the models in
three dicensionz wse thus overcome, This plane of the
cell wes drawn out to scale (2 ca » 1%) snd a study was
mede of the influence of the symmetry elements on points

in the plane, Two features in particular were noted., It
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was not possible for a moleocule in (211) to straddle the
screw axis, sinoce this symmetry element was violated
under these circumstances, Also, the glide translation
(0, -2y, %) is & vector in the plane when ¥y = 0, and
care was necezsary to allow encugh space for packing
around the endpoints of these vectors. A number of
hydrogen bonded 'models' were conceivable. Many of
these, however, were unsatisfactory for the reasons oute
lined above., The interaction of matter in (211) and
(271) plenes had to bve considered before a model could

be recikoned satiafactory.

221e2 Harker l'eaks

In order to put the mocdel bullding on & more formsl
basis, the v = % Harker peaks were re-exarined for evie

dence of locatable scatterers in the real cell,

It is to be expected that peaks on this seoction nay
erise from vector interactions between either screw
related atoms or atoms which are fortuitously separated
by b/2. The type of interaction which gives rise to a
given peak may be determined by using that informstion
1n the Fatterson which results from the real cell centre
of symmetry, The genulne Yarker peak (2x,%#,%+2%) arises

from & scatterer at (xyz) in the P2¢/¢ unit cell., A
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seoond peak at (2x, 2y, 2x) should therefore appear in
the Patterson since the real cell has a centre of
symmetry. T“hen the two peaks occcur together in the
fatterson the v = 3 peak is s genuine Harker peak.
However the location of the scatterer at (xys) as the
source of these peaks is not unique., The amirror plane
in the Patterson introduces an uncertainty in the sign
of the y coordinate, and the two fold axes imply that
the choice of (x,8) is no better than that of (§-x,
#-%). In addition the translation group symmetry 27 the
Fatterson mskes each real cell coordinste uncertain by

one half of a cell edge.

Tleven of the fourteen v = 7 peaks were found to be
e result of interaction between screw related atoms, and
the various possible real cell coordinstes were com=
puted using the rules cvutlined above, Before the applica~
tion of the {ranslational symmetry eiffect, eight real
space peaks were found %0 satisfy 2x + y « 2 = O. Chifts
of elther
1} v/2 - o/2
1) b/2 « o/2
1i1) &/2 - v

»

~

N
i

or iv) =z2/2 = ¢
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do not wove the pesuks out of the plane and ail possi-
bilities were plotted. Tmages of parabanic acid were
then sought. Care was exercised to ensure that only
one peak of a syametry related set was considered in
any given image. “hilst the best image found did pro=~
vide for hydrogen bonding of the molecules through the
centre of symmetry, its dimensions were inaccurate dy
up to *78. Ihis was considered intolerable. (In faot,
this hydrogen bonding mechanism is not the correct one),
At no stage during this examination of resl cell co-
ordinates did there appear evidence for (101} or (101)

molecular planes.

Kention has sl ready been made of the two larker line
peaks., The pesk at (0,0,%) shows streaking in the (211)
plane through its centre, 7This particular line peak is
the one which implies the centering of molecules on the
glide plane and s2 such was further confirmetion for a
moleculer structure in which molecules in (211) straddled

this symaetry el ement,

3333 General Teaks

At this stage o the analysis, there hsd been no
indication as to the molecular plane of the uraes moleocule,

Thure was no imsge in the origin since the orizin peak
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itself was of similar size to the ures zolecule. One
property of vector sets which i3 useful if only the
orientatiocn of a molecular group is reguired is that
there are I imeges of the group in the origin, where ®

is the total number of scatterers in the cell. Tnder

the present conditions, imeges of ures molesules inm the
perabanic zoid atoms could be expected, The se innges
have the ndventage of being sufficiently removed from the
erigin 0 be unerfected bty the origin peak (section

1e5ub )0

toccordingly the 6400 was progremmed to compute dige
tances between ths . =neral peaks and a sesrch was made

for the ureas fiure

]

2.26A
o
2.30A

farabenlc aeid figures were also soucht. To allow for
the possibility of images straddlin: the DPatterson cell

sdge, all pesks defined by

-2/2 € x € a
-5/2 € y &€ b

=0/2 § 2 € ¢



93.

were considered. The mirror plane enables this volume
to cover the largest scale structure being souzht,

This exhaustive analysis resulted in the discovery of
one ures image in a plane defined by 2x + ¥ + % = ¥,

The dimensions of the imeze were acourate to '13, bat
because of the symmetry of the triangular arrsy it was
not possible to asaert which of the three possible
orientations was the correct one., (Information from the
peak heights was inconcliusive)., Several approximate
parabanic asoid figures were found. However, errors in
their dimensions and the incompatibility of their orienta~
tions with that of the original imagze led to their

rejection.
Although a planar group in
2X + ¥ + 2 = %

cannot be generated from a F24/c symmetry related sroup
in

2% + Y + % = O

this is of little oonscquence. The urea image is in
vector space and the value of 4 in this case merely
relates to the distance of the imaging atom (at the

origin in veotor spaca) from the moleoular plene. The
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Patterson had now yielded suffielent information to
Justify the asszertion that the complex was planar and

def'ined by 2x + y + £ = O,

Since there sere several hydrozen bondied urea-
paravanic acld structures cunceivable in the (214 plane
it #as now necessary to decide upon the correct ona.
Confirmation of the presence of two parabanic agid mole-
oules (related by a ceantre of symmetry} in the sanme plane
i1ed to a further searoh of the (211) plane through the
fatterson origin, Superposition methods wers used in
this instance to locate other imszes of the moleoule
related by « centre to the first, These methods had
not been used before when scanning the veotor set. 1In
three dimensions they are unwieldy but for s two dimen=~
sional problem they allow a guiok assessment of the worth
of an image with respeoct to both its dimensions =nd its
orientation. Imagzes found by this method were in fact
dimensionally Llnacourate but hed the appropriate orienta-
tlon. Only two of the images provided hydrogen bonding
possibilities through the centre of symmetry., The first
rodel built provided for a urea-parabanic acid link
simllar to one of the links in TUFBA (see fige 3.1j. The
urea nolecules were zimply FYitted into the vacant speoce

in the plane, considerstion being given to sy ametxry



z:=-1/4

z:=1/4

S

X

0 y=0 x=1/4 y=-12 x=1/2

/

y=-1
/

-/

Fig. 3.1 Trial structure in the plane 2x+y+z =0. (UPBA)
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element violation dilscussed earlier. The hydrogen bonds
between parebeanic sold molecules in this model are not
unlike those found in the orystal structure of parsbanic
acid,

Structure factors were computed but the residual of
*8 was no better then could be expected from a random
set of centrosymmetric points (Wilson 1950), The best
of the projeotions was R(hko) = +52 but since o = 15%
this was of little value.

The second of the above images which had a satise
faotory hydrogen bond network failed to satisfy the

symmetry operations.

Seleh Fp Syntheses

In section 1.5+4 & method ia described for solving
the Patterson function for coordinates (xys) inm the real
¢s8ll when Harker line information is lost in overlap.

The method uses the information contained in the centre

of aymmetry in the real cell, Superposition methods

were usaed with this technique in an ettempt to find urea -
urea® imeges in the Harker plane, Jeven such images were
found and five of these were found to be related to real
cell coordinates compatible with the original urea image.

Of these, three were in the (211) plane through the
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origin, and one allowed for urea-urea’ hydrogen bonding

in the plane,

If we consider the urea molecule 2z » heavy aton
(% = 28, CONy) then sceording to Sim (1961)
f!

ra~3-~2

2
8f3

and 907 of the phases would be determined. Clearly the
faot that urea iz four discrete scatterers will reduce
this figure. To give the Fourier every chance of yield~
ing the structure, only those ¥; values which had a
large Fc value were used in the series, Fither this
method of disorimination was unsatisfactory or else the
urea was wrongly placed for the Fourier map failed to
generate the parabanic aoid moleoule. A number of small
scale peaks were generated but they were apparently the
result of termination effeots and fortuitous reinforce-
ments of Fourier waves for no structural meaning could
be given -them. P4 syntheses using phases from the other

two urea positions were equally unsuccessful,

It may be recalled that a search for parabanic acide

parabanic acia® images on v = 4 was not successful., How-

ever the fact that seven such images were found for urea
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by superposition methods led to the use of this tech-
nique in a second attempt to locate the psrabanic acid
molecule, ©On this occasion two imeges were found in

v = & and one of these (fig., 3.2) resulted from real
space coordinates defined by 2x + y ¢« 3 = O, Furthermore
it provided for hydrogen bonding through the centre in a
way not previously tried. Structure faotors werscomputed
end the phases were used in an ¥, synthesis. The alab of
high density which was generated in the Fourler was in
maerk ed contrast to the smaller, sharper peaks generated
in the urea syntheses. This slab had the shape of the
urea solscule with a central peak in the vioinity of the
carbon atom, It lay in the same (211) plane as the para=«
banic acid molecule and was the correct distance from it
to sllow for hydrogen bonding to secure the complex.

From the implied hydrogen bonding scheme the oxygen ;nd
nitrogen atoms of the urea molecule could be distinguished.
Structure factors for this model (ses fig. 3.3) had a
reliability index of *59, and a second Fourier map was
computed. Shifts of up to *4] were implied and, when
spplied, these reduced R to °*47. One oyocle of least

squares gave further oonvergence to R = *37.

322 Eef'inement

The least squerea method of refinement has been
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The Harker .Section v:.1/2 of the sharpened Patterson function (UPBA).

S

Fig. 3.2



N

(=172,-1/2,112)

€0,172,172)

(112,312,172

Fig. 3.3
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Chains of the complex molecule in 2x-y+z =0,




98.

outlined in chepter 2, The data reduotion for this
structure had been done by hand and to date only unit
welght hzd been cpplied to all the intensities,

Cruickshank's (1961) weighting scheme in whioh
w (s + [Fol + olPe|®)™!
was used. In this expression

& = ZFnin

and o = 2/?‘ax

Lipson and Coohran (1966, P340) have given a test for
deoiding whether or not a suitable weighting shoeme has
been chosen, The least squares program FUORPLS liasts
the average value of @(|Pg| = IFQI)' for various ranges
of !F.l and these values were found to be approximately

constant,

2,1 _Interlaver Scale Faotors

Three least squares cycles on the coordinate para-
meters alone reduced R to +*2% and since there was evie
dence of premeture convergence the next cyocle also
adjusted the interlayer scale factors. The correlation
that exists between interlayer scale fastors and tempera-

ture factor parameters is well known (Lipson and Cochran
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(1366)). Tlowever when measuremsnts of these scale
factors have been mede (independent of 2 values) limits
may be set on ths values they might take and oconsegquently
it is poassible to ascertain whether some temperature
factor effects are leading to an inocorreot least squares
solution for these parameters, The strategy that was
adopted in this case was to adjust the somle factors only
after every two or three oyoles on coordinate and temp-
erature faotor parameters, and, in fact, once anisotro-

pic refinement was begun they were held constant,

3s2,2  cscondary Fxtinotion

The refinement again showed signs of sonvergence,
this time near % = +20, and an examination of the listed
output of structure factors revealed that there were

seven diffraction amplitudes for whieh
{a] > 15, where & = |Fo| = !Fol

Furthermore, in each case 4 was negative, The fact thst
!F,H was large for eash of these rafleoctions implied that
secondary extinotion was a likely cause for the effect.
The oontribution of' these seven reflections to the resid-
ual was 157, Thilst this in itself is not very signifi=-
cant, the point of making allowanoe for extinction was

not directly to reduce R but to remove the false minimunm



100,

which the extinotion had genersted on the least squares

surface,

James (1958, r293) has given a correction factor

for seocondary extinction of the form

I, = To/(1=2g1,)

and in order to get an eatimate of 28, 1 = %5 was plotted
o

againat I, (figure 3.4), The data used for +his graph
was in fact Fy and EQ, these being the film velues for
the intensities observed and calculated, It wes consid-
ered that since the extinction efrfect derended on the
strength of a Bragg refleoted wave, sllowance should be
mede for Lorents and polarisetion effects which have
already effected the intensity of 4iffracted Xerays.
The Jemes f'ormuls may be rewritten as
. 1=Io/1

Io
and henoe any soale fsctor which is applied to the inten-
sities will influence the vaslue of 2g, A correction
fsctor in the form of Lp will therefore make 2g a function
of sinf. 2 correction for secondary extinction of 28 =
63 x 10a5 ves applied to 8ll intensities greater than
500, Fvidence of extinction mey be seen in the ¥ilson

plot (paragraph 1.2.4). The observed dropping of the
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Eo x 1073

Fig.3.4 Extinction correction graph (UPBA).



ordinate 2t low angle 15 cherncteristic of extinction

effeocts and further justifies the correction made hare,

222e3  Anisotropic Refinement

Least sguares refinement of isotropic atoms pro-
cesded until F was °142, Conversion to anisotropic atoms
was done as outlined in chapter 2, The stendard devia=-
tions for the f;y component of ﬁij were found to be con=
slderadbly larger than those for the other elements of the
temperature factor matrix. This was atiributed to lack
of data in the b* dlrection beyond k = 3. Large errors
in the original values of S (as converted from the iso-
tropic atoms) gave rise to large shifts in %his parameter
after one least squares oyole. Fudge factors of *5 were
applied to those shifts which had generated temperature
Factor matrices which were not positive definite (and
hence did not represent a physical reslity) and refine-

ment then proceeded satisfactorily.

3e2s4 Mydrozen Atonms

At R = +106 a difference map was computed to check
the teaperature factor refinement and to looate the

hydrogen atoma.

Examination of the difference density in the region

of the heavy (non hydrogen) atoms revesled maximum peak
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heights of *3e/A%. These wvere in the vioinity of the
imidazole ring and were not readily asttridbuted to the
thermal motion of any one atom., In any event these

peak heights are not serious at this stagze of such an

analysis,

Four of the six hydrogen atoms were located
unsquivoocally., H1 waa apparent only as a peak of
height «3e¢/A% at 2 site which was further removed from
K1 than expected., There was also some uncertainty in
the position of 132, The coordinates, peak heights end
positiona of the hydrogen atoms reletive to 2x + ¥y + ¥ =

¢ zre shown in the folliowing teble,

Atom x y z ?:}233 2x+y+z = &
Hi  +255 =-+888 *567 *3 *19
H2 51k «1+559 <593 *5 *06
H31 +183  =~<6hh +308 *5 *03
H32 230 ~1+000 *376 4 ~eif
H4t 071 ~<408 *330 *6 *06
BL2 +000 ~+377 *426 *5 *05

The hydrogen atoms were inserted at these coordine
ates and the residusl improved by nearly 1" to =098,
The results of the final three least squares ocycles are

tabulnated,
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R 098 +090 «089 089
xu(yo-yc)' 1394 120°+5 1473 117+4

Further convergence may have bLeen possidble if the
extinotion parameter (2gz) had been refined. There was
however ne facility for this in FUCRFLS and since the
two largest A's were positive any improvement in R would
only be marginal, The final residual for observed
reflections only is *086., &1l parameter shif'ts on the
last oyole of least squares were appreoiably less than
half the corresponding standard deviation. The final

paramaters are given in Table 3.9

3.2+5 _Bond Lengths end Angles
The 5400 was programmed to compute bond lengths and

angles for intra- and inter-molegular bonds, The stand~
ard deviations for bond lengths and angles were calculated

from the expressions given by Ahmed and Cruickshank (1953)

vig,.
(xq=x1) c .
o*(d) = (o (x4)+0®(x2)] + terms in
y and =
and o* (@) = P (ke =x3)20 (x4 )4 (x4 =232+ ) 0* (%)

\d'd,sinﬂ

+ (xp~x4)20"(x3)+ terns in y and =]
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This date 1s given in table 3.2 and the dimensions of
the molecules are also shown in figure 3.5, The final

structure listings are given in appendix B,



Atom
01
02
03
N4

c1
c2
€3
H1

H2

Ok
N3
N4
Ch
H34
H32
Hi

x/a
*3921
*2114
*4007
*2786
4262
* 3675
*2762
*3752
*2340

*L.956

*+1091
*1353
* 0461
*1479
*3016
*2357
-0598

H42 20046

TARLT

3,14

Coordinate ‘Farameters

y/b
-+2240
~+1155
-*5603
w¢1126
-*4h63
-+2575
-+1981
=~ 4250
*0186
~*5649

+2508
+2238
* 5421
<3372
3165
0699
*5912
*6249

2/o
=*552/5
-+2782
-+2501
SYRTY
~*3953
~*L.575
-+ 3322
-+ 3465
-*4439
-*5099

-+5110
«*6396
-*6497
~+5874
-+5355
~26179
-*6673
~e 5773

o(x/a)

*QO0L
+ 0004
* 0004
+ 000k
*000L
+000%
*+0005
*0005
*0087
* 0081

* 0005
*0006
*0005
*N005
*0093
+0101
+0083
«0088

o(y/v)
<0009
*0009
*0040
<0011
0010
<0012
<0013
0043
0164
<0150

* 0010
0014
«0012
<0013
0182
«0207
*0175
*0174

o(z/c)
+ 0002
*+0003
20003
s0003
*Q003
*Q003
+0003
0003
+0050
*004L

*00303
* 0004
*0003
<0003
* 0054
*0059
*0051
* 0046



Atom

Fs]
W

€3

41

TABLY

2s1B

Tenparature Factor Farmeters ﬁi. x 10°
Y

Baa

129
129
129
95
85
74
73
75

Faa

271
303

289
201
255
178

Bss

28
L2
L3
34
30
30

N3
N5
i

127
b5
54

14

B3

33
L7
40
2k
24
17
23
a7

61

37
28

51
17
19



Bond Lenzths

Aond afy  e(a) Bond alfy eo(a)
01=C1 4233 *005% N4 =0k 20665 *008
£1-N1 1440  +008 H1 =04 1.808 <011
C1=N2 1399  -008 Nh=OL 3.007  +007
N4 -H4 *870 <041 HL2-0k 14997 <040
N2-H2 *393 <010 01-N2 24624  +007
N1-C2 14383 007 0112 14947 =040
N2=C3  1°442  +006 01=N3 3204  +009
202 $.240 007 01-H32 20284  +042
C3-03 1214  +007 03%-N3 34027 <008
G2=C3 1+537  +010 038-131 24735 012
Ch=Clh 14272  +006 02%5-N  3.236  +007
Ch=N3 14373  +009 02811 2-4945 <010
Chellh 1336  +009 028-n3 34067  +008
N 3wl 31 *881  +011 028-539 2203 0114
N3=H32 *955 <013 c3%~C3  3.756  -009
Nlp=HL1 <813  +010 03%-03 39346  +009
M4=H42 1015 <044 c3%-03 2+838  +008

18t column ahowsz intramoloular bhonda,

2nd column shows intermolecular contacts. The

first eight are inm the plane of the complex
(see fiz, 3.3) and the last nine are to screw
s) and glide (g) related atoms in a different
241 } plene,



TABLE 3,2B

Bond iAngles

Angle g o(8) Anzle a*  of8)
01=C1 N1 1267  +5 Ni=H1=04 1681 2¢5
01«C1=N2 1255 <5 Nh~HL2-0k  173°2 36
C4=H4=C2 112¢2  +5 N2=H2-01 16742 18
C1=H2eC3 1096 5 N3«H32=01 1614 4+8
Ni=GC2«C3 10421  +5 N3-431-03% 1008 9
NZ«C 5=C2 1063 4 Nu-Hu1-02% 15242 qe4
N{=C2-02 12955 5§ 03-H31=-025% 15645 246
N2+C3-03 1274  +5 33-03=C3% 1316 5
C1=N1=H1 1236 1+0 03=C3-03" 10440 140
Cl=N2-42 1197 <5 N2-03-03%  88+0 1440

DhwClh=l3 12202  +5
Oh=CheNh  119°2  +5
CheN3=H31 1104  *9
CheN3=H32 1161 9
CheNbhoHhd  11hek 9
CheN4=-HL2 1160 7

18t column - intramolecular angles,

2né oolumn - intersolecular anzgles. The first
four are in the plane of the complex
(see fige 3.3) and the lsst four are
2o aorew and glide related atoms in
e different (211) plane.



Fig. 3.5
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_ Dimensions of urea and parabanic acid

in UPBA.
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3,246 Tinal Py “ynthesis

2 f£inal electron density map, using the phases of
the model, showed all but four of the hydrogzen atoms
to be rasolved, ‘The eclectron density was sampled at
intervals of %3 p %5 and %6’ and the {211; plene was
drawn out to scale (figure 3.6)s HLY and H4Z are both
resolved in this plane znd the position of the remain-
ing hydrogen atoms is indicated by the 1e/A% contour in
every ocases JAnomalies in the bond leungthe snd sngles
as deturmined Irom this section of the ¥ourler and from
Tebles 3.24 and 3.28 are & result of the slight tilt

that the conmplex has to the plane.

This section of the mep 1liustretes the inter-

section of symmetry related planes

2x + ¥y + z = dy

and 2X = ¥y + 5 = dy

along lines v = n/2 {d4,d2, n integral)

and the three dimensional paoking of the molecules is
ghewn in figure 3.7. This figure i3 drawn looking down
the normsl %o the (271} plane. The hydrogen bonded pairs

of molecules at z = % are in the planes

£xX <+ ¥y 4 & = "1,0’1,2.3



(0,i72.172) o~ - ©(1/2,1/2,172)

ist contour 1e/A3 3
contour interval 2e/A

PNO@swN =
o
N
w

(0,1/2,1/2) &— (1/2,3/2,%2)

Final Fourier. map, (211) section.

Fig. 3.6



Three dimensional packing of UPBA as seen down the normal
-~ to the (211) plane. I

Fig. 3.7
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from left +o rizht respectively. The parabanic aeid
molecules * and U are helow the plane 2x =y + z = ¢
and ® and D are above this plene, B and C are relasted
by the t-translation and ¢ and " by the centre of

synmetry st {0,%,%). The outline of one quarter of the
urit cell iz also shown. The packing of the parsbanle

acid molecules up the screw axis 1s shown in figure

3. 8.

The structure is discussed in chaptsr four,



Arrangement of parabanic molecules up the symmetry axis

at x=al/2. '
Fig. 3.8
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CHAPTFE FOUR

A TISCUSSION OF THE STRUCTURES AND

INTERMOLECULAR CONTACT MECHANISMS

Let TIntroduction

This chepter contains a discussion of the molecular
and orystal structures of UPBA eand TUPBA, Theoretiocal
discussions have been included where relevant, although
an attempt hos been made to keep these as descriptive

a2 possidble.

Tt is sustomary to apply slgnificance tests to
crystal (and other) data in order to¢ ascertain the
reality of asnomalies in the data, Standard deviations

(o) for all bond lengths and angles ere known and we can

therefora de’ine a quantity & by

A
5::"
+2

where & is the de.arture of some cbservation from an
expected or predicted value. The probability of & exceed~
ing 2+%5, purely by chance, is 1, aad Tor & » 33 the
probability is only *1”’. The oriteria adopted hers are
that observations with € > 2¢5 are guite significant
whilst those with 5 > 3¢3% are highly significant. “hen

two observations a¢ and ag with standard devietions o,
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and Op are being compared, & is defined as

’@i = .t‘

& =
Yo% + of)

4e2 _The UPBA Structure

be2.1 _The 'olegular Structure

Le2e4el Moleocular Planes

The moleocular structures of toth uree and
parabanic 26id are planar (section 1.5.4) and this
planarity is essentially retsined in the complex sinoce
the intermolesular bdinding anergies are 1insufficient to
sauses large dlstortions of the molecular units, (3ee
lager this section for significent aplanarity). Least
squares fitting of the ocoordinate parameters for seven
different zroups of atoms defined the following planes
{Schomaker et al, (1959))t~

I Inidazole ring plane.
6*374x + 3°032y + 342608 = *073.

II Parabanioc acid plane {no hydrozen atoms)

6°443x + 2991y + 31802 = +137.

i1 Farabanio aocid plane.

6+368x + 3011y 4 3339z = +053.
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TV  Urea plane {no hydrogen atoms).

§e037x + 2784y + 3J+7hhz = ~+511,

v Urea planec,

6°h32x + 22632y + h+4132 = =777,

VI UPBA plane {nc hydrogen stoms).

6+251x + 34158y + 34084z = °035,

¥IiT UPBA plane,

6+391x + 34121y + 29khs = *152,

411 atoms were given equal welght in this analyasis.
In each equation the 2., H,3. defines the origin to plane
distance in %. Table 4.1 gives the distance (d) of
relevant atoms from these planes and the corresponding
value of § indicates the significance ol these displace~
ments. The standard deviation of the atomic coordinate
in this osse is taken as the average of o(x), o(y) and

‘7(3)0

211 three oxygen atoms are significantly displaced
?#rom the imidazole ring plsne and 03 (the farthest z2ton
from T) is on the opposite side of the plane to 01 and
02, Significant displacements of 01, 03 and M2 from 7T
also oceur. The learge value of X* ( = 3(61)') for this

i
plane (8 degrees of freedom) will rarely ocour by chance



TABLE L1

UPRA Planes Date

Atom I 11 ITI v v VI TIT
d & d 5 a & a 8 a 8 a 8 a
01 <011 28 025 6+3 «+008 2+0 *063 15-8 -087
02 «017 h*3 =+006 1+5 017 4*3 *063 158 <020
03 =+033 8¢3 -+027 6+8 ~+023 5°8 -+088 22+0 -+076
N1 =002 oy =+009 128 =+01lk  2°8 2062 12<4 047
N2 =002 *5 <016 4«0 =+002 *5 ~+041 28 <046
C41 ~-<003 <6 <005 140 =+045  3+0 *033 66 047
(_‘,2 '0_0&- -8 --00‘7 1.2 -001 L~ .()37 7.6 o017
C3 =+002 «h +002 s, <000 0°0 «+020 4+0 =012
H1 011 1°k +095
H2 *034 49 « 045
o4 ~+002 *5 027 68 =124 3140 ~+176
N3 =004 7 =+026 L+3 =+067 142 --088
b «+003 +6 =+053 106 <078 15+6 <011
Ch. «009 18 =004 +8 ~+028 5%6 =°075
H34 069 77 *406
H32 ~+093 103 <246
Hid ~+032 4O *141
H42 °018 2-3 «070

d in 3

$ in number of standard deviations.

[\
o

e o el =
POl P SRRV gV R IT
® 5 & 8 O B & & * 85 B 8 & p =
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and it must be concluded that these stoms are signifi-

cantly non planar.

The fit %o the urea plane (IV) iz very good, but
the inclusion of hydrogen atoms, in this and other
plenes, indicates that they are significantly displaced

from the plane,

The complex itself is significantly nonplenar
although the proximity of the two molecules to the {211)
plane had been suffiolent Ffor Fatterson methods to yield

the solution.

The displscement of the urea and parabanic acid
olanes from the origin emphasises that whilst the planes
of moleocules related by a centre of symmetry are parallel,
they are displaced slightly Trom e@ach other (~1~OR for
urea and 0°3% for parabanic soid)., The angle between

planes II and IV is 2°7°.

Le2,1.2 Bond Lengths and Angles

The dimensions of the molecules have been given in
figure 3.5 and the followxing table indicates the differ=
ences in bond lengths oi' the molecules in the complex

and in their respective crystal struoctures.
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Bond & Bond 8
C1=-01 2°+9 Ch=04 +8
C2«02 4*O Ch=K3 3+0
C3=03 *3 Ch~Ri 9
C1=N1 34
C1-N2 2+4
Ni=(C2 30
R2«C3 78
C2=-C3 -l

Tn only one case has there been a decreass in bond length
and this by an insignificant amount., The severe lengthen-
ing of N2~C3 is discussed in section L.LeZ2 and a mechanism
for this anomaly is given in section A.h.3.2. Figure 3.5
{l1lustrates the loss in mirror symsmetry of the two mole~-

cules in the complex.

Pauling (1960) gives the C = O bond length as ﬂ'213
and 1t is seen that only C3 = O3 has retalned pure double
bond oharacter, The percentage double bond charaoter (x)

of the ring bonds was determined by Pauling's equation

iIx
2%+ 1

R = Ry = (RywRy)

where R = observed bond length,
R¢ = single bond length

and Ry = double bond length.
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€C2~C3 retains the pure single bond charscter found in the
parabanic acid structure but the values for the cther

groups are

Bond x(parabanic socid) x{UPBA)

C1=-N1 2077 127
Ci=N2 207 124
Ni=C2 254 187
N2«C3 257 127

The percentage double hond character of the carbonyl
groups may be estimated on the basis that the total
double bond character around any ocarbon atom be unity.
The implied bond lengths of the cardbonyl groups sre in

good agreement with those observed.

Bond Implied x Implied length
C1=-01 767 1623
C2«02 82" 1.23
C3«03% 887 122

In the parabanic acid struocture this method grossly over=-
estimated the length of C1-01 (4+24 e.f., 1°21) but in the
present case no additional ionic chsrecter need de

assigned any of these groups to explain their length.

The significant ssymmetry of the parabanic acid

roleoulse in UPRBA warrants further comeent. The percentage



113.

double bond character of varioua bonds may be represented
by drawing out possible resonanoe struotures of the mole~
ocule {e.z. Davies and Slum (1955)). One sould then
assert, for example, that those structures with a double
bond between C3 and O3 sontribute 88" to the final struc~
ture. It is a consequence of the asymmetrical environ-
ment of the molecule and the subsequent degeneration of
point group symmetry from mm2 to 2m that a similar result

¢oes not hold for C2-02,.

The ures moleoule in the complex was treated in the

seme way with the following results.

Bond x
CL=N3 227
Ch=Nl 347
Ch=04 477

The implied length of Ch=04 18 127% end this agrees with
the observed length of 102723. The difference in length

of the C=~N groups is 2*90, i.e, gquite significant.,

ke2,2 The Crystal Structure

The packing of the moleoules in the (211) and (271)
planes 1s {1lustrated in figure 3.7. The angle between

these two planes iz 68'30 end, as such, is very close -
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to the moncclinic engle of the cell (70-9°).

La24241 tyérogen Ponds
The links in the chains of molecules in the (214)

and (27?) planes are four hydrogen bonds and the inter-
loocking of these planes is secured by two mores hydrogen
bonds and s carbon=~oxygen sontact of the type desoribed

in section 1.1 (ses Pigure 3.7).

The geometry of possible hydrogen bonds is shown in
figure 4.1, the first four bonds being in the plane of
the complex and the last three botween symmetry related
planes., Included in this figure are the N3=H31,..035
approach and two weak hydrogen bonds involving H32 and
H44., The first of these is included to illustrate that
whilst the N}...O}G approach is oconducive to hydrogen
bonding, H31 secures this bond %o 028, 3ince 03 is not
involved in hydrogen bonding the six protons are equally

zhared by the remeining three carbonyl oxygen stoms,

The hydrogen atoms H1 and H2 sre sctive in the only
bonds shorter than 53. However, it is not shortness of
NesoO that is most important in hydrogen bonding, but
rather overlap of ¥ and O Ven der %aal's radii, The

contact distance for these atoms is 3'63 and the bond



i 01C

iz .95

1.02 HZ2 2.00

e ——161.4 =53

e 02

H31 2.20

029

3.
N3 03

039

H31

superscript ¢ refers to centre of symmetry
superscript g refers to glide plane symmetry

Hydrogen bonding in UPBA, -
Fig. 4.1
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involving Y41 i3 therefore very weak, 7f uncertainties
in the Van der Waal's radli sre neglected the overlap
for this hydirogen bond i= 100 (i.e. highly significant).
It is worth noting that this hydrogen bond is the least
linear of all those in the struocture and is therefore

prediotably weakest,

Fuller (1959) has reviewed the hydrosen bond dasa
and included in thisreview nre eleven compounds whioh
exhibit HeH.,.0 = { hydrogen bonds, where ! and C are
ring stoms. The {ourteen hydrogen bonds in these conme
pounds range in length from 2+62% to 2¢93%, and the
present observed distance of 2'922 between N2 and 01°
ts Just within this range. However, this distance is
longer than the hydrogen bond lengths found in parebanie
aoid (2:273% and 2¢837%) and this may be & result of the
fact that the ' mcceptor atom, 01, is active in two hydro-

zen bonds in UPBA,

The bond Nh~Hh2...0L° (3:048) is of comparable length
with the hydrogen bends in urea, {Vaughan and Donchue

(1952}3) viz. 2+99% and 3-04%,

Aside from the unusually long hydrogen bonds involve
ing H32 and Hi4i, the one anomaly in this data 15 the

failure of 03 te partioipate in hydrogen bonding.
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7allmark (1962) has olaimed that the influence of atonms
A and 3% 1n the hydrogen bond A«H,..B is as follows., For
a given &L, the hydrogen bond distance roughly follows
the change in the Van der Waal's radius of B atoms, and
for a given B; the hydrozen bond length decreases with
an inocreass in elsctronegativity of A, TIn fact the data
shows an almoat proportional relstionship between the
difference in electronegativity of A =nd 7 and the

decrease in the length of H...PF from the ocontact distance.

The YPBA data implicates the osharaocter of R in the
length of the hydrogen bond in the following way. The
carbonyl group 03=03 has more double bond charscter than
any of the other ¢ardbonyl groups, Therefore the sontri-

bution of recsonance structures of the type

D

to the finsl strusture will be least for €3 = 03, and,
since the 0  ion has a greater affinity for protons than
the neutral oxygen atom, this group will compete less
strongly for hydrogen btonds. By this argument the elec~
tron density in the region of 2 is oritical in the parti-

gipation of % in & hydrogen dbond,

Consider the hypothesis that the € = 0 ,.s H~N
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hydrogen bond length inoreases as
(1) the double bond charaoter of C » O increases,
and
(11) the double bond cheracter of sroups attached
to ¥ incressges,.
The first point hes slready been discussed. Tith regard
to the second, the more tightly the proton 1s bound to
the nitrogen atom, the less screening effect can the
single hydrogen stom electron have. In other words the
N~H dipole is strongest when the hydrogen atom electron
is bound beiween N and X, Ceperation oi' these two
affects on the hydrogen bond length (e.g. in anhydrous
berbituric mecid) is not possible without & more formal

traatment of the prodblen.

Le2.2,2 The Carbon-Oxyzen Contact

A report on the observed contacts in both UPBA and
TUPLA has been published in the abstracts of The Figth
International Congress of Crystallography {Coiman and

¥edlin (1969)).

The failure of the UP34 orystal structure to utilise
facllities for hydrogen bonding correletes withk the lorma-
¢ion of ocarbon-oxygen contsots in the ocompounds discussed

in seotion 9e1s TIn UPRA it ia 03 thet is involved in the
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sontact

C3=03
2.8,8

134+5°

63%.03°

by which chains of paradbanic acid molecules are secured

up every sorew axis at x = (2n+1)a/2 (see figure 3.8).

The symmetry relationship between C and C' in the
contact C = 0 .+sC’ has been observed before in anhyd-
rous barbituric acid although it was not the case in
parabanic acid. The contact lenzth is within the range
of previous dats bdut the angle st the oxygen atom i3
amaller than has previously been observed, The angle
which the contact makes with parabanic acid plasne of C!

is specified by

(03 - ¢3® - 03 = 101°

and 2% - ¢3® - 03 - 88°

and this is consistent with the geomeltry of the gontact

in the other five compounds,

The displecement of 03 from the ring plane Ls such
as to inoresse the contact jengthe A study of the lavies
end %lum Jdata for parsbanic acld reveals s similsr dig~

placement of 01 in this astructure.
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The contact dnta is reviewed in section Leh.2.

Le2e3 _The Telationship of the Physical Propertlcs

to tha Crystal Structure

Those physical properties vhich were investizated as
a prelude to the structure determinantion were
{1) melting and decouposition points {thermal
properties),
{11) cleavege planes {mechanical properties),
{111) optical properties, and

{iv)} denaity.

(1} The melting points of ures ond nsrabanie acid
are %5300 and 244°%¢ respectively and the odserved value
for UPBA (183%C) 1s very close to the averasge. The
relatively high mnelting points of all those organio
solids which exhibit the ocontact mey be due, in part,
to the extra stedbility acquired by the struoture through

the contact. Melting points of other solids of intercst

are
Chloranil 290°¢c
inhydrous barbituric acid 21.8°¢
Alloxan 255%

Suceininide 126°¢
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Succinimide,

is included here becesuse it 15 one of & number of com-
pounds which have insufficient protons for complete
hydrogzen bonding of sll serdonyl zroups and yet does

not exhibit the sontact (¥eson (1956))., The low melting
point of this compound correlstes with the absence of

contacts,

The decomposition point of a so0lid is s function of
+he molecular struoture and bares little relation to the

internoclecular binding.

(i1) The only mention in the literature of an attempt to
find cleavage planes in the five compounds in question is
in aphydrous barbituric acid (Bolton (1963)) where none
were found, Howaever, parabanic sacid (Medlin {1955)) has
sn {oko)} cleavage whioh reguires no fraocturing of hydrogen
bonds, but resther severing of the 0%¢+¢C2 contact. The
UPBA ocleavage informstion cannot be strongly welghted

sinee no scourate determination of the planes was possible.

Two hydrogen bonds must be cut to make the (211) cleavage
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and four to make the {101) cleavage. The poor definition

of the latter iz therefore explained,

(111)5tudies of optical snisotropy were inconolusive.

The anzie between the optic axes is near 90°.

{(4v) The measured density is near the mean of urea
(1+32 gm/oc) and parabanio scid {172 grm/ce). This is

a predictable consequence of & hydrogen bonded ocomplex.

This veview hos vielded one anomalous a2ffect of the
contact on the erystal structure, vis.

{a) structures cre stabilized by the contacts more
than by hydrogen bonds (¥.P. data), but

(b) there is less energy in 2 contact than in s
hydrogen bond (cleavase dsta).

The second inference msy not be strietly correct.
Tn the case of parabanic ecid the only poseible assertion
ia that it is simpler to cut one contaat then twos hydrogen
bonis, Nevertheless, the oleavage in this case 13 very
well defined end typical of cleavages which sever no

hydrogen bhondse.
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Le3 The TUPBA Structure

bo3s1 _The ¥olecular Ztructure

holdslel [FPlanarity of the Complex

The least squares analysis of 3chomaker {1959)
was performed on four sroups of stoms in order to find the
best planes through these pointa. Hydrogzen atoms wera

excluded from the analysis. The planes are

Tuidasole ving plane.

“«2539x + 6°290y + +1222 = +986.
it Farabanio scid plene.

«*0415x + 6292y + *2528 = 1+370,
I1% Thiourea plene,

s724x + A*272 'y = *5355 = 1+248,
iv TUPBA plane.

1¢6286x + 5540y ~ *294e = 14829,

The origin to plane distance 4in % 1s given by the R.H,E.
of each equatiom. Table 4,2 contains the displacement
data of the atoms from thelr planes; the standard devia-
tions used in this instance were the o valuss {for the y
coordinates since these are most relevant ty displecenents

from the b-plane.

The oxygen atoms atisched to the imidazole ring are

are 21l significantly displaced from the ring plane. The
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d
242
-.163
-+081
-s023
*055
-0018
.51
-+ 064

147
-21

1079
-+028
007
-e0L1
002
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-+028

d in g.
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=20
°1
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+009
+ 004
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182
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-0358
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9+7
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-3648

-2245

-.590 ~210ﬂ

uG525 ’20.2



123

complex is non-planar at atomic dimensions end, in fact,

the best fit plane passes between the two wolecules,

belsls2 Bond Lengths and Angles

A comparison of the bond lengths in TUPBA with

those in parabanic acid and thioures (Wyckorf (1966))

4s drawn in the following tadle,

Bond

C1=~01
C2«02
$3=03
Ce=-N1
C2-N2
Ni1=C2
N2=-C3
C2~C3

&
242
wlol
3¢5
«2¢5
140
*6
-l
2+3

Bond 3
S=Clp -9
CL=N3 -3
Clh=NL 39

The only two highly significant changes are in C3«03 (an

inorease from 1+212% to 1+250%) and ti=Ni (an increase

from 1¢329 to 1+402%).

The double bond charaster of the ring donds 1s

C1-N1
Ci=-N2
C2=-N1
C3-N2
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and Af we assume 2 pure single bond for C2=C3 the implied

double bond character of the carbonyl groups 1is

x length
C1-01 50 1-26%
C2-02 757 1+23%
C3=03 75% 1+23%

The differences (8) between these implied lengths
and the observed lengths are 1+4, 2+0 and 2+5 respectively.
The lsat two mey be significant in 1light of the observed

Seee02 and S.45603 contacts dlscussed in section Le35.2.2

The relevance of the low estimation of the ClL=3
bond length {1:67% by Pauling's equation) to the oontacts

is also dlscussed in section Le3.2.2,

Le3.2 The Crystal Structure

be3s2.1 Hydrozen Bonds
The complex unit is stsbilised by a system of

hydrogen bonds into sheets in the (020) plane. These
hydrogen bonds are shown in figure 4.2. The relevant Van
der %aal's contact radii for this data are

NeseS 3.358
HeooS 3.05%
NewoO 2-908
HesaO 2600 (Hamilton (1968)).
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2.83
N1 _— 03+¢
146.5 ot
.93 2.01
Hi1
.97 - 2.00 : '
H31 '
3.13
N3 - 5 ‘ 02
.98 §55. . 7 22
H32 :
172.1 3.18
1.20 Hal . 2.00

Hydrogen bonding of TUPBA.
Fig.4.2
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The six protons are sll involved in hydrogen bonds, two

with each of 02 and 03 and one with each of 041 and S,

The oscillation of the 2 coordinates of H32 and
H44 in the lenst squares analysis has been mentioned in
seotion 2.7.7, 2nd it is interesting to note that both
of these atoms are weakly bonded to 02, The phenomenon
of ferroeleotrioity (Megaw (1957)) has been amssociated
with the tunnelling sf protons asross the hydrogen bond
potential barrier. (The qualitative nature of this pot-
ential funotion 1s given by Hamilton (1968))., The effect

of this tunnelling 1is tc produce the transition

= 84 8+ b=
A = HouoB b d AaseH = B

and, in faot, the application of an electric field to a
ferroelectric crystal will reverse the direotion of the
natural polarisation of the crystal, without any break-
down of the orystal structure. The possibility of

trensitions
Nb.,-Hh'lu.OZ"-H}Z...KB ol Nk...ﬂh1~02.ou332~N5

was considered. However, the magnitude and direction of
the least squares oscillations of the coordinates of H32

and 44 were such that further evidence was needed before
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the effect could be considered real, The final differ-
ence map shows two peaks (height +6e/A®) 1+5% ana 1.7%
from 02. These peaks were displaced from the lines
H32«02 and H41=02 by up to 1% ana therefors they diad

not sccurately represent the effeot under consideration,

The hydregen bonds on 03 are stronger than those
on 92 and the 1«33 hydrogen bond length lies within the
range of date reviewed by Fuller {(see s58ction Le2e2+1)e
The hydrogen bond on 02 is similar in length %o those

found in ureea.

The use of sulphur in & hydrogen bond N=H,,+5 has
been reviewed by Wallmark (1962). Fighteen examples of
NeHsweS contaots which could be the result of hydrogen
bonds were found, The lzngths of these contacts (N...5)
varies fron 5-233 to 5.512, and the ghserved N,.,5 dise-
tance in TUPBA (3342%) is within this range. The angle
of the hydrogen bond in the present case is 127° ana.
this departure from collinearity of N,” and 5 atoms 1is
sonsidered serious. Hamilton (1968) has reviewed sll
A-=H,.eB angles in hydrogen bonded systems studied by

neutron diffraction and angles es low &s 110° are reported,

No HeseP lengths are given,

from the growing list of compounds which exhibit

significant overlap of H and § atoms, we can infer the
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importance of these hydrogen bonda in dblologlcal systems,
In the absence 5f more suiltable scceptor atonms (e.g.
oxygen) the sulphur atom may influence the orystal
strusture through this mechanism, However, since sul-
phur muet compete with stronger acceptors, the H,,.3

bond, in most cases, will be of only secondfary importance,

The separation of screw related planes in the
TUPBA unit ceii is 3°15% and the possidility of any
Uewel contact in this structure is therefore eliaminated.
However, the sulphur atom is involved in contaocts which
are shorter than the predicted S«0 (3-253) and S=C (3.55%)

Van der Waels mpproaches,

The obzerved S0 distance (in the (020) plane) is
3'153 end this represents an overlap of JeLo, Besides
this weak oconteot, there is very siznificent overlap of

& with €2 end 03 on socrew relsted lsyers such that

SeeeC2® = 3.23%
eand S-=-C3% & 3.34% ,

Although the difference in these S-«C lengths iz only
20, the difference in length of (2«02 snd C3=-03 implien

some genuine asymmeiry in the contassta, The large
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standard deviations of the contaot lengths {~ 03%) is
determined by the large standerd deviation of all y
coordinates in the structure. These errors are enhanced
when bond lengths in the direction of the unique axis

are considered.

The geometry of the vontacta can be inferred from
figure 2.8, in which the sulphur atom is seen to be
almost directly above the centre of the C2«C3 bond.
This may explain the observed slizht elongation of this
bond (1°58% compared with 1+54% for C-C single bonde).

The contact angles are

ChewS=02> = 90.2°

and ClynSmC3® = 8504°

and the impliocation is that the p orbitals of sulphur
nay be involved in the contsct with parabanic acld mole=

cules above znd below the thiourea plane.

If the », orbital of sulphur is %o act &35 a bonding
orbital, the S=C4 double bond would be weaker than
expected since one of the two jps electrons nust vacate
its orbital for pr or Epy. Such a transfer leaves a
lone electron in Bps and faclility for only a single bond

between & and Ck, The ocontridbutlion from thls resonance
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state to the atructure need only be slight asince the
Seeel interasction is very weak, and in fact slight

lengthening of © = Ck has been observed {section 4. 3.1.2).

An alternative mechanism concerns the possible
valence shell expansion of sulphur (Salmona (1968)).
Sulphur is & second row element (18%2s%2p*3s*3p*) and
therefore itas valence shell has 4 atomic orbitals. Fleo-
trons in the valence shell sare readily exoited into the
38'3p®3d® state and hybridisation of these six atonmio
orbitals into equivelent orbitals gzives an octohedral
srrangement (i.8e six orbitals directed romw the centre
to the face-centres of = ocube), It is unlikely that six
equivalent orbitals asre generated in this case although
the geometry of the octohedral orbitals is consistent
with the geometry of the contact and_the covalent bond
at 3. Two of the four orbitals in the xey plane amay be
used in § = C4 and the two orbitals in the * 3 directions

may be active in the oconiact.

The fundamental difference between lonic and cova-
lent bonds is well known and recently RBader {1957) has. shown
experimentally that the former are secured by & bonding
density at the atomic centres and the latter by a boniing

density between the atomlec centres, The density referred
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to here is » difference density which determines the way
in which the electrons of the bound etoms are redistrie
buted when the bond formes It may be recelled thet the
final difference electron density map for TUPBA shows a
significant density along the line joining °© and GZS.
These peaks are over 28 from the sulphur atom and there~
fore are not likely to be the result of thermal motion
of this atoms ¥rom the geometry of these peaks in the
map (one above a2nd below the plane of C2) it can be

asserted that they represent a real bonding density.

It is not valid to argue the in’luence of the crystal
field forces in explaining these contacts. There are
configurations of the complex relative to the screw axis
whioch require no overlap of Van der ¥asls' rasdii, and
thersfore & genuine minimum zust exist in the interaction

potential function for U and C2 in this structure.

Le3,% Thyszical !

The melting point of TUPRA (243°C) 1» nesr the aver-
age of the nelting points of thiourea snd parabanie acid
and it is also ocomputible with the high melting points of
other solide which are bound by intermoiecular forces

other than hydrogen bonds (see ssction 4.2.3).
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The well pronounced (0k0) cleavage euts through
G hyurogen bonis but tihe Jdeeetv Contact Le ssvered,
This is compursble with the cleasvage plane in parabanio
acid (sen 2e0%%ion 44243)a The two other ‘'cleavages' are
less well dolined and ia faet ths {?bﬁé cleavage breats
four hydrogen bonds whilst the ($01) oleavage bears no

apparent sreisition %o the cryabtal strusturs.

heb  Intsrmgleguler Torees
ntreduetion

The orystal strueture of organic solidms is deter~

sined by two factora:
(1) the sise and shape of the nmoleculsar uniis, and
{41) the ocapasity that these units offer for inter=

moleculayr bording.

The relaticnship of the letier Lo certain physicel
praperties of the two structures hasz & rendy besn dils-
cussed. Lignificent differences in the dimensions imply
an intersction between crystal and wmolesculsr atructurec,
“hether it 15 the perturtation in one that zffects the
other, or vice versa, 1s not importapt. The only signi~-
ficance ln this interactiosn 1z that # certsin mutual

configuration is more :tadble than any other,
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A

. rigorous treatment of intermolecular forces is
btevond the scope of this worke WHirsehfelder (1967) has
discussed the increasing complexity of determining the
intermolecular potential energy function with incressing

complexity of the interacting moleocules.

There is, however, one asimple concept which is use-
ful in this regerd and that is the Van der Waals® radius
of an saton. The Van der Vaals' equation of state contains
terns desoribing both attractive snd repulsive foroes,.

The attraction vperates at large distances and arises
through the interaction of permanent or induced dipocles

on the moleoules. The repulsion, active at distances of
the order of the molecular dimensions, =ey be explained in
terms of fhe Pauli execlusion principle, whereby no two
electrons umsy occupy the same quantum statis, The Tan der
waals' radius of an atom may be defined ss the equilibrium

distance for these two opposing forces {aiater (1951)).

Covalent bonding arises from the overlap of atonmig
orbitals znd if the eleocirons in these orbitals are
defined by wave functions ¢¢ and vy, then we oan define

e quantity called the Overlap ‘ntegral, &, where

o o= ;'i WI*&T -
¥

T
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The numerical value ¢f ” 1s beiween zero (no overlap)

and one (complete overiap of normslised wave functions),
“ince T i3 2 uselul parameter in deternining the strength
of covalent intersctions, it would Ye interesting to

know its value for two stons separeted by the sum of
their Van der 7a2als' radii. HYowever, fartree's atomlo
charge density has [sllen an order of magnitude from the
r = 0 value at the Van der "aals' radius snd the uncer-~
tainty of |¢|® in this region prevents an nccurate deter=

mination of ¢ (Bondi (196L4)).

It has been shown (Rondi (1964)) that a relationship
exists between the Van der “nals' radius of an atom =nd
the de Broglie wavelsngth of its ocutermost valence zlec~

trons This relationship heg the form

rv = le

whe re
k = 64 (rare gzes elements)
k = *53 (hal ogen atoms)

¥ = *48 (other non-metallic atoms).

The expresaion for the de Broglie wavel sngth is
h

A
(2313);

BR
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where I, is the first ionisation potential, A change
in the energy structure of the atom can only decrense
Io, and r, for an atom in an excited atate is therefore

greater,

The concept of hybridisation has been introduced in
section 443.2.2 in discussing the sulphur contacts in
TUPBA. A more formal discussion of this phenomenon now
follows to provide » basis for some of the ideas expressed

in section helia3e2,

The velence shell struocture of the carbon aton
(28®2p®) implies s velency of two in which the bonding
orbitals are at right angles to each other, The observed
guadrivalence of carbon is consistent with the valence
stete 28'2p® but the geometry of the orbitals (tetrahedral)
requires mixing of the 3 and p wave functions to give
four equivalent sp® hybrid orbitals. Analytically, these
new wave functions are generated as linear combinations of
the existing s and p wave funoctions, and in particulsr
they can be shown to satisfy the least energy coriterion
(Coulson (4956)). The strength and directional propert-
ies of these hybrids is such that S is maximised snd the

molecule stabilized,

The ntomic orbitals cof carbon are also found in sp?
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and sp hybrid states, according as %o the environment
of the atom in 2 partioculsr molecule., The following
table gives the relative strenzth and zeometry of
verious s and p hybrid states (ichutte (4968), Coulson
(1956))

ofﬂ:;nda Hybrid Strength Geometry
1 8 1000 omnidi rectional
4 3] 1932 linear
2 'y 1732 angular (50°)
3 sp? 12994 trigonel plene
3 p? 1732 trigonal

pyramid

L sp’ 2+ 000 tetrahedral

%hen discussing bond energies and lengths, the overlap
integral § is s more useful parameter than the strength
of the orbital since the latter refers only to the maxi-
mum value of the probability denaity. 7or C-C bonds the

overlap integral relationship {(¥aceoll (4950)}) 1is
5(sp-ap} > S(sp®~sp®) > s(sp®~sp®) > S(s-s) or S(p-pl.

The hybrids listed zbove are not the only possible com~
binations aveilable to the atom, They are the only ones

whioch zive & set of equivalent orbitals in sach ¢ase,
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but in general an arbitrary mixing of s and p wave
functions ney be expressed oy

8 + Ap
x
i

where M is the mixing coefficient (Coulson (1956)) whioh

may assume values from O (pure s) to w (pure p).

The ecnstant A may be related to certain properties
of the orbital. For example, the stomic dipols moment
(Goulson (1956))1is largest ahen % = 1 {(sp hytridisation).
The elestronegativity of an stomic valency is also depend-
ent on ths hybridisation of that valenoy {Rent (1961)),
increasing as the s character of the valency increnses,
T+ follows from this result that atomic s character con-
centrates in orbitals directed towards electropositive
substituents and atomic p character concentrates in
orbitals directed towards electronegative substituents.,
Bent has alsoc shown that the stretoching foroce constant of

a bond increaszes with increasing s charaoter.

"he inclusion of s charzoter into en otherwise pure
p wave function will concentrate the probability density
for this Qrbital nearer the nucleus, .uch & reduoction
in the atomic radius will allow other ~toms to approach
closer than usual before the repulsive and attractive

forces balances If the orbital in question were a lone
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pelr orbital, such an increasze ln s charaster wouid
reduce the contact radiuz of the aton in this psriicular

dlrection,

It is apparent that perturbations in the lengths of
covalent bonds snd contect rscii may be described In

ierms of hybtridisation of stomic orbitals.

bobo2 Review of Contact Date

o

5ix examples of oarbonyl oxygen=oarbon (C = 0...0')
close approaches have now been observed. The ocontact data

is as followas-

Compound Contact Contact conbd Nunmber
lepgth angle © of Ye~bonds
{§§ {degrecs)
rarabanie sela 277 157k *92 2
Caloranil 2+85 1640 *95 -
tarbituric acid 2+30 162+% 25 2
Aliloxan 279 1547 *90 -
Triketoindane 2+83 1507 87 -
UPBA 284 13146 *568 5

Another feature of the date 1s the approximate collinearity
of the contsci with the direction of the T’ P, orbital in
every case. Bolton {1964(b)) has previously slaimed the

significance of ¢ = O being collinear with thils orbital,
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but the Ui B3A data esteblishes the contact direction as

more oconsistent relative to 4the orbitals of 4,

The interaction between crysital and molecular
structures in a compound hes been discussed in the
previous section. & careful comparison of bond lengths
in the structures in cuestion seemed Justified since
theres was evidence that the lengths of some of the car~
ponyl groups were relsied to the oontact Cormation. In
the following table the aomenclature of the original

publications is uszed.

Compound cw0 (%) ¢ =0 2(%) Length of
other
C=J groups

Parabanioc acid C1 = 01 1+292 C2 = 02 1212 1.212

. ’ ’ &
Chloranil CIII” 0 1495 CTTI’ 0 1495
Rarbituric Aocld C6 = 06 1+18% C6! = 06! 1+189 1202,
1229
sdlloxan C6 = 06 14213 C5 = 05 1+4836 -

Triketoindane G2 = 02 1227 C4 = 01 1489 -

UPBA 63 = O3 1244 C3' = 03' 4+214 1233,
1240

In each ocase C!' = 0’ is either the shortest carbonyl group
or, when C = O anéd €% = 0! are equivalent, as short es the

shortest carbonyl sroup.



"ariier discussion {section L.Y.2.1) on the prefer-
ence for 91 snd 02 to act as hydrogen bond scceptors in
UPEA implied that shortness of the carbonyl group is
critical in determining that no hydrogen bonds on 03,
#hilst hydrogen bonds never form on the contact oxygen
stom, C = ¢ is not alweys the shortest carbonyl zroug.
¥owever, when carbonyl groups shorter than € = O coeur
{i.e. in alloxan end triketoindsne) no hydrogen tonds
form at all, despite the presence of two N«H groups in
alloxan. Carbonyl shortening may be empirically releted

t¢ two phenomenai-

{1) absence of hydrogenm bonds on 0, and

{ii} a earbon-oxygen contsct invoiving C.

The date only weakly relates this shortening to oxygen

activity in the contact,

The leagth of certain carbonyl greups in all strue-
tures except parabenic acid asd UFZA is less than the
norsal double boné separation o carbon sad oxygen atoms
(1.213 , “suling (1960)). The applicatlon of Fauling's
equation to a ¢! = 0f length of 1'193 indicates an ¢leo-
tronegativity difference lor these atoms of 1425 (an

inorease of @'25}, and an lnorease in the lonic character
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of" the bona from 44 4o 55 is thererore ilaplied. This
is oonsisitent with Boliovn's slectrostatic iluverpretation

r

of the ocontaot {(section h.keded), although simiisr
decreases 1n the length of C = 0 are only observed when

G =0 and ¢! = 0’ are =quivalent {by synmetry).

Gf the six exswples of the contact, parabanic agid
selone has all its carbonyl groupa-equal in lengths. The
symmetry of the molecule {mm2?} implies that an orthor-
iomblc unit oell would be more Likely to satisfy the
least energy condition (¥edlinm (1355);. The only asym-
metry in the astructure is in ths hydrogen bond lengths
end the apparent uniqueness of 01 and 02 (the contact
atoms). The least squares solutions for the carbouyl
2TouUps were

21 = 04 1+212% (~004)
€2 = 02 1+216% (-003)
£3 = 03  1-208% (+003)

and aithough these difisrences are not statisticelly
significant, the faot that 03 is invoived in & longer
hydrogen bond than 02 supports the hypothesis in sectlon
Le2+42+1s On the other hand, the physiecal asignificance

of ©2 = 02 being longer than the other groups 1s sontrary

to the ususl shortness of C! o Ofe
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Yedlin (1955 has observed a strange property of
parabanic acid which may be relsted to the ocontact forma=-
tion. <hen thin sections of the orystal are ocut (per-
pendicular to b) and left to stend on = zlees slide, they
#1ll, on occasions, chanze thelr morphology from a Tform
in whioh § 1s obtuse to one in whioh § is acuts., T7This

was obasrved in small sectlons uncer the polarising

alicroscope. The angle involved in this change is 6° ana
the evidence iacvcurs sn energy iuunction as follows:w
. [
[ ]
3 i
h

1
I
I
'O ] &
87 ge—> B
\
The height of the barrier ‘h) is appsrently zreeter than

kT at room temperature since this morpholoziscal change
osours only once after cleavage. Fvidently cleevinz has
generzted & metaatable energystate and the phonon energy

in the lattice 15 released by ithe transition desoribed,

Suoh & transition will interchange the environments
of all stomz releted by the mirror planej ir varticular
the lengths of the hydrogen bonds sre reversed and the
contact atom C! is now €3 and not €2, The¢ preference

or & moneociinic cell iz therefore & éirect resuvit of



the extrs stsbility acquired by the skructure when the

contact iormsa,

tn obcervetlion unique to UPBA and barbituric acid
13 the lengthening of C-N adjacent to ¢ = O {(end &' =
0’), and s mechanism for this lengthening is given in
gection L.Ah.3.2. ¥%olecular symmetry in the other examples
prevents s comparison, In faet, in barbituric acid and
UPRA the equivalence of U = O end €' = 0! may be relzted

to the asyammetrical environaments of the carbonyl groups.

The atriking anomely in the data is the contact

angle ip UPREL whilst three general trends are indicatedy

(1) ¢! = 0’ 1: slways short,
{41) there ere never hydrogen bonds on O, =and
{1i1) the oontect 15 alweys collinear with the C' p_

crbital.

Lehe 3 Meshanisms for the Contact

Lehe3s1 Previous Conceptions

Bolton (1964(b)} has suggested two possible

mechanisms for the contact,

{1Y electrostatic attractlon hetween C = O dipeles

and 0! positive charge ocentres, and
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(2) 4involvement of the sp? hybrid crbitals of

OXYE®he
These will be considered in turne.

(1) The postulate that there are centres of positive
residual charge on €' is well founded in each cese, The
force of sittraction or repulsion between thls charge end
e dipole ls & funotion of cos®, where & is the angle
between the dipole axis and the line jJjoining the charge
to the centre of this axis, The grcater the overlap of
Van der Waals' radii the stronzer is the intermolecular
binding force and therefore it ashould be possidle to
correlate contact lengths and engles, the shorter contacts
being the more linear, The table on page 137 illustrates
that the data has an incorrect qualitative content, The
longest oontact (aﬁhydroua barbituric ascid) is in fact

the nost linesr,

Hamilton {1968) has pointed out that it is not clear
that the energeticslly most favored configurstion for the
hydrogen bond is the linear one. 1% !s likely that the
proton should be directed towards the centre of denslity
of the lone pair orbital of the acceptor atom rather than
towards the nucleus of this atoms. In this respect, non~-

linesrity of C = Ueesl! stoms may be the result either of
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displacement of the dipole axis of € = @ or of a weaken~
ing of the dipole field through some other sffect (see
section Lekhao3.2)s It 18 important to realise here that
the © = O group has little freedom to direct itsels
towards the charge centre at C’, since its orientation

is primarily determined by the orientation of the molecule.

It i3 customary to assert the influence of crystal
field foroes when the orystal deta is in slight conflict
with the predicted geometry of the syastem, Although the
influence of the orystal fleld is not readily estimated,
the number snd direction of other intermolecular bonds in
the six coupounds doesz correl=te to some degre¢ with the
contact angles. Farabani¢ aclid has no other intermoleocular
bonés in the h~direoction asnd, in faot, 1t appears that
packing of the molecules in the cell ocould be arranged
with no overlap of 7en der :aals radil beiween screw
releted sheets., Cn the other hand, one of the hydrogen
bonds in barbituric acid 1: between cenire related mole~
cules and the contact {between glide related molecules)
is therefore affeoted., Cf ths six hydrogen bonds in UPB3,
four will sffect the geonetry of the contact and this may
explain the ancomalous sngle in this case, Xevertheless,
if the dipole~charge sttraction in UPBA is weakened by

the crystel field in this way, a significantly longer
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contact should be »bserved,

(2) The involvement of ap® orbitals of oxygen is
said to zive marginally worase sgreenent with the data
then the elesctrostatic interaction. Angles of 120° are
predicted by %olton with this mechanism but Lt 1s the
suthor's opinion that the angle should still be 180°
aince two of the three sp? orbitals =re involved in the

double bond,.

23:2 A ¥Yodified Yechanism

The observed shortening of ¢’ = 0’ (and in sonme

cases of C = O) has been related to an increase in ioniec
character of the bond, and this in turn may be related to
an inoreass in elcetronegativity difference between the
carbon anid oxygen atoms. The review of Bent (4961) indi-
cates that an increase in the electronegativity of oxygen
may be effeoted by increasing the s character of the bond-
ing orbitals, and similarly s deoreass in clectronegsati-
vity of carbon will result from an increase in 5 chsracter
of the orbitsls which bind it to the oxygen atom. This

rehybridisation will shorten the carbonyl bond,.

In the zround state the psrabanic acid ring bonds

are pure single bonds., There is no delocalisation of ¥
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electrons as is found in btenzene and other aromatic eoon~
pounds., The four ¥ elestrons in the parabanlio scid ring
system are the two unshared pairs contributed by the
hetero~atoms in the ring. 7The geomedtry of the bonds at
the carbon atoms is consistent with an sp® hybridisation
state, for these atoms (Pauling 1960) snd the bonding
orbitals for ths carbonyl oxyzen atoms are Zyx and Zpy.
The carbonyl bond is secured by two bdent sp’-p bonding
orhbitals and these orbitala are in a plene contsining the
double bond and perpendicular to the perabanic acid

nolecule,

Carbonyl shortening may therefore be explained by a
change in pr and Zpy (of oxygen) towards sp’ hybrids and
= change in the sp>® orbitals (of carbon) towerds pure p
orbitals, The «ffect of theze changes on the other atoric
orbitals of cerbon and oxygen may be inferred from the
conservation of angular momentum about these atoms. An
increase in p character of the Zs lone pair ol oxygen ’
must occour erlthough no chenge in the st lone pair is
required. /n inocreese in s cheraoter of the two remaining
sp? carbon orbitals will increasse the 2lectronegativity of
this stom reletive to the twe other atems to which it is
tonded., In anhydrous barbituric acid snd UFR2Z this will

decrease the electronegativity difference tetween C and 1
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:nd corresponding lengthening of' "= has been observed
in both cesess The fact that C=C undergoes no shorten=~
ing Aindiocates thet most of the increase in & charsoter

hae gone into C-N,

Then discussing intermcleculer contacts lnveolving
oxygen it is necesaery to examine the state of the val~
ence shell lone peir orbitels of the etom. There 1z
experiments]l evidence to support the followlng changes

in the oxygen valence shelli~-

28 = 3 + AyD,

sz - 8

+

Aa D,

and 2p_ heps

¥

2
»

Consider the effect of

1.6, 8n increase in 5 charscter of the lone psir electrons.

“hen the mixing constants {ki} nre egual, the ctom is

tetrahedrszlly hybridised with two of the orbitals contain-

ing lone peirs (formerly 2s& =nd 2p‘), The bonding orbitals

(Gerived from pr and 2§y} ere tent ¢o secure the csrbonyl

vond snd this forces the lone peir orbitels into the plane

of the rinz in such a way tha%t each makes an angle of

125%16' with the direction of the double bond. “lectro=
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statie sttraction betveen the positive charge centre at
' and the centre of density of one of the lone pair
orbitals of O will acecount for contmst ancles between
125°16" ana 180°, the exact value of the angle depende

ing on the hybridisation state of C.

The condition of copianarity of the lone pair
orbitels with the paradanis acid molecule is only en~
forced when ap® hybridisation of O hes occurred, snd it
is interesting to note that the displacesent of C’ froa
the parabanic mcid plane of 0 is <54% in UPBa (where sp?
hybridisation has apparently occurred; and g 1% in DEY &=
nanic acid (where the eontast angle is 157-&0). ¥hen no
mixing of = snd p wave functions hss occourred the lone
psir orhitals 28 and apz are respectively sphericelly
symmetrical about the oxygen nucleus and dumb~bell shaped
in the parabanic scid plane (perpendiculiar to ¢ = O},

"he probabili*y densities in sach lobe of thae 2ps arhital
cre equal and less tham that in the main lobe of an sp?
lone pair orbitsal. “hen no shange has socourred in the
lone pair orbitals of oxygen,c' i8 »ttracted to the tinme

averaged centre of Aensity of the 2s and 2p orbitals,

The UPBL date therefore is best expleained by a simpie

ocharge=~charge (rather than & dipole~charge)! mechanism, end
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unier these conditions 2n account nmust be givean for the

epperent weakening of ths field of the carbonyl dipole,

Bolton (1964(b)) has cbaerved thet in all exemples
of the contact €’ 41s in e stable position relative to
the C = O dipole, but he has not remarked upon the
instablility of O relative to the C! = 0’ dipole. (ingle
0' ® C' ,.40 is slways near 90°), apparently the ¢! = Q'
dipole field has beén weakened and, when 2 and 0! are
equivalent, this may be a reasult of hybridisation of O,
In particular the asymmetry of the 22 lone pair in its
new hybrid state could acocount for thias, The Tield of
the point ochange at ¢! dominctes over the weakened dipole
field and interacts with the field of one of the lome pair

orbitals,.

The three dimensionsl geometry of the contsct and,
in particular, the near coplenarity of the contsct with
the perabenic acid plane in UPR4L i shown in figure 3.Z,
The asserted redistridution of atomic a8 end p character
is5 shown in figure 4.3, this being part of figure 3.7.
Thue upparent error in the angle between ths sp® lone
pair orbiteis (thecretically 109%28') arises from the

swall angle each makes to the planc of the flgure.
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Hybridisation of oxygen atom in contact.

Fig. 4.3
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holio3s3 Tuprther Tiscussion of Tonding ¥eohanisms

The posaible interpretatlion of the TUPR! contact as
& weax covalent bond has been discussed in section
be3e242. Towever, the finel difference map for UPRA
shows no significant dengity slong the line C}...G}s.
Itis worth noting here that the bond order for typical
contact lengths is only *01 end this is negligibly small
{Fauling, in a private communication to Bolton (496L(b)})).
Dirference peask heights at C3 and 03 sre positive and
negative respectively and these sre contrary to the pre-

dicted values for a Cﬁ*’- Oé‘ dipole.

The interpretation of differsnce maps for amall
redistributions of bonding eleotrons 1s only possible
when very accurats diffraction datas has heen collucted
and, in fact, the separation of thermal smenring of the
aleotronie wave fuanction from redistribution of the pro=
bability density due to bonding is best a2chieved by the
compilation of both Yeray z2nd neutron data. Neutron
date would yileld the thermsl motion of +the nuclei, =2nd
when this is subtracted from the slectron density dise-

tribution, the bonding density Ilnformation remains,

“hilst these raemerks mey seem contrary to the con-

clusions drswn in sectlon 4e.3.242, the difference density



in that case was significant in two respects. The psaks
vere well above the background level for sectlons of the
cell tetween moleoular layers, urd the geometry of the
peaks was consistent with the density teing & resl bond=
ing density. In UPBL the peaks in guestion are only of
the level of other spurious peaks in the cell =andé are

therefore of doubtful significance.

The value of the Yan der ‘taals' radius of carbon
used throughout this work is 4+7%. This value derives
from the helf=thickness of en aromatic molecule (benzene)
end, es suchk, iz reilevent to carbon in the sp® stete. The
degendence of atemic radius on hybridisation has bLeen
discussed by Coulson (195£)., [Irom paocking conaiderations
alone, the contact rsdius of ocerbon {(when approached from
atove the plane of the molecule;, is less when the atum isg
tetrahedrally hybridised than when it 15 in the trigonsl
states In the latter case, the # electron ocrbiial will

restrict this perticular approach.

2olton (1954(b)) has considered the problem of
reduction of the Ven der 7aalas' radius and concluded
that it is not likely to ocour. This result i: based
upon Xeray dats from nonsromatic eompceunds in which there

are nom~hydrogen bunded csrbonyl zIroups yet no ocontacts
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(eege succinimide}, Theoretical predictions and bond

length deta sre in confliect over this issue.

lighie 3.4 The “undamental Criterion for the Contact

In all substances which exhibit the contact there
is a preponderance of carbonyl groups sssociated with a
ring molecule snd in all but two cases there are at least
two cerbonyl groups on sdjacent ring atoms., (In chloranil
end barblituric acid the carbonyl groups are ceparated by
ring carbon atoms)., The inductive effects of the car-
bonyl groups (Bolton {1964(b))} will be strongest when
the groups are adjacent tv each other and under these con-
ditions the residual positive charge on C/ will be great-
eat, The absenoce of contacts in sucocinimide i:s explained

by this reasoning.

Other scoxmpounds which might be expected to exhibit
the contact are isatin, thiobarbituric acid, croconic
acid and cholestrophane (ses fig. L.k)s. The melting
points of these compounds are 20&98, 235°C, 100°¢ (sub-
limetion) and 15536, and this datas supports the existence

of contacts in both isziin and thiobarbituric =mcid,

o conteots ars found in the isetin structure

{(60ldschmidt snd Llewellyn {(1950)) which is planar in



CH3—N

Fig. 4.4 Prediction

Isatin (2,3 Indolinedione)

thiobarbituric acid

croconic - acid *

N—CH3

cholestrophane

(dimethyl parabanic acid)
0
Compounds.
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the P24/0c unit cell with

a = 6'193
b = 14468
o= 7'172

and £ = 9h°h9‘ .

The spacing between the moleculer planes, (103), is
5°123, and therefore no carbon~-oxygen approaches less

than 3'13 are allowed,

£ preliminary report on the unit cell data of
thiobarbituric acid has been ziven by Iarry and Strachan
{1958), but apperently the structure has not yet been

determined.

Groconie acid is not as stable as the known contact
compounds and the presence of the ring double bond in
the valence structure is also unusual if contacts are to
occur. The structure of this compound has already
crested some interest, but not for the reason in guestion,
Yamace et ale. {1958) have shown that the structure is
principally ithne one given In fig. Lok, i.0. the hydroaxyl
groups are bound to adjacent ring atoms. However, the

eroconate fon i35 zymmetriocal
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end the ztructures of two ammonium =elts of croconic
goid have been determined (Basensziger, Hegenbarth and
#41liams (1963) and Baensiger and "illiams (1965 ).

The ion was found to be plansr end pentsgonal to the

accuracy of the fata, but no contacts were found,.

The strusturs of cholestrophane iz apparently stabie-
1ised by some intermolecular forces (¥.P. = 155°C) and
it iz unlilkely that %these forces are hydrogen bonds since
the methyl zroup is a very weak hydrogen bond donor.
The possibility exlats that the s3tsbilising mechanism
is the caerton-oxygen contact, especially in light of the

conteaots in parabanio acid and UPBA,

Owing to the veriety of scientific jJournals in
which reports of crystal structure analyses may be pub-
l1ished, it 1s possible to overlook a recently determined
structure. However, %to the best of the suthor's knowledge
the structures of thiobsrbituric acid, oroconic acid and
cholestrophane have not bsen studied by diffraction

mrethods,.



g.g,g Conclusions

#hen attempting to explain a phenomenon such as the
contacts desoribed in this thesis, it is neceszsary to
finé an underlying conslistency throughout both the data
itself and the znvironment in which the phenoxenon may

occur,

27 the two oriteris suggested by Bolton for the
formation of the contact, the second is apparently redund-
ant. The UPRBA dats 1llustrates that contacts will cecur
in an environment of excess protons. It 1s apparently
the absence of suitable hydrosen bond acceptors which
influences the contact formation. The existence of sev~
eral carbonyl groups.in a ring nolecule remain important,
"he inductive effects »f susch groups on the ring atonms
are vital to an electrostatic interpretation of the con=-

tact,

The ¢wo mest consistent items of data -re the short-
ness of ©! = 0’ and the absence of hydrogen bonds on D.
{(In fact 4in only one case does 0' participate in a hydro~
zen bond =nd that is in parebanic acid}. Analysis of the
data has shown that hybridisation of the oxygen atom in
the conteot will z2ccount for contact angles between

125%46* sna 180°, This assumes that the dipole fields
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of the carbonyl zroups zre weakened sand that the inter-
action is essentially between cppositely charged centres

in the structure,

The <bserved contact in TUPBA can also be explained
by this mechanism. In the ocontact © = 5,..0! = O/,
¢! = 0! 1s szain the shortest carbonyl group in the
struoture. The elsctrostatic attraotion of the reslidual
positive charge on C’ for the lone pair orbitel of S is
oonsistent with the contaoct angle in this case., Mowever,
the significant difference density pesks in this strue-
ture suzgest & real bonding density between § and C? atoms,.

Similar peaks ere not found in UPBA,



APPENDIX A

§ PCRITIWG DOURLYE SLIT #TISOFRNEFREG TRGHNILUE

The following is the text of a note(ﬁy the uuthor)
in the press of the Journal of loientific Instruments,
Stedler (1950) has reported a method for simult-
aneously recording more than?:;oipraoal lsttice
layer about o given axis, This 4is made possible
by inserting & ring of width Zrtanp-s between the
conventional layer line screens. In order to
overcome the necessity of waklng a different ring
for every rair of lsyers to be recorded, three
sereens have been oconsiructed {or use with the
Uniocam 335 X-ray goniometer, Sy and S are cut
axay cylinders and 53 a oylinder which slides over

82+ Sg has the samne diameter =28 34 {a conventlional

soreen) whilst 5y fits snugly over 34.

feferring to plates 44 end %2 and fijure i1, the
serc layer, defined by &y and T4 end the nth layer,
by 34 and 33, are recorded on the lower and upper
halves of the film respectively., Corrections for
contraction 2nd elongation of reflections can be
made by rotatlinmg the screens through 180°, Sueh

a photograph is shown in plate AJ.



Plate A1 The arrangement of the screens on the goniometer.



Plate A2 The arrangement of the screens on the goniometer.



Incident _ |
X-rays ; Film

N 7

N
Screens <.
I Rotation Axis
| of the Crystal
1
! Screens

S N

_ Films
nth layer - \ zeroth layer
cone exposed to "\ cone exposed to

top half of film bottom half of film

Fig. A1 The modified double slits and their relation to the zeroth and nth
reciprocal lattice layers as. seen from above the goniometer.



Plate A3 The (hOl) and (h2l) reciprocal lattice
sections of urea parabanate (zero layer
above the equator).



The method may be further improved by making S,
and 83 identiocal., The need for S3 13 thereby
obviated since & conventionsl screen serves lts

purpose.
The soreens were oconstructed in the depsrtment

workshop by lVr. T. Cpurr.

feference

Ctadler {1950} tota Cryst. 3, 262,
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Appendix B
Structure
unobserved

Fo

™ 24,235

28.280
13.928
40,4347
33,433
33.435
<509
10.435
7,804
6.628
3,950

21,210

6,711
37.729
113.001
51.584
30,050
16.025
23.344
31.640

30,903

23,019
7.281
16b905

C 11,774
1,753
«509
16.501
1.143
3,246
3.757
9.349
«509
1.064
S5.N7
52.829
8,671
10,962
13.077
'21.508

29,414

41,948
T.064
25.724
908
14,008
16.119
2.885
6.174
17.811
<987
.509

factor tables

Fe
24,880

28,345
12,918

38,029
32.2572
31.183
821
104407
8.333
7.556
3.814
21,250
6.593
37.884
00,989
58.824
30,153
16,682
21.487

34,534 17
29a059 .- -Sj‘"
21.703

7.035
16,248
11,399
1.973
072
16,367
1.823

2.766

4,926 .

9,357
»739
1,232
6567
53,743
7.947
10.926
13,633
19.869
28,986
45,90

64408

244798
1138
14,918
16,536
2641
6,695
16,599
1.623
401

l

W

%*

Fe
6.339
D.235%

18,466
10.511
50.409
22.929
19,135
17,794
30.148
Ba.329
5,445
2e260 -
10.150
T.828
41,316
10.059
2+304
6,505
5,113
T.489
2+199
6,361
12,819
19,721
33.251
12.617
10,597
29.15%
9,853
19,168

16,666

24,4136

'13.183

. 1,520
« 398
23,439
1,557
« D29
4,393
14,414
22.572
10,460
2.734
27.038 °
2.351
3.66]
20.976
3,673
204875
9.852
17.002
2.766

30,459

2.00%
6,206
1,796

15.712



\ —

P

.
v

NS I : s e
OEJC>H£3hf3Iﬂﬂbh‘o43i>O{DC}OCDCDC)OCDC}O:DO<DC>O(DC)O<3Cro<3c>0‘3:>O<3C>G<3C>O<DC>Oth}O‘DC)C’O:r

Fo Fe

q |
15,974 © 17,957 + 6 1. 0! 17,910. 15,918
11,353 10,237 7 170" 3.709 3.525
12.306° 11,453 | g 1 0 10,772 10,606

7.309 5,962 . 9 1 0 4,355 4,027
6,232 5,805 Y10 1 0 12,110 10.122
5.471 3.856 i 0 1 1 29.246 23,434
4,412 4,329 i 1 1 . 13,960 12,689
3.153 2.557 ; -] 1 1*’ . 033 0613
20,914 19,996 2 1 1-1 105,217 100,888
3,484 3.1, -2 1 11 13,361 14,259
2,527 2275 % 3 1 1 41.757  40.135

- 5.811 5,309 =3 1. 11 37,318 44,767

11,225 11,034 | 4 1 1. 5.995 5.814

6,697 9,327 . =4 1 1 | 37.836 39,329
27,132 26,872 B 1 . 18,741  17.767
11.215 11,039 [ =«5 1 1 . 64204 5,73h
27.248 290231 3 6 1 l‘i 5,562 4-66R
13,525 14,767  Tag 1 1! 3,529 2,784
2,635 24539 "k 7} 1 | 8,608 8.109
10302 10771 i -7 1 1 ? 9d856 10.094
12.874 12,850 | 8 1 1 | 4,516 bo448
13,059 12,919 1 -8 1 1 5,188 44,304
22,515 23,213 { ¢ 1 1 by 754 5,009
6.434 7¢161 =9 1. 1 - 1,286 1,396
15.322 15.151 10 1 11 . 1,221 1,157
.509 182 a0 1 1 4,610 3.572
35,997 364357 =11 1 1 4,639 4,133
4,081  6.420 |0 1 2 91.268  B0.294
17.844 19,507 ¢ 1 1 2 3.057 2.107
4.762 20957 K -1_ ldh Z | 50416 5649
140926 150748 'j 2 1 :2 97.206 106.883
74716 8,324 [Te27T1 2 25,108 24,822
.509 990 1 3 1 2 1.996 2.216
8,734 9,067 | =3 1 2 27.875 30,915
7.555 4,789. | 4 1 2 6,867 6.549
11.939 9,150 -4 1 2 12.344 12,616
7,692 6.038 5 1 2 7.882 74249
T.687 7.038 6 1 2 10,630 10,615
4-594 5.753 -6 1 2 21.104 210759
SRl ¥ 24621 B i R 2.782 2.235
7.007 5,586 -7 1 2 5,499 4,823
S,140 4,341 -8 122 9,022 9,336
24059 2.041 -8 1 7 2 6.999 6571
50153 4.199 9 1 ' 2* .533 .898
8.848 5,327 -9 1 2 1,306 1.221
2,381 2,755 10 1 2 2.683 2.184
40,449 34,091 {=10. 1 2 9,558 74673
S 2.911 2,792 =11 1 2 T1.426 7.214
89,282 94,364 | 0o 1 3 26,262 23,655
2.694 2,642 1i 1. 23 19.993  21.207
13.479 13,485 -7y 3 7.889 . B8.4872
7.200 5,177 2 1 3 28.325 30.959
6,590 6,170 -2 1 37 24,482 26,108

© 8,924 7.076 3 1 3 4,121 3,164
140129 12.781 -3 1 3 34Q479 i 38.351

7.570  6,39) 4 1 3] 31.906 31.345
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Fo
14.090
6.764
4,894
2.963
7.088
3,553
9,009
4,926
12,124
1.318
74147
2.739
7.995
5,346
11,834
- 21.656
.533
5.356
20,365

i 99608

18.991
25.833
14,709
21.866
9.661
14.732
‘23-539
3.733
1,291
1,753
11--5’13
5.914
7,328
4,767
4,180

30,726

19.530
7.351
35.560
8,941
40,764
5.174
24259
10,153
6,759
3.359
12,495
«533
3.146
.533

. 164460

3.%906
9,005

533

5:849

Fe

‘14,999

5.603
4,256
2.151
TeP4T
3.326

8.628 "

5.347
11.747
1.561
5.516
2.550
6.374
10,667
210431
723
5.670
19,663
9,893
19,074
25,019
16,429
21,702
11.078
14-370
25,307
3.137
1,253
1613
11.098
4.519
6,89
3.539
3.066
28,457
3.37)
19.413
T.427
39.129
9,222
45 8B40

4,558

1.692
94117
5.825
2.690
14,017
w8A1
3,316
1.161
18,542
3.579
8,925
6033
4,637
1.150

1
TR

{
) ]
oo

‘i .

SR
O'm ~~

i

Fo
6,468
24,017
21.797
24,657
10,782
3.933

_3.567

4,060
9.195%
T.413
2.753
2.968
8,655
1.846
4.283
3.221
2.179
3.131
<533
533
15,166
3.8725
10.230
22.557
8,763
6,652
6.614
5,390
36,030
5,405
2,198
6.750
6,109
.533
1.319

.533
10,232
7.358
6.888
4,275
8,096
15.712
35.210
4,195
6,043
1,565
7.965
2533
3,920
+533
14950
.2.521
10.595
1,085

713,136

+533
2,938

Fe

6.812
21,447
21.808
25,185
11,022

4,578

3,210

" 3.594

7.807
2.523
1.950
10,111
1.307
54537
3.295
2.183
2.817
1.268
$T45
14,358
3.511
10,109
23.265
8,649
64381
54507
. 3,828
41,175
44550
2.081
5.271
6,085
1.595
1.683

«378
10,145
T.609
5.004
3.875
8,034
15,183
35,993
3.398
1.710
84010
«363
3.952
«018
17.273
2.571
10.59R
1.020
15,458
+067
2.81%
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Fo -
13.558
14,506

9,076
10,055
14.199
10.549
13,423

4,520

3.713

2.154

3.443
2.956
5.826
1,185

12.920

4,420
.233
T.840
5,462
9,813
5.338
18,566
3.000
2.237
15.814
5,920
5.340
14,646
T.194
4,403
3.R8AT
533
22.523
11.379

16.226

.533
12.267
6.220
4,970

5,109 .

4,567
1.655
14,881
6,366
11.466
4,185
14.213
15.943
8,808
5.8%2
5,151
2.765
3,630
T.844
5.506
6.837

Fe
11,101
12.132

74857
9,857
13.762
11.510
13.699

4,24

3.957

1.783°

3.584
6.327
«932
14,425

5.113°

414
B.049
3.634
86333
4 845

16,775

QGVS

2.178

15,168
5.705
4,018
16,734
T.536
3.910
4,924
s 194
27.029
12.348
21,341
+ B4R
11.606
5.671
44531
4,158
4.239
1611
15,634
5.605
11,719
4,427
14,575
17.53
9,0%3
3.17R
5.731
2-524
2,236
33725
T.618
5387
Te1T77

Fo
12,935

26. 246.

533
12.658
2.607
23,617
5,774

© 3,849

,533
4,393
13.970
2620
7.383
7.068
8,136
9,520
5.948
2.302
14,581

. 3.150

1.668
15,680
1.599
6.328
5,348
T7.709
1.560
17.35%5
1.447
10.415
T.547
7 .422
3,790
957
17.850
1.307
.533
3.132
6,708
» 533
14.252
6,849
9,794
5.966
2.620
«533
12.533
2.528
1,508
9,599
«9533
«533
11,466
5.961
5.863
5.724
7.008

" Fe

14,029

29.864
110

© 12,759

2o AB0
28,398
5.487
4,047
« 384
3.299
144107
2.646
7.822
7.693
B.049
10,344
6,497
2¢345
16,095
2.953
2e24AR
17,303
1.959
6.46%
3442
Ta9173
957
18,5848
le614
10,787
B,606
T4
2.971
1014'04
20.169
1.678
T L.6TA
3.534
5.511
e 20%
10.589
T.041
T.325%
6.388
1.910
s 458
10,047
2. 781
1.63(’
7.185
1.359
« 021
13,777
54110
6.257
5.077
T.640
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Fo
2.044
6,640
1,821
1.9372
4,887

2,794

1.354
9,.3A7
5,961
16.707
30,843
14,896
19,777
12,959
3,547
5,636
9,727
3,446
45,355
28,771
10,443
21.328
30.687
17.663

116,994

23.403
17.424
4,136
8,645
14,996
9,948
7.872
5,898
. 4913
8,984
2.182
5,721
1.770
3.140
63.190
6,101
36,675
11.564
19.647
18,428

513,

51.763
15,673
44311
191649
9,234
10,508
10,670
‘1-247
6.203
13,883

Fe
2,928
S.108
1.803

958
3.829
1.594

»362
6,262
44648

16.3R9 .

32.251
13.318
19,870

‘10,874

3.749
5.187
10.099
619
2857
38,697
29,111
10.396
20.291
32.35%%
17.419
15.013
24,447
15,873
3,912
9,22}
15,690
8,948
8,496
5.671
078
B,465
2.557
6e199
1,700

. 2+996
58,089
4,027
37,319
10.626
19,201

17,237

. 863
60.102
14,948

be204
190314,

1.873
10.332
9,552
1.423
T.594
16,102
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15,641
9.981
2.287

913

1.756
1,155
6,362
9,748
., 988
4,728
4,934
24,526
12,668
10421
24,979
28,843
16.274
9.201
11.555
20,515
5.741
17.547
13.380
10.530
4,112
6,841
4,897
4,346
4,734
4, 8R3
7.292
13.365
9,695
19.105
4,067
9.450
3,749
2.085
14,163

22.687

13.189
1.191

Fe
6.357
6,058
5.561

«503

21,555
13,060

13,8575

15.406A
4,666
35.601
3,959
13.552
25.94n
18.709
14,78%
9.6085
2+:120
« 004
1.522
«939
4‘534
5.747
11.406
2.328
3,787
5.176
25,494
13,086
1.854
23.172
30.879
15,416
Te634
10.107
19.711
4,856
18,048
9,949
44,107
6,848
6.320
4,429
3.995
5.911
6,088
12,556
B.569
17,428
44055
8.7295
3,010
?.293
13.178
22,189
13.547
1163
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Fe

3.878

16.253
3.112
11.77%
» 469
1.792
3,695
6.012
2.813
3.771
41,707
5,091

Te425

3.160
T4323
6,797
16.80%
5.667
20.75)
5,141
2.174
5,280
17.884
4,017
14.263
2179
T.594
5,803

5,203 |

2.‘780
15.996
12,294

33.643 .

7.030
17.130
2+661
23.099
3.547
1,488
11.278
9,779
«108
3,958
5.544
1.607
Ts171

5¢114

2900
5,013
Te413
B.663

10,826
2.983
19,330
4,893
25,676
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Fe
3.794

1.695

4,923
4.204
7305
3.859
1,881
5.316

160

3.013
9,577
4,834
9,845
6,146
4,253
11.076
2,786
5,906

« 763
13,730
9.653
24477
19,430
3.571
12,803
3,070
3,725
12.327

" 1.889

o227
10.871
15,664

3.145
‘1.868
4,888
T.663
4,011
3.89)
5,545
4,305
16.113
3.067
1,747

o417

12,502

4,183
172,823
2.642
12,651
13,133
9,340
7.783
6.225%

« 790
6393
10,929



Fo
4,273
3.596
20, T4t
10.098
5,570
4,007
3.292
17.010
13,112
7.115
10,021
22.598
4,059
14.0R9
8,171
15.371
1.787
14.992
4,255
T.534
6,037
3.993
9.6729

14.865

1,413
»513

3.371 .

8,339
$5.265
1,796
11.283
w871
6.954
«513
11,215
2.850
4,636
868

4,536

.513
1.734
15,916
6,388
4,017
2.374
5,881
4,500
4,571
T.04%5
«513
6,220
6,808
1.667
5,332
3.341

Fe
3,693
3.351

25,079
11.597
6.918
2.724
2.747
19.219
13.230
6.905
10,157
5.474
24,514
40,415
14,168
T.917
15,851
l1.772
18.744
44348
6,007
44475
3.780
15.806
1,890
1,137
3.807
T.264
4,413
2.0685
11.686
«B9R
8,695
«527
9.1064

Bl

2,964

«528
5.609
«350
2.085
18,507
6,627
3,683
2.407
5.071
4.111
2.345
4,519
6e343
<108
5,553

- T.800

1.994
5.845
3.511
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Fo
5.446

7.030
‘9.4‘91

T 10,016

5,318
8,710
9.169
3.205
T.365
3,182
5,216

7,002
6,105
24,761
35.856
7.868
1.631

12.822

4,535
6.857
4,228
5,839
3,379
17,444

"30.301
10,853

T.456
B.847
14,464
7-421
15,161
4,991
3.881
12,062
1.752
13.831
9,200
6,872
5.073
2.527
5,657
9,025
+9535
5,058
30.130
22,085
14.366
17.266
10.214
3,349
4,318

17,752 °

12.004

5,638
23.189
15.140

Fe
3.814‘
5.740
B8.28R
8.213
3,709
7.122
Te245
5.219
2.450
3.530
2.562
5746
44398

24,837
38.66)
7.653
1.560
13.548
4,784
6.6772
4,655
5,107
3,902
20,095
28,233
10,197
6,159
Te«518
12,0164
belTo
14,144
4,329
3,683
11,651
1.22?
13.860
B.893
64519
6,840
2.894
4,855
B,564
919
4.468

29.247

21.228
11.488
15,576
9,145
3.201
3,745
15,331
10.748
5.635
14.811
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Fo
4,929
9,718
5.513
3,496
3.846
5.707
1.671

16,864
5,105
9,432

. 6.528

15,342

2.172
.535

11.257

1.930
. 859
3.957

11.266

18,480
2.235
8,922

.535
.535
.535
6,131
3.093
2.725

20.191

10,801

25,063

34,688

16,578

21,745

15,624

. 984
8,719
24203

13.181
9,199

10.344

15.762

10.4%1
4,703
7.234

« 935
« 5135
503
9,641

14 4484
6.593
6,023

<854

12,368
3,167
4.231

Fe
5.759
10,960
5.657
4.017
3.674
5.830
2,018
16,487
44391
9,671
5,485
13.68%
2.439
«223
104563

1.394

3.301
10.522

~ 204023

2745
BeT76
« 090
1.119
+535
4,650

- 24800

2.637

19.757

9.75R
244,160
39,509
15.594
20494
15,776
«428
8,488
1.858
14,045
8,282

11.845

17.366
10,847
4,220

6.553

«682.

"e391

. 7189
9,389
13,375
5.785
4,523
5,218

« 844
12,275
3.423
3.779
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Fo
1.722
3.542
3.845

. 686
3.305
3.175
2,822
8.042

13.605

6,027

8,645

« 975
16.394
13,999
25,106

1.239

12.028

29,187
5.169
7.515
6.499
3.589

3.736

7.135

3.461.

8.099
12,037
3,779

- #5395

14,066
10.645
12,387
10,570

6,785

2.280
1.049
601
.535
3.962
9,088
1,471
5,330
3,993
19,451
24171

8,311

22,729
2.158
6.095
5,641
1.961
9,908
3.871
1.903

.535

Fe
2.070
3.547
420364

467
3446
2.970
2,572
T.226

12.570
5.330
T7.524
.« 719R
16.4%)
12,682
24.05R
l1.420
11.077
3.232
29,979
6,798
7.354
7.15%
2. 770
4,629
3.917
6,767
3.316
7.131
11,797
3,464
14070 °
12.889
10.587
12,031
10,960
6.009
2.620

$ 9473

«987

« 326 .
3.658
9,437

1.532
4,927
3.535
20,405
24199
7.501
23.957
3.055
5.623
5.023
2433
9.154
4,263
2.453
«964
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Fe
6,550
20?2
£.991
9,942
3,339
6,230
1.045
12,5013
9.336
Be281
539
3,607
6,286
2.506
1,007
4,508
7.53?
AB0R
8,967

894

3,786
6,160
'6015Q

6.313
11,047

1.213

» 597
44,357
10,498

006

2940
6.096
4,011

7,453

11.842
2.880
. 729
« 489
5.253
74108
8,362
44503
3.122
217
5,813
1,574
74059
1.658

3,038




Appendix
TUPBA Structure

#  unobserved

h kL

o 2 0 |
0 4 0
0o 6. 0 |
o 8 0

2] 0 0 |

1 1 .0
1 p 0.
1 3 0

7 0 0

2. 1 0

2 7 0

2 3.0 .
2. 4 0.
2 6 0

3 0 ¥
3 1 0

3 2 0¥
3 3 0

3 5 0

4 0 0

4 1 0

4 2 0.

4 .3 .0
5 0 0

5 1 0%
5 s 0

5 3 0%
6 0 0

6 1 0

6 2 -0

6 3 0%
7 0 0

7 10

7 2 {

7 3 0¥
B 0 0 %
8 1 0

B 4 0%
8 3 0
.9 0 __0%
9 1 0 |
9 2. 0¥
9 3 0 .
10 0 0 !
10 1 0 i_
10 2 0 y
10 3 0o
1} 0 0
1 1 0%
11 ?2 0
11 3 04
12 1 0

C
factor tables
Fo Fe
23,172 131,500
64,519 58,111
26.961 25.445
10.860 10,849
11.401 9,958
8,657 B,491
8,352 8.830
3.939 3.95R8
23,339 29,245
19.605% 21.799
20,990 23.729
]1»869 ) 11057(}
16,169 15,979
9.980 9,967
1.253 960
10.278 . 10,997
JT67 10647/
9,666 8,757
7.167 6,351
28.317 30.103
12.834 10.767
22.753 23.093
6.601 5.896
20.959 18.293
1,583 3.510
17.2["’6 15,861
1,193 6,894
25.311 13.3009
2.547 3.331
12.986 12.113
1.332 4,33)
30,807 28,48%
3.569" 4,537
24l786 24.524‘
T l.441 1.881
24399 3,377
21.512 206864
1.401 2.839
16,919 16,348
2.496 3.597
16.212 15,743
1.417 2,333
" 12.648 12.207
- 6.528 6.208
1. 16,285 15,592
T 6,512 5.678
12.754 13,385
13.949 13.0%1
1.905 1.313
10.890 11.364
1.080 3,375
A -G 5.7306

Nx‘
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Lo Fo
O*Fl .808
0% y 417
1 1 16,737
=1 .4 18,041
1 . .26,152
-1 1 28,174
Jov 15.415
=1 16,628
) 16.183
=1 16.326
1 12,722
1o 9.110
1 8,879
1 11,343
=1 15.151
1 7.379
-1 15.022
L 9.904
-1 12.531
1% L7786
-1 7.162
1 6.683
-1 5,416
1 13.518
-1 38,125
1. 29.146
-1 5.262
1 11.714
-1 28,960
1 20,018
-1 4,382
=1 20,419
-1 12.721
=1 4,684
13 1.508
=l.. 24 ,45]
1 33,009
-1 33,349
1% .921
-1 21,878
1 24,485
=) 23,406
-1 13,266
! . -13.266
) 19,666
-1 6,209
1 1 _.21.869
-1 24,210
! 16.605
=~ 3,333
l1- . 16,743
=1 | 16.796
-1 7,622
1 1 17,966
=1 | 25,999
1% 1.792 .
-1 14.548

Fe

«937
4,277
18,785
18,785
32,774
32.774
16.028

16,028
16.056
16.056
T.028
B,8473
10.239
15.145
Telld
15,089
9.215%
12.031
1,751
T.210
HeT83
Be244
11,039
54,253
32,870
54048
12.404
38,665
19,637
4,654
20.471
10,944
5.389
2.290
31.143
36.320
40.530
1.620

244347
23.186
26,359
14.410

144401
18,109

4,694
23.529
27503
15.577

3.335%
16.020
17.184

9.573
15,544

. 26,510

1.93R8
13.972

.
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Fo

15,063
2lal72
3,791

13.198
74321

24.345
27257
9,847
T.941
21.194
3,467
2.805
2,383
14.733
234210
64,259
1.395
12.301
18,919
5,178
20,192
4,669
18,396
10.612
16,269

$ 5,098

15. 061
9.836
4,966

14,763

S 2.189

13.718
H.423
12.385
1.333
11,187
2.204
13,721
8,085
18,058
1.170
12,039
7.033

14,235

6.299

4,821,

1.542
2,084
4,842
2.544
4,068
2.479
1.755
3,256

Fe

13.62)
21.936
3.927
10.446
13.173
T.048
7.235
22,888
2‘50 094
Be417
20,037

20. 044

6.603
3.269
4,463

13.036

21.998
6,463
3.406

11,989

15,950
5.333

18,832

5.605.

18,866
9,875
16,452

4,974

14,893
TeT46A

6.235

13,046
«HT4
15.318
5,390
114250

« 338

11.630
«25%
12.965
8,318
16.801
1.183
64601
14,004
5,113
1,510
3.033

6,680

4.768
1.875
2741
4,956
2.636A
3.466

o

[l el o
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{
-1
=1

-2

-p

2 %

2 »

2

‘*

2
-2

. e 2

2 %
-7 %

|

i:

I

Fo
3.473
B,676

29.316
32,626
1.278
1.378
25.811
264,431
977
.994
1.514
9,582
31.0R2
18,950
7,832
21.769

'13.389

5,788
8.453
16.849
2.327
5.040
36,097

15.793

1.866

3.702
24,598
14.548
22,893
12.0587
18,379
32.814
17.641

8,246
13.919
21,642
11,023
21,997
13,7207
11,589
12.150

19,617

10.125
B.074
11.238
B,919
12,914
2.422
15,703
20.603
10,204
1.027

114979

15.804
L 1.928

Fe
3.644
9,3R7

37.290

37.290

2.669
2.669
28.734
28,73¢
«333
«333
1358
B.50A
32.607
18,937
3.173
T.564
21,179
13.24)

5,957 .

8,062
15.810
.55A
4,329
48,327

22493

3.475%
27.997
13.411

19.589'

10.868
16,121

38,755 .

15.328

7.253
13.520
23.3724
11.823
19.767
12,623
12.454
11,488
17.784
.9.833

8,439
10.68)

B.606

5.543
11,452

1.367
14,231
23. 849

. 9.375%

1.565

11.075.

16,089
8.990
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-2 %

Fo
21.869
5.753
2.196
32.3A7
18,412
5,734
1492
24,533
14,969
. 2.497
5,324
3.428
4,293
2.844
5.445
1.446

--1.385°

2.423
2.272
44,480
19,896
1.329
1.347
4,565
15.944
10,305
6.012
8,788
2.204
8.889
4,923
6,708
1'492
6.145
8.668
8,848
22.217
4,427
8,014
6,378
16.879
12,089
2.152
9.629
1.289
T.730
1.125
B,065
7.135
64,498
32,7265
34.231
12.381
13,386
27.762
25.926
10. 1‘0‘5

Fe
18,878
66357
2.090
37.365
16,986
54520
3.9109

. 254337

14.407
2.310
7855
3.881
4,655
3.279
5.619
10'934

. 3.989

~ 087
« 437
5.489

18,167

3.370
4TT
4,509

15,524
B.625
6.813

10.7204
2429
8,155
5,267
T.654
3.839
3.79R8
8.938
8,972

19,682
4,590
8,357
7,106

15,291

12.183
1.004

10,508
2e24H
9.471
3,673
Ho2473

- 64294
6,433

34,763

34,763

11.474

11.474

28,709

2B.709
9.611

e BB

-3
-3
-3
18
=3
CI)
-3
3
-3
3
-3
3
-3
)
-3
3
-3
-3
-3
=3 %
3
-3
3
-3*—
3 .
)
-3
3

C =3

=3

|

'i

[ .11.789
|
{,..-«

! Fb
L 104415

1.744
2.506
17.663

2.335
1.314
9.714
24,432
11.013
7.366

20,216
9,776
6,945
4,655
9.416

23.168

10,251

11.947
6,578

18.625
8,852

12,818

10,672
9,212

25,726

3,299
.35,728
21.715
8.942
2.981
24,101

=9, 353
20.2R3
4,640
4,058
8.663
16.278
2.949
4,030
B,923
21.472
2,023
14,417
124064
18.067
1.218
10.483
10.821
8.114

204,517

16,402

2,388

12.772

Fe
9.611
18,593
1.761
3.579
14.71)
15,123
1.564
2.912
9,048
21,914
9.725
7.675
3.478 .-

| 190200 'i

9,218
6,375
4 BR7
8.877 |
21,725 .|
9,873 . |
15.767. =
6,469
17.26%
B.653
12.912
10.024
A.954
24,794
10,973
3,603
36,253
21,737
8.059
3.024
24,573
14,113
B.814
18,039
5.507
5.119
8,887
15,6664
3.248
4oN6A
10.836
19.723
2e240
19.16A
11.034
17.771
3,014
11,385
10.446
B.157 !
11.364-,.....—%
13.49? -

"

,”8.925M:.%
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- Fo Fe i h k L1 Fe Fe
-3k | 1.986 1.637 1.2 3 =4 10.927  10.172

3 7 10,470 10,313 | 0 4 21,372 20.610
-3 . 10,907 11,541 P30 =4 13.824 11.077
-_34&—1. 1.430 3.275 “ 3 1 =4 13.832 11,806,
.3 15.247 13,374 I 3 2. 4 | 16,974  17.644
=3.....10.243 9.0472 [e3 —2. =4 11,743 10.374

3 6,396 6,958 3 ;3 4 5.614 4,833
=3 | 24,824 25,705 3 3 =4 10,874 9,380
*3 114336 11.851 L4 0 4 19,914 17.243

3 5,129 ¢ 5,058 4 Y 4 11,200 11.513
-3 19.972  19.279 41 =4% 1,939 4,762
-3 11.342 ~ 11.697 4 2 4 15.292 15,539
-3k 2.454 1.633 4 2 =4 16,041 13.710

3 B.338 . B.89% 4. 3 . 4 8,352 8,695
-3*‘ 2.221 5.483 - ,

3 | 3.215 3.310 4 3 =4k 1.408 2.676
=3# 1.418 3.046 - 5 0 4 4,807 6,644
-3 % 1,489 3,730 4 5 0 -4 13.223 11,183
k) 5,069 3,009 ' 5 1 4% 2,110 2.354
-3 12.202  10.857 5 1 =4 14,016 14,073
-3 4,453 3,584 5 .2 4 5.951 5,681
-3 10,640 10,134 5 2 =4 10,975 9,594
-3 % 2.4009. W24h 5 3 4 2.516 P.776
i 10.388 8,812 5 3 =4 9,503 9,339
=3%. 1.317 o437 5 4 =4 | 6,514 6.438
-3 | ..7.982 7.057 & 8 =4 6,161 4,613
-3% 1.914 2,156 6 0 4 12.618 11.838
~-3% 1.141 1.79% 6 0 =4 2.257 964

S=3% |- 1,058 2.594 = 6 1 4 3.394 4,445
-3 7.804 8,259 ) 1 =4 9,425 6,429
-3 7.628 8,036 6 2 4 9.698 10.930
-3 6.899 7@770 6 2 "'l{'* 1.340 lo119

4 . 23.919 20,793 6 3 4 2.775 3.059
-4 23.399 20,793 6 3 -4 8.294 . T.440

4 18,505 — 17,733 T -0 b . 4,912 4.827
-4 20,014 17.733 7 0 =4 20,528 18,699

4 19.048 17.865 7 1 4 5.8641 4,689
ol 18,993 17,865 T ) =4 16.254 14,621

4 |- 18,188 13,497 =24 4,082 44171
-b 15.367 13.497 7 2 =4 | 18,080 16,4891

& 12.277 10.58aA y s 4 _f..— 24271 . 3,825
-4 22.085 19,6726 7 3 =4 10,763 11.157

4 12,533 11.496 T 4 =4 10.928 12.549
-4 5,052 5.84) B0 =4 19.341 19,992

4 10,747 11,087 ;| 1 =4 "4 877 2ebbd
-4 17.875 16.299 8 2 =4 16,704 17.037

4 10,472 9,351 8. 3 =4 3,012 3.7064
-4 3.872 4,225 8 4 =4 9.937 10.850
4% 2,429 R4 L9 0 =4 213.374 . 13.041
-4 23.872 21.770 - 9 1 =4% 2.249 2.84)
-4 13,553 12,123 9 3 =4¥% 1,458 2e230.

4‘*’ lulf'll 1-277 } 9 4-"'4 ] 7.928 8.315
-4 18.8A2 18,208 10 0 =4 13.090 12.850

hi 1.492 3.577 <410 1 =4 - 16,078  16.333

110 2 =4 11.541 11.837
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Endl el on]

-4

. Fo
12,958
4.990
5.762
10,093
7.472
8.289
10217
6.673
1,830
5,064
<980
3,687
8.988
296
17,111
17.300
11,139
12.805
15,663
15,320
9.708
9.613
16.109
4,328
18,809
2'233
13,101
4,043
15,133
1.480
3.5642
6,057
2,174

.27.013

2,687
5,314
1.315
22.048
2.296
11,810
10,589
12,252
2494
11.507
8.513
6,652
13.175
1.824
24,217
5,957
11.500
1,949
19,965

9.218

10.006
8.530

Fe

13,203
94367

9.038’

8,269
4,107
7.393
3,283
5.669
1,699
4,875
44007
8,913
2.747
18.596
18,596
9.661
9,661
15,774
15.774
A.9R6
R.Qﬂﬁ
15.172
44,843
19.299
513
13.61A
3,299
14,979
919
3,593
5141
2.304
27,392
24943
4,871

4,566

21.330
2.082
11.437
10.710
12,116
2.308
10.279
8,961

9.082

5,567
12,513
2«703
22,283
5. 354
10.907
2.400
17,611
B.066
10,637
84721
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1]
OF

]
51 L

Fo
3,338
B,758
6.511
7,089

20,446
6,369

16 436)

2,491
54340
1,420
4,18%

11.097
4,056
8.841
4,724
7.857
3.975
6.367
4,711

19.779
2.091

16,177
2.476
9,071
8,588
1.900
2.263
2.091
1.613

6.437 .

. (48
7.321
6.315
5.523
9.361
9,747
7.918
74389
T.429
7.290
6,869
6,795

12.0R9
2.338
4,661
9,541
9.473
2.541
4 ,6A2
T7.972
1.826
2.402
9.435
15.382

«916
3.252
7.439

Fe
3.164
T.544
T.866A
6.23)
18,957
5.522
15,307
1.683
2.974
2.56%
2.968
9,21R
4,810
T.376A
3.859
4,798
4,909
4,854
3.888
18,441
3.366
16518
2.657
12,037
1.964
1.34)
2.118
2.126
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