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Summar.v

Thls thesis descnibes, 1n the nà1n, thd aete::mina-

tion and. reflnement of two cnystal structureé"

the first stnuctr:re, pher¡y} thiazollillne ilione,

Ìras solveil via a pantial interpretatlon of the tht'ee

d.i-nenslonal Patterson function. The intensities of the

diffractecl spectra were m_easured more accurately than is
usual, and. the structr:re has been reflneil to give calculated.

-t.

structure amplitud.es in close agreement Tyith those observed..
:F

All the bond lengths ane wlthin normal- linits and. are lnter-
prete¿l in terms of a resonance s.tnueturgn--.--

, The second. crystal structure d,escribeil is tbat of
a bromo-benzinlilozo)-e ôerlvative, and. has .tÌvo lnclepenilent

molecules in the asyronetric r:nit. The two heavr atoins reere

locateil by a eombination of Harker and. line sections through

the three clinensionaL Patterson functlon; their successfuL
.loeation leil to the d.eterrolnation of the remaind.en of the

st:ructure. Refine¡oent of thls stnucture has r.evealed. that
the two lndependent molecules are genera,lly very similar,
and. that ali ¡ona lengths are normal,

Computer prog?ans were wnitten to facilltate the

naDI nunerical calculations; brief descriptions of seleeted.

progra¡s are includ.ed.. ' .

Pnograms written fon the purpose o.f struetu:ral

-l-.

t:

::1..
1{

:,r^',:

!:¡.
:.-



reflnement were based. on the. rnetTrod. .of rlDiffe.rentiaf

Differencerr For¡rler syntheses. An outline i.s given of
I

the theory unclerlying this net]rod. of refi.nement whlch i-s

also eonparecl with the nore conmonly used ttleast Squaresl

tecbnlgue.

A brj.ef clescrlptlon ls given of e-n,X-ray Powet

supply which was mod.ifiecl fon the Punposes of J(-ray

iliffractlon.
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CH.trPTER 1.

gQUIPlfn{f AND Ð(PERrl\mt{lIAf, lEcIrNI SUES

1 .1 X-r tors.

Two powen supplles were useil for the investigatione

d.escribect 1n this thesls; the first had. been bu1lt 1n

this Laboratory anä will be calleil the rrlded.linrr eupplyt

the seconil was a nod.ifiecl ltSolusrf neclieaf X-nay Êet.

1 1 1 Med.lin poy¡er suPB aa a

the power sìrppfy used. for the work ilescribeÖ in

CliaptefZ-wãfconstructeil by Dr. E.H. Med.lin anÉl used" ia

conjnnction vith a Phllips type 25293/62-sdlf rectlfyins

Xjray tube. A eomplete .ilescrlptlon is given by MeùLin

(t955) 
"nd 

Gr¡rr (196r).

. The suPPllr which was usecl for the work cleseribed

in Chapter 2, was largely trouble free, but as time passecl

it becane d.ifficult to suppress clischarges between the hlgh

tension tlb" leaä anil the sr¡rroundlng earthed. caslng' thls

fault was later tracecl to a ¡nalfr:¡ction in the rrstabi'lacn

voltage regulator whlch gave a very clistorted. wave formn

1 .1 .2 Solus supply"

Before the investigation d.escrlbeil in chapter 3 hacl

commenced, the Broken Hill Minlng I'fanagers Assoclation

d.onated to the Pþysics Departnent a So1us medjcaf X-ray

set originally purchased. in 1935. This supplyr 1n adilition
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to having six tlnes the pov/er rating of the Ilecllln unit,
hail rectification of the H.1. voltage and was mod,ified. for
the purposes of X-ray d.lffractiott,

Ad.ditlons 1nclud.ed. neters to measure the tube current

and. H.T" voltage ilirectly, and relays to guârd- agalnsi

excessive tube currents or failure of the flov¡ of cooling ¡

waten" Init1ally the supply was run without the H"T"

eondenser, howeven the naxiuru4 H.T.. voltage available fell
off und.er loail fnom 45 Ki to 27 K.V. for a tube curnent

.\

of 2A m.a. i, wlth the cond.enser the voltage exceeileil 4-o K"V.

for the sane loail.

Since the origlnal d.iagram of the supply had. been

lost anil a copy could. not be obtaineil, that part of the

circuitry revelant to the supplyrs.present openatioa ls
shown in fig. I ¡

Although the supply was run without voltage or oument

stabilisation, short tenm ïube current fLuctuations gener-

a1ly did. nqt exceeil + Z/" anÖ were not thought serious whlle

using photographic measuring techniques. Overnight mains

voltage varlation causeil the tube cr:rrent to lncrease by

up to 25Í6 and, sone form of regulatlon to suppress thls
woulil be a worthwhlle adclition to the supply"

The nod.ified unlt i-s shown in Plate 1. : after
settllng in it has given 1ittle trouble anil has, on occasion,

been run continuously for more than a fortnlght. Operation

of the genenator is d.esc:rlbecl in Append.ix 1.
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't 2 Measurement ofi t s tl,e*-n en l-

Diffracted. spectra ïvere record.ed on Ilford. Blue Label

rflnd.ustrial Gtr X-ray filn uslng either a Unlcam Sä5 rotation,

or S55 Y[elssenb""g "rtu"":. 
Development was with ID42 for 10

min. at 68oF.

I.2.I Inteqrated. intensities.

On occasion a two ilinensional integratlng attachnent

cleslgneil by Dr" Med.lin for--the T[eissenberg camera was useil

1n conjunetion wlth a Zeiss nlcrophotometer to measure

intensities more aceurately. 1¡Then. lntegrating, the length

of traverse was not less than the correspond.lng overall

dinenslon of the largest refleetlon, and cane=-ÌÍas taken to

aVoiil errors 1n backgrou¡cl intensity due elther to whlte

radlation from nelghbouring reflections on the same lattice
roÌv, or to extraustlon of the d.eveloper 1n the viclnit¡r of

, strong'reflections, the X-ray intenslties were regarilecl

as d,irectly proportionaL to the ¡oeasured. åptLcaf d.ensltles

for itenslties up to 1.2, a llnear range gi.ven by Acta Cryst.,

9, 52P, anil.also confirmed. in this la¡oratory by Gurr (1961)'

1.2.2 Eye estinated. intensities.
For those lntenslties estimated. by €Yer standarcl

intensity strips Ìrere.mad.e b¡r allowlng a prominent reflec-

tion of moclerate Bnagg angle to pass tl.rrough its reflection
position-an increasing nurnber of tines, the f11m being trans-

lated. a few milllmetres',between each exposure.
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I.2.3 Film faetors.

The trfilm factor" which d'efìine.s the attenuation 1n

the x-ray,beam as it passes from one film to the next in

a filn pack must be known if intensitles pf reflectlons

measurecl on ilifferlng filros of the pack are to be put on a

common scale. Since a reflectlon consists of monoctrrornatic

racllatlon it 1s expected. that wlthln one filn pack the fl1n

factors will be constant. Furthermore, knowlng R(O) the filn

factof for iacliation 1nc1d.ent nor4al to the fi1n, lt shoul¿l

be'possfb-Të-tõ-o preclict R(e) the filn facton for raCliation

inclclent at an angle 0 from normal.
. From geonetrlcal consicleratlons we expect t

loe n(o) = cos€. fog R(e) (f"f)

. To veriry this relation n(O) was measureil for several

layers by averagi':rg the incliviclual lntegrated- intensity

ratlos of pairs of reflections whose clensity was less than

1 .1 and measurable on ad.jaeent films. ¡Vithin any film pack

R(e) ctid. not vany by more than 4% lron filn to fi1¡n, an¿

the constancy of cose.fogn(e) 1s illustrated. below.

Layer

ho1

'h1iL
}l'zL
}J-3r

Ì:l+f

e n( el o (e)c

o g"o5

6''33' 3.11
13011 | 3.2O
2ooo' 3.3h
27o8'. 3.52

.484

.490

.492

.l+92

.487
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' Film factors used. in Chapter 3 were d.erived. from thie
table which was cotrstrueted. from thôse measured. and. usecl in
the work d.escribed in Chapten 2.

Sj.nce writing, venificati,on of (t.t ) has been

seen in a. note by Grenv111e-V[e]-1s (lgSil; also

Rossmann (tgS6) has suggested. a nod.lfication
Ìto incluile photochemlcal absorption effeets.

¡t

a

t
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CHAPTER 2 a

S

SALT oF5 0ïi 2z

2.1 Intr ucti a

.Atthecommencementofthisinvestigationacompound'

was sought that was of biologleal interest and' whose strue-

tr:re cleterninatlon would. þe amenaþle to the t$to cllnensional

nethocls in use 1n this Departrnent at that time" Dr' Medlin

suggesteil the soilium salt of phenyl thiazolid-ine d-ione which

Ïrait been shown by Shulnan (¡-957) to have potential' use in

preventlng ePilePtic seizunes'

A search of the literature revealed. that this conpounil

had. not been investigated. by x-ray rqethod's ancl that further-

more' the 5-nemberecl thiazolidine rlng'had' ocêurrecl in only

one X-ray investigatlon, that belng the analysis of the

crystal structure of penicillin (Cråwfoot et'aI., 19h9)' fn

penie1l11n the shape of the thiazolidine ring is und'oubtedly

j-nfluenced by tfre É-lactam ring, part of 'lvhich is common with

thethiazolld'lnering.Aninvestigatlonofthecrystal
structure of pher\yI thlazolid.ine d.ione was therefore d-eslr-

aþle, not only beegllge of'. iüs' pharmacological lnterest but

also as an ind.epend.ent d.eterninatlon of the d-lmenslons of

the rrnstrainecl thlazoliiline ning'

Although the contribution of the sulphur scattering
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.,

relative to that of.the rest of the molecule would. be soúe-

what less than that generally recommend.ed- for a suecessful

structure determination (lipson anil Cochran' tgil, p.2o7)

1t was d.ecid.ed. to proeeed. with this compound-. ( Since. this
work was commenced the crystal structures of rhod.anine (van 

¡

d.er HeIn, Lêssor and. llemitt, 1962), merocyanine (Gernain,

Pir.et and. Van Meerssche, l-962) and. vitamln 8., (tcraut anit

Reeil, l-962) Ïrave been published.; these compound-s all contain

the thi-a.zoliiline rlng but with wid.ely d.lfferent substituents

in each case. )

Two Patterson .projections were niisinterpreteil and. the

rtheavy atomrr wrongly placed." After unsuccesQful áttenpts to

determlne the nemai-nd.er of the structure, generalizefl

Patterson projections reveafea tfre error iñ the sulphur

posltlon. By this tlne inprovecl computing facilities had.

become available and. these mad.e it possible to overcome the

linltatione of projectlons by using three dimensional syn-

theses.

This ehapter will in general be devoted. to the success-

fuI solution and. refinement in three d-imensions, although a

brlef resumé of the unsuccessful- attempt using projections

will be includ.ect.
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2 a 2 Pro erties of Êr-

sieaÌ Br

1-thiazolid,ine-2 l-:--dione.

2.2.r a

A sanple of the sod.lum salt of phenyl thlazolicline

clj-one (hereaften NaPTD) was donateil by Nlcholas (eust. ) Pty.

Ltd.. Thls appeareil as colourless microscoplc fIaì<es which

ï¡ere insoluble in ethanol and acetone, slightly soluble in

nethanol, but very soluble in water.

Crystals were groÌen from waterr- the ""'trr""t"i[ solution

being kept 1n a stoppered. eontainer in a constant tenpenature

room for several weeks. the cr¡¡staLs alvrays occurreö as

thln ipegulae plates forrned para11e1 to (OOt) anit often

twinned on tiris plane. Cleavage para11el to (OOf ¡ was most

marked., wh1le the crystal pl.ates could. also be split para*

lleL to [OlO] in approxi.nately the (tOO) plane., Othen

attenpts tõ cleave or cut the cnystal plates invariably

resulted. 1n multiple eleavage para]Iel to (OOt)'

Ad.d.itional prryslcal properties are summarised. ln

Table 2.

2.2. lCA ertie

îhe chenical propertles of NaPtD have been reported

by Davies, Maclaren and fiilhemson (f950). Shul¡nan (f957)

points out that.PTD can be written in the tautomeric forms

I and If.
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5-Phenylthi az o1 i cline-

2: 4-d.ione

H o-C
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il/
C_ OH

//
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An X-ray structure clet_ernlnatlon would' read'lly d'is-

tinguish between the two, for even if the carboà-oxygen bond.
a

lengths ïrere not suff icient evid.ence, the tetraheilral or

planar bond.lng of Cr would. be quite concluslve"

Microanalysls of hand.-pleked. cyrstals by the Organic

Micro-analytical Laboratory of the C.S.I.R.0n confi-rmeÖ the

ehemlcal eompqsition CTH5NOtSNa as shovùn below.

Element

H

N

0

S

Na

% CalcuLated

50 "23
2.79
6.51

14. 87

14.90
ro"69

' * Calcul-ated fnom sulphate ash.

2.2.3 Pharmacolosieal properties.

'lVhen u-ritten 1n its keto-tautomerie form, (i.en âs

PTD (rr) _above), HID has a cl-ose structural similari-ty to

rnanJr of the antiepileptiforrn d.rugs in current use. Thls may
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TASLE 1

À struetural eonparison between PTD anil othen common
.l

antiepileptiforn d.rugs

General formu]-a

R-.

Rl
Q:

ønD

afl5
.Hb
.Hb

C.+Xtl
=$)

I

\r

xRDnug

P[D.' c

Phenobarbltone C

Dilantin C

Mesantoi.n C

Epiilon . C

Rt tu
H

cFs
c6fl5

cfs
c6H5

E

H

H'
GIÍ.t

H

NIT-CO

NH

NE

0

s

.H
Þ

5

5

5

¡

¡

I

t
I

¡
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be seen in lab1e 1. taken from Shulman fWSl'1.

Shulnan experimentally demonstrates the following
propertles of PTD.

à. PID prod.uces nareosis in rnlce which is reversed.

by the barblturate antagonist Bemegrid.e (P-¡nethyl-

É-ethyI glutarlmid.e). ft also p"orotes the

hypnotic actlon of phenobarbltone sod-1um in mice.

b. PTD pròtects mice-_agalnst the convulsant action

.,of Lept azo!. (ffris property and. a struitunal simi-

lar1ty to many of the commonly employed. antlepilep-
tlform drugs suggests that thls and related. sub-

stances may nerlt investlgation in--t!e treatment
\ of epileptiform seizures. ) , 

-

c. PTD antagoni.zes the resplrator¡r stinulant arid.

convulsive propertles of its parent substance

2 : 4-d.1am1-no-J-phenythiazole hyd.rochl-onid.e ( p¿pf ), .

(shown belorv) in mice. This is fol1owecl by an
' inóreaseil depth of narcosis, and.'an increased.

lncidence and napid.ity of death.

The result e. is taken as indicating'that DAI{I may be

netabolized. t,o PTD d.uring the process of antagonism. Shulman

also suggests that thls conversion may proceed through the

intermed.lat e sub stance 2-amlno-4-hyd.roxy-l-phenyl-thiazole

(¿¡pf), which ltself exhiblts weak \ypnotlc properties and.

potentlates the bypnotic action of PTD and, phenobarbitone,

I

!,
r
I
I

I
I

f.. :

I

i:
I
I

t.-
t.

f ,''

t,"
l.a'l

l.

1...'
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l.l
l- -j
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The'suggesteil nethod. of converslon 1s shotn be1ow.

ce il' - î- i
H"N -"r*f - Nrrr. H4

cet+ - L- S

ilt
HO-C ¿-\l

*'6ut- io- f
O =C C- O\r,NI,

DAST ATIPl PlD

Z. Zo unit cel

.Zero, first and. seconcl layer 1¡Ieissenberg photographs

taken about the a and. b axes showed the unit cell to be

monoclinic, of approximate d.fuoensions

a = 9.54A
b = 6.76A
e = 14.7 A

p = 1ol.o

' A molecular lveight of 215.1 â.Ir.11. anil a measured.

clensity of 1 .53 gn/et5 lrrdi"ated 4 rnolecules in genenal
/

positlons 1n the unlt cel1. The systematic absences - hOl

for h ocld., and 0k0 for k od.d. - gave the space group unequivoc-

a1ly as P2,r/a.

The cel-1, airnensions $ere later determined, more accunate-

ly by the extrapolation rnethod. of Farqu-Ïrar and Lipson (fg46).

There ï¡ere several reasons why the preclsion attalned. in their

example was .not achieved. in this cletermination.

à. Organic crystals exhibit greater thermal vibrations

than inorganic; therefore there are fewer suffic-

u
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iently intense high angle refl-ections.
b. Copper radiatl-on only was used. Thls linits the

numbel of refl-ections 1n the high slnO 'range 
and.

therefore forces a choice of neflections with less
favourable indices.

c. For neasons which w1l_I be discussed. 1ate4 good.

erystals could. only be obtained. suitable for rota-
tion about the monoclinic axls. Reflect'ions of the

type (nOf) were therefore used to d.eternine a, c

and,p. Use of these reflections has the inherent

dlsadvantage that unless (rrOOj tun" refleeti.ons
only can be used. the value of ar_ !-9{ example, 1s

infl,uenced. by errors 1n the values of c and coqB.

This can in theory be overcome by using a cyclie
proeess to irnprove the accurecy of each parameter

in turn, holvever in thls case after three cycles

the pararneters began to oscill-ate rather than to

converge to d.efinite llmlting values

Not all reflectlons used. ïyere recoided on both sid,es

of the rfsi-ne = 1rr position on the fil-m. At least

two d.oublets ivere recorded syminetrically 1n the

conventional way and. then the rtsinO = Ltr posltion

taken as the average val-ue obtalneil fron these foun

reflectlon pairs. The positions of other reflec-
tions only recorded, once on the film tïere then

ì

l-i. :

I

F.
¡.:r..i
i,: .r

f."

d-.

I
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measured. relative to this point. Since the fouþ

ind.ependent determinations of the rrsin9 = 1rr posi-

tlon ah'¡ays agreed. withln the er':peri-mental limit of

rieasurement of position, any errors introd.uced. are

probably not more than those arising from positlonal

üncertainties.

the crystal used. to d-etermine a' c and. B measured- .O8

x.o! nm.- in cross section; b was found. us:.ngl Oxf spectra

from a crystal of approxlmate cross section b = 0.OB mm. and.

c = O.l.t mm. used. lled.ge on.ll .

the spec1al1y ad,apted, camera aesciibed by Farquhar and.

Lipson (lrgj+6) was not available; instead., a hole for the

eoLlimator was cut in the filrn whlch was then loaded. rback

to froñtrr i.n the Unican S25 oseillation camena.

Flgtrres 2a to 2a illustrate the final results which are

summarised. in lable 2.



a s¡np
a-t
ô

9.¿t
9.406¿

9.40

b

6.76

6.73

le0l [(,
l¡00 Í.,.r

Flg. 2b.

fl o, ( ¡,.r' ä,0¡ r( -r r.r

Flg. 2a.
o't5 

,¡nt e

o
0l ¡ l(¡r .. Q , 079 l( r, r.

0t5 l(-rr¡ .

o

9.39

1.00

1.00

0.s0

6.751¿-.
6J5

674 0tf fr,¡.

o

0.90 0.80
s¡nr e



c sinp

11.14

11,42

cos p'

0.210
0.2096

0.209

0.20t

0.207

20ltl(r,rr
O6

foDl(-, r. 00ltl(r,Ì¡
00lll(.,r¡

o
I

l0llfr,r¡

r.00

t.00

B1g. ?e.

ãoltl r,

F.19. zct.''i

0.90

¡'0la l( r, q,¡

o

0.95

s¡n¡ e

I 0ll ll ¡r (¡

080

Flg. .2. Deter¡nlnatlon of r¡nit

o

o
o

¡OtaÍ .. r¡,

0.90
e

sell panametene fon

.¡
srn

\o
NaHID.
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TASLE 2

Iþyg¿cal and crysta proper-ties gf NaPTD

Space GrouB P2 a

a

a.si4B = 9.4064 i
b

e.si4B ='14'.4302 t
cosÉ .= 

-0.20967 t
sinP = o.97777 !

â = 9.620 ! O.OO2 A

b.= 6.751 t o.oo2 A

c =14.758 1 0.OO3 A

B = 1o2o 6'.2t t o.8r

o.oo12 A

o.oo1g Ä

o.oo21 A

o.ooo21

o.oooo4

Unit cell voh¡¡ne ¿ 937.3 A3

Observed. d.enslty (ty ftotation) : 1.-55@/"n3

CaIc. d.ensity (l¡ molecules/unit celJ-) ': ' 1 .537 Srrr/"^3

Iuie1iing point z 3O6oc (tiecomp. )

Absorption coefficient p(Crfia) : 31 .D 
"r-1

Assumed. lyavelengths À(crxø,) = 1.54o1l A

À(curar) = 1.5\L33 A

The unceitainties-given equaÌ the calcùIaled stand.ard.

d.eviations. '

L.' .:

ii..t,'ii

! il
l. '"
t,r;_

t,..
[:; i

i..
t. .'

'.i:.

:i,'_: I''ìì i.
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2.3 Collection of intensity data.

1 1 ction of c st

Some of the difficulties experienceil in obtaining good.

crystals have been mentioned. previously. Although the plate-

like crystals could be split fairly readlly para11e1'to b'

fev¡¡ of them viere of sufflclent thickness to glve a'reasonably

uniforn cross sectlon suitable for b axis rotation. One batch

of crystals.grown over several months contalneä "t exeeption-

a1ly large plate about 1.1 mm. square and. of thickness up to

O.1J mm. this plate which proved- to be free from twinning

provid.ecl all the crystals used. for subsequent lntenslty and.

unit ceIl d.eterminations.

the crystal sel-ected. for rotation about the b axis

neasured O.OB x 1.5 x O.O! mm. For CuKcx'radiatior. LL = 3!.5

giving maxlmum and mlnimum absorption of 2l+% anð. I5%. It was

thought that the error in intensity 9f any 4efl-ection d-ue to

neglecting.absorptlon v¡ould. not be greaier than the d.ifference

between maximum and. minirnum absorption, r'::".'\;å,":"' iit'tilitå
L "i.

rvoulfl result in a maximum error i. % of only 4.5%, absorption

corrections vrere not thought necessary.

Since all attempts to cut erystals suitabl-e for rotation

about the a axis resulted. 1n plastic-like deformations it v¡as

d.ecld.ed. to collect all accurate intensities from the b axis

crystal, and. to use a axis d.ata only to brj-ng these intensitles

to a common Scale. As this scaling night not be accìfrate the
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individual sca'ling factors for eaeh layer of constant k would
be treated as independ.ent variables in any subsequent refine-
ment.

The crystal used. for a axis rotation measured 1.o x
o'lJ x o.IJ mm., irnplying )la/o naximum and Jta/" ninlimum absorp-,
tion for CuI(a radia.tlon. Although the absorption was consid,er-.
abIe, no correctlon u/as niad.e as the crystal was not used. to
obtaln accurate intensities¡
2. ldea nt of int itie

Diffracted. spectra v/ere record.ed, for the layers ho1 to
h51 and' OkI using a combinatlon of two 

"rpo"lr.*"" each of about
lOO hours for each Iayer.

For the first exposure the integratlng attachment was

used and by using a paek of four films even the most intense
reflectlons ferr within the l-inear d.ensity - .Íntensity regÍon
on at most the fourth fi1m. (ftre (oot) refl_ection was just
outsi-de the linear range but was also unreliable as it appeared.

to be partly reduced by the be.am trap.) tnose integrated
reflections of sufflcient intenslty were then measured uslng
the micro-photometer. ,

From the second. exposure r,vhich was no't integrated. many

of those reflections too weak to be photometered- were measured.

by visual comparlson with. a standard. intensity strlp. rntensi-
ties measurabJ-e by both methods gave the necessary correl-ation
facton.
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For non- zero tayerÅ integration makes the correcti-on

of Phi111ps (fg¡4) for spot extension'and- contrection

unnecessary; neither was this factor used. for those spots

estinated by eye, fon they are generally of high Bragg angle

where the comection becomes negligible"

An attempt was made to allow subjectively f,or the Ka, -Kqz

spli.tting; where the splitting vrras complete the Ka¡ com-

ponent alone rsas measured- and. multiplidd' by l-'5'

llfithin the limiting sphe¡e. f or copper rad-1aèion there

ïuere 2IO7 inclependent reflections. Of the f743 theoretically

observable in the layers hOl through hlI, lI37 were observecl

to have non-zero intensity and. approxifiIately hal-f of these

had. sufflcient intensity to be photometered-o

2.3.3 curacy.

All lntensities were taken as the average of at least

two measurements mad.e at d.ifferent¡times; if tlae two measure-

ments âppeared to d,iffer significantly' they YrePe repeated'

until consistent values ïi/ere obtained'.

Although the d,ifference betvireen repea-t ed- di'ensi'ty meas-

urements. eonsistently had an R.l¿.S. va'lue of oniay 2.I%, the

probable effors in intensity are- greater than ti[is might seem

to imp1y. A"sanple of pairs of reflections r¡¡horse intensities

y./ere equal by Friedelrs 1aw, but not necessaritr¡f with equal

absorption, gave an R.Dl.S. intensity d.lfíerence of 6/' which

is a better lnd.ication of the aecuracy of the pt'rotometered'
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intenslties.
Intensities estimated by eye are 'generally thought

. aecurate within IO/o.

2.3.1+ Geometnlc a1 fact

Graphical calculation of the Lorentz and polarizatlon.
factors for the ho1, h11, h21 and okL data is.d.escribed in
2.4.J and. 2-.4.5. comection faetors for the remainde.:r of
the d.ata were evàLuated. using the r.B.l,,{. 7o9o computen

d.escribed. .,1n 2.4.7 _.

2. 3. Ã- SCalinF-* ---__--

After the 0k1 d.ata had. been used. to brlng-t+€- s1x layers
of b axis'data to an approximately common scãl-e, the rnethod.

of Tlllson (rpUz) was useil to put this scaling on an absolute
b.asis. The resultant plot shovrrn 1n figure 3. g;ave an ovenall
temperaturê exponent 2B -= 6.8¿

i
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2.t+ An attempt to solve the structure in projection.

2.4.I Introd.uetion.

This section is meant olty to be a sumnary - Detail
wi-ll be given only lvhere the technique in question d.oes not

arise in the three d-imensional approach. E.g. discussion ¡

on the use of generalízed. projeetions will be includ.ed. here,

r',¡hereas that on the vreightlng system of \I/oolfson v'¡il1 be

d-ef erred. -

2.1+.2 Prel-1m1nar.y.

From preliminary consid,eratÍons tlyo reasons favoured.

concentration on the (frOf) p"ojection"

â. The b axis length of 6.7 A- lvas shortest and.

therefore suggested least ovenlap.

b. Because of the crystal habit, (frOt) aata could.

be gathered. most read-iIy, completely and- aceurately.

ï'¡1th these considerations 1n mind., (nOf ) aata were

collected by a cornbination of integrated and. non integrated.

exposures as d-escribed. in 2.3.2.

Rather than relying entirely on one projection to d,eter-

mine the sulphur position, ad.d-itional Okt'd.ata \¡¡ere gathered.

from a somey¡hat imperfect crystal- by using eye estimation of

intensitles; hov¡ever ferv speetra vrith sinO>0.61 vrere observed.

2.1+.3 Geometrlcal- factors.

For. each h01 and. 0k1 reciprocal lattlce polnt the values
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of sine and. the various átomic scattering factors \ivere

obtained. by using the graphical method. of Cochran (fg48).

Knowing sine, the Lorentz and polatízation factors ïYere then

found. from the Tnternational Tables for X-ray Crystallo-

graphy (Vof. 11 p.268) and. applied. to the observed- intensl-

ties.

2.h.4 Patterson pro.i ections.

ff v¡e suppose an aton (say sulphr.lr) to le placed at

(*1, y1, z1), then the vector interactions between this

atom and. the other symmetry related, sulphur atoms within

the P2., /a vnit. ceIl can be pred,1cted.. Frojec.ting onto the

(y, z) p1ane, ffe e>çeet vector peaks a',, (à, zz1), (t+2y1, 0)

and (+2y,, 221). Projecting onto (t,r), only one peak at

(2ïl' 2.",) is exPected-. -

A search for the heavy atom position can therefore be

nad.e by inspecting the (ory, z)'and (x,orz) Patterson Pr9-

jections for a se'r, of four peaks related- in the manner

suggested.'above.Follorringthisproeedllrerfourplausible
peaks v¡ere ehosen from the tlvo ,(non sharpened.) Patterson

projections, and. these "*" shov,rn in fig.4.

Although the x anÔ. z sulphur atom coord-inates derived.

from these pea<s subsequently -proved. to be in emor, it is

interesting to note that even 1n retrospect the choice of

the trv/rongtt peaks seems to be completely justified' by the

evid.ence available - yet another reminder of the possible
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d.anger in an t'obvioustt interprétation!

2.1+.5 Fourier projections.

Having placed. the sulphur atom, structure factors
were calculated. for the hOL and. Okl zones. The reliability
factor R had. the restrrective values of 0.56 and. O.49 for the

h01 and. 0k1 zones; the summation was here taken over those

structure amplitud-es observed. as non z.ero.

. After veighting the observed- structu're amplitud.es

accord.ing to the scheme of ','foolf son (tgS6), ancl using

phases based. on those of the heavy atorn, the first two

Fourier projections l¡/ere calcuJated.. .lrom these an a-r,tempt

was mad.e to recognize further portions of the structure.

After five further projec'r,ions d.own b, (and. as many d.iffer-

ence syntheses) the sod.lum atom plus thiazole ring'v/ere..
Itplaced", anil R reduced. to O.3I, but nothlng resembllng the

remainder of the structure coulQbe seen.

Since the impasse whlch had. been reached- ind.lcated

major errors in the proposed. atomic positions, attention

v¿as red-irected- tor¡vard the evidence leading to,the origlnal

deternination of the heavy atom position, It rvas notv rea-

Iized- that the llnitations of the Okl data as mentioned.

in." 2.4.2 had. probably resulteil in a vector d.istribution

arising fron the gross molecular struciure rather than

ind-ivld.ua1 atoms. Provid.ing that a reasonable propôrtion
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of high ord.er bpectra lvere observable, this defect coulil be

partly rerired.ied. by sharpening the coefficients to enphasise

the atom - atom interactions.

Rather than persevering with the poor quality Okl d-ata

it was d.ecid.ecl to collect highen layer b axis d.ata whieh wout!

enabfe the use of generalized, proiections to confirm or d.is-

prove.the proposed. sulphur posltion. Accurate h1l- and h21

d-ata ri¡ere therefore colLecteil and. the Loren|z-polarization

factors {ound. by the graphical nethod. of Cochran (fg\B).

2.4.6 raLized proipc .tions-

. A method- of extr-acting informatj-on from non zero La¡¿ers

of the vreighted. reciprocal lattice by trgeneralized, projec-

tionsrt has been given by Cochran and. Dyer (WfZ). Although

tfreir d.iseussion rel-atejs to generalized projections of the

electron density they poì-nt out t-hat generalized, Patterson

projectlons may be useful in speeial circumstances ("-g.

Dyer, 1951).

CorreÀpond.ing to the Patterson density (patterson,

:-935 )

P(*, ytz) >>E l¡'(trrt<r 1) l2 exp furi(hx+ky-rlz) ] (z.l)t"
V c

the Kth geleraÌizeð, proiection of this d-istribution on a

plane perpend.ieular to the b axis is d-efined- as
t1

e*(xrz) = b/ 
"(xtytz)exp(2n1Ky)dy 

(z.z)
. Jo
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K 1s here consid.ered. only as a positive integer,

hov¿ever-the subsequent d-iscussion lvi11 show that the right

hand. side of (Z,Z) can be expressed. as a tivo d-imensional

summation'over the structure amplitud.es F(hrKrl) rt'here K is

constant.

From (Z.t), and the fact that

/t *n lzrn(t<-u)vlav
J.o

1

o

ifk=K
rculx (z Õ)

(2.6)

we obtain
nufl 

' 
z) 

-

para1le1 to b,
eo(x, z)

1) = F(ñ,K,1) r so

l p(nrr, l) l' øos2ø(hx+rz)

* "" ln(r,rK, r) l'"*p l-zr (irx+rz) I ( 2.4)
^ tr1

' Collecting the coefficients in ¡m-irs, hKl and ñKT

v*(x, z) = i ;l l¡'(tr,r,1) l2 exp l-zn:-(vu';'z) l
+ I P(ñ,K' i) l' ex-o[ezl (nx+h) ]

For-the space group Pz,/awhich has a trn¡o f ol-d 
ji;3'

F(h
_L

A

,K
EÐ
h1

Since en(x,z) and. P(x,T,z) are both rea1, (z.z)

bec ome s
tl

r"(x, z) = b / P(*,y, z) cos (z¡r.y)ay ( 2.7)
.lo

From çZ.t) the physical- interpretation of ttre Kth

gene rai-.lzed. Fatterson pro jection of P( xr,{ , z) on ( 01 0 )

can be seen. For K not too large (".g' K=1 ,2r3), tfre value

of cos(Za't<y) will not change rapidly as a function of y.



32

Therefore, to a first approximation, vre ean say that if 1n

(2.7 ) *u are integrating along a line 'passing tlrrough a peak

of the Pat-r,erson functi.on, then the contrlbut¡-on or this peak

to the integral ivil1 be approximately proporti-onal to the
prod.uct of the peak value of p( xry, z) and_ the val-ue of
cos2irKy at this peak position. Hence if a patterson peak

arises from atoms at (*rrrr rri) and. ("r,.ry z¡), then this
peak appears in the projection Pn(x,z) at (*i-rj,z.-z¡), but
its nagnitud-e is multiplied by the factor cos2r(yi-yj ).

rn particular, for atoms rel-ated. by a screÍ/ axis para-

11e1 to b, yi-y j = â, and they therefore give rise to peaks in
the generalized- -oro jections of heights shor','rr-belovr, Zo being
the height of the u¡modified. peak.

Peak Height

hOl Zo cos( Zo.o.L) = Zo

h1 I Zo cos( 2a.. 1 .ä) = -Zo

}:zI Zo cos( 2r.2.2) = Zo

Since each peak has the same x and_ z coordinates, a

search can be mad.e for heavy aton - heavy atom peaks by superL

imposing successive generalized projections drarvn on trans-
parent sheets and. noting peaks of approxirnately equal

numerical magnitud.e but osci'Ìì-ating sign.

For numerical- calculation (2.6) cair be further simpli-
fied. (for the spaee grou-c P2r/a) to
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l f ( o, i() 1) 12 eos2trlz
oo

h=1
co

co

+ÐÐ
h,1-1

1-:1

I lrl"*lFl" ]eos2rrhxc osztrLz

I lr l" - lF l' ]sin2nhx sj.n2tr:zl ( z,B)

i,/here F = F(nri<rr) and F = F(ñrt<r1).

Before calculation the coefficients were I'sharpened.rl

in a manner sinilar to that of Patterson (1935). (tfre

sharpéning functi-on used. is d-iscussed. more *tt"'in section

2.5.1).

The origin peak of the h01 sharpened Fatterson pro-

jection (which had. not heretofor been calculated.) \ryas

removed. by the nethod of Lipson and- Coclrran (1957, P.174).

Inspeetiòn of tìre hol-, h11 and. h21 Pa't ierson syntheses

shown in figs. 516 and. 7 not only confirmed- the suspectecl

nisinterpretation of the original Patterson syntheses but

strongly ind.icated. the true sulphr¡¡ - sulphur inieractions.

Now that tire presumably correct heavy atom position.

had- ùeen d.etermined. a second. attempt to locate the remaind-er

of the structure in proiection could have been initiated;

hovrever better eomputa'r,iona1 aid.s had- become available and'

it was d.ecid.ed- to extend. the structure investigation into a

three d-lmensionâI analYsis.

It may be noted that although this nev¿ sulphur. posl-

tion subsequently proved. to be the correct one, a successful-

interpretatlon of fu.rther (OtO) projections may have been
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(tuote: In this and all other projectlons the
positive contours are d.ral,¡n unbroken,

zero d.rawn as long dashes and. negative
d-rayrn as short d.ashes. Unless statgd
otherwise, the contours are d.rai¡,m at
anbitrary equal intervals. )

ol2

Fig. 5.. hOl Sharpened. Patterson projection.

cl2

; Supposed. S-S vector position
I True S-S vector position

o
X

l1

):

/

ì (

t
I

I

\
\ )

)

,

t'.

o

t

t:
.'.:t

)'j- - -_---.r

1 í ',ì

t.
I

ri
tt:

)



I

(

)

\

I

I

\

a I

t'

)

I \ \

l

,' 
il I

I I I

/i

,/-
\ 

t

¡

Z
--

-

,ll

I

I\
",

ii 
/

I

7

( ) 0

o t\)

i'-
i

l!.
.

cì cr
\

t

l-l
 

hr tJ I lJ rÈ cù

^û
1 

iJ
lr-

 I 
tD

c'
r 
LO

 t
r

os
r

'r-
.i 

'<
 

lr
(,

O
 

F
.

O
N

ts
i 
cl

' 
C

)
oO

 
pr

! 
t-

l

^.
, 

|t L'
aF

 r
' 

) 
:-

.1

O
O

 
cl

-
pr

t 
Ç

F
P

. 
C

D

o-
'c

l- 
tl

\ 
¡''

 
(D

oo
IJ

P
rJ (n
 

t-
J

Õ
ry

ro tl 
cr

.
:j 

íD ô
rJ

 
cl

'
tii

 
P

'
(Ð

o
'J

 
iJ

Ê
r

'-J
l o

r\

^(
n

1,
. 

¡

cl
- 

t,O
o iJ

<
ú)

o o
F

J 
cl

'
oo lJ

h
tÐ oo Ê

, 
C

,: fi'
C

cF
C

-f
, 

u.

fr
)Þ

(J O
J c¡
'

5 O o i-, U
)

(:
1 :'J Q ci
-

l-i c/

L^
l

\r
¡



LN C
\

I
(

I

I

I

) lr

I

-) \
(

- 
::-

"_
2

¡,
i

)

I 
"-

-'
1/

 
/

I

\
\i

)
tl '¡'

-,
'/

( )
\

\

\

I I

.J

( ) \
i)

l
)

t.\

.\ \

t-
__

_-
-r

._

(
(

I I

)
r¡

:,

\

I'
t

hd P
.

0q :l

xF
N

)
sl

P
H pa

C
D

X
Þ - 

C
t)

'J

ß
l 

Ê
r

at
s

F
.

bN
l

oo õp

(-
ì N
'

l-r
i 

tr
F

. 
!r

tq
 

cF
. 

c-
l'

O
\f

.il
o ts

j o C
-J

,

O o cl
- P
' ')

Ê



37

d.ifficult, for the tt'¡o rings of the lTaP?D inol-ecuÌe proved.

to be almostrredge ont'to thi's plane. There v¡as also con-

sid.erable overlap in the other principal projections.

2.4.7 ImBroved. computins facilitiesi The IBi{ 7o9o

Prior to this time all cal-cul-atlcns had. been d-one

either by hand. or by the Sydney Universityts computer STLLTAC.

Al-ihough the hand. calcul-a'uions rJì/ere facj-l-itated. by the

r?structure Facior Tabl-esrr of Buerger (1941 ), Beevérs anil.

Lipson strips, and- a d-esk calcul-ator, they l'/ere at best time

consuming; on the otÌrer hand. geographical separation from

SILLIAC had. obvious d-isadvantages. The. a,l.veni of a large

conputer near Âd-el-aid.e nolr made it possible to remove these

linitations.
Recently 'che l{eapons Research Establishment had-

instal-l-ed. an IBií 7090 Digital Computer (hereafter cal-led. the

7C9O ) "t Salisbury, a' few ¡riIes frøm the city, and. had- mad.e

l1rnited. tinne on this machine available to the Unlversity.

din"e this machine had- a large store (3Zrooo l"¡ord-s) and-

lvas faster than most other computers (",g. See "Compr-rting

Ì¡iethod.s and the Phase Probtem in X-ray Crysial Structure

Analysisrr), its Successful- use 1n/ou.ld- allor'¡ a consld-erable

increase in the magnitud.e and. scope oÎ any in-/estigations; in

pen-,,1cu1a1 the manipulaiion of cornplete sebs of three-

d-imensional d.ata r/as novÍ feasibl-e.
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Although sone crystallographic prograrns for the 7O9O,

had- been y,¡riiten and- v/ere in use elsei;.,.¡herer applications to

other organisations for co-oles of these progt-aJns did. not

initi-al1y prove successÍul-; this uftinately resrrlted. in the

au-th-or l'lriting all the prograrns mentioned rn the remaind-er

of this thesis.
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(t
¿-. mensi onal- !ILL rSON S thesls.

2.5.1 Sharpening.

ff the Patterson d-enslty is repreÈented. by a summation

over an infinite number of non-zero coefficients then by

sui.tably mod.ifying these terms it is possi-bl-e to rrsharpenrf

the peaks of the Patterson function. This p¡ocess i'vas first

suggested by Pa-r,terson (1935) u" a mealìs of resolving over-

lapping peaks, hoyrever in practice only a limited. range of.

ihe coefficien'us can be observed- and- a contpr-onise must

tÌrerefore be nad.e beti','een the d.egree cf sharpening and- the

increâsed. d-iffraction ripples iniroduced- into the Patterson

d.ensity by ternination of the Fourier series"

If the sì:arpening is of the form

¡r'ol' = U/r)" ."*n(- FLp}j 
0). ieol" Q.e)

\-/
ÌJ ÌÏ

rvhere f - . f 'f ¡/Ð"2¡ ts the average/ uniia::;' scattering
j=l u-j=1 r

amplitud-e incl-ud.ing temperature efÍects, and the other sym-

bols have their usual meaning, then Lrpson and. Cochran (p.173)

suggest that p = 7.J has been found- saiisfactory ì-n practice.

Substltuting for p and- putting

f = I6exp(-asin2 o/ ^^') ( z. t o)

r,ihere F^ is the average unitar;' scattering amplitude without
o

tenperature effects,
, -^'i'l2tr,'o I = (l/To)'"rpi (-i.lì+23)sin2 a/Ñ1. Itno i" (2.11)
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Although'the'value 2B = 6.8 had- been deter¡nlned

statistical-l-y, the sharpening corresr)ond-ing to 2B = 5.4 was

f i-nal-l-y used, i. e.

lF; l" = ?/1)' . lpo l' (z"tz)

: This simplified. expressi-on i,n¡as chosen firstly for ease

of computation and. seccnd-ly because it r.¡as 'chought that the

relatively l-olv fraction of high ord.er spectra observed- d-id

not justify the usual d.egree of sharpening.

Those spectra unobserved- were given zeTo intensity.

Co 'r,at io r esentati

synthesis of the Patterson functlon rn¡as carried- out

by the 7o9o at intervals of a/4o = o. 24Ão, a,/àin = o. JUA)

and, c/6o - o. 25Ao. It mà¡¡ ¡e noted- that 1f , foÌlovrinj

Lipson and. CocÌrran (1957, P.BB), the o-oiimum nunber of inter-

vals along a cel] ed.ge a is

n a sinemax
TTã-" ( 2'13)

0..J7hmax for an effective sinOru*= O.9,

a

then n^ = 41 , n- - 19. and- n- = 59. Sinc" k*u*------ --a þ -' c

division of b tvould- serve little purpo$e.

5, a finer

Al-terriate seciions along b trl¡ere pJ-oited. cut and tÌre

contours traced- ont o transparent cell-uloicl sÌteets t=¡hich lrvere

supported- by vertical- rod.s in an attempt 'bo re,oresent the
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function in three d-imensions. rn retrospect the time spent

vras hardly justified. as the model- has had litt]e more'than

did-actic uses, all useful information being subsequentl-y

extracted, from the Fatterson fr:¡ction by an exhaustive

inspection of its B0 or so positive peaks.

Appr.oximate peak posltions \¡¡ere found from the

density at the nearest grid. points, either by subjective

estimation, or objectively'by using tìre parabolic approxi-

mation of Booth (tg4e, p.64).

2"5.3 Interpretation.

Tf an ¿tom is placed. at (r,y,") in a u¡rit cel-1 of

symrnetr"y P2r/a, then eo,uivalent a.-r,oms rryil-l- be placed- at the

four sites gì.ven belor¡¡.

(*,y,"), (-r,-y,-z), (å**, à-y,"), (å--o, à*y,:z).
Let us suppose that i¡¡e have fonr hea-,ry atoms each

containing Zn electrons placed at ,(xr!rr) and. its equivalents,

ahd- in acldition four light atoms conta.ining ZI elec'r,rons at

( u, vr '',i) a.nd its equival-ents.

Then if, fofloling Bu-erger (1959, g.26), y/e suppose

that the prod-uet Z,.ZI gives a-n ap^oroximate neÐ.sure of the

height of a si-ngle heavy atom - lrght atom Patterson pea.k,

ï/e can cletez'mine the posi.iions a-nd. heights of all the ind.e-

pendent vector peaks generated by these tr,;o aton types.

they are su-mrnarÍsed. belov¡
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Pealr Coordinates Pea.k Heieht

L-2*,
1-
2,

2x,

1 n-2¡ -¿z
tu!Y, 0

+2y, 2z

l.ot+L. .n

4zn'

22h'

7."h

zn

o
n

(and. three si-rnil-ar 11ght atom - light atom peaks)

u+x, v*y, w+z 4Z'.ZI ( i )
u+x+t, v-y-S,w+z Lún"Z, ( ii )

u-x, v-.y, w-z 4Z.n.Zt ( iii )

v-x-Lrv+y-t¿rw-z 4Z'.ZI ( i")

Inspectlon of ihe Patterson pea.ks immeciiately-=-'-

confirmed. the sulphur posltion suggested by '¿he generalized.

pro jections. -* -
. Since each of the thirtèen light atoms 1n the

structure génerated four light atom - sulphur vec-r,or peaks.

an attempt v¡as mad-e to search for these in'r,eractions system-

atically using the relations betr,veen the peaks given by

(i) (i,').

Firstly a search r¡¡as made for pai,rs of pea.ks of

approxlmatetry equal height and. of equal z coord.inates, but

wlth x coord.inates differing by L. This reduced- aJl- the

peaks to those potentially satisfying either (i) and- (li),

or (iii) and. (i"). A second searcìr lvas then made by talcing

one pair and- searching fór a second pair l'rhose y coorclinates

d.iffered. from those of the search pair by L. A final test ótt

the resul-tant set of four peaks v,'as provid-ed by theì.r internal-
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consibtency. For exampl'e, half the d.ifference of coordinates

(i) and. (iii) shoul¿ equal the heavy atôm coord.inates; the

11ght atom coordinates are then half the sum of (i) an¿

(iii).

Five sets of tentative peak coord-inates t'n¿ere

derived ft-orn the Patterson synthesls and are llsted below

with the final -oarameters includ-ed- in braces'.

1

0.186

0.1 B9o

0. o09

0. 01 02

o.o23

o.0236)

Pea.k

Sulphur - S

(s

Sod-ium - Na

(Nt

0xygen C'

1d.ent1f ication Coord-inates (x.y , z

o.!44 O.o9B O.192

o.4433 O.ag27 o.19fi)

)

o.gg6

o.gg75

o.og7

o.1oo3

o. o9B

o. o9B5 )(o

Oxygen o
2

(c

o.268

o.2667

o. 9o0

o.9183

o.385

o. jB44)

I'Titrogen- N o.g13 0.706 0.517*

(- )

lio a'Lcr: llas sribsec¡-re ¡tL¡ fcrtnc-'1. -l¡ith coorCinetes

lfeÍ--r.I tì:ese,
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2.6

2.6.1 Tr

tructure factors.

igonornetric rs.

The structure fac.tor F(h, krl') may be expressed' in

the general form

n(tr,lcrt) = Vc [[ft ,o(",ytz)expI zni(ttx+;o.y+.!z) ]tLrcþ'clz (z.ttt-)
'l.l !o'

= ì tn(irrk,l) exp lzni(hx+kv+12) ] Q-'t5) '

where the summation is. over al1 atoms in the unlt cell'

If rre Put

A ) cos lztr(nx^+kYn+L.zm))

and- Q ' 16)

ts = ä sinf Zz'( hx-¡¡a'k.Jr¡xa-!zm) ]

where the sur,imation is over the'd-lfferent ectrui-valent

positions of arrY one atom, then

F(h,k'l) = äfr-*n + iÌtn"u

the sunmation now being only over those aio¡rrs within the

asyrnmetric unit

For P2r/a, A and- B red-u-ce to

A = 4( cosZrhx. cosz¡t'Lz sin2t¡-hx . s1n¿¡r¡z) cos2rr¡y

f or h+-li er¡en ( z. t a ¡

A = -4(cos2rJ'hx. sin?rÍIz + sinzrhx. cos2';¡-Iz)sin2lrky

for h+k od-d.

B=O
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2.6. atteri-ng factorq

Ato[ric scatterlng factors t'/ere represetlted- bi¡ the

sixth d.egree potynornial approxlmatl ons of lìr.eeritan and- Smith

(1958) r'rhich are accurate v'tithin 1/o, simple to calculate, and-

require littl-e conputer siorage space.

2.6.3 Comltuta

The basie structUre factor progralll t'ras vrritten to

accept anfl store the range of spectra 'co l¡e calculated, -the

observed structure anplitud.es Fo(h, k, f ), tÌle scattering

factor polyn'omia1 coefficients, ancL the Ya.rious atomic para-

--ñeters. The calculated, str=ucture ampl1tu.d.es F"(n,Xrf) and'

Fc(ñrk, 1) l,.iere then calcul-ated- together and. printed out lvith

Fo and I Inol -lFcl I .

As an lnd-ication of the ag-reenen-l between the observed

and. calci:lated- struct'.rre factors the rel-iabiliLy factor R

d-efined- as

F. = ÐlFo-Fcl / rl-tol (2.19)

v¿as also calculated.. General-ly the sr-r-aIitâtioi-l lva.s talcen in

tvro l,iays

a. 'Sunrna'gion (hereafter ca-l-l-ed Ra) ove¡ all- s,oectr.a v¡1th

those not obser.ved. put equal to zeTo. ft is thought

that this i-s the most useful form for the relia-tril-ity

ind-ex, in the early s'r,ages of, structure cletermlnation

rvhen Fo may ec-ual zero but F" be of ap-oreciable magnltude.
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b. Summation (hereafter called R) only over those spectra

observed- as non zero.

, Tv/o mod-lfications to the baslc str'ucture fåctor program

vi¡ere subsequen1-l.y made

a. Since outpr-rt tvas rel-atively sl-ovr¡ an option l'ras includ-ed.

to suppress the printing of Fo and- tr'", the R values

only being printed- for ea-ch layer.

b. Provision was mad-e to,.allor,r¡ calcu-lation of the l¡ioplfson

lveighting factor.s (r1oolfson, 1956) and- to punch out the

coefficients prepara'tory to the cal cul-ation of Fouri.er

or Difference Fourier syntheses.

2"6.11- Test of 1 coordin t es.

As a check on the fivettatomsrr, the coord.inates of which

had- been found- from trr-e Pa't,terson functionrthe appropriate

set of structure factorS lvas cal-cul-ated.. The resultant

r.e]iabl]ity ind-ex Ra tu'as 7I%'¡'¡ìn:-ch vras only slightly less

than the 83% expected_ frorn a completely rand-om set of

coord-inates ( tïilson, 195O) 
"

In the hope that sonle, at least, of the proþosed'

coord-inates ïv'ere correct, the folÌowing structure factor

ca-lculations \{iere mad.e.

À-r,olls Inel-trd.ed-

S+Na+0.' +0r+N

S+lda+irT1 *Ne*NJ

S

P.elia lit Inci-e,t

71

59

6g (cont. )
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(cont. )','Atoms Includ.ed. Reliabilitv Tndex

61"

5B

61

6z

N and- N T/ere

1', 2

Ra(/"

o

)

S+Na

S+Na+N,

S+Na+N,

S+Na+N,

The coord.inaies of the .atoms N1t 2 3
respectively put equal to the coordinates of the O

antl N atoms.

From these results 1t-appeared. that the sulphur
æ.4---- - --

and sodi-um atoms had been cor¡rectly located. and tha'q ',Nl "
vras probably a real atom, but that ',Nr" and "*J" oî""ã ""
1ike1y to be ïrrong as right. It l¡ras therefore d.ecid_ed to
caJculate the flrst Fourier synthesis on the basls of the

first group of three 'atoms, i.e. S+Na+N1.
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2. 7 Fourier- s¡¡ntheses.

2 1 Tri onometric factors.

Previously the strr:.cture factor F(hrkrfr) 1/'/as expressed-

in terms of the electron density p(xr{rz); \¡/e now lvrite the

inverse rel-atlonship
p(xrIr t z) = * r>>* F(h'lir l) exp l-z-n'i(n;r''.l';r'¡17) 1 (z.zo)

V cükl--
For the.space group e2,/a,

F(h,k;Ì) - F(h,k, 1) ana F(ñ,r.,r¡ - F(h,k,1) for h+k even,

F(h,k, 1) =-F(rr,E, t) and r'(ñ,te , t) --F(h,k, f ) for h+k od.d-. (z"z)

Using these relations the expression for the el-ectron

density becomes
( h+k = 2n)
r:ì>ä [ c (nrk, r) cosznhxcos2rLz
hk1

- D( h, lc, 1) si-n2rrirxsi-n2rLz] cos2a'ky

P(x'Y t z)

(ir+k = 2n-,,1)

+ ti>ä t-c(hrkr1)cos2rrhxsi.n2rrLz (z.zz)
hkl

- D (h, Ìi, 1) si'n2, rh:"-cos2'irlzfsin2øk¡r

r,'virere C(rrrl<rt) = F(h,krl-) + F(ñ,k, 1-) for h, k, f / O

D(h,k,r-) = tr(h,k,r-) - rr(ñ,k,1) '
and C(0,k, 1) =å-(.+(o,x,t) + F(o,x,1)) etc.

2.7 "2 '',Veip'hting of coeff icient s,

In -r,he 'rhea-/y atomtr ne'birod. o-fl solving crystal s'úr'tic,j-

tures the Fourier series summed- has coefficients of inod,ul-us

equal to those of the heavy ator,l contribution. Woolfson

?gSe) it" sholvrn that improved. resol-ution of' the light a'r,orns

)t
=V

f
L
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can.be achieved. by r''¡eigh'uing eachr coeffj-cient of the Fourier

ser.ieg accord.ing to the prob'ability that its phase is
correct.

the vreighting factor in the forrn given by l,Toolfson

was found. to be not.very convenj-ent for practlcal use, and.

instead the eo-uivalent expresSion given beloly v¡as deri-ved.

ancl used..

F(vreighted.) = Sc"lFol .tanh(

rvhere S" 1s the sig:n of F" (i.". + 1),

I,l'o.-r"l
!r. rs)

(=fj(h,k,1))-

is the scattering facto.r incl-ud-ing teilperature nod-ification,

the summatlon being over all atoins in'¿he unit cel-l- excl-ud-

ing the trheavy atomsrr.

i¡'/hen rvritten in ttris form the fact is ernphasised. that

for a given Bragg angle the probaroility of a calculated.

-ohase being correct d-epend.s only on the prod.uct or' ..'o 
"1U

F^ and- not on the agreenent of tfrJir magnitud-es.c

ïn practice j-t r'/as found. convenient to evaluate Lf2¡ a-t,

intervals of O.O5 in sinO/À, and. hence io construct a graph

of the function. For hand. cal-cul-ations the method. of

Cochran (lgL+g) cou1rl then be used., rvhile for automatic

coinpu'bation llnear interpolation betv'¡een the knoln values

gave sufficient accuracJr.

2.7 .3 I'1rst .l'our i en svcLthesis

The first synthesis using coefficients 1¡reighted in
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the manner d-escribed. above v¡as calcul-ated- over the asymmetrle

nnit at intervals of a/4o, b/2o, c/6O and. prlnted. ou-r, on

sheets read.y for direct contouring. Although the total time

taken vi¡as 24 mins. about 75% of this represents output tine.

(¿t this time since no off-l-ine listing facilities v/ere

available any program with a large amount of output r//as

generally most lnefficient, )

To repreisent the calcul-ated. e.lectron density, balls

ï/ere supported. on metal rods of the a-opropriate length; from

this nodel the remai-nd.er of the struc ûure could be seen o-uite

unambiguou-sly._ t$!,ructure factors based- on this rnodel- gave a

resid-ual Ra = 33/. wh:-ch left little doubt that the proposed.

structure rias an approxirnation to the correct one.

The v,¡eighting system of ii:¡oolfson was most successful

in this a-oplica-r,ion, for, although the fov'¡est peak clensity

vvas 2.6 ./A3, the background d.ensity d-id. noù exceed '1 .J .A3.

2"7.4 Further the ses.

Two further Fourier syntheses vr¡ere eal-culated. at

intervals of a/3o, b/2o, c/\o 1n ¡¡¡hich the coefficlents \rere

not r,'¿eighted-; the residual-s in the alternative forms des-

crlbed. before i¡rere then Ra = 2B/" and, R = 1-1i4" It may be

noted. that r,'¡hen al-l- the atoms have been placed., i,e. they all-

become rrheavy atoms,t >fr1 = O, and- the r,'reight lng- facbors all

become unity. If, holveve4 some of the coord-i-nates are likely

to be Ín error, it is probably useful to give the sunma'r,ion



values corresponding to several-

d-ucing lveighting vrhlch seerns at

a'bfe even if not, rnat,hrematlcally

Since these trio syntheses

it r:!'as appai'eni ihat subsequen't,

ceed. al ong difîerent lines.
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ì-ight ato¡ns, thereÌ:y j-ntro-

least to b-e phi-sically reason-

opt iníz ed.

\rere subst er:t,:aì-Iy the sarne,

refineneni i;i,.u.i-ì irave to -oro-

C
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2.8 R sins isotropic temperature fac tors.

Refinement of the approximately kno¡rvn ato¡t1c para-

meters r/as carrieil out on the 7O9O compu'ber by util-izing
Itd-ifferential- cU-fferencer¡ Fourier syntheses. An outl-ine of

the general features of the refinement programs along lvith

the und-erl-ying theory is given in Chapter 4.

In subsequent d.iscussi-on the fol-'l-owing numbering will

be used-
tlL*t'

C,-

8z
ll
cz ..

H+-ct c,/
ll
ol

¡ S-
L- (-it

1 -/-t+ ç?/ ' t-
C-^ Ll
7r t't

,^/Ð

tl6

2.8.1 fnltial- ref ine¡nent.

After two cycles of refinement had reduced. R to 13fi

the most striking feature u/as the apparent large thermal

vibration of the benzene ring. Al-thouShr C, had. B = 4.0 the

val-ue of this exponent increased.'progressively across the

benzene ring u.ntil for C, it reache,l- 9.0 tvhlch inplied. an

R.Il.S. thermal d-isplace¡nent of O.J4¿ (James, 1958, Þ.1%).

At this stage'the Universityrs I.B.Ì,i" 1620 computer

(see 2.4"7 below) had- just come into operation and.'r,vas usecl

to compute and. print out in ful1 the observed. and cal-cul-ated

structure faciors, a calculation v¿hlch had been arrcided, on

the 7O9O because of the large amount of outpu'l in-¡olved.
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A careful inspection of these Fts revealed. se-¡eral- arithmetic
errors and. 'wrong indexing of' high angle refl-ectj-ons; lvhen

these had- been corrected. no serious d-iscrepancies betrveen

F_ and- tr' remai-ned..oc
2"8.2 Exti-nctlon.

Jarnes (1959,

second.ary extinction

p.293) has suggested. a correction for
of the form

T ï
1 -2eI.

Plotting (1 1o/T.c)

Since the six hyd-rogen atoms

the lTaP't-'D r¿ol-ecule their approximate

geonetrical-l-y by assurning a C-Ií bond.

and Sutton, 1950).

2. B " 4 l¡urther ref inement .

ç2. z4)

agalnst _tl ,)

vYere bonded. dlrectly to

positions were found-

length of '1 .O5A (A'tten

oc

o

ï
o

(

for the more intense refl-ections the best straight l-ine gave

2g = 0.00001 9 which was then used. to correct al-f .Tots of

magnitud.e greater than 40.

Thus, apart from scaling, the only corrections rnad.e

to the F^ I s lrere f or Lorentz-polarizai-ion and- second-aryo

extinc'r, ion eff ects.

2.8"3 ilydrogen atoms.

After correctj-ng the Fors for exiinction

tlon of the 6 hyarogen atorns l,vas incl-uded. rchil-e

the

the

contribu-

other 1t1
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atoms lvere reflned- for three cycles d-uring '¡r¡hich R rernained-

at iO.4% b,,t the sum of squares of the coefficj-ents 1fo-f'")2

feLl from 3267 to 3057. the average coord-inate "nift 
d-uring

the last cycle v¡as O.OO1 1A and. the greatest shift O.OO4OA

which ri,as a o-uarter of the correspond-ing coord-inate stand-ard-

d_eviation at that stage. A summary of the resul-ts of this

iso-r,ropic refinement 1s given in A^opend-1x 2'

During the flve cycles of refj-nement the greatest nett

coord-inate shift lvas o.064A.

2 The ne for aniso o ic te ure factors.

As the refinement lvith isotropic thermal parameters

had. progressed- it r'¿as apparent that altnor-rgh_lh" mean value

of the three princlpal d-erivatives of -uÌÌe d.ifference d.ensity

v,/as smal-l-, the'ind-ividual deriva't ives had- appreciabl-e val-ues

for some atoms. To verify that there lvere in fact slgnifi-

cant anisotroplc thernal vibrations, and. also aS a general

check on the correctness of the st.ucture, a 'chree d-inen-

sional d-ifference synthesis waS calculated-" The necessary

coefficlents (Fo-F") lvere calcul-ated a-nd- punched- out by the

TO)O and. the Fourier surnmatlon then carried- out in three

stages by the 1620 (s ).

Generally the hYd.rogen atom Pos itions üere confi-rmecl,

although tov,¡ard. the extremity of the benzene ring the electron

d-ensity rn¡as rnodified. by (presumably) vibratioiral- effects'

2.1r.7 loeL
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A section of this synthesis close to the sulphur atom is

shotn in fig. 152 the presence of auisotropi-c vibration,

rvhich appears to be approxi-mately normaÌ to the pJ-ane of the

thiazolidine ri-ng, can read-iIy be seen.

In vielv of these rather obvious lnadequacies of tlr.e

reflnement of the s'r,ructure thus 'Îar, it u¡as decided, to

incl-ud-e anisotroBic therma] parameters.

2.8.'o + I COm ti facilities : The IBIÍ 162O.

As has been mentioned- above the Ìlniversity þad recently

acoplred. the use of an IBL{ 162Q d-igltal ?õm¡utét.

This machine'has been for:nd- most useful- for data con-

version, for .qourier syntheses, and- in fact for all cnystal-lo-

graphic calculations.with the exce-otion of structure refineme-nt.

Structure fâctor calcul-ation vras found. io be' rather sl-ow

(l sec./atom/reîLection) and. vr¡here possibfe was bdtter d.one

by the 7OgO. This especially applie'd- to the "o"fii-"i-ents for

Fourier or d-ifference Fourier syntheses ','¡hichr could- be cal-cu-

lat,ed and. then pwrched. out in a condensed- form read-y for input

to the 162O. .å, more com-oì-ete d.escription of a 1620 P2a/a

structure factor prograrn al lor,ving ind-i.¡id-uaL isotroplc

temperature fac-r,ors is incl-ud-ed. in Appendix 3.

The 1620 P2a/a Fourier synihesis progrâm lïas very

si¡iilar to thai for P2a/n d-escribed- in Appendix 3 and.'r,ook

! hours to'sum over '1700 Fts at B'OO0 grid points.
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2.9 Ref inement usl-n.q anisotroÐ1c te¡n'oerat ure factons
2.9.1 Structur.e factors

rf the motion of an atom 1s represented by an e11ip-
soid of vibration, then since this elripsoid. is itserf
centrosymmetric, the scattering of this atom will be identlcal
with that of simll-ar atoms related by translation or invers-
ion; this lvill not in generaf be ihe case for atoms related_
by a mimor or glid_e opera,tion.

Trueblood. (1956) nas shov,¡n that if the tenperature
factor of an atom is rivrltten

-*r- = exro [- [8, , h2 +822k2 +85 512 +81 2hkr-B1 rhlïB2 
"tct 

] I e.zS)
then the temperature factor of an ato¡n related. by tine p2r/a

glide plane is

T2 = exp[-[8, r h2 t'822k2 +8".f'-B¡ 2hkl-B1 sh]--8251c1] ] (2.26)

The strucüure factor for centros;rmmetric space grol.lps

is girren by

r.(hrk,1)

v¡here the summation is .over al-l a-r,orns r.,¡itir,1n the unit ce11;

fr, 1s the scattering factor of atom n at rest " By using
(2,25) and (2"26), (2.27) can be r.ed-uced for p2r/a to the
follol'ring su.mmaiions over atoms wlthin the asymnietr-ic unit,

(tfre subscript n being omitted f<¡r. clarity).

ìj foT¡ cos lZn(nxn-rtc5'¡r-12¡ ) ] (2.27)
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F(hrlrrl) = X 2f [(Tr +Tz) (cos2zhx.cos2rrlz-sin2rdr,-:"sin2¡r1 z)

cos2zkY

for h+ii even (Z"Za)

F(hrkrl) = > 2f[ (-t, -Tr) (sin2rrnx .cos2r¡z+cos2øirx .sin2trlz)
. sin2ø1<Y

+ (t, -Tr ) ( cos2øh x'.cos2.írz-sltt2.fnx. s j-n221 z) , cos2rrkyl
for h+k odd-

As e check. on the c.orreÇtness of -uhese results it

may be noted. that the required- refa-r,Íons betrveen the struc-

ture factors (i.". (2.21)) hol-d..

2.9.2 Init ia1 thermal pararneters.

To express the anlsotropic pararneters Bt, in terms

of the isotropic parameter B lve rvrite

T = exp(-Bsln" a/xz)

C B f/a,"r2 ,- "'''2
= "-,pL r" i \z 

' 

) n'.(å^) k' .(ët.)2 t= *r|r1'\"o*d''. t',-l''n)

Equating coeffi-cients v¡ith çZ.ZZ) í

BÐÐ1 1 | (îãinp)

'llD22
B^

1,.'lu'

.l
= 7'a

^-
r)

= i".:

/o ri.' .2

(ä ,)

/'nt:r\Z

'rz )

2

B¡¡ : a-ii Btt, c rePlacit-'3 e. (z" jo)

Ð1 z

ÐÐ1 3
^-

if))23 o

B e'l'cl'cos/3'i' B. cos¡3"'
z(a, siî,,3}CC. sin¡3)( ¿
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These nelations gave the initial B

atoms; those for the hyd-rogen ator¡s were

appropriate bond-ing carbon atom.

2.9.3 Fi-rst ref lnement.

: j for the heavy1J

tal<en equal to the

During the flrst three cycles of refi-nement of the

1l¡ hea.vy ato¡ns (with hydrogens 1nclud-ed- but hel-d. constant),

the reliability index R fell- from 1O.11/" Lo 7.7%. Some of

the coordinate changes seemed appreclable; however, the

greatest overall shift of 0"O23A for CU d-id- not exceed i-ts

coord-inate stand.ard- d.evlat ion of O*:_93_?A:__

Although the reliabillty index R vras determined. for

each cycle, d-uring this and. subseo;uent refinement the prinary

criterion fgr improvement was the l-east so-uares resid.ual-

., R(L.'g) = >i rv(Fo-tr'.)'

l,vhere v¡ is the i,veight given to llo-n")2. Th-is summation

eo;uals the sum of the squares of all- coeff,icients lncl-ud.ed.

in the refinement equations. R(L.S) fel] from 3057 to 1960

d-uring the first refinement of anisotro-cic thermal pararneters.

2.9.4 Hj¡drogen ref inernent.

Tn the first instance the hydrogen positions had- been

estimated frorn bond.ing consid-erat ions; it rï'as'bherefore

d-esirable to confirm and- refine -r,hese positions using the

observed. data. l{o at-t empt v¡as nad-e to improve the ther-mal-

paraneters i'lhich ryere held- constan-r, -r,hroughout, vihile to
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guard-,.against d.j-vergence al-1 the coord-inate shifts.l'rere

reduced, by a half

During refineorent onÌy those Fts r,vithin the reci-orocal

sphere sine - o.4 vrere included. and- for these n(l.s) fell

from 872 to 826 during 4 cycles. Al-l- the coord-inate changes

converged-, the mean shift fal11ng from 0.055 to 0.0114 and-

tlre greatest from O.17 to O.0J6A.

2.9.5 Choice of sod-ium f-c e

In an effort to d-ecide v¿hether the sodium scattering

r'¡as best represented- by a neutral- or ionized- sodiun f-curve,

al-l other atoms tyere hel-d- eonstant l.¡hil-e tr,vo refinements of

the sodiun aton !?ere caruied. out using the alternati-ve

f-curves. 'The neu-tra1 atom scattering \"'as represented. as in

4.3.2 lvhile the correspond-ing ionized. f-curve was taken from

Boys Uget ) .

AftÞr trvo cycles all 'r,he pafa.neter changes tr"rere

negligible, and the results (ivhich indicated a neu-tral- aton)

are srunrnarised- be1oi,Y.

f -curve n( r,. s ) ( po- p") ¡,^ , +.Ititial liæf (e./¡t") \i'")

Na 1914 1910 -o.17 7.6

Na*' 1971 1959 -a.21 7 "7

The result that the ionized- a-r,oln has the more negative

r.esld-uaI el-ectron d-ensity is not anornalons t'vhen it is renìem-

bered- that remo-¡al of the outermost el-ectron will cause little



;- i:::1. .-....-Ì ' ri;:- -:

62

change to the'electron density at the centre of the atom.

2. . b ¡ixtrnctl0n.

Fol-l-ovring an inspection of the more intense Fts, a

second, deteriination of the secondary extinction correction

lvas mad,e in a manner similar to 2.8.2, The resul-tant plot

wlrich ind-icated. a cor-rectlon factor 2g =.AOOO31 is sholvn in

fig. 9. Primary cause of the initial- insufficient correction

vüas the fact that the cor:rection increased- Ðr?o and. therefore

decreased. the correspond.ing scaling facior r¡hich in turn

red.uced. the ind-ivid-ua1 F^ts. The'rrover-estimationrf of 29
o

which is apparent in fig. ! vras macle for the' same reason.

Since there appeared. to be no justlfication for correct-

ing only seleeted. intênse refl-ections, the extinction
modification 'r'ras made to all reflections for lvhlch it il/as

significant, i.e. to all- Fot " 
greater than 30.

2,9 .7 Final ref inement .

Because it lvas thought that the exti.nction modifica-

tions might affect both the heavy atom -r,hermal para.meters

and. the hyd-rogen a'uon coord-inates, tlo further refinejment

rurrs ivere ^oerformed.. Firstly, three cycl-es incl-uding the 14

heaw atoms red.uced R(L.S) from 1643 Lo 1i61 for the 1213

coefficients incl-ud.ed, and. second.ly four qycles refining the

coordinates of the 6 tyarogen atoms recÌuced. R(L.S) from TOO

to 664 for the 279 coefficients with sinG<O.t+ incfuded, in
this refinement.
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_During the last cycle the mean Ìje'avy atom shift vras

O.OOJA and, the greatest shift O.OO17A, less than- one .tenth

of the corresponding coordlnate stand-ard. d-eviation; the great-

est relative B* change vras 2/o except for some of the.srnall-

BtZ rtld 8", where the absolute changes v,,'ere smaIl. For the

hycl-rogen atoms the flnal mean shift vras O.OO59a and- the

greatest O.O19A, being. one seventh of the correspond.ing

standard. d.eviation.

The flnal coord.lnates, stand.ard d-eviations and tem-

perature factors are given 1n Tab1es 3 and. l¡, the final I'o

and. F^ are list.ed 1n Append.ix 4, and. a summai'y of the flnaLc

R values is given belov¡.

Layer: hOI h1 I ln2l- }r3L h41 h51

R(%) 6.6 6.2 J.o 7.o B.o 7.4

R (fina1 overall)' : 6.87%
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2.1O Accurac¡--.

2.1O.1 Stand-ard. d-ev1at1on of coord-i na-t es.

Use rvas made of -r,he form¿lae given by Cruickshank

(1949), €.g.

ø(xn )

(4.e4).

2.1C.2

(z. jt)

The varlous curvatures, etc. , rrie Fe. f ound- by using

Standard d-eviation of bond. l-engths and. an.gIes.

ffi"t ä 
h'z (po-F" )" È ,/ (30C";,

Sj-nce the stand-ard. d.eviations (s.d. ) of the x, y and.

z coordinates of sgne--atoms differeil appreciabl-y this v¡as

taken into account by using the expressi ons given by A-hmed.

and. Cruickshank (19fi). For a bond. of length d, the s.d. 1s

given by

o" (a) = (xa=u*'r )lo" (", ) ro. ("r) ] + similar tei'¡rs in y and- z.
(2.32)

For an angle e, /

o2 (o) = (1/ü d2sino)" [ (*r-* r)" o" (*t) + (x7-2:t2-i-xs)" o" (*r)

+ (xr-rr)"o" (*") + similar ierns in y ano z) (2.33)

2.1O.3 Significa.-nce tests.

Cruiciishank and- Robertson (lgSl) have s'r,ressed. the

need. for nunerically specifying levels of significance i'¿hen

discussing the agreerÌent betueen ex,oer-j-inental and. pred-icted-

values of varlous parameters; 'uheir cl-assification t¿as used-

here. If the hypothesis is mad.e thai an experimental
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parameter Ì^ 'equals 1, then from the s'Latistic (r 1)

)'ctre

where ø(1") 1s the s.d.. of fe, the probability P of a

d.ifference at least as large as ihat between 1" and. l- belng

d-ue to chance experiinental errors can be found.. ' 
,

Cruj-ckshank and. Robertson suggest the follolving

level-s of signlflcance

P > .O5 correspond.ing io L < 1.960 - Dot signlficant

.o5 >P > .01 rr 1;960 <ts 2.576 - possibly significant

.o1 >PÈ.o01 tt 2.576<t=3.291 significant

.OO1 >P n 3.291<t highly signlficant

Even if vrre are in ihe category p..öot it d-oes not

mean that the original hypothesls is iruer'Èatfter only that

it has hot been d.isproved.

2.1O.4 The case for iniensitt/ measurement s oiher

t inat i- on.

An inspection of the final- coord.inate d-eviations

sho,,n in Table J lvil-l reveal that they are larger than one

vrould. anticipate for a final resid.ual of R = 6.9% l'¡hich is

usually consid-ered. to be very good. (".g. compare I'rith

Gerd,it, 1961). Although the l-arge iÌrerrnal vibrabiols of

some of tÌre atonns, especial-l-y those a.1, the extremity or'

ihe benzene ring, result in increased- s.d.rs, this is not

the crux of bhe problem. From an inspec'bion of the final

observed and cal-cul-ated. struciure arnplitudes shown in



Append.ix \, it can be seen that the d.lfferences bêtween Fo

and. F^ are )-argely ind.epend,ent of bo'ch the magnitud.e and.c

ind.ices o¡ Eo and. F". This is a consequence of the fact
-t hat tìre larger Fo t " 

were measured. by the method. of inte-
gration and photometry and are therefore relatively more

accurate than the smaller Fo t " 'which r.r'ere neasured. by the

method. of eye estimation. These eye estimated Fot

mainly in the regions of larger Bragg angì-e, i.e.

6g

s occur

for spectra

Fo(h,k,1) with larger ind-iees.

From(2.31) it is apparent.that the d.j-fferences (Fo-

F^) for the refiecti-q4s- of large indices ¡¡r1l-1 dominate the

sumnation for the coord-inate s.d-. rs because the summati-on

is over terms of the form H2çro-n")2. Thls is in fact the

situation for NaPTD vv-here the s.d-. rs are essentially d.eter-

mined. by the accuracy of the eye.estimated intensltles alone.

It niay therefore be said. in this case, that, although

the accuraie measurement of some of the intensitles has

resulted- in a lov¡ resid.ual, it has not resul-ted. in a corres-

pond-ing i-mprovenent in the accuracy of the structure analysis.

There seems to be l1tt1e to justify the tj-me spent in measur-

ing inienslties by the method. of iniegrati-on and. photometry

urrl-ess this rnethod. can also be used- for tfre ni.gfr angle

ref l-ect i ons.

Ii rnay also be noted- that apart from the discussion

above, a considerable fraction (about 5o'fi) of the high ord.er



7o

Fot" for j{aPTD l'r,e::e not experilnentally observ-ed at all;

this red-uces the ,oeak cur"¡ature term in the d-eno-minator of

(Z.ll) an¿, therefore, increases thç standard. d-eviations.
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2.11 Discussion of the structure.

2.11.1 The inolec r r

There are no v¿ater molecules associated- rvlth the

NaPTD molecul-es lvhich are held together by a systeni of bonds

betv¡een the sodium and oxygen atoms. Each sod.lum atom is
bonded to four oxygen atoms; eonversely 0t is bond.ed. to tr,t¡o

sod.ium atoms at d-istances of 2.35Ã and- 2.3OA, and. O, to
sodium atoms at d.istances of 2.38A and, 2.42{. Each sodium

aton is thereby bond.ed to four d.ifferent NaP.ID molecules;

figs. 10 and. 11 il-lustrate hov¡ this bond.ing f orns endl-ess

chains of molecules parallel to the b screlv axis and- also

extend-j-ng in the rrarr d.ireetion. In tiris chain formation

there are tr'¡o Na - N bond.s, of length 2,JJA anò,2.76A.

The only other bonding betrveen the molecules is of

the weak van d-er V'Iaals type; fig. 11 sholvs the shortest

of these inter-mol-ecular contacts,

The molecul-ar bond-ing corresponds v,¡ith the crystal

habi't ; the system of bond.ing through the sod.ium atons is in

keeping vrith the plate-like nature of the crystals vrh11e the

l'¡eak van d-er r¿aal-s contacts would- al-lolv read-y eleavage in

thre (OOt ) plane. The magnitud.e of the individ.ual atomic

thermai pararaeters also reflects the d-egree of bonding.

Atons of the -çhlazolidine ring are relatively tightly bound..

and therefore have small-en thermal paratleters; progressing

across the benzene ring the atoms are Inore free to vibrate
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and. therefore have larger the¡nal- constants.

2 -1 1 z Th 1-) nvc he 1 thi din2V, ol ê I ecrr'l emo

The spatial arrangement of the NaPTD molecule is

illustrated. in f ig. 12 w}:iì-e ln" intra-rnol-ecular bond. lengths

and. angles are l-1sted. in Table 5 and- illustrated- d_iagramma- ,

ti-caI}y 1n flg. 13., and- f ig. 14.

Although the bond. lengths lvithin ttre benzene ring
vary consld-erably, only îor the short C, - CB .bond (t.¡t4¿)

is the d.ifference. from the expected. vaiue of '1 .395A rrpossibly

significantrt. (fne ttexpected.tt values .for bond. lengths are

taken from the fnternatfonãf Tables for X-råy Crystallography,

Vol-.111 , p.276.) Beeause the carbon atorns in thls part of

the benzene ring have extreme thermal- vlbrations and. large

coord.inaie stanilard. d.evj-ations the author prefers to think
ühat any apparent d-epartures of the benzene ring from

regularity are due to this thermal moiion, (".g. see

Cruickshank, 1956a ).
Slnce the tlniazolid.ine ring can be considered as

rrresonatingt' betlveen several d-ifferent canonÍcal- forms, eaeìt

contributlng to the actual observed- structure, a close agree-

ment between the d-imensions of Lniazolid.ine rings occurring

in NaPTD and. other crystal- structures is not necessarily

expected..

To give some quantitative measure of the d-egree of

resonance of a bond. betr.¡een the single and. d.oubl-e bond.
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Table 5.

Atons Bond.-
Length

Standard.
Devlati on

Atoms Angle

s-cJ-c1 102.9

cJ-c1-N 118.7

c1-N-c2 111 .4

N-Cz-S 115.7

c z-s-g I go.6

0.,:c.,-N 123.2

ot-Çt -c311'B.o

02-c2-N - 124..3

o2-c2-s'

c4-c 3-c1
c4-cJ-s

c a-c i:c 5

c 3tc 4-c 9

c [-c 5-c 6

c 5-c 6-c-l
c .-c--c ^c)(ö
c7-cB-cg

119.9

1'10.8

114. o

1 20.2

120.8

119.4

120.4

I 20.4

121.2

119.6

11 8.7

cB-cg-c

^^^vg-u4-u

Stand ard
Devíati on

1.3

1.6

1.5

1'.3

o.9

1.6

1.6

1.7

1.4

1.6

1.lf

2.A

2.1

2.5

. 3.1
'3.7

3.9

3.O

2.3

Flnal bond lengths and angles.
n S roms es l_n e a

s-ce

,S-'J
N-ce

N-ct

ct-c3
ct -ot

I ,776

1 .813

1 -3àz

1 .338

1 .527

1 .256

'l .226

1 .507

1 .395

1 .405

1.357

1 .314

1 .424

1 ,36'l

.01 1

.01 1

.012

.01 4

.o16

.o13

. 01t

.018

.o20

.o25

.o27

.o3l+

. o7+

.01B

c

c

c

c

c

C

C

4

5

6

7

I
9

z-o z

--c)

4-c
--c2

.-Co

TC

B-c

^-cv 4

3-Ht

5-H z

6-H j

t-H4

a-H5

1 .12

1 .15

1.20

.84

.85

.12

.12

.15

.18

.13

.15

c

C

c

c

7B

4

5

9 -H6
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extremes, Päuling (tg+g) d-efì-nes the percent d.ouble-bond-

châiacter, Pr of a bond- bY.

(2.t4)D = Ds - (D, - Dd) ( rJî, oo)

w-here D is the observed. length of the actual bond' and' D"

and DU are the lengths of the pure singlç and' pure d-ouble

bond-s between.the two atoms in question. Pauling also gives

tables of single and. d-ouble bond- rad.ii fron .which the values

of Du and- DU can be calculated-. In using Paulingt s equation,

the f oLlowing bond. Ìengths vrere assumed, C-C = 1 ' 544;

c=c = 1.33Ai C-N - 1.47Ai C=N* - 1.2i1l,.i C-o- = 1.45A;

C=O = 1.ZOA,; C-S = 1.BlA ancl C=S* ='1 .614. Except for the

carbon - sulphur bond. lengths r¡hich were fleriveil from

paulingls tablesr.these bonil lengths are the same.as those

use,il by Gerd.il (gA ) itt d.iscussing the resonance of thymine

monohyd.rate.

It lvas for:rrd. (although thi/s solution is not unique)

that 1t was possible to account for the bond- lengths observed-

in the thiazol-id.ine ring by assuming that the canonical

formulae shou¡n bel-orv contribute to the resonant state in

the fol-1ov¡1ng proportlons, T, 3O%; 11 , 4O%; 111 , 25%t

IV, 5/" anð- !, æ/".



BO

I
O:C

5

I
C:O

-cH- -<--4-Stt
o--c c =o' , t\ +/

N.

(rr)

-LH- s

,l
O=L L=O-

\ +//
Al

útt)

N

(r)

t -.4- rr- ctl- s

l, -lto=è' L-O- a-C C-o-
\ ./ \j,

N

0v) (v)

Some canonical formulae he thiazol id.ine ring.

. By summing over the canonical forms in the propor-

tions' ind.i.catecl, the correspond-ing d.ouble bqtd character of

each bonil was fou:td. Then, by uslng .Paulingr s equation in

an inverse form, the |tcalculated.rt bontl lengths vfere evaluated-.

Thes_e calculated. bond- lengths and. d-oublq bond' eha¡ac-

ters are listed. below together v¡1th the observed. bond- lengths;

for comparison the correspond.ing bond. lengths observed' for

rhodanine (van d.er Hetm, 1962) are also includ-ed..

RTrod-anine

-s
I

C^ =S
Ìrt

I

,l

,{
I

ca
I

c(

H

o
I
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Bond Doub bond. Cal-c. bond. Obs. bond,

lengt-h length

1.81 A

1 .78
1.54
1 .32
1 .35
1.24
1.23

1 .81 'A

1 .78
1.53
I .32
1.34
1.26.
1.23

0bs. for
Rhod-anine

1.82 A
1.74
I .51

1.38
1 .37
1.23

character

s-c
s-c
3-c

o/"
3

2

1
c
c

c
c

5

o

1-N

2-N
t -ot
z-oz

4o
25

6o

7o

Although the boncl length d.ifferences between rhodanine

anfl NaFTD can be satisfactorily explained by d.ifferent double

bond. character, .they rnay be partly d.ue to experinental errors.

If the Latter is the case then the results obtained- from

this investigatlon appear to be the more rel1abìe., (ft is

d-ifficult to assess the reliability of the rhod.anine bond.

lengths because the s-r,andard- d-eviations quoted- were obtained.

from an inspection of the changes áuring the final- cycle of

refinemeni - a nost u¡satisfactory *oroced-ure.)

ith the gxception of the benzene ring, the observed-

iiTaPTD bond. lengths and- angles agree lvell vrith the 'rexpected.rl

vaLues. The S-CJ slngle bond. has an observed. length of ''l .81.&

in exact 'agreement v¡ith the expected- val-ue. the C2-S-Ca

angle is observed. to be 90.60, the slight increase fronr 9Oo

being expected. because of the -oartial d.ouble bond character

of the s-ce bond-. The change of the c.,,-N-ce bond. from 12oo



B2

oto the observed. value of 111.4 can al-so be accounted- for by

the doubl-e bond. character of the Ct-N and_ Cr-N b_ond.s.

. As is ex-oected. the six carbon atqms of the benzene

ring do not d-epart significantly from pl.anarity. The.best

plane through these atoms calcul_ated, by the least squares

method. of Scho.maker et. aI. (1959) i"

7 .67ox + 1 .42Oy 1O.6J1z = 0.753

where the di-stance from thls plane to the origin is 0.753A.

îhe vrieight given to each atom site vras proportlonal to the

iruverse--of the correspond-ing coord.inate variance;. the .

departures of the atoms from this ¡rJ=ane a,re"äge O.OIOA and.

are I1sted. bel-ow.

Several references have been nade to possible errors

in atom coord.inates d.ue to refinement vr¡ith lsotroplc rather
than anisotnopic temperature factors (".g. Grenvllle li'eIls,

1956; Crufckshank, 1960). It rn¡as therefore valuabl,e to

compare the benzene ring planes before and. after the use of

anisotropic temperature factors. Using the same weights as

above, the best plane was similar;'i.e.

7.692x + 1.386y 1o.61.82 = o.767

but the suin of so-uares of the weighted- resid_uals lncreased.
- -)r -l' Dfrom 1.6x 10 * Lo 5.1x 10 * A', !'or comparison the

individual- residuals vr¡hich averaged. O.O17A are listed. below.



Aton c-)

.014

C.
O

* .o12

c7

-.o07

C.o

.017

B3

c

; OO2Ao

c4

Deviation
(after final
ref iner,rent )

Deviation
(before aniso-
troplc tenPer-
ature factòrs)

-. oo8 .o24 -.o32 -. oo7 .o24 -. ooTAo

orrassumingthatthebenzeneringshould'beplanar"

it is apparen'r, that appreciable (even if ttnot sígnificanttt.)

errors in atomic coord-inates can result through the neglect

of anisotroPic thernal motion.

Thebestplanethroughthefiveatomslnthe

thiazolld.1ne ring is

-5.536x + 2.o13Y 9'2092 = o'651

where the origin to plane d.istance is O.651A'. The d'epartures

of the ring atoms anil also the tv¡o 01 and. 0, atoms are as

followsi t

Aton S ,j Ct N CZ Ot OZ

Deviation. oo45 -.069 . o5o -. oo9 -.o28 '176 -' o4'1 Ào

The d_epartr:res of both c,| and c, fron the plane are

consid.erabte, fn ord-er to iest wÌrether ttle ring is, in fact,

significantly aplanar, the tt X2tt test was applied' (V'treatley,

1953).

BY d-efinitlon

f = >

_.007
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r¡/here a is the d.eviation from planarity and o- is the

correspond.ing coord,inate stand.ard- deviation. suuming over

the five ring atoms, ¡2 = 61,2. From the table of. Flsher

(1954, p.112), thls correspond-s to a probability P l-ess

than o.o'1 ; P is the probability of the observed- value of

2ç, occurcing, or being exceed-ed, by chance. Using the usu-al

levels of significa.nce (p l-ess than o.o2 being trslgnificantlt),

it must be' conclu¿ed that--Che thia.zol-1d-j-ne ring departs

rrvery significantlyrr from planar'

only four of the flve ring atoms aÏle involved. in

resonance (i.e. s, C1, N, c) and. are "*p""tla 
to be pl-anar.

The best fit plane through these atoms is

-5.597x + 1.757Y 9.3192 = o'768

rn this case their d.epartures from planarity are niuch tà"",

viz.

Atom S C4
I

Deviation -.0O02 .00J

N Ioca
2

c o
2

-. oo4 . OO5 -.1 34 .O95 . O4O

the value pf X2 is O.ll4, corresponding to P = 0'10; thus

these four atoms d-o not depart significantLy fron planar'

Thebestfitplanethroug.hthesixatomsS,Cl,N'

C2, Ot and.. O, ( i. e. excludln8 Cr) rvas also f ound'' In this

case X, = 61 .3, ind.icatlng I'highly significantrr aplanarity.

2,11 . 3 .Therna l-v ibration

fn ord.er to examine the anisotrópy of the aton
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vlbrations more convenientl¡ the vibrations Ïcere eipressed.

in terms of the pri-nc1pa1 axes of the ellipsoid,s of vibration

by uslng the transformation of Rollett anil Davies (1955).

They d.efine the ellipsoid. of vibratlon of an atom as the

el-lipsoid. Ín reciprocal "pt"u 
on whlch the ternperature factor

is constant. The ternperature factor for an atom is then

v¡ritten as

I = exp[ -.>'
L=7

Ïrhere i - 1, 2, 3 f ot each of the three principal axes of

the ellipsoiil of vibration, and. hr. is the component of

(Zsine/X) in ttre dir-eetion i. Then i¡ Si1 , 9LZ and' 8t, are

the d-irection cosines of the principal axes wlth respect to

at6, b* and. cti., the temperature factor can be wrltten as

T = expl - Ð o-¿(hg¿ra'F * kg¿eb"" + lg¿rc>i:)z] (2.36)

The'values of the q_i and- 8r¡r deternrined. from the Bi¡ br tne

nethod. of Rol-lett and. Davies are glven in Table 6.

Althoughad.etailed'interpretationofeachofthe

therma] ellipsoid.s was not attempted-, some general coñc1us-

ions ï{ere reached. Generally, ad.jacent atOms have sinilar

mod.es of vlbration; Í.or example, the thermal ellipsoid's for

the bond-ed. atoms C.' and- 0.,, are similar, as are those fot C,

anil or. the vibrations of atoms in the lhíazolid'1ne ring are

not far from isotroplc while at the extremlty of the benzene

ring the anlsotropy is consid-erabJe. of these extreme rlng



B6

T

Aton

S

Na

o
1

o 2

N

c
1

c 2

c
3

nc l- 1 axi-s thermal parameters.

o. 8it 9iz' %a:

1

2

3

1

2

3

1

2

5

1

2

t
1

2

3

1

2

3'

,1

2

3

.343

.538

.4go

.3\4

.497

. Jìtl0

.399

.506

.435

.426

.442

.556

.406

.314

.437

.2Bg

.470

.409

.346

.359

.465

.365

.572

.425

.790

.447

.420

.94+

.01 I

.330

- 846
' .130

.517

.664

.60z
-.443

. BB7

'.1+9
-.301

.769

.102
-.632

.853
-.221
-.470

.853

.366
-.371

=.o55
.733

-.678

.21 3

.731

-.648

.279

.718
- ¿638

- --';626
, .772

.111

.407

.900

.155

-.469
.761

-.448

.293

.954

.o7'l

-.352
.930
.109

-.432
.595
.678

-.049
.670
.741

-.266
.696
.667

.539

.325

.777

.398
-.328

.857

.587

.648

.486

.601
_.241

.762

.555

.114

.824

1

2

1
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TABLE 6. (Cont. )

Atom

c
4

U
5

c6

c
7

8

c
9

Not e:

1

1

l
1

2

3

1

2

3

1

2

3

1

2

3

'l

2

3

o. 8-it 8tz

.160

.948

.276

-.007
'.685

.728

-.729
.680

-.082

.315
-.656
-.686

-.3Ð2
.718

-.627

sú

.109 .459

.447

.633

.418

.425
1.190

.776

.524

.422

.543
1.407
1 .O16

1.611
.554
.809

æ¿--_--

. gB1

-.1 22

-.1 48

.740
. .493
-.457

.574

.678

.655

.673
-.341

.930

, ''366
-,o29

.310

-.313
. 89B

.813
-.420

.404

-.400
- .326

.857

.687

-.31+1

-642

-. oo9

.656

.755

1 1 .O19 .941 -.239 - .O37

2 -.638 .177 .951 -.212
3 .491 .2Bg .198 -976

TTrese d.irection cosines apply to a'uoms vrith coord-inates

given 1n Table 3. For syrnmetry equivalent atoms

related. by a g11de operation the sign o¡ 4iZ must be

reversed.
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atoms the vibrations of Co, C6, C7 and- CU are somewhat

similar and, although the directions of the axes of maximum

vibration vary, they are d.lrected- aþproximately out of the

ring p1ane. A1so, the minimun vibratlon d-irections lie

reasonably near the d-irection of the Ca - CU bond as might 
¡

be expected.

It vras also interesting to conpare the direetions

of the axes of .the vibratlonal- ellipsoid-s as calculated. from

the B= = with the d-irections of maxlmum and. minimum thermal-
rJ

vibration as lnd.icated, by the final d.ifference synthesls

calcul-ated. aften refinement wlth isotropic temperature

factors. This was done fór the sulphur ato-qr by projecting

'the three princlpal axes of its ellipsoid. of vibration onto

the (*, z) plane.

. It follows fron the properties of spherical tri-

angles that i¡ 8i1 , 8í2 and- 8r, are the direction cosines

as d.efined. above, then the angle between the projection of

the (er1 , Eiz, ei) d.irectj-on on the (*, z) plane and- au itq,

i¡vhere

I arccosI g¿, /\r?-efr) ] (2.s7)

By using thls result the necessary projections for the sul¡lhur

ellipsoid. were mad.e and are shovrn in fig. 15. - A1 , A2 and- A,

represent the projections of the three principal axis

d.irections and. it can be seen that there 1s excell-ent agree-

ment with- the anlsotropy indicatecl by the electron d-ensity
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maxima and. minima. The axes correspond-ing to A..' , A, anð-

A= are respectively d-irected- at 47o d-ownv,'ards, l+3o uprnrard-s,
)

and. 30 upward.s from the section plane. In three d-irnensions,

there is an annulus of positive electron d.enslty arorrnd- the

sulphur position, whieh coruespond.s lvith the fact that 'r,he '

A1 and. A, axes are of similar magnitud-e, and- are bo'r,h

conslderably greater than A, (respective val-ues being

O .538, O . 490, and. O . A3) .

Fig. 15 also shows the proiecti-on of the t}li-azoli-

d.ine ring onto the section plane. tfte orientation of the

ell-ipsold- correspond-s well with the d-irectiåns in vr¡hich the

sulphur atom is bonded. The d.irection of -Ìninimum vibration

is approxirnately coincld-ent wlth the bi-sector of the S - Cz

anfl S - C= bond. dir.ections, anfl the vibration normal to this
)

bisector is almost isotropie, as might be anticlpated..
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THE CRYSTAL U],AR STRUCT

DERIVATrVS

AND I'1or,Ec URE OT' A BE}IZT iTIIDA ZOLT,

i.1 Introd.uct

Attheconclusionoftheworkd-escribed.inChapier2'

techniques had. been d.eveloped- which would' allov¡ the investi-

gation of ar\y of a i'r¡ld-e range of crystal strubtures'

Excellent computing facllities had. become availaþle and'

programs had- been wrltten which, with some mod'iflcatlon'

v¡ouIil greatly facilitate the investigation of rnost organic

conpounds.

Düring d-lscussion Dr. (novr Professor) clark-Lerr¡is

of the organic chemistry Department brought to the authorrs

notice a unique che¡:nical problen which had- for some years not

yle1d.ed. to chernical analysis and. vrhlch would' be best resolved

byX-raytechniques.SÍncetheproblemwasessentia}Iyto

d.i-stlnguish betlveen a five or s1x menbered' ring 
. structure,

ancl also since heavy atom d.erlvatlves Ylere available' it was

thought that a solutlon of the structure shoul-d be possible'

thereby resolving the chemicaL prcblem v'¡ithout ambiguity'

!lwoverysi-mllarbrornod.erlvatlveswereprovid'eclby

Dr.Clark-Lev¡isv¿iththehopethatso]utlonofeitherstruc-
ture vrou.l-cl solve the problem. The fÍrst derivative proved- to

betricllnicand'posslblynon-centric;thesecond.was
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nonoclinic (eZ,/n) with eight molecules in the unit ce1l.

Although the monocllnj-c d.erivative had 46 non-hydrogen atoms

in the asymmetiie r:nit it was d-ecid.ed. to proceed. t¡¡ith the

investigation of its structure, for 1n ad-d-ition to the.

interest of the chemical problem it I'rould be instructive ,

to compare the conslstency of chemically eo-uivalent but

crystallographically ind,epend-ent bond-s and. angles in the tv¿o

molecules comprisi-ng the asymmetrlc unit. .

lhis chapter d.escrlbes the solution anil refinenent

of the monoclinic structure, a structure vrhich was found. to be

one not thought 1ike1y on chemical ground.s. 'The orlginal

chenieaL clllemma has, in a sense, been resolved., but the

sol-utlon lead.s one to speeulate on other structural problerns

not v¿el1 irnd.erstood- (u.g. the possibillty of ring contractions

and. rlng expansions und.er very rn1ld- cond.itions).
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3.2 The nature f the problem.

3.2.1 f ntrod.uction.

To explain some of the prod.ucts formecl by

o-phenylened.iamines and. alloxa.n in neutral solution, King

and Clark-Lev¡is (1951 a,U) proposed. a nevr iype of ring

formation not knorvn heretofore. Alihough their hypothesis

agreeil with al] the chemical evid-ence (and s.ti11 does) tfrere

were still some unusual intereonversions betleen d.lfferent

cond.ensation products lvhich were difficult to explain.

. This section is intend.ed. to review the ehenical

problem, to show the need- for X-ray d-iffraetlon techniques,

anil to mention the present und.erstanding of the problem.

The author is most ind.ebted. to Dr. Clark-Lelvis fon

much of the ehenical background. given in this sectlon.

3. chemical III .

In aqueous ethanol o-aminod.lmethylanlline (f) reaets

lvith alloxan hydrate (ff ) to give a mixture or prod.ucts

composed. mainly of a yeIlow spiran and. a colourless rrcarbinol-

aminen. These prod-ucts vrill be referueil to as compound.s

rrArt and. rrBrr respectively.

Rudy and. Cramer (1938, 1939a,h) proposed that A

was the anil (fff ), formed. by splltting off t'wo v¿ater mole-

cules as suggested by the flashefl lines. Subseo;uently King

and. C1ark-Lervis (1951 a,A) proved, beyond. all reasonable d.oubt

that A tvas 1n fact the spiran (fV), formed. in a ring -
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closure unique.in the literature in that it involves an

N-methyl groirp. '

cHs

I

N- cH¡

cHt
I

ñ- cr{,

N=L

co -Ntt\
/co-Ntl

I

Ho\ /.C CA

*'ra^ Ho(,!------¡

çHi
I

//\

V

I co 
= 

NtJ\

\ co -.NH/
co

(tu)

(r,)

Air on aq. sol-ft.
at t oboc.

NaBH,4

v\
¿ H.-otl

t T"(co- u4/
cO- a/41

¡l

(v)

(r) ' (,,,)

¿o

cls
lo

,-M\ ¿H
I

ooH

ty-"(
tt

cc2 - Nd: . e
co - Ntl/

(r,)
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The cond.ensation is therefore somer'¡hat similar to

the synthesis of riboflavin '(Vitanin ez) fron 2-amino-425-

d.irnethylphenyl-ribanine and. all-oxan. Ì1ihi1e tÌris reaction is

read-iIy visual-ised. by rvrlting a1Iôxan in i'us tautorneric form

(as d.one below), the same simple picture d-oes not d.escrlbe

the formation of (fV) because the N-hydrogen has been

replaced. by an lT-nethYl group.

(/.

t?Hz 
(t'1o H)¡ c4rotl

N,H
'+

o i_....rn+

Uo-, c,l
/-NxL-- o

I

u

Ctl"(c¡tetl)3 crl, orl
ç*-----O---
Alloxan

. Riboflavln

Returning to the origlnal cond-ensatlon, -KÍng and.

Clark-l,er-¡is (lgSl) showecl that the, second. prod-uct (g) was

also obtainecl v¡hen air was passed. through an ao-ueous solu-

tion of A (i.". IV)¡ formation und.er such mild conditions

ind.icated. that B'nust be cLosely related- to (fV), and- it

v¡as assigned the carbinol-amine structure (V).

The structures (fV) an¿ (V) accopnied satisfactorily

for the chemica] þroperties of the conpound.s A and. B, but

their electronic absorption spectra cliffered, and. it was

later consid.ered. desirable to alter the bonding shown in

(v) to that in the reLated strueture (vf ), vrhich rvas
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compatible with all the chemical- and. physical properties.

the chemical evi-d.ence for the structures- (fV) and.

(Vf ) was not eonclusiver'however, and. to obtain further d.ata

thompson (1957) condensed. o-aminod.iethylanillne (Vff ) with

alloxan hydrate. This gave a compouud- thought to be an ¡

analogue (vrrr) of (vf ) v¡hieh d.lfferecl from (v) in being

remarkably resistant towarcls.aqueous alkali; no analogue

of (fV) vras isolatecl.
crt,
I

- CzHs Ho \ ,co - Ntl y
c-t egl -¡-

¡ Ctlt

(:: 
-:;).'H

(vr) (vll)

CztlE t=loH"

ñ

EÈ

c4t
t

cl,
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ry-L (
H
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È
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tl
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cilt
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Bn
B,
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tl
NI{ NH
rrd

(x,")
(x t,,)

There vere seve::a1 factors rvhich mad.e chemical

confirmatlon of the structr:res (Vf ) an¿ (Vfff ) aifficult'

Fi'st1y the cornpo¡nd.s were in general very stable (nelting

points approaching 4OOoC not being uncommon), second.ly a1.L

d-eg-radation prod-ucts provecl inconclusive ancl third'ly the

compound-s hacl very limited- sotubility in the usual organic

solvents. For these reasons conf¡irination (o" otherwise)

of the structures (Vf )' or (Vfff ) ¡y X-ra¿I ieeÌrniques l'ras

highly d-esirable, and. availabil-ity of the correspond'ing bromo

¿erivatives (fX) an¿ (X) mad.e thls feasible. 'The alternative

structrrresforwhichtherewassomechenica].evid.enceare

shovrn as (xr) ana (xrr).
.A]-thoughitwould.havebeenpreferabletoinvestl-

gate the structure B (i.". IX) because of its close rela'r'ion

io the original cond-ensation prod'uc-r' Ä, it proved- nore

convenlent to use the d.iethyl condensation prod'uct (i'"' X)'
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Rather surpr.isingfy the work d.escribed. i-n the

remaind.er: of thls chapter has revealed. that the -true struc'-

tu¡e 1s not tïre proposed- structure (X) but in fact (xfff).

At the time of writlng it 1s still thought that the

six-menbered. ring structure (fV) Ís correct; on the other

hand. 1t 1s cer:tain'-that the structure (Xfff) vrith its five-

membered. ring cannot be wrong. To resol-ve this d-ilernrna one

must propose elther that -ifru reactions of aJloxan wlth the

d.imethyl'and d.iethyl amino aniline d.erivatives (I) and. (Vff )

are substantially d.lfferent, or alternatively that the con-

version of A (i.". IV) to B (i.". xIv) ¡y ":-* on the dqueous

solution at lOooC involves the contracti-onìi a six to five-

memberecl ring. ChemlcaL.analysis of the problem is sti.'11

continulng, and- if thls still remains inconcluslve 1t woulcl

be r¡¡orth exaninlng the bromo d.erivati-ve of B by

X-ray method.s to ascertain vrhether this structure is 1n f act

(xrv), the _anal,ogue of (xrrr).
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3.3 Choice of compound..

Crystals of the two bro;:ro d.eriva-r,ives thought to
be (fX) and. (X) r¡yere supplied by D.r. Clark-Ler,,,is; these

l'rill be referred. to hereaften as B.Br(Ine) and B.Br. (D".

clark-Lewis has pointed. out that it is di.fficul-t ^uo assì-gn

satisfactory names to these corn-courrds and therefore no full
che¡nical name 'r'¡il-l. be given. )

' Crystals of B.Br(¡,Ie') v¡ere wel-1, formed brittle c'olor:r-

less need.les. From osclllatlon and. l¡feissenberg photographs

a triclinic unit ce1l of the fol-lovring d.inenslons ï¡as chosen.

a = 7;23 A d. = 6j.5o .'

b = 9.OBA p =1060
c =12.02¡ ^(: 9g.5o.

' Cel-l Volume = 683 A3.

Referreit to this cell- the need_l_es used_ were bound.ed.

by the faces (oof ) and. (Tto). ¿""iirrg trvo molecules in
th'e unit ce11, the calculated. density vras 1.72 gn/ee which

agreed. 'with the value of 1 .752 obtained- by flotation.

To d-eterrnine vyhether the tvro molecules in the unit
ce1I were centrosymmetrically related., intensities were

obtained by the. inethod. of eye estimation for the zone of

*"ff""ti.o.r" correspond.lng to rotation about the needle axis.

A plot vras then made of the distributÍon of intensities 1n

the manner suggesied by Hovre1ls, Phii-1ips and Rogers (tg¡O)
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and this is shorvn in fig. 16 along i,vith the theoret

d.istributions for centric and. non-centric structures. It can

be seen that this -olot 'mas not. conclusive. It ivas neverthe-

less felt that if the orlgin of coord,inates y/as consld.ered.

to be midrvay betr',¡een the tlvo ireavy atons, then since these

atoms d.oninate the scatterj.ng the r"esults in¡ould. tend. to

lndicate a centric structure irrespectlve of, nhether the

remaind-er of the light atoms vrere centr.osymmetrically related.

or not; thus a non-centrie struc^r,ure of 42 ind.ependent atoms

seemed. 1ike1y. Although thls d.id- not completely rule out an

X-ray analysis, attention Tvas d-i::ected toward. the second

possible compound.. (i.". B.Br) vrhlch it v¡as hoped vrould. prove.

to be more tractable. Analysis of this benzimid-ozo1e

derivative 1s d.escribed. in the remainder of thls chapter.
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Pr s of tLre benzimid.qzole derivater

.1 S o rties.

- Crystals of B.Br v/ere generally well forrned-, brittle'

and. tabular, el-ongated. along hoo] and- rvith the (otO) and

(OOt ) faces nost prominent. Cleavage was possible paralÌel

to the prlnclpal- faces and. to (lOO), although care had- to

be taken not to lose the specimens as the cleavage vras

generally violent.

The crystals rvere monoclini-c, and- systernatic absences

(frOf ) f or h+k od.d. and. 0k0 f or k od.d. - gave the space group

unequivocally as P2r/n.

From the cell- volu¡ne, measured- d-ehsity and. chemical

composition of (erC.,4N4O4H. 
5 ), it lvas apparent that there

l'rere eight molecules in the rrnit cel-l, j-.e. t¡,t¡o ind-êpend-ent

mol-ecul-es per asymmetric irnit.

These and. other physical properiies are sumnarised.

in Table 7.

3.1+.2 Unlt cel-I d-imensions.

the lattice paraneters Yrere determined- by a mêthod-

simj-Iar to the extrapolation back-refl-ection trn/eissenberg

technique d-escribed by Buerger ?gSg, p.435). Since the

appropriate camera v,¡as not avail-able, a conventional camera

v,/as mod.ified. by removing the usual- film - retaining c1j-,os and

tiren mowrting a slotted. film ill¡ack io frontrf .
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Oklspectrav'ereused.tod-etez.rninebandcsin¡3'

hol to d.eterrnine ,¡3 and. asin¡j. the cr-ystals used. were about

o.1 mm square in cross secti-on- and. Yíere the ones Jater: used'

for intensity measurements. the finaÌ results are shovrn

graphicalì-y in fig. 17, and. are sumnarised. in Table 7.

Itinaybenoted'thatinretrospecttheauthoris

of the opinion thatr for organic cz'ystalsrther accuracy obtained'

by ej-ther of the extrapolatlon method.s d-escribed' in chapters

2anð'Jd.oesnotv¡arrantthetinespent.Álthouglrothrer

accurate method.s have not been used' by the author, it v¡oul-d-

appear that by . calibrati-on agalnst a stand.ard-, ( e. g.

Frid_richsons, 1959), r:nit cetl parameters of cornparable

accuracycanbed'etermined.muchnoreconveniently.
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TABLE 7 a

s1c

a. sinp

b

c. sinp

cosB'

slnB

a1lo o rties.

Space group P /n

= 8.6531 + .0036 \* â = 8.687.! .OO4 A

= 14-;9945 + .OO25 A b =1.1-f.995 + .OOJ +

= 23.6363 ! .iOe7 A c =23.730 + .OO4 A

= .OBB71 J .Ooo44 B'= 95o -5.3' ! 1.5'

= .996058 + .oooo4o

Unit ce1] volume ? 3079 A3

observed. ctensity (¡y rrotation) 'i 1 -652 en/cr.3'

Calc. clensity (B molecules/r:nit ce11') '. 1-652 gn/cn3

Absonption coefficient 39.B cm.
1

le the uncertainties gi-ven eo^ual the cal-culated-

stand.ard. d.evlat i ons.

I

I

I
I
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a.5 Col-Ìection intenslty d-ata.

3.5.1 Selection of cr.ystal-s.

Since the crystals were generally rvell formed- and-

could. be red.uced, to a suitable size by cleavage, -r,he sel-ect-

tion of a c.rystal to rotate about the a axis and. another

for b axis rotation was not d-ifficu1t. The specimens chosen

measured. 1.O x O.13 x O.13 mm and. O.13 x 0.6, x O''1 J mm

respectively. this inrplies rather severe absor¡rtion, the

maximum and. minimum for transmitted- rad-latioir being 51/" and'

41% îor rad.j-ation incident norrnal to the respective axes

of rotation; however it was thought that since the crystals

u'ere approxinnately uniforn in cross section the absorption

l,rould. vary uniformly vrlth sine and- therefore perhaps influerrce

the. thermal parameters but not those of atomic position, (".g.

see Lipson and. Cochran, 1957, P.286).

3. 5. 2' l,íeas'¿renent of int nsities

Each layer of reflections '!Yas record-ed- lvithout

integration on a paek of four films, -uhe exp'os'Jre time being

about /! hours. To red-uce the strongest reflections to.a

rneasurable d-enslty a second. fllm pack rvaé exposeil for about

2 h.o-urs.

Intensities 'l'¡ere record.ed. for the layers 0k1 throu-gh

7]6I, anfl hOl tirrough h4l, and. u'ere measùred. by the rnethod- of

eye estimation. inlithin the liniting sphere for copper
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radiatlon there \,rere about 8r3OO independ-ent reflections;
about 7r1OO of the'se reflections nu""" recond-ed- and of these

72% observed. to have a non-zero intensity.
Geonietrical Factors.

Si-nce the record.ed. in-uensi-ties had. not been inte- ,

grated it v¡as d-esirabl-e to make a corcection for the exten-

sion and. contraction of the higher layer reflections
characteristic of \¡reissenberg photographs (q.g. see Buerger:

1958, p.227). Phillips (195Ð has giverl an expression for
the modifled. length Lr of a record-ed. reflection of the fqrm

L' = L(1 + al/) ' (3.1)

and- recommend.s that this be applied. only to- the extend.ed.

s*oots ( i. 
". \r,-here dW is alvrays poFitlve) .

];"fhen rrecording intensltles by rotating the crystal

about the a axis it would have been necessary to oscillate

the crystal through 27oo to record. all- the (nff) and- (irf<I)

spectra as extend.ed. spots on the one fiIm, but this rvas

impossibl-e because 21Oo rotation i,¡as the naximum a11owed. by

the Unica¡n camera. Rather than making separate exposures for

the (frtrf) "^Ê 
(¡-tI) reflections it r-i¡as d.ecided. to use one

exposure only, the crystal belng arranged. so that oscill-ation

through 18Oo v¡ould- aLl-ow measurement of all the (f*f ) spectra

frorn one half of -r,he film (i.u. therrextend.edrrsid.e), and. all-

the (hkf ) spectra from the other hal-f (i.-. the 'lfcontracLed-t'

sld.e ) .
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The extend-ed. spots were correcied 'i¡y using the ana-

1ytíca1 extrnession given by Phil1ips. For the contracted-

spots, v,¡ith the exception of those near the ""^t*" of the

fiL¡r (i.". of 1ow sinO), the fractional change in length

(arV) is small; therefore the expression (l.l¡ rvi1l be essen-,

tially correct whether dr¡r' is positive or negatlve. For

snaller values of sine, hovrever, (3.1) may be grossly in

error, especlally for values of diï near -1. To overco4e

thls uncertainty the lengths of a number of spots in this

region of the fifm ,lvere measured-r' and. by comparison wiih

the length of equally intense spots near the' ed-ge of the

fil-m (i.". with d',ü = o) a semi-. empirical cogrection curve

built üp. A',typlcal curve used. for coruection of the 5k1

intensities is sholvn in fig. 18. Tt may be noted. that for

refl-ections r¡¡hose Bragg angles approach the mi-nimum for the

layer being consid.ered. ("ty 5kt) the correction becomes

uLreliable, hov¡ever these refl-ections 'necessarily had. a smal-l

val-ue of k and, therefore coul-d. be 1nd-ependently measured. by

using d-ata obtained. from the rrb axiSil crystal. Fu¡'thernoï'e,

since these reflections had. a k ind,ex of 5, they occurred- on

the b axi-s photograph in a regiou l:,ihere the spot extension

correction lvas reliabl-e.

After measurj-ng the 1n'uensities and. 4ecord.ing them

on punched cards, the 1620 computer was used. to eval-uate the

Phillips correction as d.escribed. above along wlth the LorenÏ'z
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an¿ polarization factors; the modified intensities ',vere then

-cirnched. out on cards with the a-cpropriate ind.ices, sin9 and-

sin2g values.

3.5.1+ Avera -sinp' and- scal-

By using all-the in-r,ensities comncn to both a axis

and. b axis photograPhs, the individ,ual layers of refl-ections

l.rere brought to a conmon scale

For reflections ree.ord.ed- about the tlvo axes, the

final iniensity v:/as generalJ-y taken as the averag-e of the

trvo ind_epend.ent scaled- values; there 17ere, however, iwo

exceptions to this rul-e. Firstl;r Lf a. lveak reflecticn \'/aS

observed.-.on1y on one fitn, 1ts in'r,ensi'ty was put equal to

this one observed val-ue. Second.ly 1f a pair of ineasurements

d-iffered. by more than the ratio 1.5 | 1 ; they Y,'ere first

checked. for experimental a.nd. other errors (".g. introd-u-ced-

by the s_cot shape correction) beíoie a rrbestrr val-ue for

the intensity ïr.ag chosen. It vra.s fbund that only abou-'r, 5/,

of 'the refleqt'ions fel-l into this second. category, and of

these, only a few, all being \"'ee.k, d-iffered- by more than 2 :1.

The mu-'ìt1^olying fa.c'úor necessary to put all the

nieasured. in-r,ensi-iies on an a-bsolute sca-Ie l¡as found by the

meihod.ofl,v.1lson(lg+z)usingabout3Soorefleitionsfrom

the layers Okl through Jkl. The fina.i plot rvhich 1s sho'¡,'rr in

fig. 19 gave'¡,he vahie 2B- 7.0 for the overal] temperature

exponent.
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7.6 Determi nation of the heavy atom posit ions.

3.6.1 fntroduction.

Al_though at this stage the full three d.imensional

Patterson function couLd. have been calculatecl and- useil in

an attempt to deteimine the coord-lnates of the trr'ro bromine

atons, it lvas realised. that this computation wou1d. be a

major one better avoid.ed. if a l-ess ted.ious approach were

possible.

use of projections of the Pat'i,erson frrnction v¡as

not seriously consld.ered., flrstly because a lvid.e range of

d.iffractj-on data 'was available, second'ly because the author

d-id- not wish to repeat his experience d-escribed' in Chapter

2; instead., attention lvas tü¡necl to the use of Harker

sec t ions.

3.6.2 Harker se tions.

shortly after the introd.uction of the Patterson

function in 1935, Harker (lg:6) sholved that certain symmetny

operations result in useful information belng concentrated.

on lines or planes of the three d-imensional Patterson func-

tion. In particular in the space group e2r/n, atoms rel-ated

by the screur axis parallel to b w111 have vector interactions

l-¡¡íng in tl.eiplane y = L; also a-r,oms related. by the n-g1id-e

plane normal to b rvi1l result in Paiterson peaks lying on :

theline*=Lrz=i.
If there is only one heavy aton ( "uy 

a"1 ) rrrlth
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frac'r,ional coord.inates (*1 , Y1, ,1), then the Harker

interac-t lons bet'vyeen this atom and. its synmetry ¡e]ated.

equlvalents within the P2,/n unit ceLl occur at

(¿-2x1, t, -L-2rl) and. (-L, L-2V1, à). Fol-fov¡ing the d-iscussion

of 2.5.3r. the pnod.uct 4Zn.Zn Sives a'measure of the helght I

of both these Patterson peaks (Zn ne:-ng the number. of elec-

trons associated. with the heavy atom). Tt is apparent that

a kno:wIed-ge of the two. Haiker peaks mentioned. above would-

d.etermine the heavy atom position v¡ithout ambigulty.
' If t9 noiñi consid.er a secoàd- heavy atom ("ty ø*r)

u¡ith coord.inates (*2, YZ, ,r), then as beforL H"rlcer pealcs of

height 4Zh.Zn will be generated at (t-2*2, ä; ;-z"r) and

(+, L-2y2, +)'. Now, however, there are tlvo ambiguitles

vrhlch arise 1n the d-eiermination. of the heavy atom coord-in-

ates. Firstly there is no. flirect method- of correlating the

pair of peaks in the plane y =ä vribhr the pair of peaks on

tlre line x- = àr- z = :äi a 1ñ/rorÌg' correl-ation woul-d. lead" to

heavy atom coord.inates of the form (*j, Y2, ,l) and-

(*2, Y1, ,z). Seeond-ly, for each Harker peak at

(;-Zxa, L, ¿-Zz,), there is another peak in the ad-jacent celL

at (1:¿-2x, L, ¡-zz,); thus, the heavy atom can be placed-

at either (*1 , y1, ,l) or (*-l*1, Y j, ,j). " This arternative

is not important for the case of one heavy atom since it

correspond.s merely to a choj-ce of origin; for two atoms,
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having rlaced er., at say (*1 , Y j , z,), t'ne origin is fixed',

and. therefore tsr, has the aliernative coord.inates

(*2, Y2, ,z) or (*z*tu, Y2, '2)'
'Oneapproachtothisproblemmighthavebeento

compare the observed. s-r,ructure factors r,rith those calcul-ated-

for all the possible heavy atom positions. It v¿as fel-t tÌrat

this method- ivas mobt unsatisfactory, and', instead', the ant'oi-

guities vfere resolved. by using general Line sections as

d.escribed. i-n the next section.

Before any Patterson sectlons Yrere calculated-, the

- 
"ã"fficlents 

(i.". the observed. iniensities) were mo¿ifie¿

by the function suggested- by Shoena<er et. a1. (1953) and-

d.eslgned. to "sharpenrt the Patterson peaks but at the same

time supress ripples in the Patterson density d'ue to series

terminatlon effects. The mod-ificatlon used' rvas of the form

T3 = ïo.Li( sino) ' (i.z)

v,'here Io is the observed' intensit¡r 'and

Li(sino) = c. ("Ft)*G.ra) exp [ (ze-te.4) "ql0 J ß.i)

vrheie fo (=fo(sine) ) is the scatteri-ng factor for oxygen'

The temperature exponenü. 2B was equated- to 7.o as d-etermined-

statistically. For the constant c equal to 1060, I'f(sin€)

equals zero at slno = o, rises to a maximum of 1.o at sine

= O.79 and. then fa1ls to O.4B at sine = 1'O'
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3.6.3 General Patterson line sections.

It has been mentioned. that heavy atoms at (*1, Y1, ,l)

and equivalent positions in the elr/n cell-'generate Patterson

peaks' of height \Zh.Zn al the spec j-a1 positions

(à-2*1, L,.i¿-Zzj) and- (ä, r¿-2Y1, ä); 1n ad-ditlon, another

peak of height zzh.Zh is generated- at the general position

(zxr, 2y1, 2"a). Hence if x.,, and' 2,, the (*, z) coord-inates

of a heavy atom, are d.eternined. from the Harker section

P(x, 1à, z), then the value of y1 can be found. by a line

section P(2x.,,: Y: Zr,) through the Pa'r,terson function para-

Il-el to the b axis. If the heary-atom peak on this l-1ne has

y coord.j-nate 2Y1, then there should. be another peak of tllce

the height occurring at y = ä-2i11, on the Harker line

P(å-, I t +). The first ambiguity mentioned- before 1s thus

removed..

The P(x, L, z) Harker sectlon for B.Br v'¡as calculated-

using the IBI'{ 1620 and. is sholvn in Íig. 2O'. the .tvro Br-Bn

interactions can read-ily be Seen. From this section the

'rBr, -tsr,, It and. ttBrr-Brrtt vector interactlons \¡Iere found- to be

aL (o.7567, L, o.4213) and. (o.99o3, +, o.35oo) respeetively'

The. tyio.Patterson .line sections correspond.lng to these

(*, y) values sere next calculated. on the 1620 computer and.

are shor,vn in f1gs. zIb and 21c, along with the Harker l-ine

section p(t, yt z) in flg. 2la. The correlation betvreen
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these sections, both vrith respect to peak height and agree-

ment of the 2yi anð. -t-Zy. values can be seen to-be very good..

(tfte values of y1 and. ts, used to d.eternine the position of

the vertlcal- lines are those quoted- a'u the end of this
section. ) r

At this stage it was possible to flx the Br2 coordin-

ates nnequivocally as Brr(.495, .2o2, .175). Ilowever there

were still- several- al-ternatives for the Br., coordinates pueh

as (.378, + .065, .211), (.378*1¿, + .065, .21i) and.

( -478i, J -. 065++, .211).
' These a1ternatlves can be resolved- by consid-ering

vector interactions of the type Br., - Br 2 l.¡h-ich generate

Patterson peaks of height 4Zn.Zn al the positions

(xr+ 4r, v1+y2t zr+zr) and (*t-*e, y1-T2t za-22). 
,r,¡ie 

have

considered. xr, lZ and, z, as fixed; tye now also consid.er z',

as fixed. änd eval-uate the tv¡o Pa-tterson line sectlon

P(x1 -*2, yt ,1-r2) and. P(x1 -t2nL, y¡ zr-22). One of these

should. shov'¡ a heavy atom - heavy atom peak of weight 4zh.zh

corresponding to the coruect choice of x., , the other line
section should- show no such peak. Having' thus fixed- (*1, 

"ì
and. (xz, z2), the section P(x.' **2, y¡ 2.,+zr) can al-so be

computed. both as a final check and. al-so to enable an ind.e¡ten-

dent d-etermination of y1 and !r. These three line sections

cal-culated. for B.Br are shov,¡n in figs. 21d-, 21e and.21f;

once again the verification of the heavy atom positlons is
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quite striking.
.Thebrorninecoord-inatesobtained.fromHarkerand-line

sections are sholvn belov¡ along lvith- those obtained' 'after

final refinement.

Br Inltial-

tr'inal

Initlal
Final

x
.8784

.8792

.4952

.4957

v
.4347

.4362

.2032

.2031

.2107

.2111

.1150

.1750

1

Br
2
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3.7 Determination of the lieht atom positions.

3.7.1 Structure factors.

Before the contribution of the bromine utlt" *""

evaluated. the general structure factor expression (2.17) lvas

red.uced- to the appropriate forns for space group P2,/n. 
r

These v/ere found. to be identical r,vith (2.18) with the con.-

ditions "for h+k evenrr and rrfor h+k od-èrr belng replaced. by

rrfor h+k+l evenrr and. ttfor h+k+l od-d.rt. r'espectively.

The rel-iabiJ-ity ind.ex Ra as defined, in 2.6.3 v,¡as 57%

for structure factors cal-culated. fron the two bromlne atoms.

3.J .2 Fourien-s¡¡ntheses. I

As the structure factor expressions f.or the space

group P2,/a and. P2, /n were found. to be closely related., so

the expression for the el-ectron d.ensity for the Space group

Pz,/n was found. to be id.ent.ical with (Z.ZZ) with the summa-.

tlons over terms i,r¡ith h+k even and. od-d. belng repì-aced. by

sumnations over terms with h+Ì<+l- even and. od.d-.

For B.Br the ratio of the sum of squares'of the atonrlc

nurnbers of the heavy atoms to that of the light atonls (i,".

>( zL) " />(rr)" ) *"Ì I .26- Lipson and- co'chran (1957 ' p.2o7)

suggest that a ratio equal to unity is an optimum one for

successful use of the tfheavy atomrr method.; al-so Si¡n (tgeO)

shows that about 82% of Llne obser.ved. structure amplitud.es ln¡ill

be given the correct sign 1f the signs are taken equal to

those of the heavy atom contributj-on. Al-though it lvas
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therefore reasonable to expect that a rrheavy atomrf Fourier

syntheses based. in the usual way (i.". without vreighting)

on the signs of the structure factors of the tv¡o bromine

atons would l-ead. to the remaind.er of the structurer,lt was

nevertheless stil-l consid-ered. that I'reighting of each coeffiç-

ient aS i" 2.7.2 would. help to ensure a correct interpreta-

tlon of the lrheavy atomrr synthesis;

Before the Fourier synthesis for B.Bi was evaluated.,

the calculated. broriine structure factors (¡f.) lvere subtracted-

from the observed. structure ampl-ituae5..-C[o)-.- - The resultant

electron d.enSity . 
is therefore similar to the d-iff erence

electron d-ensity ( po - ,q) except .that the calcul-ateil el-ec-

tron clensity being subtracted. is here the density of the

heavy atoms only. \Floolfson (1956) fras sholvn that in practice

this proced.ure has some superiority in revealin-g the light

atom positi-ons, presumably because it exclufle,s the heavy

atoms and. the d-iffraction ripples associated with them. The

final expression, analogous to (Z.T), for the weighted.

Fourier coefficients is

F(werghted) =shlFol.tanrllffiïl ) lFhl I 3;ù
y¡here Sn is the sign of Fn and the sunmation over i implies

summation over all atoms in the unit cell v¡ith the exception

of the bro¡nlne atoms.

. the Fourier synthesis vras evaluated-, using the 1620

coriputer, at intervals of about O.25L in each of the a, b and.
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c d.irections; this l/ras achieved by, using cell d.ivisions of

a/36, b/6o ana c/96. lotal tlme to sum over the 7100 Frs

at 56rOOO grid. points was 28 hours. The program used in this

summatj-on vr¡as written in three separate sections, each making

full- use of the symmetry properties of the od-d- and. even cosine

and. sine functions; a descriptÍ-on is includ-ed'in Append.ix 3.

After printlng out the final- results, a careful
inspectlon revealed- that _there yrere nearly fifty prominent

density peaks. These peaks ïr/ere represented- by supporting

appropriately coloured. corks on thin wlre stretched para1le1

to one _of the cell- axes; Plate 2. shorvs the completed model-.

(attnough this method- is simil-ar to that d.escribed by ï,'ood.

et. al. (1961), 1t 1s much cheaper to use because the corks

support theniselves and. it is nqt necessary to use the specia]ly

dril-tred balls to represent the ind.ividual atoms. )

f'rom this mod-el the molecul-ar structure vÍas immed.-

iately apparent; the two independ.ent nolecules appeared to be

very slmilar and. the systen of i-nier-1nol-ecular hydrogen bond.-

ing coul-d. also be seen. \

As a'final- confirmation of the general correctness

of the strueture (vrhich lvas unexpected on chemical evid-ence

aL this stage) tfre structure factors l¡!/ere calculated and gave

the reliability indices Ra = 33% and. R = 2e%.

- Once again the vreighting schene of Yloolfson proved.

most suecessful, for, except in the immedlate vicinity of
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the bromine' positions, the.background. d.enslty only

occasj-ona11y appnoaihed-, and nolvhere exceeC.ed, the value

of J.6 e/At, this being the loi"¿est peak electron d-ensity

correspond-lng to a real atom.

To improve the atonic coord-inates. as known at this

stage a second. three dirnensj-onal Fourier synthesis was cal-

cu]atefl using the IBM 162O. fn thls synthesis the -coèfflc-
ients vi¡ere not welghted.; also the cal-cul-ated. contribution

of the bromine atoms was not subtracted from the observed.

structr:re amplitudes as d.one in (¡.4). After thj-s synthesis,

all the intermolecular bond lengths v'¡ere compati'bIe v¡ith the

proposetl structure anfl the resld.ua]- hafl been red.uced, to

R ='21%. This sy¡rthesis was also used. to d-etermine for each

ato¡n the parameters A and.'p of the approximation tU.f Z);

a knowledge of theSe rffas .neeessary for subsequent refinement

of the crystal structure. /

Fig. 22 ill-ustrates the spatial arrangenent of the

tv¡o molecul-es eonprising the asynmetric unit and- also gives

the atom numbering vrhich will be used 1n Subseo-uen'r, dis-

cussion.
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3.8 Refinement.

i.8.1 Initia]- refinement

Since the observed intensities had. probable errors
d-ue to afsorption, it was decid-ed- to use isotropic témper-

ature faetors for all subsequent refinement. (ffre possibi-

tity of errors in the thermal parameters due to neglecting

absorption v¡as d.iscussed. in'section 3.5.1.) The necessary

theory of the refinement .whlchuäs þ'rd.iffereniiaL d-ifferencert

Fourier syntheses is described. fu1ly in Chapter 4. fn

mod.ifling the IBIU 7O9O structure refine¡nent program whicTr

u¡as*used, for the structure d.escribed- in Chapter 2, the large

number of Frs made it necessary to use magnetic tapes to

store the observed. and. calcülated. structure factors; the

program in the form finally used. is d-escribed. 1n .4ppend.1x J.

In all refinement of this crystal stru.cture the-coefficients
(Fo-F") were vrelghted using the scheme d.escrlbed. in 4.3.ii
unobserved. refl-ections u/ere treated. as d.escrlbed. in 4.3.6.

During the initial two cycles òf refinement R was

reduced. t o 18.j/o. Generally the overall coordinate shifts
\rvere not .l-arge, averaglng about O.O1 A; tnu g"".test shift
was 0.094 for C6r âD atom close to a bromine atom.

At this stage all the F"'" were computed. (using the

7O9O) and. prlnted. out v¡ith the comesp-ondlng values of Fo

and. Fo-F". An inspection of these results revealed- that
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there y,re*e very ferv obVlous errors in the Fot".

3.8. 2 Ext ion.

Using the values of Fo and' F" calcul-ated- aþovet a

plot vras made as in 2.8.2 to d.etermine the correction for

second.aryextinction.lhevalueobtained.for29lvas
-^ 

rr- ^ t t. 
-^áf ^^+'2.8 x io-o an¿ this vras used. to mod-ify the 14 reflections

observed_ to have Fo > 2OO. (th" coffection for less intense

refl-ections r¡ras no-r, slgnif icant' ).

5. B. 3 Final reflne t.
Three further cycles of refinement !ïere*cal-cul-ated'

uslng the 7o9O. During .ihe.se, the maximum shift felI fror0

o.o27A to o.o1JA; this shift vias for c,,, (ad-jacent to e*-' )

and. jusi exceed.ed. the correspond.ing coord-inate stand'ard

d,eviation of o.o11A. lviean =àirts for the x, y an¿ z'co-

ord.inates lrere O.OO44A, O.OO16A and. O.O026L respectively'-

the residual R, for spectra includ.ed. in this refinement¡

fe11 f,rom 17,O% to 1J.J/"; R for al-1 observed- reflections

was 17.3/" (tne increase being ¿ue to inclusion of the less

reliaþle Fotu near sine = 1)'

Tnstead- of giving a d-etailed. list of the 6tlO final

(non zero) values of Fo and F", a summary vras made of the

rel_ative and. absolute values of the d.ifferences

AF= llPol-l¡'"11. The 48Q4 experinentally observed

reflectlons frere categorised., firstly accord-ing to the value

of AIr, and secondly accord-ing to the value of the
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ratio f =

AF<1O

10=aF<20
2O=AF<rO

JOSA;I'<h6

.AF
I

2 Fo + F6

The results are as foll-ovrs:

QSe<O.2 O.2srcO,h

1 009

176

13

4

lE" L=t o

1496

O.l+sr<0.6 O.65r

373
8B

9

1

379

145

12

3

(ffre maximum value of Fo is 356)

' The remalning l666 theoreticalJ-y observable

refleetlons are summanised äs foJloi¡¡s:

1 the minimum observable
value of Fo -is 9.O. )

ït may be noted. that Hanson and. Âhmed. (1958) use

sirnilar categories to summarise the agreement of Fo and.

Fc, hov¿eve_r their final resuLts ane more abþreviateit than

those given above.

. The final coord.inates with their, standard. d-eviations

are Listecl in lable' B whlch also gives the final values of

the thermal parameters.

(at pL
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able I Fina atomic r ters h osit i onal

st rd,'

Atom

(neo) r
(nzo) z

.6208

. o04J

.9362

.5077

.6589

.2407

- .2229

.0425

.2745

-.0475

.9207

1.1485

.7 204

.5846

.27 30

.5065

. o0Bl

-. oBBg

..1919
.7698

-.0638

.7030

.2387

.241 4

-.o2'.l"
.4049

.431-g

.6866

.3335

.8657

.0545

. ooJl

.2393

.1104

.5930

.6393

.421O

.5590

-. o4o8

.oo15

.2889

.3250

.1OO3

_.0247 -

.0542

.1350

.o32O

.081 1

.g?t 5

.o727

.1 164

.14gg'

.o389

.0159

,1438

.1729

.0829

.o54+

.2470

.1960

o-(¡)_
(Ð

.001 J

.oo12

.008,

.007

. 006

.007

. 006

. oo8

.013

.008

. oo7

. oo7

.007

.007 -

.007

. oo7

. oo7

.007

.011

.008

4.7

4.2

3.9

3.6

3.1

3'8

3,7

4.1

7.2

4.9

* vþ. ?b. B

141

Br

Bn

ot

1

oz

o

o

o

o

3

4

5

6

2.4 -

N

N

N

N

1

2

3

4

3.2

2.9

2.9

2.6

2.9

2.7

3.1

3.2

2.7

N

N

N

N

C

5

6

7

8

1

2
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Table B. ( cont. )

Atom

ca

c4

cD

C.
o.

Ç7

ug

c9

cto

1,'
clz
'ct 

3

cr4

ctD

ct6
Çr:7

Qra

"t9
czo

crl
czz

Ç23

* vh, zb B

GL
-.9033

1 .0404

1.0653

.9366

1.3041

1.3158

1.0679

1 .T5T8-

.8077

.BzJ6

.6o19

.6857

.1682

.134)+

.2678

.41 29

,.4433

.31 33

.6745

.7083

.4258

..0141

-. 01 84

-.o613

-.0722.---...
-.0295

-.1246
.o45)

. o7B4

.1033

.1958

.1997

.0564

.6883

.6461

.6358

.6651

. .lo68

.72o9

.6578

.7513

.5958

.1679

.1885

.24!04

.2691

.15fu

.1337

.106à

.o557

. o8o7

.0755

. cioBB

.051 B

.2776

.2263

.1951

.21 37

.2665

.2969

.17,64

.1583

.13O2

. oo8

. OOB

. 010

.010

.o13

.o16

. oo9

.01 'l

. oo-tl.--
i

. o08

. oo8

. oo8

. oo9

. ooB

. o0B

. oo8

.01 0'

.010

.olo

.013

.008

2.2

2.9

3.6

4.7

4.6

5.7

3.2

4.3

2.7

2.5

2.9

2.3 '.

2.9

2.8

2.4

2.7

3.3

3.4

3.7

5.O

2.8
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m^L
Ld9 l-e 8. ( Cont. )

Atom lh vh. ?k- 0- Lri /

(Ð

.009

.0cg

.008,

.007

.008

B

,.o

2.5

2.3

2.5

,o

C

C

C

24

25

26

2l

2B

.4758

.1 487

.1433

-.1063

.0386

.5552

.r502

.4577

.4688

.6o59

.0797

.1113

.1121

.o550

,o823
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3.9 Aecuracy.

.1 st r l_ tion of coord-inate

As in Chapter 2, ,use was mad.e of Cruickshankrs

formula (2.31), ,holvever in this """" the peak curvatures

vr¡ere evaluated by using (4.t9). Stand-ard. deviatlons of

the'x, y anð, z coord,j-nates were found- to be approximately

equal and. the quoted. d.evlations are the aveiage of these

three. . :

3.9.2 Stand.ard. tion of bond. lenqths and angle S.

nquality of the s.d.ts fo4. x, y and'Z result in simpler

expressi_ons. for the s.d. t s ir, ¡ä**rnu and. angles. For

bond- angles, (2.13) was usecl wlth o- (*1 ),.=..-5(xr) = a(xt);

for a bond. between.atoms n and. m, (2.32) red.uces to
. ô' 1-

o-( dn*) = [ o2 (xn) + o" ("^) .lä 3.5)
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J.10

3 .10.1

Discus of the structure.sLon

Intr oduction.

In.subsequentd.iscussi-onitlvi].]-benecessaryto

refer to specific portions of a pârticular B.Br molecule;

therefore itNlolecule Art and. 'tl,{olecule Brt wil-l- .refer to the

two ind-epend.ent molecul-es as shovl"n in fig. 22. An trimid-azolerr

ring will refer to the five membered. ring which has two

carbon atoms in common with the benzene ring; tire combined'.

d.oubl-e ring will be ca1lecl a rrbenzimldazolert system.

The remaining six memþereiL ring vrilÌ be naured' a rrbarbituric

acid.rr ring.

3.10 .2 T ecular st

A summary of the d.imensions of the tlvo mole'cules is

given in Tables 9 and. 1o; these are illustrated- d-iagramma-

ti-ca11yi-nfigs.23and.24.Genera]-]-ythetwomolecules

are similar, lvith the greatest d.iff,erences being in the

vicinlty of the imidazole rings. In three cases the

inclivid.ual molecules d.iffer signifi-cantly from the ilaveragerr

mo1ecu1e. Firstly for the N.-Cn (and' N,-C') bond-s the

d j-fference is tf significanttr; second-ly for the c4-N2-Cg

(and. c1B-1,T6-C25) angles the difference is Itpossibly signi-

ficant'l, and. thirdly there is a]-so a trpossibly signlficantrl

d-lfference for the Nr-C9-Cto (and N6-CÐ-c24) angles' (rne

level-s of significance are those suggested by cruickshank
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Table 9. I'ina.l bond. lengths'

Coruespondlng bonds t"o*oln:rå:: .molecules are l-isted side

Bond.

c1 -c2
c2-c3
ca-c4
c4-c5
c5-c6
c6-c1
Ç7-CB

c9 -c10

c11-c12

c11-C14

N1 -C3
N1 -Cg
N1 -C11

N2-C4
N2 -' C9

N2-C7
N3 -C,12

NJ.-C1J._

N4 -C1 3

Leng.th
(¿)

1..365

1.401

1.339

;1.389
1.370

1.400

1.507

1 .477

1 .405

1.4o0

1.384

1 .33O

1.438

1.406

1.355

1 .433

1.38O

1.339

1.360

o-lÐ
(¿)

.o14

.01 1

.011 ---

.013

.014

.01 5

.o21

.014

.01 1

.011

.01 1

.01 1

.011

.01 1

.011

.o15

.011

.011

.011

Bond

c1 5-a1 6

c1 6-c17

917-u a

c1 B-c1 9

c19-czo

c2o-c15

c21 -c22

c23-C24',

cz5-c-26

-c25-C28

n5 -c17

1\5 -C23

N5 -c25

N6 -C1 B

N6 -cz3

u6 -c21

N7 -C26

N7 -C27

NB -C27

Length
(¿)

1.38O

1.438

1.37o

1.404

1.409

I .391

-{-^503

1.t+45

.1 .3BB

1.403

1 .3Bo

1 .394

1.423

, 1.374

1.A+B

1.481

1 .421

1 .350

1.361

6'l-L)
(¿)

.012

. oj'1

.011

.013

.014

..o13
.o16

.012

.'012

.012

.o11

.011

. o'1'1

,01 1

. 011

.o12

.01 1

.010

.010



137

r9!-1e-9. ( cont. )

Ð-9I4 Lerui¡
. (¿)

NB -C2B 1.425

qlÐ
(4)

01 -C12

a2 -c13
g3 -C1t+

1 .246

1,256

I .221

.01 1

.01 1

.011

.01 0

04 -c26

o5 -C.27

a6 -c28

1 .248

1 .,238

I .211 '

.01 '1

.01 1

.010

.0'11

Br1 -Cl I .892 'O11 ' Br2-C15 1.904 .009
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Table 1 Final bond ang1es.

Correspond.ing bond. angles from the tvr¡o moleculeq are
listed sid.e by sid-e.

Atoms

c1 -c2 -c3

c2 -c5 -c4
ca -c4 -c5

c4 -c5 -c6

a5 -c6 -o1

c6 -c1 -c2

C4 -C3 :N1 .

c, -N1 -C9

N1 -C9 -N2

cg -N2 -c4

N2 -C4 -c5

c1 'f -c1 2-N3

c1 2-N5 -C13

NJ -c1 I -N4

c1 3-N4 -C1 4

N4 -C1 4-Ct t

c14-C1 141.2

AngIe

115,30.

121.6

123.7

115.2

. 121 .2

122.6

1 oB.5

107 .3
. 1 10.4

106.0

107.6

116.1

124.7

'117.3

124.4

, 114.1

123.1

rc)
1.4

1.3

1.4

o

1.5

1.6

1.7

1.2

tr.2

1.3

1.2

1,2

1.2

1.2

1 .'2

'1 .2

1.2

1.3

AngIe

112.60

124.O

-1 21 .6

115.3

121.5

124.5

109.4

107.2

1o6.4

111.4

105.5

1 14.0

125.O

117.O

124.6

113.7

125.3

117.5

117.9

're)
1 .30

1.5

'l .4

1.5

1.6

'l .5'

1.2

'l .1 '

1.2

1.2

1.2

1.2

1.2

1.1

1.2

1.2

1.4

1.1

1.2

A!oms

c1 5-C1 6-C17

a1 6-c17-c1 B

Q1't7'C1B-C19

c1 B-c1 9-C20

c19-C20-Ç15

c20:-c1 -c2

c1 B-c1 T-N5
c17-N5 -c23-
N5 -C2l-N6

'. c23-N6 -C1B

N6 -C1B-C17

c25-C26-N7

c26-N7 -C27

N7 -C27-NB

c27-NB -CzB

. NB .C2B-C25

c28-c25-C26

Br2-C1 5-C16

Br2-C1 5-C2O

Br1 -C1 -C2

Brl -C1 - C6

119.7

117.5

1.3

1.4



Atoms

cB -c7 -N2
l

c7 -N2 -ç4

c7 -N2 -C9

c10-c9 -N2

c10-c9 -Nl

c11-N1 -C9

c1 1 -N1 -C3

N1 -C11-C14

N1 -Ç11-C12

01 -Ç12'C1'l

01 -c1 2-NJ

02 -Ç13-N3

02 -c1 5-N4

03 -c14-N4

.05 -c14-C11

Angle

113.20

124.3

128.6

123.7

125,7

124,2

128.3

1'18.7

118.1

124.2

119.5

122.9

1'|.9.7

118.4

1.27.4

&)
1.go

1.4

1.4

1.4

115

1.2

1.2

1.2

1.2

1.4

1.3

1.3

1.3

1,3

1,2

Angle

112.Oo

123.3

'l 25.2

130.7

122.7

125.4

127.2

'116.6

117.9

128.1

117.7

'|.21 .O

121 .8

120.3

125.9

139

're)
1 .50

1.2'
1.2

1.3

1.3'

1.2

1.2

Atons

c22-C21 -N6

C21-N6 -C1B

c21-N6 -C23

c24-C23-N6

c24-C23-ñ5

c25-N5 -Ç17
I

c25_ND _Cz3

N5 ,-C25-C2B

N5 -C25-Ç26

04 -c26-Ç25

ø+ -c26-N7

05 -c27-N7

05 -c27-NB

06 -o2B-NB

g6 'c28-c25

1.3

1.3

1.4

1.3

1.2

1.2

{.h
1.3



c
B

1.370

1"4o0

1,892

Br

1 .507

1.433

1.4o6
1 .355

1 .384

.4o1

"7

C lo
.477 o

3

1.389

I .365

1.33o

1.438

1.221

1.4oo

__._'l .4o5

.421

1.38O 1 .539

C

1 .36o

1 .246
1 ..256

o
1 oz

cz C
21

1 1.503
1.481

1.409

1.391

1.9o4

Br
2

z4
1. J48 .445

1 .374 o
6

I .211'1.404 .394

1. 423 'l .4o3 1. 425
. JBO

.438 1.588
.361

1.38o 1.248
.238

% '1 .42'l .350
o_

5

Fig.. 23. Intramoleculan bond. lengths of B.Br.

1. 339

Ne

"9

Nt

1 .370

23
6¿

N-
2
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117.5

113.2

19.7

128.6
124.3 123.7

1 25.7

i24.2 127.4 118.4

128.3 118.7

118.1

124.2 119.7

119.5 122.9

112.O

125.2
123.3 130.7

122.7

127.2 125.9 120.3
116.6

117.9

128,1 121.8
17.5

117.7 121 .O

Fig. 24. Intramolecular bond- angles of B.Br'

117.9

121.2
121.

115.2
1 23.

115.3
122.6

1 OB.5
107 ,3

107.6
110.4

06. o

23.1 124.,4

116.1 117.3
124.7

1 14.1

121 ,5
124.O

15.3
121 ,

112.6
124.5

106.4
5
107.2

o 5 o

'log.4

11.¡+

25.3 124.6

1 14. O 117 .O

113.7

1 25.O
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and. Robertsôn (19fi) and. are d-iscussed. in sectlon 2.1O.3.)

The two instances of signiflcantly d.ifferent angles men:

tioned. above can be regard-ed. as a consequence of the'

d.ifference in bond length between Nt-C9 U.394/-) and-

Nj-C,"(1 .33OA). The rrexpectedrr lengths for carbon-nitrogen

single and. d.oubl.e bond.s are respectlvely 1.472L and. 1 .322A'

where the 'fexpectedrr lengths are taken from the Interna-

tional- Tables for X-ray 'Crystallography , (1962) , Vo1'.111 '
p.276., Since both C-N bond.s lie within these limits, the

d.ifference betv¡een them ean be 'explained. by a diffe'rent

d-ouble bond. charaeter.

To enable a compari-son of the observed bond- lengths

with the ttexpected.'r values, an average \ryas taken over

chemically equivalent bonds'and- the results are presented.

below 1n tabular form. No ind-ivld-ual bond. d-iffered-

significantly from its expected- length.

Bond. type

U-U

C-N

c-N

C=0

C-Br

Region of
molecule

Benzene
ring

Imid-az o1e
ring

Barbituric
acid. ring

n

No. of
bonds

10

B

6

Benzene ring 2

1 .371 1 .352 ¡t

1 . 382 1 .352 ¡ú¡

1.237, 1 .23

1 .go 1 .89

N, 1n which the nitrogen ìras
stituent. .

B

,r.This length 1s expected in ,5n5
no r1ng suo
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The best fit planes t.hrough the benzinid-azo'le and

barbituric acid. rings of each molecul-e v','ere found- by the

nethod. of schomaker et. al . (1g5g). The plane through the

nine benzimid.azole atoms of molecul-e A vri11 be callecl PA1 t

that through the six barbitunic acid. atoms, PA2. Corres-

pon¿lng planes for mol-ecule B will be referred, to as pÉ1

and. PB2.

îhe equations of these four planes are given below,

where the constant on the right is the origin to plane

d-istance 1n Angstroms.

PA1 : 1.295x + 13.OB9y + 10.6682 = -3.129

PBI : 1.286x 13.133y + 10.5472 = 5.923

PA2 ? 5,545x : Z.41Oy -19.1J82 = -2.677

pBz : 4. 81 B-x O. B47y 20.7912 = -2.042

The d.eviations of the ring anil ring-substituent

atoms from their respective ptane's are given in Tabl.e 11 .

It can be Seen that in each case the atoms are close to

c oplanar.

For molecule A, the d.ihedral angle betv¡een the

benzlmid.azole and- barbiturlc acid. planes is 66.7o, for

rool-ecule B this angle is 69.80'.

3.10 . The nolec ular arrange ment

The spatial arrangement of tire tlvo molecules in the

asyrnmetric r¡nit vras shown in fig. 22; ihe packing of these
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r
L-l-

?)/.t,

Br

1il. 1ir

Ct

JÚJ

)r

0¡

0s

Nz

0

Fig. 25. Intermol,ecular contacts less than 4.O Ao.
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P]ane PA2

D
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Plane PB2

Atom Devn.

C25 -.O22 A

c26 .o14 --

N7 .oo1

c27 -.O11 '

NB .OO9

czj ..OO4

ane

Aton

c1 -.OO2 A

c2 -.o22 .

Ç3 .016

N1 . O1'B

c9 -.o2o'

N2 -. oo2

C¿+- -.O12

. c5 .o'l5

c6 .009

Brl

c'11

c10

C7

-.o79

.1:p.

-.036

-.190

Devn. Atom

c15

c16

Ç17

N5

c23

N6

c1B

clg

Q20

Br2

c25

c24

c21

.O2B A

-. ooJ

-.o25
.oo3

.019

. oo2

_.o27

.o21

-.010

Devn.

.124

.062

. oB4

.o12

. ooB'A

-. oo5

-.0o4
.01l

-. 006

-. oo2

c11

c12

N3

c13

N4

c14

01

o2

o3

o4

o5

06

1.,
.o29

_. oo4

.o52

-.063

-.o21
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molecules within the crystal is ill-ustrated. by fig. 25.

The oriejntations of the ind.epend.ent molecìlar planes

are somewhat sj-milar, this also being ind-icated. by the

similarlty of the equat'ions of these. planes given in the

previ-ous section. The barbituric acid. planes of mol-ecul-es

A and. B have a d-ihedraL angle of 7 .7o i al-so , aft,er appl-ying
az

t}re P2r/n'screr,,r operation_ to'mo1ecule B, its benzimid^o1e

plane is only 1.1o from paraIlel wlth the coruesponding

plane of molecule A. \

Tlvo hyd.rogen bond.s of the type N-H...O are formed.

between the 1nd-epend.ent barbituric acid. rilgs of molecules

A and. B; the lT. . . O d-istances are 2. B4A and. 2.94A,. Two

similar hyd.rogen bonds (N...0. = 2.BBA) are formed. across

the centre of symmetry.

The only remaj-ning barbituric acid nitrogen atom is

NU and.

(w....0

wil-l b

,r3

this ..is presuma-bIy hyd-rogen bond-ed. to (neo)f

= 2.82A). ff this 1s the case, the proton from NU

and- the bonding of (nzO)t
(Hzo) 

I

e associ-ated, vrith OU will be '',

117 o

- '2.76A
-\(-) :

\
Õ LoA --La\)-n _ \

116

oz IT8

the other alternative would. be for 04 to be hyd.rogen bonded.

to (Hrg)1, in vrhich case the bond.ing would- be
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c11

anil o as il.lustratecl beIow.
6

(itzo.) 
r

- - íìo- --o -' 151- ---_, g
' - 2.76A 2. 94¿,- - I

U

c

26

28

117

o
2 o

4

The second. case cto.es not seem likelyr firstly because the

angle at the v¡ater molecule consid.erably exceetls its

expected- value of second,ly because of p'he acuteness

of the 'angIe at 04.

the second. water molecule is hyd.rogen bonded. to Or.

70

16zo

c
4'l

o ---/ 
3.Ol+A

(uzo) 
z

¿\/ 
.9oo -116

2.BOA \'
oz o,.)6

The hyd.rogen bond.s are show-n in fig. 25 as d-ottecl

lines; the d-ashed- lines represent' rbine more important (iie.

Jess' than 4.OA) van d.er lïaals contâcts.'
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CHAPTER .4

TI|E REI'TNEI\ENT OF CRYSTAL STRUCTURES

4.1 lf ethod.s of reflnement.

Once an approximation to a correct structure has

been found. 1t is necessary to improve the approximately

knorn structural parameters until- the best,posslble values

have been obtained;'this is called. the process- of refine-

ment o ì

Although a numberof methods of refinenent have

been proposed. (e.g. see Lipson and. Cochran, 1957, p.278),

only three v/ere consid.ered. here; the first was the method-

of least squares, the second. the d.iffèrentlal Fourier nethoct

and. the thlrd. tÌre me'r,hod- of d.lfference Fourier syntheses.

The first tr.vo method,s essentially inv'olve iterative nrimer-

ical- calcula'uion and- are best usçd. in conjuncilon with

a conputer; the third. method, although formally similar to

the second, is pictorial and is best used. as a complement

to one of the flrst tr"¡o technlques. :

¿+. 1 .1 Least Squa hôe

This method., first used- by llughes (1941) l" mathe-

matically the nostÌ satisfactory for it mininises the resiôial-

a(ls) = D w(h,x,1).(lpo(ir,t,r)l lp"(n,r.r1)l)2 (4.r)
q

where rv(h,kri) is the welght given to lFo(h,kr1)12 and. the

sumrnation is over all- the independ.ent spectra observed-'
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For a ,Gaussian dibtribution 1n the eruors of the measured

F^ts the trbesttt atomic parameters are those which result
o

in a minimisation of the same resid.ual- (Lipson and- Cochratt,

1957, p.281 ).
ïf we 1et xrr, be the ith pu""rneter of atom n, and.

Ax_= be small- changes to the x-^., ihet. for each of the q----n1 nl'
ind-epend-ent calculated- F"ts ,Jve can write the relation

al'c = ,?j 3#i, ¿¡rmj (4.2)

The values of the shiftsAx-* (say a total- of N) are those
mJ

v¡hich most nearly eQuate Atr'" to Fo-F" for all equatlons

vr¡here F^-F^ is knovøt, i.Q. for all reflections for v¡hichoc
Fo is knov¡n.

Tfrese Itobservational 
.equations" can.be red-uced. to

the set of N 'rnormal- equation"ìr' (e.g. see Lipson and- Cochran,

1957, p.281) ¡y multiplying each side of (4.27 by *3ii,
and ad.d.1ng the q left hand. sid-es and. the q right hand.

sides to glve

ò ^ òl¡^
--vòxn¿'òxmj Ð ,,.r. (Fo-F.) .ZJ

m ,J
i t¡¿.

o,

ÒI"
òxn ¿

(4. ¡)
q

The essentiaf problem of t.he least squares rnethod,

is'to solve .these N normal- equa'cions to find. the N shifts

Ax :.
mJ

To retain the mathe¡ratical rigour of the method-,

each of the coefficients of the Ax*, nust be included. and-
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the.complete set- of equattî" sol-ved si.nul-taneously i.e.

the cornplete matrix of coefficients inverted. This has

been d-one by Busing an¿ Levy- (1gSg) although the inversion

of such very large matrices involves studies in rorrnd'-off

and. truncation e*or propagation (Eic6hrorn, 1962).

The nore usual- and much simpJ-er approach is to

appeal to the physical nature of the probtpm and. equate

selected- off-d.iagonal matrix elernents' to zero'

the justifieation for these simplifications can be

seen more clearly by consid.ering the partlcular example

of the refinement of three posltional plus one temperature

parameter per atom, and. putting xrr.t= xn, xnz = lrtt xn3= ztt-

and xrrU = Bñ. Then, if the atoms are well resolved', terms
ò{" lI" an<ì } ru ?+" q'i" are t-ike ry to besueh as ) tu ò", axn öxn öÉm

sna1I. Furthermore, for a given atom, coord'inate and- tem-

perature factor changes are not íi*"t" to be correlated-,

therefore " " lI" i*" etc. rvill probably be smal-1.' the
OXn OlJn

remai-nj-ng off-alagonal terms are of the form t - 3i; 3*;

anù these can be assumed negligible for orthogonal or near

orthogonal axes. Havlng mad.e these assumptions only the

diagonal coefficients remaj-'n, and. the equatlons red-uce to

the l-inear fornt

Ax,::_i Ð v¡
q.

¿ d¡'^
u ¡trfl J

ò8"
Òxn i

Ð lv(Fo-F") (h,4)

or for our particular exarnPle

q
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Axn = > r,i(F"-"");T " -(3i;)' (l+.¡)
q

Thls is the I'diagonalrt approximation of the least Squares

r4ethod. and- is the one used. by Hughes.

Some of the approximations mad.e above are ïYorse than

others; in a monoclinlc system, for example, the a.ssumption'

of near orthogonal axes may be completeJ-y unjustified-. fn

." more sophlsticated. reflnement includ-ing scallng factors

and. anisotropi-c temperatìre factor parameters the d.iãgonal-

approxlmation becomes increasingly crud-e and- may.in fact

by invalid (:srinivasan, 1961). If the atomlc scatterlng

factor of an atom is nod-ified- by a temperature factor of

the form

T(hrkrl) = exp[-[8,,h' +Brrl2+Bss12 +B¡ 2hk ie, 
"rtt 

+B2sk1] ]
(4.6)

then the B** are not ind-ependent; furthermore the inter-rJ
d.epend-ence of the scal-e and. tenperature factors is comnon

experience. A summary of those interactions rvhi.ch shoald.

not be neglected. is given by Cruickshank (lgSg).

A compromise can be mad.e between, the diagonal and-

full- matrix methods by includ-ing sel-ected- off-d-iagonal inter-

actions u¡Ìrich are 1ike1y to be importa.nt, Íf , for exanple,

we have n atoms each with ten parameters (J positi-onaI, 6

temperature, 1 scale) then lve coul-d. includ-e al-l the inter-.

actions 'oetween the d.ifferent paranieters of each ato;t, but

ignore all lnteractions between d-ifferent atoms. The seb
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of 1On equaiions in 1On unknorvns is thên reduced. to n

sets of 10 equations in 1O uflknolvns yrhicìr can be solved.

more easlly. In matrix terminology. the 10n x 10n matrix of

coefflcients of the normal equations j-s red.uced- to the

n (toxto) sub matriees whose lead.ing d.iagonals together

make u,o the lead.ing d.iagonal of the origi-nal matrix. ?his

then is one form of the t'block d.i-agonalrr least squares

approximation. AIì. even more simpllfie¿ torn is obtained.

by neglecting the posltional anfl temperature factor - scal e

parameter interactions. and thereby further red-ucing each

1Ox1O ma"lr-ix to a JxJ posit ional- plus 7x7 temperature

factor - scale matrix.

Sparks (geO) fras compaz'ed- the relative merits of

various approxiriations and. recommend.s the use of a 2x2

bloek connecting an overall tenperature and- overaÏ1 çcale

factor plus blocks of either JxJ pl-us 6x6, or 9x9, f or the

ind-ivid-ual a'r,omic parameters.

The princlpal advantages of the least squares

method. are:

à. If the. v,reighting scheme is the correct one (i.".

the veight of an observation proportional- to the
' inverSe of its stand.ard d-evlatlon) then the trbestrr

atoinic parameters are obtained-. .

b. All-owance can be nad-e for the reliabillty of the

measured intensities.
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Tv¡o

c. Errors are not introd.uced. through termination of

the Fourier series representlng the e1ectron

d.ensi ty.

d-. Parameters of all- kinds can be refined-.

€. The method- is suitable for use on an automatic

computer for r¡¡hlch output shoul-d- be at a minintum'

and- v¡ith which j.t is d.esirable to carry out com-

pletely automatic interations.

d-lsadvantages are:

a. The need. for a choice of weighting function

(although Lipson and- Cochran (1957, p.283) point

out that all- reasonable systems of weighting 1ead.

to coord.inates vrhich d-iffer by amounts smal1 com-

pared wlth the rand.om errors of the final

coord.inates).

b. lhe methorl is a mathematical one and. it is therefore

more d.ifficult to foll-ovr the-course of the refine-

ment and. see at a gì-ven s'r,age its physlcal

inad-equacles. If, for example, isotropic tempera-

ture factors are being used, thd need for anisotropic

parameters is not d.ireetly apparent.

LL.1 .2 Dif ferential- svnt SCShe

Booth (lg+6a) first showed- that shilts to itiiprove

atomic coordinates coul-d. be found fron a knovrled,ge of 'bhe

slppe of the electron d.ensity at 'r,he approximately correct
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atomic sites. He later suggested. (eooth, 1946b) tfrat trback

shifts" to correct for errorb introd.uced by series termina-

tion cou1d. be found. from the slopes of 4 Fourier synthesls

calculated. with coefficients eo;ua1 to the caJculated. rather

than observed. structure ampÌitud.es

An essentially simil-ar but in practicê more useful

variation of this me.thod lvas first introd.ucld ¡y Cochran

(1951a) and- further ex-r,end.ed- by Cruickshank (lgSZ, 1956)

to all-ol for peak overlap and. ihe refj-nement of anisotro,oie

temperature factors. They showed. thatr*coord.lnate shifts

can be found. þy uslng the criteria that the three first

derivatlves of the d-ifference density (po-p") should. equal

zero at the ato¡tic site and. that simi-lar criteria can be

ápp11.ed. t.o the sj-x second derivatives to determi-ne the six

anisotropic therrnal parameters; furthermore, the -overa11

scaling factor can also be found. f¡rom the criterion that

(po-p") shoulcL equal zero at the atomic sites.

Since slightly nodified. versions of this 'rd-iffer-
entia-l d.lfferencerr rnethod. lyere used. to refinè the tlvo struc-

tu.res discussed elsev¿here in this thesis, a brief outl-ine

of the d-erivation of the necessary refinement equations for

centrosymmetrlcal space groups lril-1 be given here; simplifi-

cations and airproximations possible for the nonoclinic systen

a?e d,iscussed in section 4.2.
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â. Coord.inate re

Let

Po(x, { t z) J-
ar

flnement.

!-

lt>l Ir ecosOc rrkl
(tt..7)

(4.8)where

and. Po- Pc.

Then the three criteria d-etermining the i

coord.inate of 'atom n are.--.

or

@. = hr( nä * o# * '1),
putD-

th(
= XryrZ)

1

(1r.9)
o(3?,),

/¿po\
\¿*¿ /,

the derivatlves being evaluated. at the position of atom n.

By expand,ing each s.id-e of (4.9) in a nultivariate

TayJ-or expansion, Cruickshank (1952) d.erived. a set of
Itmod.ified- d.ifferential Fourierrr- eo-uations for' the evalua-

tion of coord.inate shifts. He also showed. that irrespective

of whether the atoms overlap, if they ïrave similar scattLr-

ing factors and. ir = 1/f n,then these .equations are ldenticat

r¡¡ith the normal- ecluations (¿l.J) of the feast squares method.

this is írnportant to note because it emphasises the essen-

tial simïlarity, yet theoretical- d.ifference of the least

sqLlares and. Fonrier methods.

In practice, unless one is resbrictecì to projectíons

of the- el-ectron d.ensity, peak overlap'can be ignored- and-

Cruickshankts refinement equatlons for the shlft" A*rrj
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(4. t o¡

(4.tt¡

òÐ
òxi

í
I ) ? 

*n; (;;fs-r)"
n

or in full-, omitting the subscrlpt n--r,hroughout

_ òD ^-- ò" p l-, i"-Q + Lz g1e
á; = ^x ¿? + ¿- dxdv ' òiòz

ò2a
òt'
ò'_p
òyòz

aio
ògòz
ò2o
òz'

òy

òD
òz

^rc 3î3" . ^v
*H"* ay

b. Anisot 1C hermal refinem It,.

The six criteria d-etermi-ning the thermal parameters

of atom n are
:2OU
aî?òx¿t )

n

o (kr1 = 1r2r3) (4. t z¡

' l,et the ten.rperature factor for atom n be written

as in (l+.5) with the subscript n irntrrlied. tÌlrotr-ghout but

onitted- for claritY. t

Then if B = (u.,.., Btr2, ...), and-À! - (^Btt,L822,...)

be a set of sma11 changes to the tij, -t,hen by'uhe multi-

variate faylor expansion

(t+.tS)

The set oÍ tsr, r,¡hich ç.i11_ m.ajKe the second derivat-

ives of p" ec¡ral to the second. d-ei:iva-bj-ves of Po can nov¡ be

found. by solving the slx sirrul taneous equations

(ò'*p" \ =\ Òxt òxt I\ / E-paB
(3ist,\ .,l;n,¡ 3;,;(;el;,)
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Lt J'

or in full

ò- ( a?^p"
ÒBr f\òt'

allpn*-ò)
òx¡òx¿

LBI2 * '. '.

AB s5

ò_
ÒBr jLJ

ò
òBl r (3""

ò2D
Ò?

ò2D
ò7

).*,, + 3a,,(37")'
! ò- /¿1P"\.r ÒBrr\òt' )'

araaaaa (l+' tt+)

(4.te¡l_\D

-The subscrlpt n is again implied- throughout.

T,, + 'rs,,(37r")'oe ,? +

3r".(3i"")'*'"

;u(3H").
ò2D
¿î'"

").

Tt may be noted- that if equations (4.tt) and- 14.14)

are used. for structure refinement then for the case of simi-

l-ar atoms _the 
mod-if ied- d.ifferential -ïourier--method. is exactly

equivalent to. a JxJ plus 6x6 block d-iagonal. tl""a squares

nrethod. with lv = 1/t-. .'Íl

c. Tsoi opic thernal- enent.

The only criterion necessarJr is that

ò2D
ò:f (4. r 5)

Tf the teniperature fac'tor is ex-oressed- in the usual

way as
T = exp(-Bsin2 0/Ñ)

then appli-cation of Taylorrs expansion lead-s to

), + (3-i),1å [(3f),. (
/ò2 D\
[u"" /,

o



159

In the approximate fõ1¡ms in i,vhich they are generally

used. the ad.van'r,ages and. d-isadvantages of the mod.i-fied- difíer-

entlal- l-ourier (Of) and. least squares (lS) method-s are very.

sl¡rilar. Although in the LS method. correct weightlng lead-s to

the rrbes-r,tt coord-inates, l,velghting of the coefficienis (fo-f")

can also be used- in the DF algoritiur. It is r,vorth noting

that by using coefficients of the form (fo-F") series ter-

mination effects are elininated-; also if any of the Fots are

thought to be unreliable then the correspond-ing d-lfference

can be given a red-u-ced. or even zero l'¡eight. These features

of tþe DF nethod- are not always recognlsed-; e.g. Buerger

(lg6o, p.612) gives as advantages of the LS rnethod,

uIt is free from the serles terni-nation errors r,vÌrich

. characierize Fourler method-s. It is also possible

to use less than all the {,rs in tþe refining process,

r'.¡hich is inpossible lvlth any Fori;:ier method.'f

The general eo;uivalence of the tv¡o approaches h'as been

d_emonstrated- in aciual- examples, e.'é. by .reffrey and- shlono

(1g¡g) v,¡ho found 'r,he DF and. full- natrix LS nethod-s to give

final- parailteters and- standard. d-eviations not d.iffering signi-

fLcantry; also by Eichhorn (lgOA) 
"vho 

found that rrThe diff-

erential- me'uhod- in a.11 caseS converges rnuch fas'r,er than the

least squares one v,¡ith r,v = 1/f ^.tl
The final choice of refinement nethod- seerns to be
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largely one of personal taste; this certainly r¡ras the case

in the authorts final- selection of DF methodÈ;

' There were two advantages of the DF.method arising

from the for¡n in which it was finally applied.

â. During each refinement cycle the resid.ual eleciron density

(po - p") v¡as ca.1cul-ated- at each atom site. Thls gut" t

useful chect on the scaling, temperature factors, and

correctness of the scaCtering factor curves.

b. For"i'sot*opi";; refinement; the tÌiree principal second-

d.erivatives of the d.ifference electron dçnsity \Ãrere

evaluated- and. averaged. accord.ing to (4.t5). The d-egree

of non equality of these three derivatives ind-icated. the

need. for anisotropic temperature factors d.irectly tvithout

recourse to a full d-ifference synthesis.

\rfithin the authorrs experience DF algorithrns have

been in al-l cases Successful in refining centrosymmetrical

crystal structures. Almost complete convergence of a1l- para-

meters tras generally been attained. after. tv¡o or three refine-

ment cycles, and. computer time has not beén excessive.

"1. Difference S h S.

The use of d-ifference syntheses (Cochran, 1951a) itt

refi-ning approximately knov¡n portions of a crystal structure

has been d.iscussed- in the previous section. fn prac't ice,

however, useful information can be ob'r"ainerJ. by calcula-bing the
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d.ifference denslty throughout the unit cell- (Coehran, 1951b)

ra.ther than evaluating various 'd.eri:ratives of this d.ensity at

the proposed atomic sites.

Although a three d-imensional difference synthesi-s is

not very cotlvenient for the refinement of known pto.^.t""=

it can be most useful in revealitg unknor¡m structural features.

As sucþ a d.ifference synthesis can be a porverful- tool for

structure refinement.
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.2 Ref ment e CS ons for monocl nl_c s o

To solve the three simultaneous equations (4.11) tfre
/¿2 Ðn \coefflcients (ãa!ir)" must be eval-uated. Different approx-

inations vÍere used- for the cases of isotro.pic and. anisotropie

4.2.1 ord.inate re nt.

'temperature factors.

a. fsotroPic.

A usefuJ approximation pointed. out by Costaln (1941)

and. developed. by Booth (tg¿+e¡) i" that the electron d-ensity

near the centre of an atom can be approximated by

p( r) = z. (phr)3/2etp(-pr2)

where p is a constant for a given atom. :

ïf we put Z.(p/7)3/2= A, the d.ensity at the centre of the

atom, anfl al-so take this centre as the coord-inate origin,

then for -r,he monocl-inic sYstem,

p = A.exp( -p(*2*y2+22+2xz.cosp)) (4.18)

Hence by d.ifferentiatlon

(3;f)" = (3ir¡,

ò?\
òyòz )/o

O and.

-24.p

o

(1." r g)

_( òic
òxòz\

Substltutlng in (+.tt) and sotvlng,the coordinate shifts

are then given bY'
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Ax

b. Änisot o

t
òÐ
òx

a¡r
òD- / 2A.ndy' (l+, zO)

/\z (?!-"o"p.?9) / z{.p(1'ôz ' dx' cos'P)

In usj-ng this nethod. the vafues of A and p for each

atom must be pz'ed.etermined-t e .8. from a Fourler synthesiS,

and read. into the. computer along v¡ith the initiaf coord-inate

anil other,oarameters.

lifethod-s of evaluatlng d.erivatives of the elec-r,ron

d-ensity with respect to various parameters have been gj-ven

by Cruickshank (19+9, 1956). Approxinations based- on kris

suggestions stere.used both.here and. 1n the next section

(4,2.2¡.

It is imnaterial whether t.ne coord.inates are neasured.

in rad,ians (".g. x = 2trx'/a), as fracij-ons (".g. x = X'/a),

or in Angs-r,rom uni-ts, provid.ed. that a consistent system is

used- throughou'r,; here it ivas d-eciaed- io use i,ngstrom uriits.

The electron d-ensiiy for a centrosymmetrical system is there-

fore vrritten, using a slightly nod-ified. notation, as

p(xt rxzrxs) = +" > : ) Fo(h, h2,i^t3) coso (L,-,21)
h ¡ h.h.

where
O = 2¡.Ð3 n¿t/at

L=¡
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By d.ifferentiation
g1p. = --,V .>>>òx¡ òx¿ Y çàftãL

Crui_ckshank shorrys that the central- cur.¡atures of trr*e observed-

and. caJculated- peaks are the sane so that Fo can be rep.laced-

bÍ Fc.

. For a centrosymmetric system contaj-ning N pairs of

atoms

Fc = ,r?T f ni rcoso¡ Q+"zi)

,ì
r¡in*ere Tr, = Trr(ht ,h2,h.) i" the temperature factor of atom n'

If (4.23) i" substituted.ì-q -(4.22¡ 
the cross terms in cosg

can be neglected- if peak overlap is ignored....- using the

'.result that the average val-ue of cos2O = t, the curvatures

at the centre of atom n are given bY

(?"-p \ F-, E h¡h ¿în=tlx (Ll.eu)
\òi¡òxt)n !ç-6-ç q

It is to be re¡rembered- that to clerive the summation

ontherighthand-sid-eof(4.24)lffestarted-rryiththesumilaiion

on the right hand. sid-e of (+.Zf ¡. Therefore if for any reason

any of the.Fot" are omitted from (tr'zl) ("'g' through being

experimental-ly unobserved-) then the term correspond.ing to

this Fo must be omitted- from (+.2+). A1so, if any of the

Fot" are given a red.uced vrelght, then the correspond.ing term

in (4.2t+¡ must be given the same r,reight. In a particular

example, the sum¡iration over q (implying surnmatiOn over h, k
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and. 1) cou1d. be written as

z Ð rv(irrkr l) .h" f nT,
q_

(4.20)

lvhere w(hrk, 1) is the veight given to Fo(hrkrl-) and. typically

w(h, k, 1) = 1

w(hr o, r)

It was true for the i.sotropic case and., is a reasonable

(3#), M
Vca

approximation here that

ò2 p ò2J
¿î¿y òyòz

and.

4.2. uic ,tenp

o

ctor inenent.

(t¡.26)

ò1e
òxòz

òj$l ..."n uV.cosB

Subsiit ting i (4.12) tfre coord.inate shifts are given by

Ax = 
[3? (-3#)-'- 32(3#¡'1'"rl rr cos'Br

^v = 33 t;þ")-' ,

t\z' slmi1ar to À- . with and' z' nierch nged'

,hrese a e similar to (4.eo) e:<cept tht'r, the curvatures

are d-et rmined. from 14.24) and. the three pri rclpal curvatures

are not assume equ-al ,

2T eratur

ro sol-ve (+.r.e ) *e must evaluate ÌU^f^1foön \or'-
C

)

v¿here the teiaper"ature factor is d.efined- ror)atom n by
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ò

,r n = exp( -B¡sin2 o/x" ) (11.. zB)

(Iy.29)

For the lsotropic case the electron d-ensity peak is

assu.med- spherically symmetrical so that

Ò ò etc.
òBn

By .further d.ifferentiating (4-ZZ) and- agaì-n using

(3# òrl
ò2o
òx2 )"(

")
c

(4.23),

òBn (3/") Y^" Ð > h2 f nT¡.( sin2 0/Ñ ). cose. coso¡7
vca q n

(4.Jo)

(tr.3z)

(l+,33)

where summation over q 1s d-efined- follouting (4'24)'

once again neglecting ôross ierlns in coso and. using

the approximation
1 s.r^2 1
ä2 

à tL :. = b"q

s r-2à Í- ..
q

lL2.1-
='c¿J c- q

r¡¡e have
ò
òBn

ABn 3Yc

Ð fnTn.(sinOrlÀ)2(3#")" =
M
3\r c q

Substituting in (4.'l 6), the isotropic temperature

factor ad justments are f inal-ly given as

ò2D
ò-r'z

(
)

16rf E fnTa.(sino/À) Ir

n

lÏithin the author's knowled-ge the d-erivation of (tr.SS)

from'(4"t 6) kras not been given el-ser,''¡Ìrere. The f inal- result

is not itsel-f original, for it has since been reaLised that

an eo;uiv-alent expression, d.erived from a least So-uareS

approach, can be implied. from Some refinement exp¡essions
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given by Cochran (l95la), a]-though he d-oes not give (+.SS)

explic it Iy.
ò2D

!n practice i;l was talcen as the meari of the three

prl.ncipal curvatures and. vrith'this proviso (4.33) was found-

most satisfactory in al-1 cases, although an lnspection oÍ- the

AB¡ from Successive cycles revealed. that they v/ere generally

about 75% of -uheir optimum val=ues.-

isotro erature fa r inernent.

The coefficients necessary to solve the six simultaneous

equations ça.ta) to "find- the changes to the slx thernal

exponent"-Biì d-efined. in (4.5) are of 'uhe form

ò- (ò?-Pç \ (l,i¡k¡l = eitlrer 1, 2 or Ð (L+.¡4)
¿B¿j\¿*uòxL) \-'s'

lron (4"22) and- (4.25), and- remembering ihat
Tn(h,k,1) = exp[-[B,,h3 +B22n22+B33hl+Br rhil;-2+Bl shIh s+Bz.hth"] J

(t+.ls)
vrhere the subscript n is implied. on the right hand- sid-e,

BÊ
V6

Proceed.ing as before v¡e obtain

3a,, (;;is" , )
Ìr¿h¡h¡h Lf nT¿. cosO. cosO4 (4.36)/) ¿)

_n
(J

the 'monoclinie sYsiem are

> xhr = (o4/u\)

> u2t2t = (o2.2/u

Ð h¿h¡h¡1n¿f ¡T n
o

n4r

ò
¿Ë¿.i.

ò'-p"
òx¡òx¿(

)
)_É
Vc

(t+Õ7)

(4. J8 )

Several äpproxirnations suggested by Cru-iclcshanlc for

\a

c ) >ir22 2t2t
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and-

42J fl f

4ttoÊ a > f nTn. (h a

and. (4.:g)
D\¡'

v calay
AR¡,

Lro¡f ab Ð fnT n.(n'uz/u%')

theSe expr:essions proved- o-uiie satisfactory in

practice although d-uring refinemen-,, of the iiTal']lD structure

it rqas found- tÌrat the calculated- shif-r,s \iiere generally too

large and. had- to be redlrced- to the foll-or,'ring percentages of

their calcu-l-ated- values

)h 2t2t (co"zB + lsinz B) . G2"z/uLt)

Furtherrlore,

>

By using (+"¡g) the s1-x eo-ua'r,ions (4.14) are rêd-uced'

to t'wo linear luao?tions 
plus four simul--uaneous equations., 

:*^
approxim^t"-/olrution of these equatioirs has been given by

Dunltz anò. Rollett (1956) and. is the one finally used-.

Trvo typical refinement expressions are

¡\. .- -.'(t h \/ò'D\ /ò'-D\- (lacÉp\/ò1P\
^Þ71 = rv"L(sïp o)\a* )- (uu'/ - \ êî,ft )\uæ )

/aç-oji-B\/olr \l
\,sin= ß)\az)x)J
4

-to-

)

Br r 
( Do%) , Bzz(1oo%) , u33(5a%) , Bt z(75%) ' $o1:t¡,B13

The need- for. these "fud.ge factor.s'r l,v'ith bo'th Dl¡ a.nd. LS meiircr:s

seens to_ be the ruLe rather than the excepti-on (".C. see

Cruickshank, 1956, 196Oj Sparks, 1)60); this is, as Crruicicshank

B zl(1 ooi¿) .
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remarks, extremely unsatisfactory. In hls orj-glnal ptp"" ott- -

the d.etermlnation of the anis'otropic thermal- motion of atoms,

Cruickshank (lgS6) shorvs that the trouble arises from the

accj-d-entally absent reflections. \
The best procedure in'practj-ce seems to be to ca1- \--

culate ttre flrst two refinen'ent eycles using d-arnping factors

of 5O%, and. then from an inspection of these resuLts ¿eter:

mine the optimu:n ltfudge factorrr for each pt*å""ter belng

refined..
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Altogether three refinement programs have. been vrrltten;
t!'i'o y,'ere. used, to refine the l{aPTD siructur-e lvith lsotropic
and later anisotropic temperature factors, the third- tò:refine
the B.Br structure. . These progrâms are rargely simil-a.r and_

this section r,.¡i11 d.escribe features v,'nich are in general

common to al-1 three. '

A copy of some output fron the anisotropic p2,/a

progran is given in fig. B, i,vhile a more complete d.escription

of the isotropi c P2r/n p"rogram is ìnctud.ed. i-n Appendix J.

Refine LJ IlS.

10n..1 G r 1d SC t

Slnce tire refinement programs trere "i"itten u¡ith

particu-l-ar crystal stru-ctures very much in mind, they tvere

written only for the approprlatä space group. Although other

structu-res of the same symmetry could- be refined- usi-ng these

programs this l-imits the use of the programs. rt was rea]ised

that this limitation could. have been overcome by follov'ring

the proced-ure of sparks et a1. (1956) a.nd prograaming for the

space group PT, thereby making no use of -r,he p2r/a l_attice
symmetry, but, it was al-so fel-t that, if necessary, fairly
straightforr¿vard. changes coul-d. be made to the programs them-

selves to accommodate other space groups. I'he appr.oabh used-

is therefore simil-ar to that of Lavine and_ Roll_ett (lgSe) rrho

maintain that the increased. efficiency of the prograrns ouöweigJ:s
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tÌre add-ltlonal- labour in cod'ing'

In section l¡.2 approxi'mations lrere given for calcul-a-

tion of the various coefficients in the refinement eo;uations; 
r

thesecoefficientswerecalculated-fortlrefirstrefinement

cycleonl-yand-thereafterregard.ed.aSconstant.Inpractice,

refinements l'er.e generally cart'ied- out 1n three-cyc1e runs, 
.-

Sothatthecoefflcients.l?ereineffectred.eter¡llned.every

three cYc1es

Slncearefinernenthad.toproceed-v¿ithoutsupervision

several checking ¿evices rt'ere includ.ed-; a negati-ve result to

*-any- of the folloi'-¡ing tests v¡ould' terrnj-nate the rlln'

a. Is the initial R val-ue less than a preset value?

' b. Has the R val-ue at the end- of a cycle decreased by

at l-east a specified' (posj-tive or negatlve) amount?

-c.iSarlyshiftgreaterthanapreset(snral.lpositive)

maximum? t '

d-. Have the stated- maximum number of cycles not been

cornPleied?

4.3 .2 Struc ture fac tor Þart.

. The coniribution to F" fron those atoms not being

refined.lvascalculated-onlyonceand-thensior-ed.;thu-sonly
thevariablepartofF"need.ed.ca]-cu]-ationd.uringeachcycle.

This featurer ',-"'hich enabled chosen aions to be refined v¡hile

the remaind_er \rere held_ constant, ..ïas found- most useful i-n a

largerefinement.¡¡hereapreliminaryrefinenentofafev¡atoms
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onl_y coul-d. be'used- to check that the program was running

satisfactorily and- afso to cletermine 'bhe best values of the

necessary rtfud.ge fac'r,orsrr vulthout rrasting computer tilrie on

full refinement cYcles. .

Beforeeachrefinenentcycletablesofcos2zrh'x'

an¿ sln2nrhi*i (i = 1r2,3) ï/ere evaluated- and- stcjred' for

each atom by calculating cos}rx, and. sin2a.x, and' then using.

the recu-rrence relationshiPs

sin(ircr) = 2sin(h-1')ø'cosct - sin(lr-e)a

and' ( +.. t+o ¡

cos(rrø) = 2cos(h-1 )cx.coscr - cos(n-z)ø

these trigonome-t,ric tables were then used. -qot only for stru-c-

ture fac]';or cal-cul-ation but al-so in evaluating the various

d.erivatives of the d-ifference densi't'y'

Although at one stage the atomic scattering factors

had- been represented. by the sixth d-egree polynomials of

Freernan and- smlth (195s) :-t.vÙas noY'¡ realj-zed- that economy

of storage -space v¿as not critical- on the 7o9o and- that a

tabular representation of the f-curves v¡as theref.ore prefer-

ab]e. The l-atter method. can have superior accuracy, is inuch

faster, and. permits the use of f-cu-rves for r"'hich the pofy-

nornial coefficients nìay not have been C'eLerirrined-; it is also'

a simple natter to atl-ow for d-iffering si;ates of ionization

or to extend- the (sing/,r.) range. Tabl-es of f at intervals

of O.OO5 in sine/À. trïere read. oi.f fr-orl ca.eflllly dra'"vn large
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scale $Ephs end- Yrere used vrithrout ínterpolation' Ä, summary

of the maxj-mum errors is given bel-orr'

fì nt I'laximum absolute ìIaximurn Perc ent
( "i.

) )error el ectrons

Br
S

Na

o

N

0

il

ft may be noted- that the percentage error in F" rvil-l-

be largely ind-epend-ent of the rnagni'tud'e of -r" because the

errorsinfforeachatomarisefromscat.ueringcurvesof
simj-l-ar shape. To a nough approximation -r,he error afn(hrkrl)

j-n each fn(hrkrt) contributing to a glven structure factor

equals the seme fraction of fn( hrk"!) for all- atoms' so

i AfncosO¿ oc l f¡,"cosOn (4'41 )

The cal-culated structure factors shoul-d- therefor-e be accurate

within about 1%.

The ato¡nic scattering factor curves of Berghuis e-' al'

(1955) lvere used- for sod-ium, oxygen' ni-trogen and- carbon;

that oí Darvson (1960) ror sulphrr; that of liciïeeny (lgsl ) ror

Ìrydrogen and- that of Freema.n and. riatson (1961) ' mod'ified- by

tire anonal-ous d-lspersion correction of Dauben and Ter¡pl-eton

inf( 1nf

.48

.64
,.57

.74
1.O

1.O
1.1

.12

.085

. o40

.045

.040

.o37

.01
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(lgEE), for bromine.

)+.3.3 Fourler

The d-ifference electron density D = Po-Pc and. its

various derivati.r"" !f;, 'r1Ì etc. \trere eval-uated by th-ree

sets of one-d-imensional sunmatj-ons over 1, h and. k in that

order. (fnis ord-ering proved convenient for both structures

ilescri-bed- in this r¡vork.) gy splitting up the sumrnations in

this i¡iay a consid.erabl-e saving of comþuter time l,'as achieved-.

Íf , for example, v,re perform the summation

) tr'(hrk, 1)cos( 2rrLz/c) = .Á-(hrk)
1

then the coefficients a(frrt) can be used. in generating
òD ò2D -11 !r^- ¡^-^:-..D, ;;, 3#,.. and. in fact alL the d-erivatives of D excepting

those with respect to z. Similarly the summation

(zn'/c) . r.p(h,.k, r) si-n( Znz/c) = At(rr, r) (t-r.4J)
òll
òxòy

(l+.42)

and.
t-

òD
ò2'can be used- in generating not onlY but al-so

òp
olloz

4.3.4 S calin.q.

It was d-ecid-ed to scal'e the observed- and- cal-culated-

structure arnplitudes by the criterion that

r,vhere the summation vlas taken over those spectra obserr¡ed-

as non zero. Althoug'h another possibl-e metÌrod. of scaling

by using a zero d.ifference density criterion has been ¡nenticned

(¿r.t.2), tt v¿as fou-nd- that (t+.U¿+) rruoulcl be ¡rost convenient for
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the layer-by-layer scal-ing d.esired. for the ]{aPTD refinenient'

In an effort to keep the scale and. ternperature factor

parameters ind-ependent, the scale factors Ï!¡ere evaluated- and'

applied. to the observed. Fot" before the other parameter shiibs

vtere calculated.. The typlcal proced-ure lvas as follows

( I ) Ca.Icul-at" F" f or all h, k, l'

( ii ) Find- the scal-e factor( s) frorn >

( iii) scale Fo.

(i.,}Setupthecoefficients(Fo-F")and.evaluate

e 1

Since -the more intense NaPTD refÏèè{1ons had- been

measured. photoinetrically it v¡as thought that the observed'

strueture anplitud-es had- in this case an epproximately con-

stant absoluie u¡rcertainty. Accord.ingly an tra1l on nothing'r

r.r'eighting systern-was used.. On -r,he other hand -t'he B'Br d'ata

had- been entiràry esti¡nated. by eyd estima'r,lon and was there-

fore thought to have nearer a constant percentage uncert'ainty'

In this case a veighting scherne sirnilar to that of Hughes

(1941 ) was used.; i' e. the coefficients inc]-ud-ed- v,/ere

vr(Fo-F" ) .'lnere

or = 1 if Fo . 4F* (a.+5)
w = 1/îo if Fo , 4F*

wÌrere I',n is the ninirnum observable vaiue of Fo'

.After the coefficients v;(Fo-F") (with v = 1 for the
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NaPTD case) naa been formed-, tv,¡o further tests v'¡ere applied.

g. If either zl¡'ol < lp"l, or zlr"l < lpol'
w rvas put equal to zero. Thj-s test tn¡a's alsignea to

elimina-te vreak refl-ections of uncertain sign.

þ. If r,vlFo-tr'c I vras greater the.n' some preset value, this

coefficient in¡as omitted-. Observed- I'rs severely

affected. by extinction lvere therefore ignored-.

Taken together a. and- b' al-So 'eliminated- obvious errors of

measurement or ind-exing.

4.3. 6 Unobserved- reflect ons.

since about a thrird- of the accessibl-e NaFTD refl-ec-

tions had. been experirnentafly unobserved- an effort l'/as inad-e

to d-o better than cornpletely ignore them. From a knowled.ge

of the mininum observable am,oì-.i-tud-e where ihe Lorentz-

pol'ari-zation factor rvas unity, the rnirrinrum observable ampli-

tud.e F,n a-ppropriate to the. reflection being consid-ered was

calculated,. The follolving procedure i¡"a.s ad-opted.

â. 'rrlr"l ( Fm, ignore.

b. If Fn . I F"l . 2Fr, includ-e the contribution

S"'(k.Fr- lr"l ) in¡here S" is the sign of F" and- k is a

constant d-iscussed befoln¡.

c . If l*" > 2F^t ignore.

From the statis'blca1 d.istribution of intensities given

by \¡/ilson (1949) it folloivs that the most proìrable val-ue of

an unobservecl structure a:npliitrde is ¿-ii'., for a centric
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structur"e. ríith -r,hi-s in mind. k = i lr-as initialÌy used;

i.r.or'/ever, d'uring the final (isotro-olc) refinenent of NaPTD

tirecoord.inaieshiftsbegantooscil]-ateand.itltasfound-

that this could_ bà prevented. by using k = 1 ivhich vras there-

foreused.forsubseo;uentNaPTDand-B.Brrefinement.This.

resu]t is to be expecied- 'rvhen it i-s reme¡il¡ered- that instead-

of all the r:-nobserveÔ spectr'a' lve are consi.d-ering only a set

for lvhich F. exceed.s the maximum possi-b1e o*io" of Fo¡ i.e .

esetforr''drichr'¡eexpecteachFotobenearitsthreshold'
vafue' 

f record-ing ln-r'ensi-],¡ilren ihe l'ieissenberg technicue oi' recorollrg al

tlesi-susedrspotsv¿ithsinOnearunrt¡r¡i¿yeitherfallina
regionofin-uensebackscatterl,¡hichmakestheirintensit,y

measurement'¿nreliablerortheyrnayinfactnotevenbe
recorded-onihefi.lm.ontheotherlrand-sincetheLorentz
polarizaLionfac-r,orisnereconsic-erableihesespotshavea

vecJt sna]l lnterisity 'r,hreshof(L. To avoid includ-ing tirese

unr.eliable coefiicients only those r,vi-th sinê less tl-ian o'97

tri/ere consid-ered- for inclusion rn the refinernent ecluations'

4.3 7Ti
R.ef inenent of 14 atons of the ITaPTD structure (17OOt"ts)

with 6 atorns held_,constant, al-l- havj-ng aniso-uropie therna'l

_oaraneters, too.< 1 OO sec. /cyc:- e. Iso brollic paraneters nna'd-e

l-itife d-ifference'



178

rror bhe -8. Br gf ¡LLsf rre ( Zooo l¡t s )

a-'cons r'rith lsotropic ternperature fac bors

refinerirent of 46

'uook B nins "/clcle.
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To

1.
2.

3.
4.

5.

o.

OPERÀTTON OF lHE SOLUS E

sv¡itch tlre supply oÏ1r proceed- as foll-ows'

Ensure that all svritcñes are off'

trvater rronrr (z-l 1./min' ) '
Close -i,he tvo vrall- switches'

Close the rrcianual- siartrt relay

srvitch on the polver supply (¡ut not the i'¡1.1." slviich).

rJait 2 mins. for filaments to Îrüarn üPtr'

Set the overload- control at its maximum' lJÏith H'î'

sel_ector on ll1 ll , close. -r,he tlli.T. ll sv"itch'

Increase the H.f' voltage and' X-ray tube filament

current to obtain the desired' tube voltage

and current. Typical values for copper.

rad.iation are

7.

(i)

( ii)

B. Decrease the

IrÌ{.T .4rt JO4.V . 26m. a .

'rI{.T.5n 34K.V ; 
20m. a.

overload- control to ( tuy) 40 Ûl' â'

To srvitch off , proceed- in reverse order from 7 to 1 '
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APPENDIX 2.

Results of refin"tu"lull"TS:to using isotroplc temperature

The final atomic parameters are l-isted. belolv along

urith the resid-ual electron denslty at the atom sites.

Atom Zb vh Zb B

oz )(

Dn- A^wz
(" 

" A')
-.23

.27

-. 09

.00

^o
_.o7

.o3

.05

-.05

-.04

-.o9
.o1

.oo

.05

S

Na

o
1

o

N

tj

cz

c-)
4

"5
11

o

"7
cB

cg

H

.479

.243

.412

.7 34

.396

. i+89

.4437 .

.1892

.2049

.9977

.123O

.1309

.o29O.

. 0506

.1531

.248t

,34.29

.3523

.2670

.16'.27

.0928

.0102

.69o9

.0996

.3761

.5636

.2761

.6248

.6778

.5401

.5941

.7.BoB

.9187

.8683

.1934

.a236

.0797

. og84

.08o5

.1 008

.1163

.1839

.27 24

; j2o2

.4013

.4287

.3833

.3041

.159

.29J

.437

4.o

3.8

4.0

4.6
ztr

3,4

3.5

4.2

4.4

7.o

8.9

9,0

B.g

o.o

4.0

9.5

8.5

H1

2

3
H
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endix 2. ( cont; )

A'r,on {= vh. zb B-

,{ 2_( )

Hk
-'J
lI r)
Hr

.425

.¿(¿

.o95

h0t_

orì

.191

. ¿+06

8.5

7.4

ir41

I1.2

A)t

.o65

.97 3

hl 1_ tt2:.-

'10.0 10 "5

?he overaLl rel-iabili'uy ind.ex R r'¡as lO.Li% and- the

values for the indivl'l-ual la;ts¡t r¡,e're as fol-lo1"'s'

Layer

R(i¿)

h3L

r 0.6

h5r

12.3
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APPENDTX 3.

COÌ'iPUTER PROGRAI,IS

Introd.ucti on. ,'

A brief d_escript'ion is given of each program. îhis
is fol1olved. by'the limitations (".g. to the size of h, k

and. Ì), and..a l1st of the FgRTR\N names given to each of
the input variables. Then foll-ot"¡s a listing of the program.

1¡ STRLTCTURE

An IBlvl 1620 program for the space group P2,/a.

e scr]. 1

The program accepts each atom type, coord.inates, and-

ind-ivid.ual isotropic .temperature factor as initial- input.
Then one cerd per reflectlon contalning h, trar- I, Fo(hrkrl-),
sino and. the scattering factors for each atom 'uype approp-

riate to the refl-ection is read- in. F" and- Fo-F" are

calcu.1ated.; also the R value for ea'ch layer of k.

Input rnust be strictl-y in the ord-er

(t<=örkr'*(h=o,nn"*(f-o, lnrr*) ) ), hoivever control

card.s can be used- to skip calcul-ation for any values of
h and. k.

Limitations "

hnlax,

I,faxm.

- llaxln.

FORTRAì{ names-.

P(1,r)
p(e,r)

kmax' lrnt*

of 25 atorns

of 6 atom types.

< 100

Atoin type (an integer', 'l to 6)

*r



p(¡,r)
p(4,r)
p(5,r)
JlRU
iilRU
Ll'R.U

TIiET-À

c(6),.",c(1)
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vT
,T
R_-I
h

k
I

o(n,icrl)
sinO
Scatiering Íactci's. e'.g. fo, t',,iur"JH

Bu-,, ,ou.tt,ing these negative tÌley can

be useci 'co sklp to -uhe next la.yeL: of
/\.i{ ( say,) .

a



c
c

c

B W MATTHEWS PHYSICS DEPT TLl2
STRUCTURE FACTORS SPACE GROUP P2I/A
INDIVTDUAL ISOTROPIC TEMPERATURE FACTORS
PROGRAM FOR iBI'1 1620

DIMENSIONCX (25t ,SX( 25 ) rCY l25l ¡SY ( 2 5I ìC.ZlZ¡25 ) rSZ ( 3¡25t
DII4ENSIONP | 5¡ 25 ) r C( 6 )

READ3 I NMBR
3 FORMAT(I5)

P2=6.283
DO21 I= L TNMBR
READórP ( I rI ) ¡P l2¡Il ¡P(3rI ) rP(4rI ) rP( 5r I )

PRINT6TP( f r I ) rP l2tl I ¡p (3r I ) rp(4r I l rp( 5r I )

FORMAT ( 5FIO,5 )

CZ ( 1 r I ) =COSF( P2r+P( 4r I )

SZ ( l- ¡ I ) =SINF( P2*P (4r I )

DO290K=L r I00
DK=K-1
FCSM=0.0
PDEL=O " O

DO291I=lrNMBR
v-P2*DK*P(3rI)
cY(I)=4"0.r+coSF(Vl
SY( I )=4.0rrSINF(Vl
DO190J=Ir100
DJ =J- 1

DO191I=lrNMBR
V=P2x'DJ*P (2;I I

CX(i)=COSF(V)
SX(I¡=$Jf,if(V)
I D5= K+J
DO90L=1 r100
DL=L-1

+

6

21
L7

29r

191

READ2IJTRUIKTRU'LTRUTAITHETATC(ó) IC(5) IC(4T ¡C(3) ¡CI2) IC( 1)
2 FORMAT (313 rF6"1 ;F1.4¡F8.2¡5F6.2\

IF(C(ó) )189¡23¡23



¿2
25

IF (L-2\25 c26¡?1
DOZB ¡=l rNMBR
CZl2rtr)=I.0
CZ(3 rI )=1.0
SZ(2rI)=0.0
SZ(? rI )=0.0
GOT049
DO38I=lrNMBR
czl3¡I)=cZ(1rI)
SZ(ar¡¡=SZ(1rI)
GOTQ49
DO48I=lrNMBR
e=Cê(3ri)
W=SZ(3rI)
CZ (j tl I =2.OvCZ( 3 r I ) *CZ (1 r I )-CZ (2¡ I I

SZ(? e | ) =2.0*SZ ( 3 I I ) *CZll I I )-SZ (2¡ Il
CZ(2rI)=Q
SZ(2rI)=W
¡¡=l¡1f TA / 3.018
XC=4,0.,tXA'*XA
ASUM=o.o \
IF(JTRUISL;32¡?2
B=- 1 .0
GOTO3 5

B= 1.0
DO63I=lrNMBR
M=P(1rI)

2g

26

3B

27

48
49

3T

32
3'

60

óT
63

W=P(5rI)*XC-1.
T=0. OO8 333+h/* ( O . OO 1389+W* ( O. 000198+Wr+0' 0000248 ) )

T= ( t. O+VJr$ ( 1 .O+ù; t O. E+Wx ( O. L¿6ó7+W* ( 0. 0416ó7+W*T ) ) ) ) ) x2 t7183

N=IDS./2-IIOS+I)/2
IF(N)ó1r60ró0
ASUM=ASUM+CY( I )*(cx( I 'txcz(3ri )-B*sx( i )*sz(3rI ) )*c(M) /T
GOTOó 3
ASUM=ASUM-SY( I )*(CX( I )*sz(3r I )ç$xsX( I )rfCZ(3rI ) )*C(M)/T
CONT I NU E

J

Oo
\n
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46
45
44

SUM=ABSF ( ASUM )
D I FA=ABSF ( A-SUM I
FCSM=FCSM+SUM
PDEL=PDEL+D I FA.
I F ( SEruSeSh/I TCHl I 46 t 45
PUNCHT r JTRU rKf RU r LTRU r ATASUM r D I FA
I F ( SENSESW I TCH2 I 44190
PR I NT7' JTRU I KTRU T LTRU I A IASUM ID I FA
FORMAT ( 313 r FB.1 r F8.1 r F8.1 )

CONT I NUE
IF(C(5t t24r190i190
CONT I NU¡
Rt=PDEL/ ( FCSM+o.00001 ),
PAUSE
PRINTgIFCSUIPDELIRI
FORMAT ( F10.1r F9 .I tf'l .4 ¡

I F ( C (4t t289 ¡290 r290
CONT I NU E
IF(C(3))288t288¡L7
STOP
END

9
18
I9

2

290
2A9
288

1
u
9
0
4

I

J

Oo
o\

t
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IiüE o1\T F S
PR0GR{ir{

Frr s t stap;e

ê.n IBÌr.,i 162C program for the space grou'o Pz,/n'

De scr] on

The program is run in three stages corresponding to

sunmaticns-over 1, h and- k. Outpu'c frorir each stage (after

sorting into the appropriate ord.er) serves as. input for the

next s-r,age. The combinatiorl of coefficients (¡(ñ'k'1) +

!'(h,kr1)), .anC. sorting into sets of (tr+l<) even and'oCd-'

:must both be d-one'prior to the first sunnati-on'

LiJnitations

h <.20, k <2O, I <51

Any int.e¡"¡al- of subd-ivision of zi max' of 13O

d-ivisions can be calcu-1ated-'

Any' even intervaL of subd-i-vision of x; eny number

of d.ir¡isions caleulated-. | - x autornatically.given

with x.

tury subd.ivlsion of y divisible by 4; any number
''--
2.tof d-ivisions calcula-ued' 1-y; 3¿+y'

autcnaticallY given vrÍth Y'

F lt1'u\ S

(suilinatj-on over 1)

¡]ZDIV i'Tunber of d-i'¡isions of z (e'g"60)

liC.ÀLC ll-u,rber of these d ivisions to be cal-cul-ated-
(e"g. 31)

Lir-.AX :,-axllt. va'lue of l- ( 
"'g' ?C )

SCAI,¿ Sca.ling factor (":g' o'1)

J, K, iill , ¡r(l) it,ic, (¿(n, .^'I-1) 
' I = 1 bo lT1 )

v¡here i-(h, k, I ) = r(h, ii, 1) + F(ñ' k' 1)
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Sec ond- staqe (summation o'¡er h)

The coefficlenis read in are of the form À(hrkrz,\

vrhere there are a naxm. of 10 coefficients on each

card (".g. , =63 'ro¿,2o ro" ttz range 1", or

z = # t" Pd for ttz range 2"). rnput j-s 1n the

(tn = const. (rr = o, horrr, )).

Nurnber of dlvisi-ons of x

Nudber of '¡,hese d.ivlsi-ons 'bo be ca'l-culated

IZÌi'.AX Typically ec¡-ra-l 1 and 10 to lnqlud-e

the 1O coefÍ'icients on ea'ch ca'rd

deror

XJIV
I'TCALC

IZÌ.íIN,

SCAI,E

J, T.'
T2

I,i( r )

KlrlAX

SC:\LE

Z:-riRO

K

TX

TA

(".g. , =å
Scal-1ng factor
h, lc

z ran.ge

A(h-1 , k-1 , ,'r.) "

ta år

.Th sta r¿e ( sunrria. bion over 'k)

The coefficr ents read in a.re of the for¡n ¿(1i, x,z)
\lhere¡ âs in sbage 2, there are a aaxrn" of 10

coefficients on ea.ch card. InpuL is 1n the ord-er

(" = const. (k = o,kmax)).

YDIV i'Tun'rber of d.ivisions of y

IICALC ltruniber of these 'd ir¡isions 'bo be ca.l-cul-ated-

IZÌr{ItT, IZÌrLAX As in sta-ge 2.

k (t¡r¡-s v¿ill- be the same for all- x and z)
me.x

Scallng factor
A constant ad-d,ed- to tÌre final el-Lìc-uron

d ens ity
k
Integra] va.lue of x ("'g" IX == 

t:; for x = 5/'"O)

z range ; ¡.1( r ) ir( x-1 , I){, ,t)
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B vJ MATTHEWS PHYSICS DEPT rL12 -^^,,ñ ñâr,À,
3 DIMENSIONAL FOURIER SUMMATION SPACE GROUP P2IlN

FIRST STAGE
D Cos
N ARE SUMMED AS TERMS A'SIN(L'Z)
MED AS A.COS(L.Z )

DiMENSIONA(51) rC(51) rS(51) rM(130) rN(130)
DO50I=lrI30
N(lr) =0

50 M(i)=0
READ3 I NZD I V INCALC TLMAX I SCALE

3 FORMAT l315¡15.2)
ZD IV=NZDiV
Z=6 "2832/ ZDI,V
McARD=(NCALC-1)/10+1
NCARD=LMAX/ 1 1+1
c(1)=1.0
S(I)=0'0

10 DOTIL=IrNCARD \

READ4::iliii;l?L ) rA.( L+1) 'A( L+2 ) rA ( L+3 ) rA ( L+4) rA( L+5 ) rA ( L+6 ) rA ( L+7 ) rA( L+8 ) rQr R

A(L+9)=G
A(L+I0)=R
ionmRrtzH tzlStSH rI3r11F5'o)
DO20I=ITNCALC
DI=I-1
S(2)=SINF(ZxDI)
C(2t =69SF ( Z)+D I )

IF(Nl-3)25¡26;26
DO27IN=3rNI
s t l¡.D =2.0*s ( IN-1) xc ( 2 ) -s ( IN-2 )

C ( IN \=2.OxC( IN-I ) *'C ( 2 ) -C( IN-2 )

SUl,4C=0. 0
SUMS=0. 0

T

I

i

7
4

26

27 -l
Co
\o



DA2BIL=1rNIr2
28 SUMS=SUfvlS+A ( IL ) XS ( TL )

DOZ9 IL=2 rN1 r2
29 SUMC=SUMC+A ( IL ) *C( IL)

I.,1( I ) =SUMSXSCALE
20 N(I)=SUMC*SCALE

DO40IA=ITMCARD
L= 10'x I A-9
IMl=M(L+1)
I N2=N ( L+I )

IF(SENSESUJITCHI l3I)30 \

31PR1NT5rJrKr IArM(L) r IMIrM lL+2) rM( L+3) rM( L+4) ¡M(L+5) rM(L+6 ) rM(L+7) rM(L+B I rM(L+9)
PRI NT6 rJ r K¡ IA¡N ( L ) r IN2 rN (L+2 ) rN ( L+3 ) rN( L+4 ) rN ( L+5 ) rN( L+6 ) rN( L+7 ) rN ( L+8 ) rN ( L+9 )

5 FORI4AT ( 2HSE-t313 r1Xr10ló )

6 FORMAT (ZHCO g3l3¡ 1X;10Ió ) l

3OPUNCH5 r J r K: IA:M (L ) r I Ml rM lL+2 ) r M ( L+3 ) rM ( L+4 ) rM ( L+5 ) rM ('L+6 ) rM ( L+7 ) rM ( L+B ) rM ( L+9 )

PUNCHó¡JrK¡IArN(L) rIN2rNlL+2) rN(L+3) rN(L+4) rN(L+5) rN(L+ó) rN(L+7) ¡N(L+B) rN(L+9)
40 CONTiNUE

GOTOT0
END

\oo

c
c

c

THE APPROPRIATE HALF OF THE COEFFS ARE SUMMED USING
ABOVET FOR THE OTHER HALF THE FOLLOWiNG CHANGES ARE

THE PROGRAM
MADE

SUM OVÉR L H+K+L EVEN COs
SUMC=5Ul''iC+A ( IL ) r+C ( I L )

SUMS=SUI.4S+/i ( T L ) *S ( IL )

FJ( I )=SUt',iCxSCALE
N(I)=SUMSXSCALE
FORMAÏ ( 2HCE I3T3 I lXI 1O I 6 )

FORMAT ( 2HSO ¡313 t 1Xr 10 Ió )

r ODD SIN
1ALO

¿9

20
5
6



€ FOURIER SUMMATION SECOND STAGE

¿ suM ovER H H+K+L oDD

DIM,ENSIONCI (20r1Ol r Czl 2Orl0 ) I Cl20) rS( 20 ) rM( 20) rN( 20 )

REÁD3 I XDi V I NCALC ; TZì4I N T I ZMAX TSCALE

3 FORMAT ( F5.0 ¡315 ¡F5.21
NHALF=XDIV /2.o : '

XDIV=6,28?2/XDIV
C(1)=1'0
S(1,)=0rO
DOÓOMI =It20
N(Ml)=0'

ó0 M(Mt)=0
9READ5 rJ r I r I 2 rM ( 1 ) rM I 2l rl"1( 3 ) tM( r') rM( 5 ) rM( ó ) rM( ? ) tM ( I ) rM ( 9 I ¡M( 10)

IF(J)8r11¡11
l L Nl'l-J+ 1

. DO12IZ=TZI4INIIZMAX
L2 CI(NH'IZ)=M(IZ)

K=I
IA=12
coTog \

gREAD5;i ,\ rtzrM ( 1) ¡t4tZ) rM( 3 i,M ( a ) ¡M( 5 ) rM( 6 ) rM( ? ) rM ( g ) rM( 9 ) rMl I0 )

lF(J)19r13¡L?
13 NH=J+I

DOI4IZ=I'Z!4I N¡ IZMAX
14 C2(NHTIZ)=M(IZ)
5 FORI'IAT ( 2H ;313 ;1X I 10I 6 )

GOTOS
19 DO100 I X=1 TNCALC

IXl=IX-1
p¡=1Xl
Cl2t=COSF ( XDIVTTDX )

s(2)=slNF(xDIv*Dx)
IF (NH-3 )25¡26¡26

26 DO21 IN=3rNH :

C( IN ¡ =!.0*C ( IN-1 )*C( 2 )-C ( IN-2 )

\o



21 s ( IN)=2,Ox.S ( IN-I )x.C( 2)-S( IN-2 )

25 DO35lZ=lZl4I I'lr IZf4AX
SUMCO= 0 .0
SUMSO=0.0
SUMCE=0.0
SUMSE= 0 .0
DO2BIH=1rNHr2
SUMCE=SUMCE+CI ( IH r IZ ) xC ( IH )

28 SUMSE=SUI4SE+Cz ( IHIIZ)*S( IH)
D038!H=2¡NH¡2
SUI4CO=SUMCO+Cl ( IH r iZ ) xC ( IH )

VB SU14SO=SUMSO+C2( IH tIZ)xS(IH)
M ( IZ ) = ( SUI4SE+SU¡4SO+SUMCE+SUMCO ) *SCALE
IX2=NHALF-IX1
N ( iZ ) = ( -SUMSE+SUMSO+SUMCE.SU
I X3= I X1+NHALF
M ( IZ+10 ¡= (SUMSE-SUMSO+SUMCE-SUMCO) *SCALE 

iIX4= IX2+NHALF i

35 N ( IZ+IO ¡= (-SUMSE.SUMSO+SUMCE+SUMCO )*SCALE
IF(SENSESWITCHI)3I¡3O ' 

,

31PR¡NTórKr IXlr iArM( 1¡ rì4(2) rM( 3) rM(4) rM(5) rM( ó) rM(7) rM( B ) rM{ 9) ¡M( l0)
PRINT6TKTIX2TIATN(1) rN(2),N(3) rN(4) rN(5) rN(ó) 'N(7) rN(B) rN(9) rN(10)
PRI NT6 r Kr IX3 r IA rM ( I I ) rM ( lZ ) rM ( 13t:l¿t ( 14 ) rf,l ( 15 ) rM ( l.ó ) rM ( 17 ) ,M( tA ) rM( 19 ) rM( 20 )

PRINT6TK' IX4r lArN(11) rN( 12) rN(13 ) cN(14) rN( 15) rN( ló) rN( 17) rN( 18 ) 'N( L9) rN( 20)
6 FOiìt4AÏ lzHO c3l?r1Xrl0I6)

3oPUNCHórKrIXlcIArþ1(1) ç14(Z ) rM(3) rM(4) ¡M(5,) rM(ó) rM(7) ¡M(8) rM(9) rM(10)
PUNCH6 rKr IX2¡IArN (1) rN( 2 ) rN( 3 ) rN ( 4) sN( 5 ) rN( ó ) rN ( 7) rN (8 ) rN( 9) rN ( 10 )

PUNCT-i6:Kr IX3¡ IArM(11) 'M( 12) rM(13 ) rM( 14) rM( L5) rM( 1ó ) rM( 17) rM( 1g ) rM(19) rM( ZO)
PUNCH6 ¡Kr IX4r IArN (I1) rN ( 12 ) rN( 13 ) rN( 14) rN( 15 ) rN( 16 ) rN( 17 ) rN( 18 ) rN( 19 ) rN( 2O)

lOO CONT I NUE
GOTO9
END

SUM OVER H H+K+L EVEN
SUMCã=SUMCE+C?( LH t lZ) råC ( i H )

28 SUI4SE=SUMSE+C1 ( IH I IZ)XS( IH }

J

\o
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SUMCO=SUMCO+C2 ( iH n 1 ¿ ¡ x( ( IH )

3B SUMSO=SUMSO+CI ( IH;IZ'lxS( IH)
14 ( IZ ¡ = ( SUMCE+SUMCO-SUMSE-SUMSO ) IÉSCALE

N ( I Z ) = ( SUMCE-5UMCO+SUMSE-SUMSO ) x'SCALE

r"i t i ¿+f O ) = ( SUMCE-SuMCo-SUMSE+SUMSO ) *SCALE

35' i\i i iZ*ió ; = ( suMcE+suMco+suMsE+suMso ) *'scALE
- 6 FORMAT ( 2HE t313 ;1X r 10I ó )

c
c

FOURIER SUMMATTON THIRD STAGE

5ul4 avER K or.cl2o)rs(2oI¡M(20)tN(20)Oi¡lg¡,fSIONE (20 tIO ) rF ( 20;10 I rC( 20) rS( 20

READ3TYDIV' ÑCAUC I IZMIN I IZMAXIKþIAX ISCALETZERO

3 FORMAT ( F5.O t415 ¡F10'5rF10'5 )

KMA=KMAX
KMAX =Ki"'lAX+1
NHALF=YDIV /2.O
YD I V= 6.?B?2/YDTV
6(1)=1n0
s(1)=o.o
DO60M1=1 r20 \
M(M1)=0

ó0 N(Ml)=0
9 DO I2 I K= I ¡ Kl"lAX

READ5TKT IXr IArM(1) rM( 2) rM(3) tM(4) tM(5) rM(6) rM(7) rM( gl rM(9) tM( 10)

5 FORMAT ( 2H t3L3 ¡IXr 10 I6 t i

DOl2IZ=lZlll Nr IZMAX
L2 E(K+ItlZ¡=¡,1(IZ)

DOI4IK=IrKMA ...-\ r¡,,. r

READ5TK.¡IXr I2 rM(1) rM( 2 ) tM(31rM(4) tM( þ ) rM(6) rM(7) rM( 8 ) rM(9) tM( 10)

7A=12
DO141/=lZl4I Nr IZMAX

14 F(K+ltIZ¡=þ't(tZ)
DO100IY=IrNCALC
IY1=IY-t
DY=IY1

J

\o
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c(2t =coSF (YDIv-FDY )

S(2)=SINF(YDIV++DY)
DO27IN=3¡KMAX
C ( i N ) =2 oOr+C ( I N-1 ) *C ( 2 ) -C ( I N-2 )

27 S( IN!=2.0*S( IN-t)*C(Z)-S( IN-2) -
DO35lZ=lZl,1i Nr IZMAX
SUlrlCO= 0 .0
SUMSO= 0 .0
SUMCE= 0 "0. SUMSE=o"o
DO28IK=lrKMAXs2
SUMCÉ=SUMCE+E ( i K r I Z ¡ x6 ¡ ¡ ç ¡

28 SUMSË=SUMSE+F( iKITZ)J+S( IK) :

DO38IK=2rKMAX¡2
SUMCO=SUMCO+E( IKg'!.Z)+tC( IK) I

3B SUMSO=SUMSO+F( IK'IZ)*S( IK)
I'1( IZ) = ( SU|\ICE+SUMCO-SUMSE-SUMSO ) *SCALE+ZERO
IY 2= NHALF- I Y I
N ( IZ ) = ( SUMCE:SUMCO+SUMsE-SUMSO ) *SCALE+ZERO
iY3= IY1+NHALF
M ( ] Z+]O ) = ( SUMCE-SUMCO-SUMSE+SUMSO ) *SCALE+ZERO
I Y4- I Y2+NHALF

35 N ( IZ+10 )= (SUMCE+SUMCO+SUMSE+SUMSOI*SCALE+ZERO
I F ( sENsEswi TCHl ) 31 r30

3I PRiNT6TIX¡IYlrIArM(1ttl{l2) rM(3)rM(4)rM(5)rM(6)rM(7)rM(8)rM(9)rM(10)
PRINT6TIXTIY2vIATN(1)rN(2)rN(3)¡N(41'¡N(5)rN(ó)rN(7)rN(8,)rN(9)eN(10)

PRiNïc¡iXriY3rIArl"l(11)rl4ltZ)rM(13)rM{14)rþ1(15)rÞ1(16)rM(l-?)rM(18)r1,'l(tç)rM(20)
PRINT6TIX,¡IY4¡IArN{1t)'N(tZ)rN(13)rN(14)rN(15)rN{16)rN(17)rN(te)rN(19)rN(20)'3c PuÀlcHó¡IX:IYt lIArM(L) ¡M(2) 'M(3) rM(4)rM(5) rM(ó)rlvl(7)rM(8) rM19) rM(10) ',

Ptrl'tCHó r IXr I Y?¡IA¡N ( 1) rN ( 2 ) rN ( 3 ) rN ( 4i rN ( 5 ) rN (6 ) r N (7 ) rN( I ) rN ( 9 ) rN ( 10 )

PUI'¡CH6 ¡ iXr IY3c IArl¡1( 11) rM (12) 
'M 

(13 ) oM ( t+) rM( 15 ) rl'4( 1ó i ¡M ( 1? ) rM( 18 ) rl4 ( 19 ) rM ( 20)
PUNCtlc r IXr IY4riArN(11) rN( tZ) :N( 13)rN( 14) r¡l{ 15') rlt}( 1ó) rN( 17) rN( 18) rN( 19) rN( 20)

ó FORj\.1AT(IHX¡13¡3ll Y¡!3¡4H ZRrI2¡4H r1014)
100 Cotti I NUE l

coToe I

END I

-l
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PRCGRA.\,ri 3.
i.,tsNT.

An IBi,Í 7O9O program for the spece group P2r/n'

Desc ripi ion

îheprogranoperatescyclically,refill'inga'o-oroxirla.-vely
known struc,cural parameters by rrDifferential- difference!t

Fourier syntheses. Descriptions of 'che method' and other

features of tne progran are Siven in Chapter 4 oí this

thesis.

Li rnita t i ons

h < 10

hiaxrn.

Lc<19 I<31
of 46 atoms ea-ch witb an 1nd-j-viC'ua1

F

isotro-oic tenperature exponent '
i,Íaxrn. of 5 tYpes of atoms'

TRr{i narle Þ

S(N, I) Scatterlng factor of a'tom I at
. s i-ne/i"

A-REAL, BREAI, CREÀL a' b, c

BETA P in r.adians t

Jl/êX, Kì,r,[X' T,liiAX hnax, krnax' f*u*

SIlÍi;iX Ìíraxn. va'lue. of sine
I,'¡AVEL ';,'lavelength (in 'to)
K1 , J1 l(, h

A(J, L) Fo(n,r,t) -, 11o(i1 , i{1 ' L=1 )

B(¡, t) F"(ñ,i<,l) = Fo(J1 , fl1 ' L-1 )

¿(¡, 32') llum'oer of coeÎficients tro(h'lc'1) for

¡(;, 32)
I'il,iBRC

h = J1 , k =

Sane ror 'ro(
Ì'Tu¡:iber oí at
ref lned-.

i(1
.\(lt-+-tL)

oms t,o be inclutled- but not
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NI,{BRV

I/JCYCL

FlriINO

'n¡g
IJraU

SHtr'Tl'Í

I'IIDGX

FUDGB

FK

F},,IK

FCK

P(1,r)
e(z,r),
p(5,r)

e(6,r)

i{umber of a-r,oms to be refined-
li{axm. nu.mber of cycles
lriinm. Fo observabie at L.p = 'l

I'laxm. lnitial- R value
lvlinm. decrernent i.n R per cycle
If all- coord-inate shifts are Ìess than
. trsHI¡Tl'{rr, the program vrill- 't erminate
Coord-inaie shift'ifudge factorrr
Thermal- pararneter shift rrfud.ge factorir

- If v;(Fo-no) i" l-es.s than FK, or¡it this
coefficient from the d.ifference syutÌresis

If ¡'o - 0 and. ,"Q, rn" Fom, .incl-ud.e the

coefficient I'" - ¡'I"!K.Fo,n r','here Fon' is the

minm. observable value of Fo.

If FCi(.Fo F" or FCK,I" Fo,-- onit this .

coefficient frorn the difference synthesis.
(T¡r*oicall.y FCK = 2)

Atom type
p(J,t), p(4,r) *r, yr, ,r (fractional)

Tenperature e;cponent Bt

in ti.l.e elec'croit d.ensity ap,oroximation

nr(r) = Àt e:cP(--ot"2)

correspond-ing to A

"̂r

p(2, r ) pr
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B UJ MATTHEWS UNIVERSITY OF ADELAIDE

STRUCTURE REFINEMENT ISOTROPIC TEMP FACTORS P21lN

PROGRAM FOR IBI4 .7090

coMMgNA ¡ il y Ac r BC I AD r BD r CX I SX r CY I 5Y I CZ I SZ I S I P I FSUM I AREAL I BREAL I CREAL

1 ¡ 6BSTR' SBETÀ I I JMAX ¡ JMAX I I KMAX r KMAX I I LMAX r LMAX r NMBR I NMBRI TNMBRC r FK I

2FMï¿';FC K ¡ SHFTM I \^JAVEL T MCYCL I FUDGX I FUDGB'
. D IMENS I ONA ( LO ¡ 3 2l tB I lO ¡32) I AC ('1 o I 32 ) I BC ( tO ¡32 I ¡
1AD ( IOr I 9 t32l rBD ( 1Or1 9 ¡321 t
2CX( lOr46) rSXt f Or+6l rCV ( 1ór4ó) 2SY( 1-9¡461 ¡CZl1L¡46) rSZ(31r4ó) r
3s ( l-40r5 ) rP (1 v46) rFSUM( 46 ) I
4R( ]9) rRFO( 19) rFOsMA( 19 ) rFcsMA( I9) TPDELA( t9)'FCoA( 19)

INSÉ ( T ) =( T+0.0116 ) å'130.0
VJRITEOUTPUTTRPTSILT
PRINTIT oô/ìu ^r

L7 FoRMAT(rH ¡44HLoAD uNI TAPE NUMBER ó (MATTHEWS TAPE) oN BBltH t53H

ITHtS pR6GRAM At-so REQUrnes-sinATcH TAPEs oN B? AND A4l1H T2IHPUSH

ZsTART WI{EN READY/ / // /I
E
Àt

P AUS
REI^/ I DlB
REWINDl3
REW I ND4
READINPUTTRPe2s4tS

4 FORþ1AT ( T4F 5 .21
READ i NPUT TAPE 2I T SAREAL I BREAL I CREAL ¡ BETA

1 FORMAT14p10"5)- 
REÀDI NPUTTAPE 2,;3 gJMAXI KMAXTLMAXISI NMXTWAVEL

3 FORt4AT ( 315 ¡ 2F l0 . 5 )
CBSTR=-COSF ( BETA )

SBETA= S I NF ( i]E TA )

WA.VE=l¡jAVE L/ 2.O
o5T4p=WAVE/ | O*54¡xsBETA )

BSTAR=WAVE/ ( BREAL )

CSTAR=b/AVE/ l a*E¡¡xSBETA )

BETAS=3 " 1413-BETA
CTWO=cSTAR** 2

-l\o{



ATWO=ASTAR* *2
BTh,o=BSTARx J+2

PROD=As TARxC sT ARx'CBS TR *2 . 0
I JMAX=JMAX+1
I KMAX= KMAX+1
I LMAX=LMAX+I
DOl0K=1¡ IKMAX
DOl0J=IrIJMAX
DOl0L=!t32
AD(J¡KrL)=0.0
BD(JrKrL)=0.0
READTAPEIB¡K
I F ( K+l ) 30 0l ¡3002 ¡ 3001
DO330lK=1 r IKMAX
DO3301J=I r I JMAX
READTAPElE ¡K1 ¡J1 ¡ {A( JrL) rL=It32) r 1B (JrL) rL=L¡32)
i F ( J1-J ) 3 302 g3605 ¡3302
AD{JeKr32l=AlJt32l
BD(J tKt32)=B(Js32l
REt^/ i ND 18
READ I NPUT T APE? t 5O3¡ NMBRC r NMBRV r MCYCL r FM I NO r RAB r DEC r SHFTM
FORMAT ( ZI5 s 4F 10.5 )

Nl.lBR= Nl'1ts RC+NMBRV
Nþ1BR 1=NMBRC+1
FMIN4=FMIN0J+4" l

READ I NPUTTAP E2 ¡LO OO I FUDGX: FUDGB I FK I F,MK T FCK
FORI'1AT(5F10"5) |

DOL39I=ltNMBR
RãIiDiNPUTÏAPE2 rB'I ( P ( JAr I ) rJtr=1 r7 )

FORr¡AT ( 7F 10.5 )

DOiC4I = I ¡NMBR
SXilsI)=0.0
CX(ir!)=1.0
SY(lrl)=0.0
CY(Irl)=fn0
SZ(1rI)=0"0

\o
@

10
3001

3002

3302

3É,o5
3301

2L
503

1000

139
a



504

509

CZ(1rI)=1"0
IF(NMBRCI2gI¡29It509
DO508l=lrN14BRC
sx ( z r i ) =sINF( 6"283*P (2¡T,l I

çx { 2r I )=COsF( 6. 283xP( 2 r I ) )

SY (2r I ) =SINF( 6 "283xP( 3 r I ) )
cY ( 2r I ) =COsF | 6.283r+P ( 3 t i ) )

szl2r I ) =sINF( ó.2B3nP (4 r I ) )

CZl2¡ I ) =COSF ( 6.283*P( 4 r I ) )

DO509J=STIJMAX
CX ( J t | | =2oOJtCX( J-lr I ) xCX t'2¡I l-CX( )-ltI I

õx i ¡ ç r \ =2no'Ësx ( J-1 r I )*cx I 2t r l-sx( J-2' r I

DO506K=3 ¡ I KMAX
CY(K sl)=?.O*CY( K-1' I )rCY l2'l)-CY(K-2r I )

SY (K rl) =/"OJ+SY( K-lr i )*CY( 2 r I )-SY( K-2r I )

DO 507 L=? v I LMAX
CZ ( L t I | =2"0+ÉCZ ( L-1 ¡ I I *CZ I 2 s I I -CZIL-2 ; | |

õZ t L ¡I ) =?.OxSZ ( L-1r I lv,CZl2¡l l-SZ( L-2tl )

DO508K=IrIKMAX
CY ( K ; I I =4"O-x'CY ( Kr I )

SY(K¡I)=4.O*SY(KrI) \
N5=0
K1=-1
WR I TETAPE13 rKl
DO290K=1¡IKMAX
DK=K-1
DK2=DKå-DK*BTI^/O
DO14J=IrIJMAX
DOl4L=1¡ i L-MAX
AC(J¡L)=0.
BC(JrL)=0"
DO190J=I r I JMAX
ñ l= l-lu¿-¿ À

DJZ=DJl+DJ jÊATWO

ILM=BD(J¡Kt32l
iF( ILM ) 3005 t3OO5r 300ó

505

50ó

501

508
29L

14

\o
\o



3006

51. 1

510

5I4
91

5!3

Ã, 1e

3?.90

422
5L2

35

60

DO90L=lrILM
DL=L-I
AB =DLXDL.TCTbJO+D K 2+D J2
AP =PROD*DJ-r.DL
THET4=5çRTF ( AB+A' )
ÏHETB=SoRIF ( AB-AP )

IF ( THETA-SI NMX I 5f0r5tl r5I I
AD(JrK¡'L)=0.0
Tri¡pA=o.o
GOTO5 r.4
AD(J¡K:L)=THETA
N5=N5+1
TEMPA=1.0
IF ( THETB-SiNl4X) 513¡9t r9t
BD(JiK¡L)=0.0
TE¡¡PB=O.O
GOTOS 1 5
BD(JsK¡L)=THETB
N5=N5+1
ïEMpB=1.0
IF ( TEMPA+TEMPB-O .9 13390¡422t422
BD(JtKc32)=L-1
GOTO3005
iF ( NMBRC) 90 ¡90 t512
IDS=K+J+L+1
l SA= i f{SF ( THETA )

I 5B= ] NSF ( THETB 
'ÏHOL2= ( TI-IETA/WAVEL ¡ X ( THETA/IdAVEL }

THOL3= ( THETB/WAVE¡ ¡ X ( THETB/WAVEL )

I F ( IDS / 2- a IDS+1 I / 2r36 t35 t?5
DO60I=IcNMBRC
M=P(1rI)
CC=CX(J.¡i)xCZ(LrI)
SS=SX(JrI)+rSZ(Lri)
AC ( J rl- ) =AC ( J¡ L ) +( CY ( K¡ I )'F ( CC-SS )nS (

BC ( JrL ) =BC ( JrL )+( cY( Kr I )ìr( cc+SS)*S (
ISArM l, /EXPF ( P ( 5 r I ¡xfflOL2 )

ISBrM', ) /EXPF ( P ( 5 r I ) *THOL3 )

N)oo



36

61
90

3o05
190
290

I 290

200 I

2002

2303

3505

2001
20o5
2003

GOT0e0
DO61I=IrNMBRC
M=F(1¡l)
sc=sX(Jri )r{cz(LrI }

cs=cX( J; I )*sZ( L I I ) 
s.+..s r,uS( rsArrr )*THoL2 )

ÃC t J y L ) =AC ( J ¡ L ) - ( SY ( Kr I ) +.( SC+CS ) r(S ( ISArM I I /EXPF ( P ( 5 I I

BC (Je¡) =BC( J rL)+( SY( K¡ I )+r(SC-CS)x'S( ISBrM) ) /EXPF ( P (5 r I )*TH0L3 )

CONT I NUE
wÃ ilrî¿Þrt3 rK rJ r ( AG ( Jr L ) rL=1 r I LMAx ) , ( Bc ( J rL ) rL=1 r ILMAx )

CONTTNUE
coNT INUE r
RËWINDl3 i
WRITEOUTPUTTAPES¡}Z9O 

LATED)FORMAT ( lH r 3OHCONSTANT PART OF FC CALCU 
rDK=KMAX i

DJ =JMAX
DL=LMAX
READTAPEl 8 I K
IF ( K+1 ) 2001 r2002 r 2001
DO2003K=IrIK14AX
DO2O03J=L I IJMAX \
READTAPEIBTKITJlr (A(JrL) rL=!¡32 ) r (B(JrL) rL=It32l
I F ( J L- J I 2303 c35O5 ¡ 23O?
DO2005L=1 r I LMAX
I F ( A ( J ¡ L) ) 2005 t 2007, 2OO5
AD(JrKrL)=0.0
CONTINUE
CONT i NUE
REWINDlE
DO901i =NMBRl r NMBR

F 1=0 .0
F11=0.0
F1 I 1=0.0
M=P(1rI).
DO90ZJ=l r IJI'1AX
I F (AD( J r1 r 1 ) ) 902 t9o2t9o7

N)o



907

902

904

903

3008

906

905
1905

901

ISA=INSF(AD(Jr
F1=F1+(AD(¡r1r

1Lr1)/WAVEL) )

CONÏ I NU E
DO90?K=2¡IKMAX
DO903L=2 ¡ I LMAX
IF ( AD( I'KrL ) ) 903,90f r904
lsA=INsF(AD(1;KrL) )

FtL=F11+(AD(lrKrL)**.4)#.S(ISArMt/EX?F(p(5rI)*(.AD(1rKrL)/IVAVEL)x1gO,
llrKtL)/ t^/AVEL) )

CONT I NUT
DO1905K=2 ¡ I KMAX
DOIgO5J=2IIJMAX
iLM=BD(JrKr32)
iF ( ILM) 1905 r 1905 r3008
DO905L=2r ILM
I F (AD ( J rK ¡L ) ) 905 t9O5¡906
iSA=INSF(AD(JrKrL) )

FI 1 t=F1 I1+ ( AD ( J rK rL ) **4) #'S ( I SA'M | / EXPF ( P ( 5 I I ) * ( AD ( J ¡ K r L ) /WAVEL ) x ( A
1D(J¡K¡L)/VJ4V5¡¡ ¡

CONT I NUE
CONT I NUE
FSUM ( I ) =2.O*F 1rÈ ( 1.o+DK/DJ+DL/ DJ )+4.0*FIl* ( 1.o+DJlDK+DJlDL )+1 ?.rlxF

T111/BETAS
NCYC L=- I

293 NCYCL=NCYCL+l
K=- L

hJRTTETAPE ¿+TK

N 1=0
fl2=0
N3=0
N4=0
DO604I=NÞlBRl¡NMBR
sx( 2, I ) =siNF( ó "2g3xP(2:l I I
CXl2 r I ) =COSF l6.283r+P ( 2 r I ) )

SY (Zr I ) =SINF( 6 .?Bj*p(3 ri ) )

1r1
1)*

))
*4 ) *'S ( ISA TMI /EXPF ( P ( 5 r I ) * ( AD ( Jr 1 r 1 I /WAVEL ) x ( AD ( J r

N)o
N)



ó05

606

607

608
604

2008

zoo9
2010

201I

I 100

cY ( 2r I )=cOsF | 6"283xp( 3 r I ) )

szl2r I ) =sI NF ( 6 .283'kP( 4 r I ) )

CZlT r I ) =COSF ( 6.2B3xP (4 I I ) )

DOó05i=3 r IJMAX
çX(J tI I =2"0-FCX(J-1 c I )*CX l2cI)-CX( J-2'I I

SXf ¡ tll=2.OxSX(J-l.r I )xCX l2tll-SX( J-2¡'l'\
DOóQ6K=3 r I KMAX
ci ir sl I =2" o*cY ( K-1r I ) *'cY ( 2 r I ) -cY ( K-2¡ | I

5y t f ¡ I ) =Z.0v.SY (K-L r I )*CY (2 ¡l | -SY ( K'2t I J

DO607L=3sILMAX
cz(Lr 1 ) =2.0)+c z(L-lr I )xcZ (2¡ll'czl L-2 r I )

SZ f I gÍ) =2óOrtSZ(L-1r I )*CZ l2¡ll-SZ(L-2tIl
DOóOBK=1 ç I KMAX
CY(KrI)=4.O*CY(KrI)
SY(KsIl=4.O;*SY(KrI)
CONT I NUE
FOSMB=O "O
FCSMB=O "O
PDELB=0.0
FCOB=0.0
D2HH=0. \
DZKK=O "
D2LL=O.
scoFF=o.o' scoF2=o.o
READTAPEl3IKl
I F ( KL+1 ) 2008 ¡2OO.9 r 2008
CONT I NU E

READTAPEI'BrKl
I F ( K1+1 ) 2010r 2011 I 2010
CONT I NUE
DO790K=ITIKMAX
DK=K-I
DK2=DKxDKà.8 ïWO

FOSMA(K¡=gn
FCSMA(K)=0.

N)o\¡



PDELA(K)=0.
FCOA(K)=0.
DO690J=IrIJMAX
DJ=J-L
D J2= DJìÉDJ#'ATÌ',lO
READTAPEl3 r K1 r J1 r ( AC ( Jl rL ) r L=1 r I LMAX ) r ( BC ( J1, L ) r L=I r I LMAX )

READTAPEIS ¡K1 rJl r ( A( J r L) rL=1 r 321 t ( B ( J rL ) rL=I¡?Zl
i F ( JI-J ) 2 Ql-Z r2Ol3 ;2OI2
CONT I NU E
i LM=BD ( JcKt?Zt
I F ( ¡ ¡¡q ) 3009 r3009 r 3010
DO590L=lrILM
DL=L-1
A B= DLXD Lå.C TWO+D J 2+DK2
AP=PROD*DJiDL 

iTHETA=SORTF(AB+AP) ]

THETB=SGRTF(AB-AP)
I T ( THETA-S I NMX ) 221,!,2T I T2I
TEMPA=O.O
THETA=0. O

GOTO2 3
TEMPA=I "O
i F ( ÏHETB-5 I NMX I 25 t 24 ¡ 24
ïgptpB=o no
THEïB=0"0
GoToz6 j
TEMPB=1,o i
I F ( TEMPA+TEMPB-0. 9 ) 3OO 9 ¡21 ¡ 27
T DS=K+J+L+1
i SA= I ¡tSF ( THETA )

I SB= I NSN ( THETB )

THoL2= ( THETA/WAVEL ) x ( THETA/ I4,AVEL )
THOL3= ( THETB/WAVEL ¡ x ( THETB/WAVEL )

ASUÍ',ì=0.0
BSU¡4=6. g
I F ( i DS/ 2- | IDS+1',t / 2t 536 ¡535 t 535

N)o
+

20t2

2013

3010

T2L

22
23
24

25
26

.21



535

560

536

5ó1
562

108

356
492

491

109

115
tL2

:;

D0560I=NMBRIcNMBR
M=F11rI)
CC=CX(JrI)'xCZ(LrI)
SS=SX(JrI)xSZ(LrI)
ASUM=ASUM+(CY ( Kr I )*( CC-SS)'tS ( ISArM) )/EXPF (P( 5ri )*THOL2 )

BSUM=BSUM+( CY ( K¡ I )*(CC+SS)nS( ISBrM) ) /EXPF( P( 5r I )r+THOL3 )

GOT0562
DO5ó1I=NMBRIINMBR
M=p(t¡l)
SC=SX(JrI )+62(LrI )

CS=CX(JrI )xSZ(L¡I )

ASUM=ASUM.(SY ( KI I )ìI( SC+CS)#,,S( ISArM) ) /EXPF ( P( 5r I )*THOL2 )

BSUM=BSUM+(SY ( Kr I )*( SC-CS) *S( ISBrM) ) /EXPF( P( 5 r I )*THOL3 )

AD ( J ¡K ¡ L) = ( AC ( J IL ) +ASUM) JfTEMPA

BD ( J rKr L) = ( tsC ( J rL ) +gsuM ) {.TEMpB
PCALA=ABSF ( AD ( J ¡K rL ) )

PCALB=ABSF ( BD ( J ¡K IL ) )

IF (A( JrL) ) loB r10B r109
FCOA ( K ) =FCOA ( K ) +pCALA
ssA- { T¡iET4xx 2' - ( Tl-¡ETA*+Ê2 ) ** 2
T i L=SORTF ( SS{x ( 1. 0- ( ( D](/ ( 2. 0xBREAL I I *x2) /THOL 2t I / ( I.O-2. 0*5SA )

Ft4 I N=tt1 ¡6xSeRTF ( T I L )

IF ( PCALA-FMIN ) 115 r l15 ¡356
I F ( PCALA-2. 0*FM IN ) 491 ¡ 49L ¡ 492
N3=N3+I
GOTO r. 15
A ( J r L ) =-PCALA+FMI N*FMK
GOTOll5
FOsMA( K ) =FOSMA ( K) +A ( Jr L )

FCSMA ( K )=FCSMA ( f I +PCALA
N4=N4+ 1

I F ( B(JrL) ) ]12 rI12 r 114
FCOA ( K ) =FCOA ( K ) +PCALB
SSB= ( THETB*rt2 ) - ( THETB*'n2 I n*xZ

T I L=SQRTF (SSBx ( 1.0- ( ( D.K/ ( 2.0rtBREAL ) ) x*2 ) /THOL3t | / (I.O-2.0*SSB )

FMiN=Ot1¡¡*SQRTF ( T I L )

N)o
\'l



351
594

493

114

590
3009

690

790

20r4

20L5

30I2

35I

350

I F ( PCALB-FMIN ) 590 r 590 t357
I F ( p(4¡g-2. 0)ÊFM I N ) 493 t 493 t 5g4
N3 =N3+ I
GOTO5 9 0
B ( J ¡ L ) =-PCALB+FMI N+ÉFMK
G0To590
FOSUR( K ) =FOSMA ( K) +B ( JIL )

FCSMA ( K ) =FCSMA ( K ) +PCALB
N4=N4+ I .\
CONT T NU E
l¡/RiTETAPE 4rK¡Jr (A(J¡L) rL=1 ¡?Zl t (B(JrL) rL=:r¡321
CONT I NUE
FOSMB=FOSt¡g+f OS¡,lA ( K )
FCSMB=FCSMB+FCSMA ( K )
FCOB=FCOB+FCOA( K I i

CONTIÀIUE :,

REW¡NDlB
REW T ND4
REI'J I ND 13
SCALE= FCS¡,tg /FOSMB
READTAPE 4¡K1
I F ( K1+i ) 2014¡ ?015 t2014
CONT i NUE
DO791K=ITIKMAX
DK2=(K-L){-(K-1) 

,

DOó9IJ=IIIJMAX i
DJ2=(J-1)*(J-1) l

READÏAPE 4vKloJl r (4(JlrL) rL=!¡32) r (B(JlrL¡ rL=1r32)
ILM=BD(JcK¡321
iF(ILM)691r691r3012
DO591L=lr ILM
DLZ= (L-I ) å+( L-1)
i F t 4( J g L )',350 ;35ô '35LASK=A(J¡L)*SC,\LE
G0Ïo352
ASK=0.0

î\)o
o\



352 IF (B ( J'L I )353 t353 ¡354
?5t+ BSK=B t J rL ) ã'5CALE

GOTOS 5 5

?53 g5(=0n0
355 IF (AD( J¡KrL ) )40Br4I0r410
4OB PCALA=_AD ( J IK TL )

5IC[14=-]..0
GOTO409

410 PCALA=AD(JTKTL)
SIGNA=1.0

409 PDELA(K )=PDELA( K)+ABSF (ASK-PCALA)

tF { { FCKxAsK-PcALA )+ ( rc<xpcRt-A-AsK ) -o'0001 ) 4I1 ¡141 2¡1412

T4T2 ¡¡([SK-FMIN4'34TT¡34LL¡3412 
i

Z4LI ASKP=ASK-PCALA
At 1=ASKP*ASKP
GOTO34 13

3412 ASKP= ( P¡SK-PCALA ) +TFM I N4/ASK
Al l= ( ASK-PCALA )'rÉ ( ASK-PCALA )

V4I3 IF (ABSF (ASKP) -FK | 4LZr4Il r411
411 AD(JrK¡L)=0"

All=0" \
GOT04 I 3

4]r2 AD ( J rKrL) =SIGNAnASKP
. N1=Nl+1

4I3 I F ( A( J ¡L \ I?58 ¡31L ;?77
358 AD ( J vKrL) =SiGNA*A( JrL)

N2=N2+1
37I IF (BD( J¡KrL ) )414t4I$1416
4I4 PCALB=-BD ( J rKrL )

S I GNB=-1.0
GOT04 I 7

416 pCALB=BD(JrKrL)
SiGNB=1'O

4L1 PDELA ( K ) =PDELA ( K ) +ABSF ( BSK'PCALB )

IF((FcK*B5K-PcALB).}l(FcK*PcALB-B5K)-0.0001)418r1419.11419
14r9 IF ( BsK-FMIN4¡ 3418 ¡34t9 ¡34r'9

N)o{



34r8

34I9

3420
418

419

372
359

1591

7592

I595
l-593

BSKP= BSK-PCALB
8I I=BSKP*BSKP
GOTO342 0
BSKP= ( BSK-PCALB )Jf FM I N4 /BSK
811= ( BSK_PCALB ) Jf ( BSK-PCALB )

I F ( ABSF ( BSKP ) -FK ) 4I9 r4I8 r418
BD(J¡KrL) =0.0
811=0n
coTo312 "/
BD(JIK¡L)=5IGNB*BSKP
Nl=Nl+1
I F (B ( J, L, 1359 vr591r 159I
BD ( J gKrL ) =SIGNBIT.B ( J rL )

N2=N2+1
SCOFF=SCOFF+ABSF ( AD( JIK'L ) }+ABSF( BD( JIKrL) )

Sc0F2=SCOFZ+AD ( J r K r L ) åfAD ( J ¡ K r L ) +BD ( J r K r L ) *BD ( J r K r
ADB=A1L+Bi1
MM=( J-I )* ( K-1 ) x'( L-t )

IF(MMl1593¡I592¡1593
ADB=0.5 *ADB
MM= ( J-1 )r+ ( K-1 )+ (J-1 )*( L-1 )+( K-1 )*( L_1 )

IF(MM) 1593¡1595¡1593
ADB=0u5r+ADB
DZIIH= D2HH+ADBxDJz
D 2 KK=D2 KK+ADB*DK2
D 2LL=D 2 LL+ADB.'+DL2
CONT I NU E

CONT T NU E
PDELB=PDELB+PDELA ( K )
R ( K) =PDELA( K) /FCSMA( K)
RFO ( K ) = ( PDELA ( K )-FCOA( K )

CONT I NUE
D2HH=4 O *D2HH
D2KK=4. x'D2KK
D2 t-L=4 n'xD2LL
R Ë1,/ t NO+

N)o
Co

L

I591
69t

)/FCSMA(K)
19I



TDEL= PD ELB-FCOB' RA=TDf l Zf OSNtB
¡ ¡6=þ6SMB+FCOB
REL=PDELB / FOSMB
I F ( NMBRC ) ?28I s 22BL ç 2282

2282 WR I TEOUTPUTTRPE3 I Zgl
28T FORMAT ( 1H1 ¡ 11HF IXED ATOI"IS¡ / / )

DO167I=IrNMBRC
tdRITEOUTPUTTRpEv z!69 I ( P ( J t I ) ¡¡=l r7 )

167 pUNeHBz (P ( Jr I ) ¡J=1¡7)
iãa FoRMAT ( IH ¡ +HTYPE r F3. O r4H 'X = tF 6 '4t 4H ]=

l.¡F6n?¡5H D- ¡F6.2s5H P= ¡F6'3)
22BI I F (NCYCL) 21-7 t211 r21B

21 B ll/RI TEOUTPUTTRPES ¡282
28? FORMAT(1H //I4H REFINED ATOMS//)

GOTO2B0
211 V'lR I TEOUTPUTTAPES ¡ 219
)Ig ròNUNrtrH //33H INITIAL PARAMETERS TO BE

2 80 DO5ó7I =NMBR I I Nl'1BR

WRI TEOUTPUTTAPE3 I ]ó8 I ( P ( JI I ) IJ=LI7 I

561 PUNCHBT (P(J;I ) rJ=1r7) \
NRITEOUTPUTTAPET¡169

169 FORMAT ( lH / / / 63H LAYER HOL

1H5L .o"fTCo)
I,JR i TEOUTPUTTAPE 3 çI11I ( R ( K ) I K=1I I KMAX ) i

171 FORMAT(1H ¡171]R (iNC. FO = 0) =rl0F9:-?)\
WRITEOUTPUTTAPEV CI1lI ( RFO( K)'K=1T iKMAX) i

112 FORMAT(11'l ¡l'7HR (EXC. FO = 0) =r1OF6o3)
WR I TEOUTPUTTAPES c93 TFOSMB

93 FORMAT(IH./lóH SUM OF F OBS =rFIO.l//l
WR i TEOUTPUTTAPE3 T 170 ISCALE'

170 FORMAT(lH /I6H SCALE pA6TOR = rF8.4//l
WR I TEOUTPUÏTAPE3 ¡91

91 FORMAT(1H ¡19I-IINCLUDING F OBS = O)

WR I TEOUTPUTTAPE ? tIl3 r TFC

Ll? FORMAT(IH I15HSU¡¡ OF F CALC =TF10.I)

tF624t4H /= ¡F6,,4t5H $=

REFINED//)

HIL- H2L H3L H4L

e

i
I

I

I

I

I

N)o
\o



IßR I TEOUTPUÏTAPE3, L7 4, PDELB
I74 FORi'1AT(lH TI6HSUM OF FO,- FC =rF9.1)

ldR I TËOUTPUTTAPES ¡L7 5 tREL
175 FORMAT(1H r2l-HRELiABILiTY INDEX R =rF6.4//)

PRiNfITSrREL
h/R I ÏEOUTPUT TnPr 3 y I7 6

17ó FORMAT(IH I1SHEXCLUDING F OBS = O)
lì/R I TEOUTPUITAPE 3 ¡ J,13 r FCSMB
h/R I TEOUTPUTT¡IPE3IL14I TDEL
WR I TEoUTPUTTAPE 3 g 11! I RA
PRINTIT5¡RA
hlR I T EOUTPUT T¡Pe3 : ¿+B4I N 5

484 FORMAÏ(1H S31H TOTAL NUN1BER OF SPECTRA CALCULATED =rió)
UJR'I ÏEOUÏPUTTAPE3 r /+85 ¡N4

485 FORMAT(]H g44H TOTAL NUMBER OF OBSERVED NON ZERO SPECTRA =rI6)
VJRITEOUTPUTTApE3¡4B3IN3 :

48V FORMAT(lH r59H NUMBER OF F CALC GREATER THAN TI^JICE THE MIN F 
'BSER'lVABLE = sI4 )

IdR I TEOUTPUTT A,PE3 s T591
T597 FORMAT(1H //6IH SUMMATTONS FOR CALCULATION OF COORDINATE STANDARD

1DËV I AT I 6trr5 ¡

\dR I TEOUTPUT TAPE 3 C 1598 I D2I-IH I D2KK I D2 LL
1598 FOR|4AT( iH ¡2OH SUM OF H2(FO-FC)2 =rFI1.1/lH ¡20H SUM OF K2(FO-FC)2

1 =sFll"1/lH ¡2OH SUM OF L2(FO-FC)2 =rFIl.1)
'úJR i TEOUïPUTTAPE 3 s482 ;

482 FOR¡4ÅÏ i IH / /IgH FOR TUT NEXT CYCLE ) 1

t'Jii i. TEOUTPUTTAPE 3;4Bl ¡ N 1
481 rÕñþ1Al(IH ¡5óH NUMBER OF COEFFS l¡JITH F NOT OBSERVED AS ZERO INCLUD

1ËD =s76)
t'JR Ì ïEOUTPUïTApE3 r 340 rN 2

344 FOíìMAÏ( 1H ,¡141i I\UM8ER OF COEFFS \^JITH F CALC GREATER THAN THE MIN F
I OB5üRV,ô,BLE I NCLUDED = r I5 )

l{R I Tf OUTPUT TAPi 3 ¡ I48I r SCOFF
1481 FORMAT(1H c29H SUl4 OF ALL COEFFS iNCLUDED =rF9.1)

WR I TEOUTPUTTAPE3 s 148 \r SCOF 2
I4BZ FORMAT(IH r40H Suivt OÊ\AUARES OF ALL COEFFS INCLUDED =rF1O.1)

N)

o



3BI

l.00
19

999
I 999

WRì TEOUTPUTT¡PT ? 1381I NCYCL
PRiNTSBIyNCYCL
FORMAT(]H ///LVH END OF CYCLEtI3)
i F ( MCYCL-NICYCL ) 999 r 999 r 100
i F (RAtJ-RA ) 999 t19 ¡19
RAdJRA-DEC
CALTFRE i)
GO TO2 93
PRINT}999 ' ,

FORMAT ( IH ¡ 32HREMOVE UI)II

lHËD/////)
cALl-E x I T
END

TAPE NUMBER 6 FROM BB/IH rI5HJ0B IS FINIs

SUBROUT I NEFRED
coMMoNA r B r AC r BC e AD r BD r CX r SX r CY r 5Y r C Z ¡ SZr S r P r FSUM r AREAL I BREAL I CREAL

ITCBSTR¡SBETATIJMAXTJMAXTIKMAXTKMAXTILMAXTLMAXTNMBRTNMBRIrNV¡¡RCtFK'r
2 FM K I FC K O S H F Ti'1 I \.J AV EL T MCYC L ¡ F UDGX T FU DGB

D i MENS I ONA ( 10 g 3 2) ¡B ( 1O¡ 3 2) ; AC ( 10 I 3 2l ¡BC( IO ¡32) t
lAD ( 10 t 19 ¡32 ) ¡ BD ( 10 r t 9 t32l ¡
ãêitlOr+O¡ 'SX( 10r46) rCY (19r46) rSY( ;-9¡461 ¡CZl3It46) rSZ l31;461¡
3s ( l Qo t5 \ cP l7 ¡46'ì ¡ FsuM \ 461 ¡
4R( t9 ) rftFO ( 19) rFOsl,lA( 1"9 ) TFCSMA( 19) TPDELA(l-9 ) tFCOA( L9 )'
5c1( to¡ 19) rcl.z ( lor 19) rcl zz(tor 19) 'D1( 10 r19 ) rDLZ(tO r Ig t TDLZZ( 10r19 ) r
6cz (ro r L s ) tczzr io, ió i,c )zz tlo, iç ) ¡D2( 1o r t 9 l ¡DZZ( 10' 19 ) tDTzz( 10 r 19 ) r

7E( t9l tEZ( 19) r EZZ(19) rF ( 19)' FZI¡9\ ¡FZZ( 19) r
BEX ( 19) rEXX( 19) rFX ( 19) rFXX( l9 )

CB I = 1,0-CBSTR{'x Z
' voL=AREAL*BREAL*CREAL*SBETA
DXl=0. O

DXSUM=0 " 
0

DYSUM=0 'O
DZSUM=O,O
WR I TEOUTPUT TAPE3 T I8 3

N)



183 FORMAT( 1HÌrrt5HcooRDINATE sHiFTs IN ANGsTRoMS, cHANGE rN TEMpERATluRE EXPo¡IENT Br AND DENSITY IN ELÈctnorus'pER-cuà'iä''ÃÑcsînoü"br t/26BH THE DiFFÊRENCE SYNTHESIS SIGMA(FO-FC) AT THE ATOMIC POSITION X
? ¡Y ¡2. / / / / )

WRI TEOUÏPUTTAPES¡997
997 FORMAT(IH r34H COORDINATE SHiFTS I14H B CHANGE

1¡49HSECOND DERiVATIVES OF THE DiFFERENCE DENSITY. T2OH DIFFERENCE2DENStTY///l
D02009=lriKMAX'
DO200L=1¡ I Ll'{AX
DO20O¡=1¡iJMAX
FA=AD(J¡KrL)
FB=BD(J¡K¡L)
AD(JTKIL}=FA+FB

2OO BD(J'K,L)=FA-FB
AD(1¡L¡])=O.O' 

f

DO201K=lr IKMAX
DO201L=1 r ILMAX
AD fl g Ke L ) =0"5{-AD ( 1 rK ¡L )

2Ol BD ( IEKrL) =0.5*.BD( IrKrL )
DO2O2K=1¡IKMAX
DOZ02J=1¡ IJl"lAll
AD (J c K y 1 ) =0.5*.AD ( JrKr 1 )

2O2 BD {¡rKr L ) =0"5.l+BD( JrKrl )
DO203L-1 r ILMAX
DO?03J=7¡ IJMAX iAD(JsIeL)=0.5ltAD(J¡1rL) ' 

!'
2O3 BD( tjyL rL) =0.5*.BD( Jr I rL)

Dt7</ 9I =lrllrlBR I r NMBR
DO999K=IrIKMAX
CY(K:I)=O,25nCY(KrI)

995 SY (KrI )=0.25xSY (Kr i )
DO622J=l r I JI4AX
DO622K=I'IKl''lAX

. C1(JtK)=0.0
CIZ(J¡K)=0"0

N)

N)

I

I

I

¡

I



()22

t6?3

CIZZ(-trK)=0o0
C2lJrK)=0uO
CZZIJTK)=0.0
CTLZ (JrK) =0.0
D2(JrK)=0¡0
DzZIJ¡K)=0o0
D2ZZ(JrK)=C.0
Dl(JrK)=0.0
DIZ-(JrK)=0n0
DIZZ(JrK)=0.0
DO62?J=I, 1¡¡44Xr2
¡1=J+J-
DO623K=Ir IKl4AXr2
K1=K+1
ML=BD ( J ¡Kg32J
IF(MLl623¡62?¡l'623
DO2623L=lrMLr2
DL=L-I I

DLI=L I

Ll=L+L i

õf (¡rK) =Ct (JrK)+AD(JoKrL)xCZ (Lr I ) i

ðiZi JIK) =CIZ( J¡K)-AD( JiKTL)XDLXSZ ( LI i )

èlzz( J¡K I =crzzl J tK)-AD ( JrKrL )xDLr+DL*cz ( Lr I I

oi t.l rK ) =D1 ( JrK)+BD( J'KtL )*SZ ( Lr I }

DiZ ( J rK ) =DiZ( J ¡K ¡ +BD( J IKIL }XDL+CZ ( LT I )

OiZz ( J ¡ K ) =D 1Z Z( J ; K ) -BD ( J r K I L ) *DLnDL'ÉSZ ( L I I )

c2í J¡K) =C 2l J tK) +AD( J¡K tL1 ) +tsz ( Ll I I )

èãzl* K)=C 2Z( J,ç¡ +AD( J rKrLl )ieDLlr+CZ ( Ll t I )

CãZZ( J r K ¡ =(lL7-( J ¡ K ) -AD ( J rKrLl )*DLlrtgLlxSZ ( Ll I I )

oã r ¡ rK) =D 2( JsK)+BD( JrKrLl ) *'cZ ( L1 I I )

DZZ(JrK) =DZZ( J¡K)-BD(J rK'L1)*DL1*SZ ( L1 I I I

ózzzt ¡, r | =Dzzzt J, r i -BD ( J rK r L1 ) *DL lrf DL t+cZ ( Ll r i )

ci r¡lrKri =c1(J1 rKl)+AD(JlrKl ¡LlxC7-( L' i )

CLZ(J1IKT I=CLZ(J] ¡K1 )-AD( JT TKI IL¡ X'D¡XSZ(LI I )

c\zz( J1 ¡K1 ) =c ¡zzl J] rK1 ) -AD( J1 rK1 rL ) *DLx'DL'x'Cz ( Lr I )

DÌ ( J1 rKI ) =D1 ( J1 rKl )+BD ( Jl I Kl rL) xsZ ( Lr I )

t\)
I

\,

û

ï
I

1

I

I
I

I
I



D]Z { J1 cKl ) =D1Z ( J1 ¡KI )+BD (J1 IKI rL} xDLxCZ ( L¡ I )
DLzz ( J 1 e K1 ¡ =¡y7-Z ( J1 I K1 )-BD ( J I r K1 I L ¡ xg¡x¡LråSZ ( L r J )
C2( J1rK1 j =C2(JL rK1 )+AD (J1rK1 rL1,.,rSZ ( Llr I )

czz( JIrKI )=CZzlJI ¡KI )+AD (Jl rKt rLt ){-DLlxcz( L1r i )

czzz (J 1 'K1 ) =C 2ZZ. ( Jlr K1 )-AD ( Jl n K1¡ L1 )x.DL1y.Dt_lxSZ ( LI I I )
D2( Ji rKi J =D2(JL rK.1 )+BD ( J1 IKl rLl )tcZ(Lt r I )

DzZ( JI r KI1=ù?Z ( J1 ,KL ) -BD ( Ji ' K1 ¡ L1 ) *DL1r+SZ ( Ll r i )

Dzzz( J1 ¡K1 ) =D2.ZZ ( Jl rKl )-BD { J1 rK1 rL1 ) {-DL1*DLl+fCZ ( L1, I )
Cl ( J1 cK )=Ct ( JI rK )+AD( JI ¡KrL1 )xCZ( LI r I )

CIZ (J1rK ) =CIZ (J1' K )-AD tJl r Kr L1 )*'DLt{-SZ ( LI r I )

CLZZ ( J I r K ¡ =ÇyZZ( J I r K ) -AD ( J I r K r L1 ¡ xpLIrrDL I*CZ ( L 1 r I )
D1 ( JL r K )=D1 ( Jl yK ) +BD ( Jt rKr Lt )xSZ ( L1 r I )

D1z ( Jl rK) =D1Z ( Jl e K)+8D (J1rKrLl )-xDLl*CZ (L1¡ I )

DI,ZZ (J 1 ,K , -DI7.7- ( ¡ 1r K ) -BD ( J I , K r Lt ) +DL1*DL 1-^SZ ( Ll r I )

C2( J1 eK )=C2 ( Ji rK) +-ACr( Jt rK¡L ) *SZ.( L r I )
CZZ{ J 1 v K I =C2Z ( J I r ll ) +AD ( Jl ¡ K , L ) lrDl*c Z ( L ¡ I I ;

c2zz i Jl pK 1=ç2ZZ (J 1rK) -AD ( JI rK r L )xDL*.DL*.SZ ( L I I )
D2 ( J1 IK) -D2 ( JT,K )+BD( J1 I K¡ L ) +CZ (L I i )

DZZí Jl s K) -=DZZ { J1¡ K }-BD ( Jl. r K rL ) *DL xSZ( L r I )

DTZZ( Jl rK')-DZZZ(-rl rK) -BD( J1 rKrL ¡*¡¡L*DL)rCZ ( L r I )

C1 (JvKl )=C1 (J yKl )+AD (J rKI rLl ) nCZ ( L1: I )

CIZ ( J 'l<l j --CLZ (J ¡K1)-AD (J rKI yLl ).ÁDL1r+SZ (LI, I )

ciTz( J gKt ) =cyzz lJrKt )-AD ( JvKl cLt ) x-DLr*Dr- L*cz( L1 r i )

Di (.jsK1 )=D1(J yKl )."8D (J rKlrL1)*.SZ (Ll r i )

DlZ ( ;p K1 ) -DlZ { J rKl )+BD { J rKl rLl ) *DLIxCZ ( Ll r I )

DLzz ( J ,, KL ) =Dl ZZ ( J y K1 ) *BD ( J r K1 ¡ L 1 ) xDL lx.DL 1-xSZ ( L I r I )
C2 ( Jr(l ¡=C2íJEKl ) +AD{ J¡K1 r¡¡ xSZ (L r I },
CzZiJIKI 1 =CZZ( JIKl }+AD (JIK1 ¡L).BDL*CZ ( LI I )

CZZZ( JIKl ) =C2ZZ IJIKl )-AD ( JIKl rL )'*DL*DL*SZ( Lr I )
D2 i J v K1 )= DZ (J rKl ) +BD ( J eKL, ¡ ¡ +É(Z ( L ¡ I )

D?Z{irl(L J =D2Z( J¡KI )-BD ( JrKI rt_} {-DL+SZ ( Lr i )

DZZZ( J ri(1 ¡-9227( J :K1 )-BD ( JrKI rL )xDL*DLreCZ ( L ¡ I )
coi\Ï i NUE
DO920K=1 s I KMAX
- / r/ ' --^ ^f_l¡\.r-VeU
EZíK)=0o0
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EZL((¡=0e0
F(K)=0o0
lZ(K)=O.O
FZZt K) =0"0
EX(K)=0"0
EXX(K)=0"0
Fx(K)=0.0

920 Fxx(K)=0o0
DOó32K=IrIKMAX
DO63ZJ=Ir IJMAX
DJ=J-1
E { K} -E ( K) +C1 ( J rK ) *CX ( J ¡ I ) -DI ( J tK) xSX ( J I I )

Ëz r r. I =rzr riic tz ( J r K ) {-cX ( J r i ) -DIz ( J I K ¡ xsX ( J r I )

Ezzlç¡=EZZ(K}+c7Lz(JrKl*.CX(JlI)-DIZZ(.uçK)ltSX(JtI)
EXf f )=EX( K)-CI (JrK)J+DJì{'5X( Jr I )-D1 ( JrK.)*DJ*6X ( Jt I )

EXX ( K ¡ = EXX ( K ) -C1 ( J I K ) {'DJ'|+DJ'x6X ( i' i loDl ( J r K ¡ *9¡xnJ*sx ( J I I )

I t r I =f ( K J -c2(¡ ' 
( I *cX (J I I ) -D2 ( J I K ) xsx ( J I I )

FZ (K l--FZi f I -c 22(J ¡ K ) *CX ( J I I ) -Þ?L ( J I K ) *5X ( J I I )

lzzlK¡ =7zz'1ç¡-ç2ZZ( J¡K )*Cx ( Jr I ) -D2zz( JrK)*SX( Jr I )

Fx ( K) =FX( K) +C ZtJ oK)*DJifsx( Jr I )-D2 ( JrK)*DJ*CX ( Jr I )

632 Fxx ( K ) = FXX ( K ) +C 2( J tK ) x D,J*DJ*'CX ( J I I ) +D2 ( J I K ) *DJ*DJrêSX ( J I I )

DENS=O.0
pX=OeO
DXX=0 o 0

¡Y=0 o 0
DYY=0.0
¡Z=0 o 0

DZZ=0 c 0

tÒó35K=i' IKMAX
DK=K-l
DENS=DENS+E {K) *CY ( Kr I ) +F ( K) xSY ( Kr I )

gf,=DX+EX( K ) *CY ( Kr i )+FX ( K)*SY ( Kr I )

DXX=DXX+EXX (K)xCY ( Kr I ) +FXX ( K) rtSY ( Kr I )

DZ=DZ+EZ( K) *CY ( K¡ I ) +FZlf')tSY ( K I I )

DZZ=DZZ+EZL( K) rtcY ( Kr I ) +FZz1 ç¡xSY ( Kr I )

gt=þY-E (K )ì+DK*SY ( Kr I )+F ( K)'rrDK*CY ( Kr I )

N)
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i005
100ó
1007
1008
1009
10 10

299

þY'l=þYY-E ( K ) *DK*DKifCY ( Kr I )-F ( K ) nDK*'DK*Sy ( Kr I )

DËN=12" 57*'FUDGX/ (VOL*P (6r I )xP ( 7r I ) )

DX= (DXT.DEN ) /AREAL
SHFTY= DY#'DEi\/ BREAL
DZ=DZXDEN /CREAI-
SHFTX= ( DX-CBSÏRXOZ I / CBl
SHFTZ= ( DZ-CBSTR*.DX ) / CBL
DENS=4" O*DENS/VOL ¡

DDx=DXX/ ( AREAL+å#.2 )

DDY= DYY / ( BR EALx-rf 2 i
DDZ=ùZZ/ ( CREALà'*-2 )

SHFTB= ( DDX+DDY+DDZ )-)t( hJAVEL**'4 )t'FUDGB/ ( 0.75rÊFSUM ( I ) )

WR I TEoUTPUTTAPE 3 s 63 6r SitFTX r SHFTY : SHFTZ r SHFTB r DDX r DDy ¡DDZ ¡DENS
FORMAÏ ( 1H r 5l-l DX= sF6.3 r5H . DY= ¡F6.3¡5H DZ= ¡F6.316H DB= rFó.3 rgH

DDX= sF9"2s6H DDY= tF9.2¡6H DDZ= rF9.Z¡l2H DENSITy = tF7.3l
DX2=¡g5F(SHFTX) i

DY2=ABSF { SHç.TY I
DZ2=ABSF ( SHFTZ )

DXSUM=DXSUI,1+DX 2
DY SUM=D'/SUM+D n/ 2
DZ 5UM= DZSUM+D Z 2
IF ( DX1-DX2 ) 1005 ¡ 100ó r 1006
DXl=DX2
IF ( DX1-DY2 ) 1007 r 1008 r 1008
p¡ 1 =þy2
IF { DXL-DZZ ) 1009 r 1010¡ }010 ;

DX]=DZ2 i
coNT I NUr
P | 2 ¡ i ) =P | 2 ¡ I \+SHFTX/AREAL
P ( 3 ¡ T ) =P ( ? t i l+St-IFTY/BREAL
P (4s j ! =P ( 4¡l'' +5HFTZ/CREAL
P(írIi=P(5rl)+SHFTB
¡¡ ¡4st/= i\ þ1BR-¡l[l BRC
AVX= DXSUM /ANMBV
AVY=DYSUM / ANMBV
AVZ=DZSUM /ANM BV
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IV LL
r011

10j.3
1¿

I F iSllTF'1-DXl ) 1011¡ 1011 ¡ 1012
t)-\l-1 .-^jvl t. ì L. l--v
V¡n I i-TOT,TPUTT/iPE3I 1O 13I AVX I AVY ¡ AVZ I DXl
PÍl :i'\jî'.1 0 L 3 e AVX ¡ é,VY g AV Z'¡ DX I
FoiiiM,AT(1l'ì //i}H MËAN SHiFTS/511 DX= vFl'4s5H DY=

,tOH ãnrnffsf SHiFT = tF1.4t9H ANGSTRoM)

R E TURN
END

¡F1 ¿4t5H Dz= ¡F1.4
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