
lÏ*c yc í,0 piÌ{TA DrllNyl ( rn rnrH rLpHOspH TI'IE ) c oppER ( T ) , ,rg.-c 5Hçc up (c 2115 ) ,r

THTJ CRYSTAL STRTTCTTIIR¡]S OF

AND

Fe3As2(c0)9

by

L. 'I" J*

'fhe Faculby of GracJuate Stu<lf es and Hesearch

DELBAERB

A Thests SubmlLted to

UnLversity of Manlboba

fn Partl.al l¡ulf i-l.ment

cf the Requi-r'ements for the Degree

Doctor of Phi"]osophy

c L. T. J. Det_baere 1969

3-969



has bhe celt dlmensl-ons &o = 8,6O 3 ,O2 f, bo = f1"0b 3 '0I 8e

eo = 7"67 g 
'01 ,E ano P = tt5'3 3 *5o " The spâce group of the

cnystø} Ls PZ"/* (No" ]1) and Z = 2, The stnucture ütas solved,

usLng bhe lntensl.bloe obtaf.ned fnom egul-*LncllnatLon Wel.ssenberg

photognaÞhs, by three dLmenslonal Pattenson, FourLen and least-
squ&res methods to a ff.nal R lndex of O*Il+5 when a set of

hydrogøn ato¡r¡s !üa,s Lnoluded at chemLcally oxpecüed posltLonse

The analysl.s rovealed the presence of trco enantlomors dlscrf.buted

apparenbty eque¿llr end randomty thnoughout the crystsÌ, The

C ye lop entad f. enyl ( Èrl ethylphosph lne ) e oppo n ( I ) o C gH gC uP ( C ZH5 ) 3,

ÁBSTRACT

C5H5 rf.ng Ls Tr-bonded to ühe oopper atom wlth avera'Se bond

lengths of 2,?r4 î for Cu*C and 1"38 I for C-C. fhe presenc€ of

a-rr*bonded rlng Ls Ln acaord r¿lth the thenmal stabflLty of the

cornpound, T-C1fil}up(CaH5)3 ls mononenlc and obeys the l-nert

ges rule

Fe3As2(Co)9 has the cell dfmensLons &o = lO"B2 å,oL 8,

bo = 10,96 t ,o2 I ano co = L3,zg t,oa I, The space group

of t;he crystal ls Brnmb (equlvaLent to No,63) end Z = b, The

lntensLtLes vrene estLmated from eguf.*1-nclf.netlon WeLssenberg

phobographsu The strueture ttes solved by three dlmenslonel

Patterson, Founl.en and least squs.r€s methods to a flnal R lndex

of Oot0?" The analysl"s revealed a dlsordersd strusbure consf.sBLng

of one molecule rendomly dLstrfbuted ln two orlentatlons whLch

were related by e crystall"ographle two-fold rotablon axl s, The

Ldeettzed moLsculan symmotny f.s 3/*G3nl , There ls an equllate¡:a-t

tn{.angie of 3.ron aboms wlbh t}re average Fe-Fe bond dlstane e



of 2.62 t '01 8, The two s.rsenLc atoms ln the molecule lf.e
above and below the trf.angle of Lron atoms and &Ire relsted
by the mLrron plane contaLnfng the Lron atoms " The ersenle

aboms are bonded equarry to the Lron atoms wf-bh an average

As-¡'e bond of 2ð5 R* The oËher averege bor¡d J-engttrs &re

r,B0 I fo" Fe-C and L"LZ| I f"* C-0,
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THE CRYSTAL STRUCTURE ÛF ¡*CYCLOPENTADTENYL(TRTETHYT,PHOSPHTNE) -
c0PPER ( T ), TJ--C51r5cuP(C2H5 )3

PATìT I



c5llgcuP(c2H5)3, was fr.rst prepared by wirkrnson and piper
(L956) " The cornpound was sublr.mod at 6ooc and ro-5 ,nm, Hg
vacuum to form aggregates of smar-l_ whfte needr.e_Like crystars,
The compoundrs propertíesu thermar stabtJtty above room
temperature and no extensive por¡rmerr.zaüf_on, make 1t unrque
anong the organometalrlc compounds of copper, Three posslbre
tTpes of bonds by whlch the cycropentadlenyr group can be
bonded ro the copper atom r-n c q*Scup(c2*5)3 are a v-bond
(Ftg, r (a) as ln ferrocene (Ðunitzu Or5çeJ- and Rtch (Lg56) ) ø

a cr-hond (locatLzed :.netat_carbon bond) (Ftg" I (b) ) as the
e'c5H5 rlng ln (-n*c5:F.g)r'e(c o)z@-cgwg) (Bennerb er ar"
(1956) ) ancl an lonic bond (Fig, J. (c) ) as in nanganese
cycropentadienid'e lan(cg]H) 2 (wilklnsonu cotton and Blrrnlnghan
(L956) ) , Ltnrlbed polymeri zatrorÌ may occuru Frg" r (o ) ts
an example of such a poJ.ymertc structure.

Cyc lopentadlenyl ( trf.ethylphosphLne )copper ( ï ),
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ïn genenal, a compound with an ionf.carly:bonderc cyclopents-
dåengl.. nJ.ng ìras the foLtowång properttressinsolubiltty Ln hydro*
carbon sorventsu vlgorous reaction v¡lth af.ru lnflaming ancr.

smorderLng 1n the solid staLee reactLon with hydrochroric
acld or water to yferd cyclopentadlene, reactlon wrth carbon
dloxlde to yteld carboxyrlc acld salts and reaction wlth
forrous. chlorlde to quanbrtatrvery yJ.erd f e::rocenee A

compound wlth a-rr*bonded cycropentadienyr rlng wourd not be

expected to have these propertles u If no extenslve poly-
merlzatlon occurs, thts compound ls ltkery io subrlme 1n a
vacuun. A compound wlth a ø*bonded cycropentadienyl ring
would be expected to undergo hyctrolysLs wlth hydrochrorlc
acld but not have the remainlng properties of a cyclopenta-
d I enlde ,

decomposes ln alr af ber 3 - l-¡ hours, is hydrotysed by hydro-
chroric acld, cloes not react wlLh water or cârbon dloxldeu
and reacts wtth ferrous chlortde in tetrahydrofuran to yierd
f errocene armost qr-aantrtatr.ve.!-y " r^/irkinson and ptper ( Lg56)
stabed ühat the chemicar, phystcat and rnfrarod evl-dence f.or
bhe nature of the bonding between tLre cyc.r-opentadrenyr. rr.ng
and the coppor atom is Índecisfve, but t;hey proposed a d-bondeo
c5H5 rlng for the cornpound ås bef.ng the most consisbent
wlth the propertles,

very unstabl-e tertlary phosphine compJ.exes of nethyrcopper
were reportecì by CosLs, l'e1lL.zer anrJ RuL,essa (fçC4) and by

House, Respess anci tJh_ttesj.des (1966) " ÞTethyt compounds are
generarly as stab"l e or nore stable than bhelr er-bonded

C5H5CvP(C2ng)3 1s very so.t-uble in pet,roleum ether,



cyclcpentadlenyl analogues as shown by ('rr-Cgn5)Cr(¡lO)2CH3

and kr-c5w5)cr(¡lo)zlø -cgttg) and atso ftr-cgKJ)r'e(co )acH3

and (tr-C!H!)re(Col2lø-Cgn5) (Plper and Wf.Iklnson (I95Ér) ),
Thus a d-bonded C5H5 rl,ng f.n a bertlary phosphlne complex

of copper ls Ilkely to be unstable,

In the crystal structure of the phenyleLhynyr(trlmethyr-

phosphlne)copper ùetramen reported by Corfleld and Shearer

(f96O¡, copper ls bothrr-bonded and ar-bonded to ethynyt

groupsø This suggested that C5H5CuP(C2ng)3 may also be

stabf-rLzed by -rr-bondf.ng,

Because of the specf.at propertLes of the compound, tîe
exlstence of several posslble structuros, and our preparatLon

of welL-formod s1-ngJ"e crystals an X-r:ay structure analysl.s

was r¡ndertaken"

3



A crystal structr..lre Ls a throe drmensfonal perlocilc

arrangement of a group of atoms f.n space to form tkr.e crystal,
A spacer lattlco 1s a representatlon of thi-s repeat pattern wlth
a lattÍco polnt repnesenttng the group of atoms" The unlt ceLl
Ls the smallest repeat unlt of the lattLce, The symmetry of
the unj.t cell dotermLnes the crystal system,

certaln non-translatJ.onal synnef;ry eloments are founrj

ln space lattLces. A conslderatton of these symrnetry element,s

and all thefr posslblo combinatlons resul"ts l_n thlrty-two
crystal classes or pof.nt groups, A crystal form is an assemblage

of equivalent faces of a crysLal (e"g, a prj.sn or a cube)"

Any c:"ystal form boJ"ongs to one of those pof.nÈ groups, The

symmet,ry elements ln a point group must pass through a single
polnt" However, l-n a crystal sbnucture all s¡rmmetry elenrents

neod not pass through one pol-nt" Thi_s Ls due to bhe presenc€

of translatl-ona1 s,t'mmetry elements I,e, screut axes and 91f.de
planes. A scrow axLs lnvoLvse repetf.i;f on of atomLc posltions by

rot,atl.on about a line plus translatf.on paral_lel to the Llne,
A 91lde plane lnvoLves repetltton of an atomic position by

refl"octlon across the plane and translatlon parallel to bhe p1ane,

A1r possLbre conbinations of the cnysLallographic-
ariy permLssl.ble symmetry el-oments, both translatlonal and

non-transl-atlonal, yíelds two huncred and thirty space groupso

Every crystal strueture must belong t,o one of theso spaee groupgo .

CHAPTER II
X-RAY DrT¡'RACTION THEORY

¿+



when a monochromatLc K-ray boam stnlkes s. crystalu the

electrons of the atoms perl-odf-ca1l.y absorb energy from the beam

r¡nd re-ømtÈ lt as X-radfation of the same frequency as the lncldent
beamu 'l'hese scattened ws.ves lnterf ero !'rith ee.ch other both

constructlvely and destructively (dlffractlon) " The dlnectlons

of constructLve l-ntenf enenc eu so-eal1ed trreflectl-o¡rg!? depend onlg

on the sLze and shape of the unft eell, Certaln fîrefl.ectlonstt

are sysr,ematlcally extLngulshed by lattice centerlng and by the
presence of Scro1/,t axes and gllde planes, A study of the occurrence

of these systematlc absences determlnes the possibl-e space

gtroupc of the erystal, The lntensl-ties of the reflectj-ons depend

on tho tJ'pe of atoms present and their arrangement j-n the

crystal stnucture*

The atoms present l-n a unl-t ceIl are clotormlned fro¡n the

unit ce1l dimenslons, the chomical analysls and the densi_ty of

the crystal,

rn l-9]3e \nI"L. Bragg formuLatod the equatlon nÀ*2dn¡gsf.no

Lt

for the constructlve interference of an X-ray beam strf.king
parallel nelghbourlng planes of a, erystal lattle e, where n

an lntegeru À ls the ,¡avelength fål of the x-ray beamu dy.iu.0,

the f.nt,erplanar spaei.ng fil and o ts the angle (degrees)

between the lncldenf, X*ray beam and the l_attf.ce planes,

The Bragg equatLoÌ1 may also be exprossed j.n the forrn,

À=2drrn nk n0 slne, whone d-n -ì¡ *0. = dng4, ?he wavolength¡.[Jt f 1Il íl!,

order n ls inconporated Lnto the lnterplanar spacf.ng, Both

notatlons are used by the authot""

Tv¡o technlgues employed i.n the K-ray dl-ffractÍon of erystals

is

1s



åre polrder methods uhich aro applied primarLly for i.ndentífåeatåon
purposes and slngle crystal methcds whlch are mainty used for
cnystal structure determlnatlons" fn these crystal strueture
elueldationse osci.llatlon, preeessLon and l¡ietssenborg stngle
crysba-l- movi_ng f f.Im methods were employed"

In 192I P"P" Ewald tntroduced the concept of &

trreclprocal ratticeff ln connectlon v¡ith the dlrect or space

latt,lce Ln orcler to roadily interpret slngle crystal
phobop¡raphs. The reclprocal rattl-ce does not exlsL whereas

Lhe dLrect fattLce does have physfcaf reatfty, ona poLnt

of the reclprocar latt,lce represents a whol_e set of equali-y-
spaced paratler direct lattice pranes; Lt ls bhls representatLon
whlch makes Lhe recf-proca.r. ]-at,ttce simiLar to sf.ngre crystal
phobographs. The relatlon between the dlrect and tho :reciprocat
l-attlce 1s shown ln Flg 2. This rnonocltntc primitf-ve Iattlce
ls shov¡n projected along the y*axts (2-foJ"d axis)u with the
dlrect lattlce represelxted by sotj.d llnes and the reclprocal
,LattLce by dashed llnes, The reciprocaJ- .Lattl,ce represents
each set of pararLel- rattf.ce ptanes of the dtroct lattLce
by a polnb (sorf-d cirelo) normar to the pranes at a dlstance
lnverseJ-y proportlonar to the interpranar spacing LB"

*S - where k ls the constant of proportionatity. For arl' drrol

6

X-ray vuork k may be taken as equal to À , A

Iattfce spaclng is lnversely proportLonal to
repeat per1od and a direct lattLce spaclng j.

proportional to a reclproeal- l-atttce penlod 
^

rec iproc al

a direct lattice
s LnverseJ-y

The prf-ncipal
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B

axes of ühe reclprocar lattlceo *'"'o y':i'and zü' ate the normars

from the orlgin to the three prlnclpal planes of the unit
cerl" (1oo¡u (0ro) and (0or) respectlvely. Asterisks
are added to the symbols of direct lattlce elements to denote
thoso elements of the reclprocal lattlce"

The Bragg equatlon for refrectlon by the rear lattl.ce
has l-ts exact geometrlcal equlvalenb ln terms of the ¡eciprocal
lattLce", Thls reads to the concept of the "sphere of
reflectlonfr shown 1n Flg.3 (¿t) 

" The set of dlrect rattlce
¡ptanes xx ln the reflecblng position have the lnterptanar

spacing d' The lncf.dent monochrornaùLc x-ray beam strikes
I

xx at Y wlth the angte e o ye ls constructed normaJ. to
these planes such that ye = L, Ae Ls constructed normal

d
to YQ and hence pararter to the refrecting planes. Then

angJ-e YAQ =e and yA =

for reflection ls À = 2dnh nk

for arl refrectlng positlons, Also angre Âey is always a

r1ght angle for refrecting condltions" Thus, the locus of
alL polnts a ln one plane wllr be a clrcre and ln three
dlmensf-ons wl-lr be a sphere wtth di"aneter yA, slnce \iA = zs

bhe nacjlus of Lhe sphero ls unrty" Thusn when a set of
pranes Ls refrectlng an x-ray beam, Lts reciprocal polnt is
on thls sphere catl-ed the sphere of reflection,

The centre of the sphene Ls o. oe connects the cenbre

of the sphere wtth a reclprocar ratttce polnù on lbs surface
and makes &n angre 20 wlth the undevlated x-ray beam and it

YQ
ãïñõ d sine

nA sLnO.

The Bragg condf"tlon

Then, À = Z=YA
d sLne
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thereforo gLves the dlrectLon of the reflected beanr" 'Ihus,

we could place bhe crystat ab 0u bhe centre of the sphere"

fn terms of the reclprocal J.attlceu reflecblon couLd then

be rooked upon as construcblng a sphere of rrnlt radLus wl-th

the crystal (or dlrocÈ tettlce) at lts centre 0e the primary

beam along one diameùen and the orlgln of the reclprocaJ-

J-attlce at the polnt where the prlmary beam emerg€s from

the sphere (Y), Whenever a recf.proear lattLce potntu et a

dLstance À from the orf.gçln, just touches the sunface of the
õ'

sphereu a nofLeebed beam moves out, the lneldent beam betng

refleebed by the dlrect J.attf-ce prane correspondLng to t,he

rec lprocal }attlce pof.nt,

fn F'f.p5" 3 (b) conslder a crystat with Lts dlrect axls

g frOo] orlented at an angte F þ" the X-ray beaüo Normar to
bhLs dlrect axls, Lhore tu1}1 be a set of neclprocat tattlce
planesu These recfprocar Lettice pranese {Otl,)-''u qÏU-Û)t'u

( Ik-t,)t*n ebc , u Lntersect bhe sphere of ref lectLon 1n clrctes
t¡lth diameters YQs MÌtr, RS, etc" In order to satl"sfy the

Bragg relatlonshJ"p a recl-procal Iaütlce polnt from any

recl.proeal pLane must lf"e on the surface of the sphere - more

spectfleallys the reclpnocar lattlce pof-nt musü lle on the

elreumfer€nee of bhe elrcle fo¡'med by the tntersocti_on of

the recl..proca.t plano and the sphere" Slnee the refJ-eetLons

are emLtted from 0 and pess through these points, the

reflectlons li.e on the surfaces of cones u¡h1-eh aro eoaxlat

ç¡i.th the a IfOO] axls, I¡r slng]e erystal methods, diffractlon



cones ane generated; motlon of the crystal causes reclprocal
planos to pass through the sphere of reflectlon usuarly wlth
one reciprocat prane at a time belng recorded on fllnr Ln

the photographic technlque"

11



A " TTII'ORY

The precession rnethod was developed by Bt¿erger(396¿¡.),

In thls technLque a single crystal i-s mounted for slmurtaneous
rotatlon around a reciprocal axis and precession of a df.rect
axls about ùhe tncLdent x-ray beam" A flat phobographic

f1Im and a reclprocal rattice prane perforrn the same motl_on

wlth respect to ühe lncident x-ray beam dlrectlon; the

reclprocal plane is recorded on the film in an undlstonted
form n

The arnangement for the precesslon method is shor¿n ln
Flg. h' The crystal ls mounted for roüation around the
reclproeal exls b':í' (perpendlcurar to bhe plane of the paper)

and precesston of the dlroct axl. g [1oo] at an angle F wlth
respect to the lncldent x-ray beam, The screon which ls
located between the crystar and fiLm permlts the reflectlons
frorn only one reclprocal- prane to reach ùhe ftlm. Because

reflectl-ons from Lhese reclprocal planes 1te on the surfaces
of cones r.¡hlch are coaxiar with 

" f rottl u Lhe screen has an-L r
arurular opening whose axls colncl.des wlth the precesslon axls,

CHAPTER IIT
THE PRECBSSTON TMTHOD

L2

L¡ PHACTIC{L APpLTCATI0N TO SINGLE CRYSTALS 0F C

l.n order to obtai¡r a precesslon photograph of a reclprocar
lat,tlce prane, bhe crysüa} must be property orLented , SlngJ-e

crysLaJ.s of cqH*cuP (c2Hq ) ?, trappeared?t to outJ.Lne the f orms

{roo}, { oto } ;"; {oor] "; ; monoclin'c crysra}, rn ühe

monocrinlc system, the dLrect axls b [oro] coincides wlth the

(l ) 0rlentatf.on of the crystal
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recltr)rocal axis b"'" Since thf s ttapparentrr monocllnLc

crysbal had well-developod facesu lt lras mounted for rotation
around the "assumedrr Þ [oro] (arso gri) axis by the use of a

reflectlng gonlometer, The gonlometer head was transferred
to the precesslon lnstrument and the crystar was centered

in bhe colllmator, The dlal axLs was then turned untlr one

rocker arm was perpendicular to the lncldent x-ray beam, .A

precesslon photograpkr, Flg" 5 (a), was obtained uslng unftltered
molybdenum radlatLon; ùhe precession angre was ten degrees

wtth the crystal to fL1m dlstance belng 6o mm" No screen
was employed

Flg. 5 (a) and subsequent photogra¡rhs were vLewed ln
the dlrectlon of the lncldent X-ray beam, L,e. from the

X-ray tube to the fllm"
This photograph shov¡s the strong predomlnance of the

zero 1evel reflectlons over those of the upper revels, a

characterlstlc of orlentation photographs, i,útth * [roo] as

the preeesslon axlsu the okl, reflectlons are ùhe zero rever
refrectlons" The Ilne connecting the two ftductal- spots,
whLch are at bhe extremes of the plcture wldth, forms the
axls of rotatlon" rn F'ig, 5 (a)u a rectprocal la.tttce row

ls armc¡st parallel to the flduciar. spotso Tkre ang1eQ

between thls reclprocal row and bhe axis of rotatic¡n is the

adJustment to be made to the vertical rocker, rn thts case

tho vertlcal correctl-on ¡øas Z,Zo,

1l+
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After thls adJustment was made, another photograph was

taken as shown f.n tr'lg, 5 (b),
The offset of the zero level clrcle of neflectlons in

a horizontal clirection Ls due to an orlontation error in
the horizontal rocken, x xt is pr,oporùlonaI to the
orlentation orror tn the horizontar plano" uslng the graptr
given by E,InI, Nuffiolrlu 0966, I'1g " 9-ZO) the conversJon of
this readlng ln mm on the photograph to degrees erro. on
the horizontal rocker arm ürå.s obtalned. To el.J.minaf,e thls
erroru the crystal was moved 0,ho away from the K-ray t,eam

ln the horlzontal dLrectlon" The crystal is now mounted

fc¡r z'otatlon around the bJi' axl_s, The onientatlon error
IY - lí was used so that a direct axis of the crystal would

precess about the lnclden{; x-rav beam" The converslon of
thls mm 'eadlng on the photograph to an engular correction
l-n degrees J-n the setting of tlr.e dial axls was otrtalned from
the same graph prevlously use,3 ln ühe x - xt correctlon,
The cr¡rstal wa.s tlrted z,60 LvJay fnorn the x-ray beam for
thls acjustment' The photograph taken forlowlng ùhese

correctlcns ls glven in l.ig" 5 (c), This photograph shows

that the crystal is properly orientod for rotation around
a' reclprocal axls antl precesslon of & dlrect axis about the
X-ray beam,

(11) Zeno level photographs

F'or B. zero levol photographu only the cono of reflect,i.ons
'Ji.re tc the zero 1eve1 is permitted to pass through the screen6
The crystal to f tlm distanee, I'u ls r"nalntairred at 60 mm for

T5



all zero leve1 photographs" Thls value Ls slso the magnf.f*

lcation f actor of the z,ero l"evel reciprocal lattlce plane ln

dlmenslonless roclprocal l-attlce units (r, ]- u,) shourn þy
98 I

F'lg"1+: Y(¿-=0Y =l'=F øTi- õr rrk¿

Ì,'Lg 6 (e) ls a zero level precesslon photograph of'

CSLISCuP(C ZH'), with the crystal oriented f or rotaticn around

the b, 3 axls and precesslon of the a þtO]axls about the

)i-ray l--oam. l'4ol¡rbdenum re,diatlon wlth a zirconlum f1lber
',jas ¿scd,

In order to recorrl higher levef reclproca.l lattice
planes, a knovrledge o.f d-"-, the reclprocal spacing along the

precesslon axls of the crystal ls roqulreci. A cone axf.s

phobograph was used to obÈain d*"

fn a eone axls photogranh, the fllm ls placed ln the

sereen holder wlth the precesslon angle usually set at

10o" A cone axls photograph conslsts of reflectlons forming

a serles of coneentrlc clrcles wlth the zero level usually

bel:rg the smallest and tho most lntense. The circles of

larger radif resuJt,from the hlgher orcler reflectlon cones

wlth t;he flrsb 1evel cone correspondlng to the ^snallest <¡f

these. The reclprocal- lattlce apecltrgo d'"-, f or any lcvcl is
I'ounri by measurlng the radlus of the corresponding cone on

(iil ) UI,por 1e_vel photographs

L7

lhe cone axls plcture and solvlng the equatl-ono

d-)í- = cos p - cos t.r-1 R whoro F t" the precesslon angleu
T

R ls the radlus of the clrcle of ref,lectlonso and f ls the

crystal to fLlm rllstance" Havin65 calculatod dìi'and havlng
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(a) Os!, precesslon pbrotograph,

( h ) ¿k.0, prec es s lon

(e ) hk0 precession photogrs.ph€

FLg" 6" þntact prlnts of preeeæslon
¡4o Ka raõ.Lat j"on, F- * 2S

.s

-b 

o

,*, D"

6..

photograph"

ïl¡,
o

phot ogrellhs of tr5Hs&ÃP (tr¿wg, )3,



chosen a sultnble screen racìius

cryst.el to scroen di stanc e, t,he

brs teken" These varlables ere
..ti -1 ño'- = cos 14 * oos Lan 's r^thereiV

and s Ls the crystal to screen distence. The frat photcgraphic
fil¡n is placed in the holder used for the zero 1eve1 photographø

wlth ùhe holder advanced towÞrd the crystal a dlstanco Fdií-

fron the poslbion used for the zoro level photograph, Thls
upper level photograph will have +-he sane nragnlflca.ù1on

ls.ctor as llre z,ero f c veL .

A f i.r-st level Pl"ece sslon ¡rhotograph tal<on of c 
SIrScup 

(c c-rrg) -1

wlth the crystal mountec f or rotatlon around bií- with the
precession a.xls a [roo] ls shown 1s i..1g" 6 (b ), Thls ls a

photograph of the (r kI)-" recipnocar lattice plane, The

blank central port,lon of the flrst level photograph results
fron some reclprocal lattlce polnts remalnlng ln-qi.le the
sphere oí'refrectlon throughout the entlre rnotlon of the
crysta-] " I¡ron F'lg. h, the small centra.l portlon of the
f f.r'st level- reclr.rocsl plane, (l k !r)" o of nadlus fR remal_ns

lnsLde the sphere durlng the crysüalrs movement. Thus the dfrect
lattlc e plane s correspond ing to the rec lprocal l.a.ttic e pcl¡ts
1n thls area ncver reflect,

1"1g" 6 (c) 1s a zoro Ieve1 precession photo8raph of the
crystal- rnounte,l for rotatlon arr>und tne bj3 axLs with tho
s [oor] axis as the precession axLs " The dial was turned
through an angle of more than l15o from the posttlon of the
a [roo] axls pr6cessLon Ln order to obtal-n processlon cf the

e a. preoesslcn angle and a.

upper level_ photograptr. nay

related b)' the eeu.atlon

rs 1s the screen ra<Jlus

r_9
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g-[oot] axls about the x*ray beam, The eÞrolce of the a and e=

axes agreed with the morphology of the crystal I,eu both
were along faces of the crystal" The valuo of c-tí- > a-,i-

preserves the convontlon in dlrcct space of co < 8o. /.s
lndlcaterl by the (ori)':í' and (rri<o )-tt' "u"lproca1 plane photographsø
Flgs' 5 (a) and (c) respectlvely, both the cir'and aìi'axes
are perpendicular to Ut, The fact that L,oth o( and ð ,""
right angles, whereas the angle p is about 115o, establrshes
tho crystaÌ s,vstern as _rnonoc1lnic.

Fron the zero ancJ flrst level photographs, Flgs, 6 (a),
(b ) anci (c ) u ühe only occurrlng systornatlc absenc e ls, Oko

pncsent onry wlth k even" Ar¡ examlnatÍon of Nuffleld (1966,
Table A3*2) for onl.v thls systcmatlc absence grves the
possil¡le space groups as tr, and pZy/^"

(lv) Unlt co1l dlme

Precosslon photographs are ususlly measured with the use
of a cìevice shor.ln ln Fig. /. The photograph is mounteC on

the glass plate" The dtsk Ls notated to place rows of
reclprocal lattice points para11o1 to the halnlfne, The

transLat8.øn perlod betu¡een rords on eÍther sLde of the central
roÌ't soparated by n tnanslatlon intervals is measured,

I.'ro'n itlg" 6 (a), the angle õ f " a rlght angle, Thus

bhe translatlon perlods measured correspond to the magni.flcatlon
of tho reclprocal lattlce perlods c':3 ancl b-"', A calculation
of the cell spacrngs obtained from FrE, 6 (a) is g1ven rn
Table 1,

l uv:I_ 
"p-fSg g"gjloq, ph"t os*a ph

nsi ons or gsHscgr-"1Ç¿sgJ3. Jggg--g.s_qp
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FLg" 7 Measurlng devLce for X-ray phobographs6



TABLE tø Unlt corl dlmenslons of & slnglo erystar of
C5H5CuP(Cpttg)3 from a zero Ievel precosslon
pnoüograpn"

The data refor bo Fig, 6 (a).

ÀMo Kd = 0,7J07 f
bo

k RlghÈ Lef t 2Y Y P':3
(mn, ) (mm" ) (mm' ) (mmr" ) (¡¡'r 'uu )

t th.go 7'l "7rt 7 "7a 3 "85 0.061+2

? BB 
" 
85 7 3 "3u 15 .55 7 "77 o '1296

3 g2.7t) 69,15 23 "L5 L1.57 0,L927

¡+ 96"115 65 "65 3o'Bo 15,1+0 o "256V

5 loo,Jo 6t,80 l8.5o L9"25 o"32OB

6 lol+.20 57 "90 l+6,30 ?3"r5 o"3B5B

7 1oB "ro 5h"]0 5i+,00 27 ,oO 0'l+5oo

B 112 
" 
Oo 90 ,ZO 6r , BO 30 ,90 O "5L5O

g 115 
" 
80 i+6 ,2O 69 *60 Jh , 80 O . 58oo

]o 119"?0 42.50 77.20 38"60 0'61+33

The average of the ]ast foun readlngs dOlO = II,Oþ

Slnee the y and y';ä axes of bhe erystal cof-nclde,

bo = doto = rl"ol+ å "or I

22

doro
(8)

LL,o7

10,97

1r "05

11"07

11 "08

1r,05

11 ,05

11.01+

11",03

11,05

* "orf;



TARLL]

dooa

Io

0

I
2

3

i+

6

( conüLnued )

R

{mm, )

87.l+o

93,]0

99,75

Loí,9o

I12 "09
rL9 "25

L
(mm, )

75 "t5
69,00

62*85

56*70

50,55

w"55
The average of ühe l"ast four readi-ngs ls d6g¿ = 6,93 å ,OI A,

2y
(mm, )

L2 "25
2¿+,IO

16,go

l+9 "2u

61,50

73.70

From a slmllan measurement of Flg, 6 (e ),
dtoo * 'l ,78 * "ol.

v
(mm. )

6"Ìz

12.o5

18 
"l+5

24"60

30,75

36,85

P"'s(r"I"ìÅ. )

0,102L

0,2008

o,3o75

0,l¿lOO

o.5125

O.6rl¡2

23

doot
( f )

6 "96

7 "OB

6,93

6,93

6"93

6,gt+

o
A"



A U THBORY

In the rctatlon 'netho<ì, a ct"ystal is mcunted about a

rJlrect axls snd ls osclllaterj around thls axis through an

CHAPTER IV

THE OSCTLLÂTIOIV /\ND ROTATTOI\T MtrT]IOD

angle of at least 1BOo. A flxed cyllndrieal fllnr surroundíng

the erystal recorri s the dLff ractlon pattel?n. 0sc1llat1on
photographs ere produeed as above except th¿ù Èhe osclll,atLon of

the crystal ls restrlcted to an angle less than 1BOo, Such

photographs ere used to orlent a slngle crystal for rotation
arounci a dlrect axls and to cletermlne the repeat perlod

along thls axls ø

A single row of lattlce polnts, the polnts separated

by t,he repeat period ps ls along a clLrect axis of a crystal
1n lrig. B (a), The crystal ls rotatlng about thls axls. An

X-ray bcam strikes this rort at rt6ht angles" At every lattlee
po j.nt a. cllf f racted wave ls sent out, whlch ls the r"esulüant

scattered wave frorn the group of atons which the lattiee
point represenbs " F''or constructlve lnterf erence to occur

between the dlffracùed rays from these lattlce polnts, the

path difference between the wavos'nusl; bo zeto or a whole

number of r¡tave lengths 1.e, p cos 0 = nÀ , where À 1s the

wavelength of the ¡-psy beamu Ö 1s the angle between the

axls and the dlffr.acted nay and 7ì = Os 1, Q"øø " For a

glven axl-s of a crystal and a gf"ven X-radiationu p and h are

constaut" Then cos þ ls a constant f or a gI-ven value of Ílo

Thusu the dlff'racted rays lle on the surfaces of cones coexi.al

214



M inus

First- Ord er
Zero Order

Flg, B (a )

First- Order

lncident X-Rcy

X-ray dl-ffractlon by
points separated by

Wove Fro of
Beam

a single row of lattlce
the repeat perlod P,

þ-o 
-d

Fis, B (b)

lncident X - Roy

Dlffractf-on cones

Bêom



wlbh the rotation axls of the cnystal where þ ls the half-
apex ang,1e of the cone as shown in Flg, B (h)"

Thls concept Ls lndentleal to Flg" 3 (b) vrhere 7a = 9Oo,

The zar.o orden cone corresponds to the ( }y-l)-"' 
"u"lprocal

lattlce plane " The (1 kl,)t* ".rd 
(rk¿)-"' 

"u"rprocal pranes

correspond to the flrst order and minus flrst order rJlffractLon
conesro Thls same correlatlcn fol1ows f'or the hlgher order
dlffractfon cones@ tnthen the cr¿rstal is rotated around the
a [fOo] axls, the reflectlons corresponclng to these reciprocal
planes are recorded ln straight ltnes on â cylindrlcal f11¡r.

The axls or. the cyllncirlcal f 1lm ls colncldcnt r,¡f th the lattice
roh,o Lieceuso the crystar rnay be conslrjered as composed of
1C:ntlcal paralle1 labtlce rows ln three dlmenslons, dJ.ffractod
beams 8.re produced only tn speclfLc dlrectlons along the conese

i;ho diroctions whlch satisfy the Bragg equation. Thus,

reflectlon spots lylng on stral-ght ll-nes are recorded on

the cyllndrlcal fl-lm. These lines of spots are ca11ed layer
11nes, ea.ch of whlch corresponcls to a reclprocal rattlce
plane 

"

Ey means of orlr processlon photographs, crystals of

26

c5l{5crrP(c2H5)3 have been shown to belong to the monoclinlc
systom, The reclprocal axl-s g'3 and

therefore colnclde, The crystal was

aror.lnd b;í' (a1so b) by the technlques

precesslon method.

An osclllatlon photograph of a

c5\rcuP(crut), wrtrr Þ [oro] as the rotatlon axLs using

unfj-ltered copper radiatlon j_s gf_ven in F'igu 9"

the dlrect axis þ.

orlented for rotation
descrlbed ln the

slngle crystal ot



.1

_b

Fl,g" 9. Osel-l-latton photograpìT (e3ntaat prtnt ) of €5HgüuP(ffZES)S
r:otatlng about the p þfOJ axl"s tlrrough an angle o{ +5*
ån e random posltS.on;-thÞ d.lreet beam trep wes not ln
pl-ace; mutti.Þle epotÈ, are due to the Poor qpsLltf of the
erryetå;l; pøoôer rlngs ere ðue to eoatterlng by thc
eo11Lma'tor* Cu/- radåatLon ws.s used.



B " PRÁTCTICAL

Flg, B (b) shor¿s bhe df.ffraetLon cones and a treee of

the eylfndrleal fllm, Fron¡ thls dl-agram tan þ = r- edhePe r
vfs ühe camera radlus end y Ls the separatl.on of any Layer

tlne frorn bhe ze?o J.ayen ll.ne" Usl-ng bhLs equatLon, Ëhe

rolatlonshf"p p cos þ = s¡Àe and meeeurLng the oscl}latlor¡
photograph tn Ftg* 9 wi.&h bhe same devf.ce used for moasurLng

bhe presessl.on photographs (Flg, 7 j, bhe repeat' perf.od along

bhe b axls was obtaLned, These ea.¡.cul"eÈLons are glven l"n

TsbJ"e 2, The value of be € 11"1¿& Ja glven ln Table Z Ls

eeknovüled.ged. to be lnaecurate due to the poor quallty of thc

erystal used. l-n obtaLnlng the photograph 3.n Flg" 9" The

value of be obtalned. fron the preeesslon method wa.w, then

taken as thls eel,l dlmenslon,

({} Determlnatton of the rotsb3.on perlo-d

APPLTCATT0N 1o A SINGLE cRYSTAL .98 cSEgqEp(c¿[ç]¡

28
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THE EQ,UT-INCLTNATION hiBISSENB¡JRG METHOD

THIIORY

The welssenberg method makes use of essentfarly the
same experlmental arrangement as that employed tn the osclllatlon
mebhod" A crystal ls rotated about a dlrect axls and a

movlng cyllndrfcal fLlm records the reflectlons of a chosen

layer llneu A cylLndrLcar- screen, with an equatorlaL srlte
is lnserted between bhe crystal and the firm so as to alrow
only refleetlons of one reclprocal plane to reach the ff.lm"
llorlzontal translation of the cyllndrlcal film occurs slm-

urtaneously wlth crystal osclrlation, For tlelssenberg
photo6iraphsp the angle of crystal oscLrlatlon is greaber

than 1Boo, The WeLssenberg instrument ts deslgned to translate
the film l mm for every 20 of'crystal rotatlon. llhe reflectlons
occunrlng on orìe layer l-lne on the oscirlati-on photop.raph,

are rocorded on the welssenberg fl1m in a two dlnenslonal
patbern" As a result n each ref lectlon norr¡ has two coordinates
on the film, one pararlel to ühe axls (horlzontal) and the
other along the cLrcumference of the fltm (vertlcar), The

CHAPTER V
3o

radLus of the fllm l_s

I mn ls equlvalent to an angular reading of Zu o

lì" }'RACT'rcAL AppLrcATr0N TO srlrGLE cRysrAls,0F c5ri,5g:rp!Ç_2[g}¡

ls equlvalent to an angular reading of

¡lBecT'-Iq.AL AppLrcATI0N TO SIlrcLE cRysTALs

( 1 ) Zero_ levet WeLssenberg photographs

axl-s (normar to the nlckeL-fLttered copper x-ray beam) and

A crystal ot C5HgCrrf (CeH5), was rotated abour the b lOrO]

360
ElT'

rlln!ø Thus a vertl"cal coordLnate of

)o e

OF
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only "bhe eentral or equatorial layer l.rne r"€"¡ the h o !
reflectlonse l¡rs.s allowed to pass throush the lofeissenberg
screon; a r¡Ieissenberg photograph of the (n o I ¡'tt- """iprocallattlee plane was obtalned (Fie" lO (a) )" This l_s a
dlstorted plcl;ure of the recrprocal lattr.ce, Due to the
geometry of tho f.nstrumentu refleetlons from a recl_procal
labt,i,cei row whlch passes through bhe ori_gln, farl along a

stralght 1f ne maklng an e.ngle of 630 26l wi.th the horizontal ,

Roflections correspcndlng to recf.procal lattr.ce rows that
8l'e paralle1 to ro!'ts tllat pass thrcrugh the ori-gln are arra¡gcri
cn a serles of curves (fesboons). The gì:' ano gr axes !úere

l-ocated on thts r'reissenberg photograph by a companison with
the lntenstles of the refl-eetions on the c i and j,- 

"*us on
the precesslon photographs (Flgs" á (a) and 6 (c) ), A Welse.enberg
cLmSt was eonstructed through all the reflectionse Flg" 10 (b) 

"
Each of the h o,L reflectlons on the t,Ieisseriberg photcgraph
rn'.f thon be laboll-ec vrlth lts h and J Miller lncrices,

(1i)

rn Lhe equl-incliration weLssenberg nethode u,rper level
photogralrþs aro t.aken wtth the arrangoment shovrn fn Flg. 11o

'rho :"rt.atlon axls of the cnystal ls inclined at an anp1le to
the ¡-ray beam sucir that the rots.tlon axls of tho reclprocal
ls.tt,lce Lntersects the leveI under lnvestL6atlon on the
'surf ace c'rf the sphere c-f reflectr.on (p). tsoth the criffracted
beam antj tìre '¿ndevtated X-ray beam are incllned at the sanie

nngle N to the reciprocal levels (equi-r-nclinatlon),
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Fig" lO (a), frOf welssenbeng phobograph
@l Ka rådI&tLons no d.3"rect
ohlt heLf (bottom) of the

ofl 05ffiqffrr(t2w5 )3a
bea¡l l1ne on Photogra3rlru

photograph Is shown*
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cident
X - Roy Beo

33

Sphene of

Ref lect ion

F 1g, 11 Bxperl-mental
Wel-ssenberg

S cr een

arrangemetxt for the eqìrl"-LncIjnation
method "
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The angEle p 1" related Èo gl (obbaLned from the precessl-on

method) and yE (obtalned from bhe osctrlatlon mebhod) by

the graph 1".¡.lustrated ln Buerger (L942, Flg, L55)" The

offeet of the screerx settlng S fronn Èhat for the uero leve}
phoüograph ls also obtalned from Buerger (19t+2, Flg. 156)

The lntensltl.es of ar1 the reflectlons for the structure

elucl-datlon of CgHrCuP(CZH5)3 l*ere obtatned from Welssenberg

photographs of the hO.0 - ir.lg'l' ievels of a crystal rotatlng
aboub the b [OfOl axls uslng zlrconlum-filtered molybdenum

radlatlon,
( 1i l- ) Deterrn j.nation of the cel,l dimenslons f rom fiero ¿e\ret

The verblcal- posltlon on elther
of Flg" tO (a) !úas measured for the h

r*f.th tha devlce shown 1-n Flg, 7, fhe

cell spaclngs from these me&surements

WeL ssenberÂ photographs

r 6 (r,t,u,) = u*oko = 
HL 

=

o

the monocLtnl.c system"

2, V (mn) ls the dLstance from

layer Ilne on the oscLllati.on

sf rJe of the f lLm eentre

OO ¡¡nd OoCI, reflectlons

ealculatlon of the

1s glven ln Table 3.

kÀ slnce
%'*u

b

ühe zero .!.ayen IJ,ne to the upPer

photograph (Fle. 9),

and b colnclde ln



TABLE 3' A' Deüermrnaüion of the unlt c6¿r df.menslonsof a slngre erysrar of CqHqcup(C"Ifct;-i"o*
Ê zøpa level Weissenoerg-pdorogräpf,. J
(Ff,g" -[O (e] ) " 

(r ¡

NLc*e¡,-f.l.rreÏe$ copper trediation wøs used.
À CuKç = r "5h¿g Ã,

dtoo

ï¡¡dex R
(nnm" )loo 87 ú5

2OO g3 
"2o

300 gg,o5

hoo 105 
" 
j.o

5oo r¿¿,bu

7Ou L25"6,

8oo r.l j "90
The average of

doo¡"

L2e
(nun" ) (o)
76,uu .L¿ ,35

70"?5 22*95

6l+,30 3U,75

58,3u l+6"80

5t"8u 59"Bo

37"8u 87.85

29,25 T04"65

the Last four

e_ slne 2 ElnO
(o)

5^61 0"0989 ou¿978

Å¿,l+7 o.rgBg 0,3978

L7 ,37 0"2980 0 "5972.
23n4v o.39Tt o,Tg\z

29,90 0,l+985 o. gg?0

t+3"92 O,693T r"3BTh

52*33 o,7gL5 t^5832

ïndex

o0-L

0(.t2

oo3

O0¿t

35

R
(mm, )
88 "ao
94"4u

Àu.!.ø¿0

lo7 '90

L
(mnn" )
75 "l+5

o8 "o5
62,t5

55 "25
The average of all the readings ls dOOt = 6"9h t.01 f

,?, iL3'
L '51Ê 7 ,79

3'OBh 7,75

t+*6,25 V "75
6.167 7 ,77

7 "709 7 '73
r8 "793 7 .78

L?.331+ 7 '79
rOJ"OeÂ

Thre calculabton or p3: pr,'/l}oo = 28 .75/Bo"oo
(Jt' = 6t+-6go

o" Q = t15"3to

anrJ stnQ = 0.901+0

2e
(")

L?"75

25 "75
38,95

52.-65

O

(o)
6"37

L2,87

L9 
"ç',{

26 "32

e.LnO

0. Llru
Q "2228
0"3334

O 
"1+I+35

? slno

o.?22u

o'4456

0, b66B

o,BBzo

n)(¡)
L,5t+2

3.084

l+"625

6.l-67

dtoo
(Å)
6,95

6 "g?
o"9lr

6"95



TA tìi,Ft J "
( contlnued )

B, Unlt cell dlmenslons
Ç gH5ÇuP (c 2Hg) 3

&o = dloo =."ry

From the precession (Table 1) and I¡Ielssenberg
methods the_ayerage dtOO = 7,-175 A and
doot = 6"935 A.

7,775 = 8,60 J "OA Iõ;git[
From the precesslon method (TabJ-e 1)

bo

c ()

The

= l1 .01+

l-

"oolfïl"p
volume

,¡-O: .0ÌA
6,935 = 7,67 *
Õ";9õ'[

of a slngle cr.ystal of

'Ihe dens.lty,p of a single crystal of C6IIqCup (CZHì jwas I"2r-; gm/cc, obtained by f lotaLion ln-an
aqueous sodium bromlde solution"

The nunher of molecules,/unit cell Z = ypN
M ^..whe¡re lü is the Avogadro number 6,C23 X IO¿J

and M is the molecuLar weishb Zi+6.8"

a5B, 3j*to-11+ o t .25 x 6 "gz3+I021_ = ?r{Lo?EËr - 
-

ii'here are two molecules/unit cel1 in
cglrr,51up (cz}J'5l j,

D* sl"ze of eryøtaLu ltnear e,be:orptl.on eoefftcxent(p,)
anê pR@

The erysteL used. for the lntenelty eoLleetlon wasappiroxlmateLy 0. .l+x"bx"4 mm,

The llnear @bgorpti.on eoefflelent Ãå s 19, er*l
and.-pF, î 0,4 * fherefore the absdrptl-ãn iãne9L1glble,

of the unit cett ls 658"3 f3
Denslty and cell content (Z) 

"

o
,01 A"

36



rnfnaned speetra weno recorded usrng a perkln-Elmer
Modef, 337 Grattng Infnaned spectrophobometer, probor¡ magnetf.e
reson&nce spectra !úer€ obtalned usLng a varf_an ModeJ" a*56/6aa
Nlm specbromete¡r equfpped wlth a -Low temperature probe"
Mass speetra were rocorded by me&ns of a Hi.tachf. penkln*Ermer
Model RMU*6D m&ss epectrometer" The x-ray photographs were
faken wl.th tho use of, e phfrrf.ps x-ray generator ln conJecÈLon
wlth an otto von Den Heyde pnecessi.on r.r¡strument and a

þtronlus !{ol.ssenberg camera, usrng Kodak Medf.ear x-!,eg fi.¡.m
(No scnEEN)"

MlcroanalysLs was penformed by Gerter Labo:ratonres,
Cyclopentadf.enytr ( tnLethy-LphosphLne )copper( I ),

CHAPTER Vî
EXPERTMEI{TAL

CgHrCuP(erWr), was pnepaned essentf.atl_y by tlre rnethod of
l*dllkLnson end pf.per (1996)"

cuprous oxr.dê was prepared by hydna,zlne reductr.on of
cuprl.c acotate (Brauor (¿ç54) ),

cyclopentadreno was made by tFre pyro.tysis of df.eyctopen*
t,adf ene.

D,rlng the course of each of the forlowr.ng preparatronsu
the reactl.on mLxture ¡¿as matntalned r¡nder a nf.&nogen atmosphene
and was stLrred constanÈIyo

TrLethyr-phosphtne !ú&s prepared by the for-rorøI_ng Gnf.gnard
reactLorx@ one ¿r.ter of dry ether wes added to l¡B,s gms (z mores)
of magneslun¡ turnlngs tn a ölrnee-necked z*riter round bottom

37
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flask. Ethyl chlorlde was slowly dl.ssolved lnto the solutlÒn

untl-I the suppty of magnesLun was exhausted, Phosphonus

trlchtorlde 1a6.6 mls (0"53 moJ.es) was added dropwise to

t,he Grlgnard solutlon by means of a pressure-equallzed

dropplng funnel, The reactlon mlxture r*as refluxed overnight"

The ether ùtâs removed by dl-sti}Latlon" Furùher dlstillatlon
gave \! rnls (57/" yLetd) of trl"ethylphosphine"

The preparaLLon of c.yclopentad lenyl ( trl-ethylphosphlne ) -

ïn a three-necked 500 nf round bottom i.lask 3,3 gms

(21 m¡noles) of the euprous oNlde !úas added r¿1th stlrrlns to

l5o mrs of petroleurn ether and 7 mls (85 mmoles) of freshly
dlstl,lled cyclopentadlene" TrLethylphosphlne (Z mfq nlxed

¡¿lth 10 mts of petroleum ethere !úas added dropwlse uslng a

pressure equallzed dropplng funnel, The mlxture was

refluxed for three hours " The solvent was removed by

d1sùlllatlonu bhe resldue was placed ln the vacuum sublLmer

shown ln Flg. L2 and left overnlght at [OoC and I0*3 rnm HB

pressure" The trlethylphosptrine oxlde (m"p " 55-560C)

present was removed and bhe temperabure raLsed bo 55oC, After

2l¡ hours 3 gms (s}f" yI-eld ) of pure colourloss crystals of

n-C5H5CuP(CrH5)3 were obtaLned (m,p , I22-J,24oC ln vacuo, llt "

tz7-r28oc ). The compouncie s tnfrared spectrum

thab of Wllkinson and Pl-per (1956)"

Analysls: Calc, for CrrH2gCuP: Ca 53.59

P, 12"6, Found I C, 53.89 tt, B"O; Cuu 25,1+;

of a crystal ln an &queous sodf.um broml-de solutlon ç¡as L,25 gm/eeu

The dens1ty of CTHUCUP(Crttr)3 determlned by ftobatlon

agreed with

He 8,2; cüu 25.8;

Pe L2"O"
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crystals of &he eomp*rencf er6e *babåe tn alr for I * l+

hours' Stlbsec¡uent oxi,dabloR ea.uses bhe eo¿oì.ç"-Lêss erysüeJs
bo burn gre@ilo To preveraÈ ühj.s deeomposj.ö{.on j.n atr sr fuk¡at

K*r'ay phobognaphs eoul"d be üakenu dLff,erent eoatfngs were

apptled Ðe dLffenent en¡rstaÀs until e s¡.¡:l_tebie ne,ùerlat þJas

obtafne<ìu Tkre best eoatång wae a thj.n fj.j.m of å eommeroj-e¿

a.€noso.t hai"r spr"s.y (tsree k reEu.JLåp holci ) whf_ch has a r+ater

and/or ai.colr.o¿ base, Ptnstf-e eoaÈtngs i"¡1bh organfc soLvents

as å. ?:ase hters f,ound bo he r.lnsat{-sfaeüony" Nc, dl.ff er"eraee

tde.s sP/er¡ 3-n short expÐsura oscl.¡-l-atÍ.on pì.uotegnantas Èak,en cf
a en;rstal bef,'ore and a.f'ber eoating" Thr¡ hsj.r spra.y meLntaj.ne,J

an aii:*b3.91Ìet 0tseal0î fç¡y" seve¡:a-l- days; it È$Er.s reappJl.ed afts¡"
rabor¡t a ueeÀe Èo ensup& bhåü bh.c¡ s@sÀ Þí&s ms¿tntatned,

ïþs*lssps-st:iå. ql_Flq*eiéssås - eS ug[s

TL¡e¡ method u"sed to prope.no cF3c : tüþ'3 s*as rfialsr*y thsb of
l{er¿vae *,r¡d Finnege,n ( ¿g¡+g } - Zlne dr¿sÐ i *},B grns, o "x.g monos } u

?u2uJr]*tetrach¿orc¡hexafJ-uorcbuÈane (pl..O 6îqsâ 0"CIg naoJ,os )

and z'L.i,"a chi"c,:"1de (0"5 Eúâs) &,s bh'e ea$a-lyst !*srâ pla(}ed ln
a J00 ec ø sbaå.r"tåess sfi*e1 ba:rnb" .AeetonitrS."te (rt¡q..Ì ;¡a.j.s )

rd&s bransf,erx"ed f.nEo ühe Trorab on tþre vÐ-*rlurn r"aek, fhe mi-xture
vdas rrîalntaj-ne d ab TO* C for, Èhreo dm.ys * li*rxs.f ¿uoro-ä-
'nrlb¡"me (0,OAJ rnoi"es ) "sas a¡btaf^nerj tprjfr y{_eåd }, Tkre f.nf,raeed

spüet¡"um of thø ß&ßeous px.odtrc& agneerl Þ.{jth u}r*l BpÊe ùr,um of
tFlC: CCF. g:tvon kry Snnåbh qL*åå, (¿952)"./)

Þrexa fl j. r ro:ec¡ :?.-buÈ y¡ee
&-&

üry"staÅs (o"J.5 grurli, o,oûoeÞ ;ma:les ) ofl oyeJt"Ðpentad:T.e$g&*

w1.üh
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(trtethylphosphlne)copper(I) were praced in a 1 .t-lter gJ_ass

vessel", Petroleum ether (50 nrre) and the dlenophlte, CF3C-CCF3

(0r00l- mol"es) were succosslvoly transferred, by means of

the vacuum rack, 1-nto thls gless vessel" The mix|ure was

malntalned at l+Oo C f or f lve days " The petrol-eum ether and

the remalnlng CF3C 
- 

CCF3 were then removed. The resldue

wås extracted wLth methyrene chloride, Only startlng materla.L

was lsolated and identLfl"ed by Lts infrared spectrum.



A U D!;R]VATIOÌÍ

'inclrìent i(-ray bearn. The scatterf.ng of the electrons associated
wlth each atom 1s comblncd lnto an etomlc scattering factor,
r, of the atom, rn the lncl.dent K-nay beam direcllon, the
l^raves scattered by all the el-ectrons ln an atom have the
sano path length and are therefore f.n phase" However, r^raves

scpttered in other dLrectlons rrertially lnterfere with one

another' Aecordf-rrg1.y, r¡hen the Bragg angle e ls zero

'Jegrees u bhe atomlc scatterlng f actor, t e Ls equal bo the
atonlc nrrnber, z, and as o lncreases, f rJecreaseg " lttomlc
scattering factors âre tabulatocj as a functlon of slqQ ln

ìthe lSgèrnatlonal Tables for X-nay Cnystallogneph¡r (Lg62, VoIn TII),
The scatterlng from a unlt cell clepends upor: the kino's

arrd posltions of ùhe atoras present in the unit cell, The

contrlbubrc,,n from eaeh atorn in the unit celr to the wave

scattered frorn an (v*l) pi.ano may be represented by a vector
wlth t;he amplltucìe f and the phase angleo(u Thls representation
ls ll.lustra.ted ln Fi.g" 13 (a) for the case of a crystal
struct,ure conslstlng of three atrlrns u Ru s and T. Thcse

atoms ãre reflecting ln the ftrst order fronr a sot of (hk.û)

p] anes of spaclng dfrn0, The resultant of these ato,:ni.c

scettering factors 1s the structure factor, Fhkg, whlch has

the phase anglêu&hkç,,

The erectrr:ns of the a.tc¡ms rn a crystar scatter the

T1I]] STRUCTURE FACTOR

CHAPTER VTT
Ue

'Phe values of both the structure ampJ_iturie

t'he phase angle udn.I,u of the structure factor
' lt*å,[ , and

rlepend upon the



Flg" .f3 (a)

Annn*

Strucbure factor from addltlon of atomlc
scatterlng factors"

43

ï

ï

I

kg

FIg" 13 (b ) A tç¿o dlmenslonal. structure with only an
at,om R of bhe strucbure 1l-lustrated,

-x



klncl ancl arrangement of

The str"ucture ampliùude,

the amplltude of the [-ray r^rave seattered frorn each (rrt/¡
plane by the aùoms in one trnit col-I tc that scattr:red by

on-o clcctron under thc sâme condltlons" For a partlcular
arrangornent of atoms in a unlt cell, there ls a particular
sct of cli_f fractlon wa.\¡os p Fn¿lr.

The phase anglecl for an atom Ls cleternlneC b¡'the positlon
ol that atorq ln the unlt cell, conslrier the two dlmensionel
structure .shor^rn Ln F1¿r " 13 (t,) " The set of (hk ) planes 1s

refllectlnp: in lhe flrst or.Jer. The cl.osest (hl<) plane to
thc origln ha s intercepts a anrj h on the cel1 edges " ThesoñF
cllstances are eqiiiva]-ent to a 2fi radian phase change in both
the x and y rJ j.rectlons ¡ rospectlvely. The positic;n cf at,om

R in terns of tractional coordtnates (fractions of the cell
ccigcs ) ls (x-, Y- ) ' The R etom is dl splaced f ron the origf nH' R

c Y:J bhe dlstanc" 
"Rg 

arong the x direction ynb a.long th.e i¡

the atoms ln t,he crystal structure.

I 
t'*rl, ls def ined as the ::arlo of

44

clireiction" The d i splacanent" *Ra and llOb e.re equirralent Eo

phase changes of t*f*n*) = AThXtr radlans along the x,.lirectton

l;6/
and

a npil

'"(

ud

vt¡\'R 
I

F-/kl

n ls
T!

+ky2nlhx'R

= Zrrkl* radi ans al.ong Lhe y rJlrec.tlon. The phase

d l'nerrs i onal

2n ('hxr, * kyF

the sum of

R 
) rarJ lans 

"

strucf,ure, the phase angle for an

bhe two phase angle components,o{ ='ñ

Extencilng ùhis conce;:t to z ihr"ee

+ Ð zo) rarif ans u w:nere. .l,Zo is th,e

atom I-s o{O =

phase angle



eomponent along

From Flg"

Ar*.[, = F 
a* cosS = ã 

t, cos Zrr(hxn + ky* * flzn) and

Bn 0 =ã to stnc(* =ã .* sLn2m(hX, + ky, *l,zn) atso

?_
Lì^hk

=f>
LR

and

dr*g=

the z dlrectfon"

rl (a),

)a
= A-rurl* B rr*-1,9,

f R coszrr(hx. + ky* .nrtf "[ã r, sin2n(hxn o kyn .nro,lt

a-Lso from Flg, L3 (a),
tan-r Btx0

4tr,

= r*r,-rf [: .o
ILr,

1lãç
LL

ïn the abov

as a veetor, Th

compJ-ex number a

lat,ter representatLon, Fn,..¿ = Ankg + lBhkt, where , = uÇ-

S

c

s

1nft (

õãffi'r

derLv

repPe

o eon
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and Af*l and BhkÍhave the same meanl"ng as glvon prevlously,

hxR

q
atl
sen

vey

e

e

.L

Slneo cos (-0) = cosq

+

+

n

a

Ar*[, = AñËl'and BnfL=-FhËl . Thus F2nrg = OZ*O!, * 82ru00 = FzññU

k

E

I

h

Y

r

t
o,

e

R

R

h

n

+9.,2

TW

st

of

ame

i. lr*nl = lo;ut

o

t
s

!l
uct

he

lnf

R

R

r
+

I

t

t

F or ühe

I'mnl= l.rurl

e

S

lr"r*0"t, "

ure factor
structure

ormatl on,

and sln t-Öl = o sl.n$,

monocllnl-e system (¡ axfs

= l"*ol+ l.;u.q,l ano ln;¿ I = lr*f l=þdi l=lr*rl

r{as represented

factor &s a

In thls

l-aw '

unlque),1"*-0,1=



sâtlsfl"es lrniedelrs law and the

-n1;' tine hkß a.nd 1U,Û reflections
amplltude table.
P," TIIE TEIqPT}ìATIIRE FACTOB

Atomie scatlerlng faetcrs are caleulated for s1;atLcnary

s'toms " llowever, the atcms ln a crystal ha"ve therrnal vlb'ra.tir-ons.

1\t any lnstarrt these atoms ere displacec from thi:lr mean

poslti.ons u consequently, wa.ves wliich are ref lected et the
Eragg an61e by s'.iceesslr,'e ,olanes are nct exactJ-y 1_n phase
| "' F^'-- ? '¡ -L e'. o :i r.1,""- riì ìlsigÌr'b -,u::.1_ng u,rit cells which shoulcl scatter
irr phasc u r'ri11 scattr;z' slightly cub of phase ) " Thu.s, ilre
at<.¡nl,: scattcr-in6i f actor 1s r.ecluceri by an amount r.rhlcir lncrcâses
t^lltli 1ncrc,'a:-1i-ng a¡gle ê ,

t+6

syst em t s s;{mme try " Thus u

âre included in the structure

l,'or lsotroplc vlhrrationu the

nra¡r 'be represente<1 as f = fo oxp

t,he scatterlng f¡.e.tor f or the atom

rclatlng the rnean squa.re amplit,ucle

the mcân posltlon of the ato¡n (B -.r2

I.'<.¡ì? anisotropic r¡lbratic;n, the

i'ef erre.J to the rcciprocal axe s of
q.s l=fo e-xt -(Rrrh2 + B"rkz + D33!,2

rP'.le Íl o

,ctomic scatr,ertng fector
( 
-u( *11.q)2 ), where f o ls

l.:bcrmlnatlon" This anisotropic vibratlon eque.tion may also

ir,,-1 
ir s

are eonsLants and are nefineC in the strueture

at rest and E is
of .rlbrat icnu U

tt) '
atoniic scattering facto::

fhe crystal ma¡'be rcfÌ'esented

+ E.3k! + tsarÌr.Ø -f tsl.zhk)"

a constant
o2(A )o to



l¡e expr:esserl

u.. (,Uc ').- +
)-)

These [i..tsrJ

f n the f ornr f=foexp -[tn-tt

,u13 i.0¡t?cr:' + zu' h-0, at''"tt'

the matrL

are the elernents of a symrnel;rlc te¡isor. nn:,r form

lur 
t

*t utt

\"

r,nthogonalr fhls

ln Li¡:son and'0oc

or.thc,¿5ort:r1 set Of

cri:ìvcric:l ilaf,rix

<..,f thc eton an,J f

v ibratl- on.

The el.genvec

c'rs¡1rrc:, of hirese

axÉ) s o

utz uI

úzz uz

'zj u3

3\

3ì
I

,

tri.
(L

rdl
!1- ^

the

urr(hs ')- +

Uma

hr,&n

goo

{ìÌ?3

Llllm

:'1¡ 2U,^ hk a b
t¿

If the cnystaitographie &xes ane not

LvZ

-
kb" )* +

ø

x may be converteci t'y t,he nre i;iicri givcn

966) tnto a matrlx referred to an

nates, The e j-gr-.;nvir.l ¿er; oi this
rnoan sguerc amplibudes of vlbrabion

three axes of t,hc ell.inscid ofl thermal

22(

")]

ii'or the e tons In C 
,IinCuP 

(C rt:r) ,, Lhe orthogonal s.y'stem

htas chosen alcng the x c Ii and ,'" axes " The statenrentsu

nddecl to t,he NRC -12 iìond Scan prograín, '"liiich are requircC f or

ihe c¡¡.lculation c.rf ll.re Ui ju *, the aean squa.re amplltudes of

vlï;r.'¡¡t;ion, and the cllrectlon &osines o-f these ami)litudes sre

¿lven irr Appenrllx I"
c. :ì'r'HU0TUiìì] Ï',AC.qOR (Fc) C¿r,C_Ur¡rrgN ¡'ltCr'i tt -i,toi'osi.i.l_slBu;rum.

The parameter.s cf only the non-equivalent atoms are

roc¡uiretJ for the calculation of the -ctrLrcture fa.ctors j n the

Ì'lRC-1C St¡'ucture F'actor Leâ.st Squares (S"¡',L,S" ) prograno

tons of thls converted natrfx arc'bh.c directlcrn

sxos wlth respect to the orthogcnal set of
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The remalnfng atornlc posltlons ln the unlt ceIl are generated

by the addltton of the equlvalont posltlons obtalned from the

I¡rber¡'rattonal Tablee for X-rey Cæystallography (I962u VoI" I)

Two stmpllflcatlons are generally enrployed ln the structure

factor calculatlon" The flrst of these sinpllflcatlons ls

used ln the case of a cerlÈrosJrrnmetrle spaee group, When there

ts an atom at (X,YrZ) i-n a centrosymmetrlc spaee gror-lp

(r.lhtch has the orlgtn at a centre of symmetry) , another aùom

occurs at (NrYrU), The Afrr.l term for thls pair of atoms

becomo= fl cos Zn(hX + kY +XZ) + fl cos zrr(hÍ + tl +)î) =

2f t cos Zrr(h,\ + kY +-!,2), slnce cos (-0) = cosp ' The B*g

term for thls

f - sln 2rr( hX
l.

when two atoms sre centrosymrnetrically related, thelr comblned

eficct is to double the coslne term, Af*,q,, and to ellmlnate the

slne term u tsyrk!,,u 1n the structune factor expresslon" In

¡reneral, only one helf of the ato¡ns need be lnclucleci j-n the

calculatlon r¡f t,he structure faetors of such â space Eroupe

1.e" t,hose atonrg whie.h are not centrosymrnetrlcally relsted

palr of atoms
n_

+ kY + ItZ)= 0,

become" fl sin 2rr(hX +

slnce sl-n (-0) = -sln0

fo one a.nother, The Rf*_', term ls set equal to zero and the

,An'gterm ls doubled ùo take the obher half of the etoms lnto

ac c ou.nt u

The second slmpllflcallon to the structure factor expresslon

occurs wÍth latttc6*sentered space groups, the eentenf.ng

of e latlice systenatically reduces ther nunber of reflectlons

and mul-tlplles the remaLnlng reflectlcns b¿ the tlumber of

k_{ +),2) +

Thus 
s
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lattlce polnts per unl-t ce1l" t'hus u it is .rnly necessary to
use the atoms 1n the prlrnitive unit for the structure factcr
calculatlon (or half of these lf the spâce group ls centro*
s;nnmetric) and multipl¡r thls result b;,r the nurnber of lattice
polnts per unlt cel_1.

The lÍRC-10 structure Faetor Least squares (s,F,L, Íi, )

progrâm takes both the eentrosymmetrlc and lattiee*eentered
sÍnpllf lca.tions lnto account u Theref ore, c,n1y the equlvalent
posltions not Lrnplierì by a centre of symmetry or rattlee-
centenlng are useC ln the programô

Tlie nec13ssar/ equlvarent posÍt1ons, obtalned from the

rntennatlonal rables fon x-ray crystallography (1962, vor" r) for
tlre ncn-centrosymnetrlc space glroup pr- (unique axls þ) are

(x,Yez) anc(Ï, |- +

positfons for the

aris b) are also (xu.irz,¡ and (Í, å o y, l),
I"1¿is. th (a) and (b) show the symrnetry elements rrresent

ln space Eroups ,r, anri Pza/mu l'espectlvely (fron rnternatlcnaL

Tables for X-ray Cr¡'s¡rllography (1962, Voi" I)" Âtoms may occur
at genoral or special posltions in the unit ce1r" Speclal

rrositlons 1ie or] symmetr¡r elernents of the space group whereas

general posltlons do not" The presence of a centre of
symmetry f-n space group Pr_ /* generates two addltlonal

'1

Y, î¡ " Sintlarly, the necessary

cenürosymraetric space group pZ7/^

equLval ent positlons from the

(X, Y, Z) and (X, I -'Iu Z)"

equivalent

( unlqurc

two mentioned above, ¡.rroduclng

This results ln four general
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posltlons for space group P" /* " Thusn lf ån atom lLes 1n
'1

a goneral positlon ln ùhe space group ,ry'^u lL occurs four

tlmes ln the r¡nlt cellu However, Lf an atom lies ln a speclal

positlon 1n the space group PZr/w, such as (X, Èu Z)u 1oêo

on the mlrror p1ane, the centre of symmetr;r or the 2ç s@reew

axLs generate only one more poslt1on from thls onee (X, 3n4, Z),

Thus, thLs latter atom wor:Id only occur Ln tr.ro posttf.ons l-n

the unlt cell. 'Ih,ere are two molecules of C5H5CuP (C2H5)3

per uniü cell (from Table 3) " Therefore, for the molecule

to conform t,c spece group PZrfm, there must be a mlrror pla-ne

in the molecule ltsel-f ,
Thls is ln contrast to the space group P. t'there theretr

are no such requlrements placeC on ühe mol-ecule slnce there

is no centre of symmetry ln the space group and the equivalent

posltlons are all general and two-fold 
"

D. MEASIAE},1E}IT OF THE TITTE}ISTTTBS

5r

of a slngle crystal of CqllrCuP (CZH5), were rccorrJod try tire

The Welssenber:g ohotographs of the h0l, to hgÛ levels

trlple f 11n paek technlque uslng zl-rconium-f lltereri no1;'"bcìenum

reClatlon. Levef s hlgher than h9!, r^lere not lrhoto6:raphed

for the intenslty eollectlon since very fer^l reflectinris
werc recordeC fo:: these levels on an osci.llati-cn photograph

oi l;he cr¡rs¿t1" Three sheets of f ilm r¡ere placed ln the

cameran A thLn shee t of brass f uil (0.001 inches thiek)

separr.terl th: f i-rst (A ) fron the seconu f llm sheet (R)

and another brass lo11 sheet separa.ted ùhe second (B)



f rom tlre thlrd (C ) sheet o

The lntensl-ties of the refrectr.ons on the botbom harf
of the l¡üef.ssenberpç photographs were measured by vlsual
comparison wf.th the Lntenslty scale shown f.n Ftg. 15, sf.x

hundred and fLfteen structurally dlfferent refLections were

recorded, .

The lntenslty scare rn¡as prepared by using severar
t,imed. exposure,oof one reflec$logø The Weissenberg canera

and screen were used to osclrlate a slngle crystar of
cycropenbadLenyt(trLethylphosphine )copper(r ) around the g [ord
axts through an angle of zo and to record only the deslred
refrectlon, The triple film pack technLquer and molybdenum

redlatlon wlth a zlreonlum fllter wêre also used f.n produef.ng

the lntenslty scalo, Thus each film of the l^,reissenberg

pack had lts o!,In lntenslty scaleu

E" CALCULATTON OF T}IE STRUCTTTFE AMPLITUDE

52,

TNTENSTTTES

The structure amplf-tude Ls related to the rntenstty of
ref'Lectl.on by the equatlon; lFnup,l2 = [I, wtrere K ls aI rs-.,' ïF

proportlonarity constant, 
I Fnrrll tr the amplLtude of rhe

structuro factoru L i.s the Lorentz factor and p is the

¡>oLarízatlon factor,

The process of dlffractlon partl"ally polarlzes the
scatterod x-ray beam; the degree of polarlzallon depends

orl the angle of scatterln¿g, the Bragg angleo , Thls polarlzaLl.on

factor ls f.ndependent of the method emproyed Ln recordlng
Lhe reflectlons and Ls gf.ven by p= I * *o"2 Zê,2-

FROM THE
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The rate at'u¡hlch the (hkl) pranes of a cnystar pass through

the reflectLng poslÈlon also var.l.ee wlÈh the tsragg angle ê, The

Lorenta factor corrects each LntensLty naasurement for the tLme

that the correspondlng ple,ne spencts f.n pa,ssl.ng through the

roftectLng posltlon, The Lorent¿ factor varles wLth the method

of recording the refrectlorrsø Fôr the equf.-LncrLnablon

WeLssenberg neethodu thls factor j.s pçlven by,

[= slnê
srn 2ol"rffi'

where ¡ 1s the equL-f.nclLnatlon settlnp5 angle"

After having sppried both of these correetions to the

observed lntensLtlesu and havLng taken the square root of the

result, the observed struoturo amplltudo, I O"l, Þdas obüafned,

WeLssenberg photographs wer6 taken of the 0k,Q. and Ik,[. Ieve]s
wlth a different crysüar of c5HrcuP {czHS)3 mounted anound the a

axLs' A corroJ.aülon of the lntensl-tles of Èhe hO !- to h9L .¡.eve-[s

u¡lbh each of theso cross-B,xls photographs was attempted br.et proved

to be unsatl.sfactory because of the smalr numbor of observed

reflectLons that each level" and the cross-&xls phoüographs had ln
contrnonu Instead, the rev€.ls nor(- to b9!- wero ptaced on the same

reJ.s,tlve seate by exposure tLnæs (about 2l¡ hours for eaeh)o For

the last cycle of neff.nementu a reseale factor (wnf.ch proved to
vs.ry sIlghtly from the exposure tlme factor) was ealeulabed for
eeclr leve1 by a Least qqus.res nrethod and then applled to eaeh

Ievel" The oerlvatlon of thf.s leaet squares method and the

statement,s (added to the NRC-L0 Stnueõure Facton Leasb Squares

progrs.m) requlred for these cateutatlons sre gf.ven ln Appendlx ffi,

5l+
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X- ray lntensitles are pror'ortional to 
lr*1,1, " Fron

slngle crystaL mcthodsu the int,crrsitles of reflections from
tho þkl,) -olanes of a crystal âre obteined" Fror,r these
j.nt,ensltles an observeC structure amplitu,Je, lnol , 1s

der"lved by the nethods shor¿n in the prevrous sectlon,
äxperLmcntally, only the modulus of the structure factoru

lro*.ø1, rnay be obtai-ned; the phaso angledrrt.ù is noi
observed.

'i1lI R flDi:lX THIj RiSIDUAL OR RJ]LIABTLITY FACTOR

iitructure
structure oÍ i1

sections A end

on t,o ti:e same

scale factor"
arnplitudesu the

fa.etors may be ealculaterl for a proposed

crystal (F^ts) by the equations given in
c

B of thls chspter, The l O. I r s are brcught,

scale as ùhe F"t = by an overal_l emplrical

The observed and cal_ci¿lated structure

ln the Iì in<lex 1;erm; R = )l lro I lo"l I , where rhe summarions

arc tgÌ(en over sll the observeci ref rections. The R index
ls known as the residusl. cr rellabtllt;. factor and tt serves

a.s a cr'lterion f or the eorrectness of a proposed structure .

The sm¿r1l.er the iì Lnrìex, the 6greatcr is tire probatrliit,y
thøt the proposed structure ls actually the cornect structure"
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The follovling steps have been taken ln the cieternrination

of the crystal structure of cyclopentadieny*I(triethylphosphine )-
copper.(I) a single erystals of the compor"rnd were prepareC

and the posslble space €!:ì3oups and ce11 climensions were

cJr:termlnerl; the int-,ensitles of the ref lect,ions of the

n0þ to h9l, levets tìrere estlmated and lt"l 
t and loo I to. the

ref lections 1^terc calculateci f rom these lntensities, The

most difficult part oî the strueture elucldation remains,

the establishment of a set of atomlc parameters ttrat i^rlll.1

give a set of' calculateC structure amplitudosu I o"lt.,

consistent with the observed structure amplltudes"

CHAPTER VÏÏT

S'IIìUC TUHE DET]IRMT}TA'T I Oi\T

The difflcuì.ty in determlnlng a crystal structure arlses

fro.'n t,he fact that on1;r the structure amplltudes, but not

the phase angles, are observed experlmente.lly" There ls no

generril sol-ution f or the phase angle problen, There ls no

guarantee that a nethod employed wlll sol-ve e. cr;.staI

56

structureu l.ioilever, thc pre.sence ln a structure of a few

ver)¡ heav¡' atoms usually alds 1n the structure determlnatì on,

In thls case the posltlons of the hoa'./y atoms are loceted

by a nethori ln r¡hlch ttre phase angles are not reo-ulreC " Then,

these heavy atoms are used as a phasing morlel from whlob

the remalnlng atomlc posltions rna.v tre developed.

fn C 
1r5rur(CZ1l,<) 3 the conper and phosphorus ato,"ts are

much heavler than the carbon and hydrogen atoms, Thus, a

heavy-atom nethod was employeC in the structure determlnaticn

o-e thls oompor.rnd, The posslble positions of these heav;r atoms
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I/úero rìetermlned from a Patterson synthesls" l{ost of ühe

carbon a.toms urere located on an electron density map based

on the pl-Lases of the heavy atoms, The deter¡linatlon of the

remaLnlng cÐrbon atcm positlons ancl the nef lnenent of the

atomie parameters Ìrere carrLed out by a least squares

method" The calculated structure arnplitudes of the reflned

structrrre were ln close agreement with the observed strrrctur@

amplltudes,

A rnore detalleC aceount cf the latter steps lrr this
strue¡,ure rletermj natlon ls glven ln the f o11o'¡1n€i secti,ons

of this chapter.

A, T]IF PAT'IEFSOIT I-¡Lï.ICTTON A}TD TTS APPI,TCAT'I-ON

Slnce a crystal l-s a perlodf.c arrangement of a E,roup

of ato.r,rsu the crystal may be represented bJ perj.odlc furctf,ons,

Fourier serfes are used for this pürposen Patber"son (1934,

1')35) shor,ued that the Fourier summatlon,

P(x, Yuz) = 
+ ,äåfrf*ll 

t cos 2Í(1,,\ + kY o !z), grves a

vectorlal ropresentatlon of the lntenatomlc rllstances ln the

crystal sbructurcu where V Ís t,he vohrme of the unit cel-l

anri (XrYrZ) ls an;' polnt ln the unlt ce1l expressed ln
fractlonal eoordlnates" The phase angle 1s not r"equlred

for thls sr.unmatl.on. If there are two atoms, i{ end N, ln
the unit cell-a at (NrYr7,) and g.t (X+u, Y#v¡ Z+w), thero

wtl.1 be peaks at (ur''rrw) and (*uu -vo -';) correspondf-ng to

the vectors ì\n'T and llM" Subsequentlyu the peak aü tbe enC cf
a vector 1n the Patterson funetlon 1s called a vector pcak,



The two vector peaks, from each atc¡m to itself u iu+, I{lv1 and

lIlV, occìÌTl at the orlgin" The Patterson functlon has vector

peaks from the orlgln whlch are equal to veetor dlstances

between. palrs of atoms ln the unlt cel1, The height of

each peak Is protrrortlonal to the producf, of the scattering
powers of the twc a.toms cone,ernerJ.

i,'or n atoms in the untt cellu thet'e will be n2 peaks

ln the Patterson functl-on, The n vectors fr-om each atom

to Ltself occur at the orlgln" The remal-nlng (.t2-r) vector
peaks w111 be rilstrlbuted throughout the un.lt cel1. Thus,

for a structure wlth a mode::ste number of atr.msu there Ð.re

e ver:{ large nunber (r2-rr) of Patterson peaks di.strlbuterj

throughout the r-inlt cell, Eecause the atons in a unit
cell oceupy a flnlte r¡olume, each Patberson peak wtl} also

be rlistrlbuted ovor a finite voluneo

In practlce, only the observed refleetions are included

ln the sumrnat,lon of the Patterson function" 'llhe fact that
the F ourier summatlon is not over an tnfinite number of
tern.s, lends 'bo a series termlnation error. Thls serles
bernrlnation error causes the maxl.ma tn the funetion to be

surrounclod by seconcìary ripples, caÌl-ed dlffractlon ripples"
l.'or a strueture with a moderate nrrmber of atoms, mu-ch

overlapplng of the Patterson peaks anrJ the diffract:cn
rlpples oeeu.rs" Thls overlapplng 1s due to the la.rge

58

nrrnJ:,er (rrZ-n) en,.l to the width of the peaks j.n the unit
ce11. fn. p¡eneral, the Fatterson map for sueh a structure

conslsts nai n1y of a collect j on of broad an.i unresolvecl

peaks,
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fhe helght of a vecton peak betl*een two atoms 1s

proportlonal to the product of the atoml-c seatberlng

pobters of the atoms. Therefore, vocbon peaks between the

heavy atoms of a structure are much hLgher than the remaining

vect,or peaks " If these kreavy atom vector peaks can be

reco6çnized on the Patterson map, they may be lnüerpreted ln
terms of posslblo arrangement,s of these atoms,

In the Patterson functlon, a pal-r of atoms (M and N) Ln

the unLü colÌ glves r1-se bo two centrosymmetric peaks at

(uuvrw) and (-uu-ve-!J), AII Paùterson funcülons are

cenbrosymmetrlc because of bhe presenee of all vector

pealrs occurrlng ln centros¡rmmotrlc palrs. The space group

for a Patterson functlon ls obtalned from the space group of

the crystal- by replaclng all
elements by theLr correspondlng translatLonafree Eyn¡ngtry

olements and adding a centro of syrnmetry Lf lt ls not already

present, Tkrus the spece groups ,r, and PZr/* ln dlrect

spaee correspond to the space group PZ/^ (l{o" 10) ln
Patterson space6 TLle space group PZ/* (untque axLs b)

was then used for the calculatlon of the Patterson functlon"

The Patterson funcülon for thls space groupu may be expressod

l-n the formu P(X"YrZ) =

þ Ë.ã"ËJnp¡PJz 
cos 2rr7nx+Qz'*l'

t,Pârrs lati ona]- s¡rmmetry

where only the non-eguj.valent reflectLons are L

the calculatlon (frora TnternatLonal Tables Fon

CrystalLography (nAZ, Vor* I ),

| 2 cos zTT(-hX
nc¿l

I
+!,2) | " 

o"

-J

ncluded

X*Ray

zrTkYe

l-n



Tlre ITPC-2 Dat,a Reduetion program r^lres rrsed 1n ch,anter !T
I'cs r¡¡rl;r the f,oi'entz anrj the polarizat,íon fr.etons t.c the

c.,bser'/ec lntensi.l,ies of ref I ectlons fro'¡ a sin¡;1e e.ry-qtal

of c5II5CuP (C,zti(,) 3 to produce lt.lt and 1". I f or rlresc

reflecti ons "

Lls ing the l¡' l2 obta i.riecl f rc¡¡r tiie ,iata reCuction ando'
usi-ng the lílìC-S F'ourier program, e serie-s of patterson

sections pr:rallel to (010 ) r^lere calcril¿,rte,J . Three ver¡,

s1;rcng vectcrs of about the same peak height vJere obserl'otj 
"

cnc of Lhese vectors ccrresponded to the expectetl cu-p

<iistance of 2"2 Î anci rlas nearly coincident r^lith the a

ax-is " 
'l'he other two peaks oce.urreC on the y = 3, secti onu

Cne Irea.k rdas lrlterpr.etr:rJ as the Cu-Cu vector oceurring

botulecn the tr^rr-r molecules in the unit cell and thc other

Iresk to tr.¡c flurp¿f i¡lposerl cu-P .¡ectors alsc betr¡een thc

t-'^tO 1lO1 e,J l_11e S .

Thr' b',,ro I,os -qible spar e qroul)s f or i) {!,5Cup ( (} -Il¿ ) ^ have

bcren shcwn in chapter'ffi to be tet a*d iz"/ni r¡rith only
two moleculcs j.n the unit cell, i;h.e sFace Froup pZ¡ 

/m
',ro:.r.-l.ri necessitete a mi:"ror plane ln the rnclecule itself;
J,his ,se€)prc J unlikcl;' " 'l-'he coprrer and phcrsphorus atorrs cî
the nrolccule urere placed at y = l (ralrr:or pl.a.ne of ùhc spscü

É:roup lZ, /m, sce t;'ig.u 1¿+ (b ) ) tc, cc¡nf crn t,o both sÐ¡ìce

gl'oup s ø

6a

l['wo possiblt: orir:ntations of the Crr-P i:<-,nd r^Jerc si-iggested

b;' hc I'att,ersoÌi nap o Thesc possibilltles a_re sJiovrn ln

Ii'lgu :l-Á {¿r) ancl (b,) r¡ith thc ¡ro jectlon al cng the f axj.s of



t.hc ¡-rrLl b c e.l-1, The upper copFcr ancl pho.sphcrrus ato-ns in
both f -i-g,ure;s havc ? ;' coordinate of -l wher.ea s the equivalent
llov,er copper antj f'hosphorus atoms have 2. y coorclinate of

3/t+,

Fts, 1,4 Two or"Lentatlone of the €r¡*P bond, sugg@steÖ by the
Fatterson napø

B. TTTI.- |JTJJCT'iIO}I DI]}TSTTT FU}TC']]TJ]f Tl:tD ITS ,^ i'PI,f CÂTî C-J

6r

The electron :1cnslt"v

cr;rstal " ll'hc cl-cct,r.on .Jen

unll ccl-'ì rney be expressed
fæ

ç(K,Yuz) =!lF00o +t 
È,VL

1

+ ilt,t!, sln 2rr(hx+kY+/z)1,
J

elccLrons .in ihe unlt c,-1.1

EkZ- have been comblned,

(a)

varies ponl<¡C1ca11;r throufihout a

sit¡r et any pr:1nt (;{.ut u7,) 1n the

t'y t,he irourler serles"
pþ
Þk=-Ð !, =-p rty-.

(b)

where F*OO

, and the

is the totaL nunber of

conju¿;ate terms hkß end
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An clecf;ron density rnap is obtained in the fe1l-owin¿

rrlannero ,ì'1rstp âfl anproxlmate structure is proposed and

the strrreture factors (F"t 
") are calculateC" äach of r,he

strr¡cture f actors ha s b,oth an amplltude anrl a phase an6¡1e,

The phase angles ct,talned for tilis trial structlire are

e¡p1te,J to the observed structune amplitud es, 
I 

no lt ", to
prorìuce Aots e.nd Rot", These Auts and Botr are the A,*-¿ ts

anri 3¡¡.9 I s used in the elect.ron ,lensit;" expression for the

cal.culation of the electron denslty map.

if the pro¡rosed structure is reasonably correctu the

re sult. iiu- nr,tr r{ill be an inprovecì v€ìrslon oî the trial
struc ture, if ailì- the atoms of the true structure l^,ere not

inc.l-uded 1n the trial structure, the posltlons of the

,:nitted ahonrs rna¡i be revealed on thls rnap " Improved a.tonic

fa.rânet,ers ma¡'be obtained from thls rnap arrd userJ to calcu]-ate

ner^f stri;eture factors vli'bh ¡nore accurate phase angles. If
l;1re set of inprorrerì atomi-c pa-ranetcrs is reasonabl;z cl-ose

lo that of'the tr.ue struetu.::e, thess rrerern.:ters na_v be

refiner,r-b,v successJ-'.¡e electron densf-t,v naps or by e least
squå.res neì;Ìrod " iìither of thcse nethod -q sholrld rcsult in

Ð. sat isiac tory a¿;reement of the ot¡served and calculated

structure ampl j-tudes, Hor,tever, if the trial structure ls
not cl.ose enough to the true structure, othcr nodels must

bo proposeC n

An elecLron density map conte.lns the symmetry elements

of the proposeC str-.ucture " As a result, false syr"nrnetny

elements will be present ln the calculated map lf the trj.al
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strrrcture has s¡rmmetr;' elenents in arjcitÌ on to those present
in the true stru.eture.

Because the electron densit¡r sumnation ls only over
the observed reflectlonsu the electron denslt¡,,¡sp also has

a serles ten¡rlnation effect similar to that of il.te patterson

mapo Electron density peaks are surrounded by diffraction
r".Lpples as a result of thls effect,

ån approximate electron censity map with tbe phase

angles based onJ.y on the coptr)er and phosphorus atonrs(lrøtng FZI) wae

cornputed by tLl.e NRC-B r-ounler progran for the str,¡¡cture of
c1r\qcut'(czII5)3 J-n Fig" 16 (a) a*d anothe's.lní-lar map for
that in l¡ig" ).('> (b), 'l'Ìr.e posltions of the copper and

phosphorus atorns generate a centre of symmotry and mirror
plancs (et y =L/l&t3/l+)u t"e, the symmetry ol space group
?zy/^, Flg' 1f# (b) ) 1n tlrese electron riensity calcul.ations"

The ccntrosymnetrlc map for the structure shown in
Fig' 16 (a) gave pea.ks uirlch occur"red nainl;r on the mirror
plane. These peaks could not be rea.ìily interpreted ps

f ornln¡t à chenrlcally possitrle structure. Atternpts to ref j ne

prolosed set-q of carbon ato¡rs al0ng wltir t,he copper and

phcslrhorous atons f or this structure Ï,ere unsuccesslrrl,
Ccnsequentlyu tliisr strueture was ne jected,

The centros)¡nmetric mep based on the phase anglos
cetr:rminecl from the posltrons of the copper ancl phosphorus

ntorns in iiig, 16 (b ) c1ea.rÌ;, reveal.ed bhe l)osltions of ühe

flve carbon atoms of the r:ing. One rlng carbon was fcuncj

to lle on the mirror plane arrd ilre other four occurred as



two palrs reflected across the mlrror p1ane. The posltlons

of t,he rnethyl earbon atoms ütere also tndicate,l on thls maF6

Thrrs, the posltlons of the copporc phosphorus, rf-ng earbon

ancl end carbon atoms of the ethyl groups, eonform to the

space group ,rr/*" Tllere remained two sets of chemically

posslble posLtlons for ùhe ir¡eer carbon atoms of the ethyl
groups as shown ln }rlgs. 17 (a) and (c )" The electron

denslty peak of each carbon atom ln elther set of methylene

carbon atoms $tas poorly resolved and was hal.f the helght of

a methyl or ring carbon atom.

C" T}IE I{ETT]OD OF LI;AST S(TìUARES

( i ) Theory

Initial approxlmate parameters for atoms may be obtaLned

from en electron Censlty map. More accunate para.Ínetens for
the atoms nray bo found by reflnement of these approxlrnate

paramelbers by tho least sguares method " The least squares

'nethoC assumes tÌlat the best parameters f or the etorns,

mlnlmize the sums of the squares of the pronerly welghted

differences betr¡een the observed and calculated structure
amplltucles. fn our least squares rnethod, the quantity

ninlmlzed 1s D = #U"( lF"l - l"* llt, where r¡t ls the welght

glverr. to the reflection consldered. and. lf'of anO ft"l are its
observed and calculated stnucture amplitudes. lt" I a.nd lt" I

are on bhe sâ.me scale" The summation is over the structufally
dlffenent observed reflectionso

The calculated strueture amplitude, lf^ l, 1s rietermlnedr cl"
by the scale factor and the posltional anri thermal parameters
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(a)
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F1-9" l7 Piojec&Lon of the etbyJ.
(a) and (c) are tne two
thelr superposf.tLon,

carbons along the Cu*P bond;
enantiomers and (b) Ls



of each atom" There are N such pararneters nJ ( j =

þ-or mlnlmizatlon, the ,Jerlvative of D r¡ith respect

of these pera-meters ls taken anri set equal to zeroe

sË,= ãn '' l'"1 - lo"lr fql = ou

There are l.T such equations. These equations may be

"* 
= 

^ 
þtArt lae"l = oe j= 1e2",,N The $:mmffiÅon is

hkj¿ r pj

ob.serverl rof l-ections "

The orlginal pararneterse pj, are assumed bo be close

to the para¡reters, pj * oj, ln the ref ined structr-re, where

bhe bj'" are the shlfts relating the origi-na1 para@æ to

fhe f j n¡.1 paraneters o

functlon of pj * bj 1" 
N

Al.(p. + b¡) =Ai;'(p.) - b.-J J .-J. J T=f
crcler terms" Substltuting this
lrrevious equât_îon glvcs

l,el'T),

to each

66

t 
î - alFcl I a[p^l = o, ,j = 1, N rear"rangrng gf.ves

ÈkoLILa¡' 
- b j )r=r apr- I aq

lF,.u"å, #*

A Taylort s expansic-,n of AF' as a

reltri t ü en

over the

These lil llnear

1'he []r and In"l
pj'

rl
alFc (Pj) | neglecùtng hlgher
apl
value of AF Jnto the

l
a l¡; I þ.t'j I '

equati ons

tg are ca

These normal equations ma,v also

form, ÂB=V ¡ ldhere the elernents

= | ^tuan 
al¡'"L, j = r, ¡T"

hk!, ôFi

are called tl'e normal equaùions.

lcr-¡Iated wlth the assumed parâmeters

be

o-î

exlrressed in rnatrlx

the llgN A matrjN are



urj = ãn"

are the

V are uj

pa.ra¡net er shlf t s

-'twhcre A - ls the inverse matrlx of A. Thus, by obtaining

the i.riverse natrlx of A and performlng the multlpllcafLon

on the rlght hand side o1' the equatlon, the matrlx B, whose

el-orn';nt s are tho shlf t s ln the parameters, i-s obtai.ned.

If the orlglna.l pararneters were sufflciently aceurate

= rila, arT-j

, those ln the colunn matrix Il

t'. and those ln the column matrlxJ ', -lUsing, matrlx algebra, A-' AB = A-*V
-lB=A-V

apl.ror:imations, these parameters plus the shlf ts should gl ve

'better values f or the paranreters. Several lterations are

performed, wlth tho startlng parameters for each repetition

being the 1-lnall ¡rerrameters derlved in the precedlng calculation.
This process is re¡reated unt.i 1 convergence 1s achleved, i, o o

l,Ìre shif bs ln th.e panameters are negllgible com¡rared to

the para.rreters the¡lse1\'es u

Iî the ori.ginal parameters were not suff iclently close

to those of the true strtrcture, the ref i-nenent måy dir¡erge

(p.oducing a. r¡er.y' large F. inclex) or ccnver8e to a.n unsati sfa.etory

sf ructur:e " !. strncture wculd Ì.re unsat,isfa.etory if ühe R index

l,Jere toc large and/or if the bond Clstanccs anrl anglcs

'liller ¡3reatly f rc¡m cLremically sj-miler known bc;nci clJ- stane es

and arlglcs " So'ne or all of the or" iglnal parameters r¡toüld

have to be acì justed and the ref J.nement repeated 
"

1'h.e NRC-10 Stnrcture Ï¡aetor Least Squares pF@gram

6Z



uses e bloe.li dlagonal approxina.tio¡r in solvíng the norms.l.

cquetlons " The int'eracü1on between the parameüers of diff,erenb
storrs ls neglected hy settf ng the -A matrj x crenent,s rl j = 0

if i end J are nara.rneters of diff erent atcns. The rormal

equations lney then be e.xnressed tn separate bl_ccks" eaeh

bloek e ontainiig the parerneters of cne eto'n o ilor anisotron
vll:r"t j-¡n, t'trelt; j.r t'. j ï g qatrix block for the xrjf,¿ and

B, ., paraneters of each e-tcm " The sca.l-e paremeter" (r^lhlch
J- 

.,,i

plae.e s: l¡'" 1 and lr r l cn the ss.me sca.le ) nnd a slngle
r.,vcral1-lsotroplc thermal, panameber are lneluded f.n a
scpa-¡'ate 2 x 2 t'l-ccku 'l'he matrix blocks alre invorted separately
ard Ëhe correspoxrdlng panarneter ehåfte are sÌ¡ta1¡re<i"

il'he Niìc-1.0 suF,L,So progrs.m was converterj ini:o a f ull
¡nr 1;r'ix 1e¡r st sq'ia.res prograr'to This rer,lrltten prograrn is
given in AnFen4.!r Effu

The fril-l metrlx progrem uses all the elements in f,he

A mntrl;r, 1.cu the interactions betr,reer: the atons BTe

consrl'lered, The paramoter shifts sre obtaineC L,;r the

i-iaussian e,ì-i:rlnnti on 'ncth c,J usirig the G.ill,s subrouti.ne r.f
ihe;-lcienti.ûic Subrout.l-ne Paclrage suppli.ed to the ITllvI 360/65
computer et the Unlversif,X of ManÍtoba,

rn general, the ful.l ma.trix program requrres ¿r lon8er
ccm¡rutat,iona.l tlme ani 6reater storage area then the block
ciagons,l approrrlnatl on j hor^lever, the f or.mer usually c.nver6ùs
Lo the best pare.moters much more rapridl¿ tl ¿n ihe l-er,r,er.

Al so, Lhc blocli cì i-agonal rnethod usr.i.glly has nore dii.cicult¡,
l;han the iu.l1 nntri-r nrethod 1n reflnlng ttre parameter"s f¡,om
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âüoms which

Both

used in the

cgH5cuP (c2H5 ) 3,

are close together"

(rr)

the block df.agonal and futl

l.east squares reflnement of

A welghting schemeu whlch conslders the probable error

of measurement of a reflectlon, ls used Ln the leasü squares

method" Ttre meùhod used Ln ealculatlng the wei.ghts ls

essentlarly that gLven Ln Stout end Jensen (r9OB¡'

Unlt welghts were asslgned to the reflectlons ln the

lntltl-al stages of reflnemenü. Near the end of refLnementu

mean vatues of lael versus mean lt"l 0 s utere plotted for

groups of reflectl-ons of stmitar magnltudes, At least

fLfty reflections were lncluded ln each group' From tho

resulting granh l ^Ff 
u"* approxfunatery 6lven by

l¿-r'l = L'23 * ouo5l+0 I %1, The wetght !f is üaken as

þd= r = 1 foransf.Lectlon,
bæ-
The statements, added to Èhe NRC-IO S,F.L.S' programe

whlch are requf.red for the calculatLon of the welghtlng

scheme and the appllcatLon of the welghts are gf.ven ln

Appendlx lV,
(11f.) The.,estimated jtandard. devtations Jrom tE-e- åeast

souares method

The estl.mated standard devLatLon (e*s"d') of a parameter

The weLshtlne seheme

natrl-x programs vdare

ühe structure of

6g

P3 from the least squares mothod t" oO, 4*ltr,



7a

Where the summatl-on f.s taken over the observed ref lectlonse

^F 
= lo" | @ lt" I for a reflectlon wlth W belng the weLght

glven to the reflectlonu ";j 
f.s the dlagonal element of

bhe parameter J 1n å-r (the lnverse of n¡atrix A), m Ls the

number of reflecülons and n Ls the numben of varlable paramefers

tn the structure" The btock dlagonat program was used to

calculate Lhe estf.matod standard devlations (e's"dots) of

the parameters slnce the elements of A-ru th@ lnverse

matrlx ef A e were catculated ln the btock df.agonal program

but not ln the full- matrl.x versf.onu

f), LEAST SSUARES REFTNEMEI{T 0F TI{E CYCLOPENTADTENyI,-

fn secüLon B of thf.s chapteru the approxlmate el-ectron

denslty map wlth phase angles based only on the copper and'

phosphorus atoms clearly revealed ühe posl-ülons of all the

cyclopentadf.enyl rlng canbon atomsu the encl carbon atoms

of the ethyJ- groups, thre eopper and the phosphorus atomsn

AlI.of thæatorns conform to the requlroments of space group

PZ¡/^, Howevero two sets of chemically posslnle posJ.tLons

remained fo¡r Ëhe methytene carbon atoms as shown ln Ff.gs '
L7 (a) and (e)"

Least squares eelculatlons based on P" symmetry and
cL

lncluding only ono of the enantlome¡rs (ehown ln Fl.gs" L7 (a)

and (e) wlthout rlng carbon atoms) ln the structure ted

to unsatLsfactory results f.u€ø sonae bond dLstances and angles

Were too far frorn ehemf.calLy slnrl-.!.ar known bond dlsfances

(the c-c bond dLstances l-n the rf.ng varLed from I'29 E gt
o _ -- or"46 Ã wlth eaeh v&rue havtng &n I's"d' of 0'09 A whereas

( TR TETH}]"PH.OS-PHTNE ) C O-PPER ( I ) STRIJCTÛRE



the chemlcally expected value ls around i"lrO 8)" The R

index for thls structure ,^ras o,l5T " Another morjel, Íi: rnrhieh

eaeh nolecule ulas for"ced to har¡e a mlrror plane by rrlacing
C (5) on that plane anrj. relating c (4) to C (T ) lry reflectlon,
r¡tas also uneccoptable since some bond dj. stances and sn¡r¡lsg

vtere too far from thelr chemlcally er¡rectecì va.lues (R=o"I5B),

Thus, a sfngle molecule eonformlng to erther. space group

,r, or space group Ury'^ cìld not completely descrlbe the

crystal structure " 0n1¡' a rllsordered model containÍng two

enarltiorners each r^lith one-ha.If occupâncy refinod to a structure
consisting of chemica.lly reasonak,l-e bond dl stances anrl angles

and R = 0"151" Such a rnodel satlsf les the requlrements of
the spB.ce group Pzr/*. The two onantlomers are shown rlithout
the ring ca.rbon atons in a projeetíon a.long the cu-p bond

(almost parall.ol ts ùhe e. ax{s} ln Fngs " LT (e) and (eb"
wf th thetn superposjtlon throughorrt the structure shor^rn ln
Flg" 17 (b), F'lg. 18, ls an elsct¡roR densf.ty map

through the mean prane of the meth¿.1ene carÌ-.on âtons using
t,Ìre f f.nal strueture factors" A comparison of this map wiil:
ir'19" 17 (b ) shows the close eorrelation between the electron
dlstrlbutlon and the rlisordered structure ,

r.'ig" 19 ls also a prcjection of bot,h enantlomers e.1on¡¡

the Cu-P bond, One enantlomer ls shown -i-n closetl cireles and

the non-ldentlcal portion cf the other ts ¡"lvr:n i;r dashed

circles n r¡rlthin lts estimated stanrJard rJevietl on, c (5)

ås 3.ra a åden&S.eeL posl.tLon Ln both enantiomêFsø Howeveru

best refinment bras achleved wlth thts atom sligh,ùly

7t



mirror

Flg, IB Electron densLty map of the mean pJane through
fhe metþrl.ene carbon atoms; the lor¡est co¡qtour
i.s L eftf wtth tho e ontour f¡¡terval 0,2 e/4" g

L denotes rtI,ow??,



v

73

c( 8')

Fl-g" f9 ProJectlon of Lhe mo]çecr¡Ie along the Cu-P
bond. One enantLomer Ls shor¿n ln closed cfrcles
end the non-Ldenüleal portion of the othor ls
glven Ln dashed clrcles"

-------hi 
rror

plone



dlsplaeed fr.on the nirror p1ane"

c onslderlng the observed ref rectlons onJ-y, ref i.nenront

of the dlsorcerec structure was carrled out using several

cJ¡cles of least squares f j ttì ng of t,he posit i onal pa.rameüers

of all the non-hyrlrogen aJ;o¡'rs epd of the ternperatu¡,e facto::s,
j nttÍ,a11y Ísotro¡.ric but later anisotroplc , Slow convergence

led tc a flnal R lndex of 0"151. The R incex was lowered

to 0'11¡! vúlth the incluslon of a set of hydrogen atorns at
chemlcally expected positj-ons and reflnement of the parameters

of all the atoms except the hydnogens " These reflned
paranreters are withln the esttmated standard cievlati ons of
t,he reflned parameters before the hyrirogen atoms were

ineruded, the l.atter bef ng ùhose shown ln Table l¡ (a), þ. Z?,
The h¡'droglen atorn pare.meters ar,e glven Ln Table l+ (b),

The fol1ow1ng statements show that conver8ence rdas

achieved 1n the least squâres caleulati cn. rn the f j.nel

least sguares c;rel s, the largest and the everage a.bsolute

value of the stonlc coordlnate shtfts (expressed in fractional
coorrilnates) were: f or the corrper aton 6 x ro-5 ano I x to-í,
for thc phosphorus aton J x 10-5 and z x ro-5 and for the

carboÍr âùorns Bl x 1o-5 and 3T x 1o-5. T'he maxlmum posil;ionaI
psrameter shift was 1ess than one-thirrJ of the e.s,d"
whereas the avorage Jrosltf onal parameter shi.ft as a fractlon
of the ous.cln was l-ess than one-tenth.

E. THII DTFFI'R!]TICiì FOTIRTEN SY}IrITESTS

74

A dilference Fourlen synthesls

between the proposed r,roclel and the

sho'¡s the agreement

tr.ue structure " A
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difference synthesls may be expressed by the Fourler seríes¡

e o (x uY uz¡-pc (x, Yo z)=!. þu nn**z$,. g -i (Ao-Ac ) cos 2rr(hx+kY nl,z)
V L h=0 k=_"oL=-oo

+(Bo-B")sln 2rr(hx+ky,l,;zl], where the dlfference hetween

the ohserved (eo) and calculated (e") electron denslty

functlons ls taken and AtrOOO ls the number of resldual

electrons j-n the unit cel1 (i.e, the number of el-ectrons

ln the true struotur"e not lncluded J.n the assumed structure) 
"

A dlfference ma.p ls vLrtually free of the serles termlnatlon

offecù since the serles terminatlon errors ln both electron

denslty functlons are essentially subtracted out 1n the

dlfference functlon"

In the last stage of reffnement of the structure of

Cf{tCuP (CZH1) 3, a dlfference Fourler synthesls }tas carrled

r:ut uslns ttre structure faetors calculated with the hr'drogens

lnclu,Jed, Thls dlfferenee map revealed a peak of t"O ø/î,3

l,'etween the copper and nhosphorus a.tons" This peak ls sma1l
,o3

wl'ren compared with the copper and phosphorus peaks of 30 ø/A
,\?

and tl e/i,t respectively oe.currlng on tlie electron riensLty

ma.p, Tl:e renalnder of the Cifference map wâs between 1,0 and
^,)

-I,2 u/"!| r,lith the maxima and minima occurring on the mlrror

p1ane.
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The resurts r¡rhlch vJore obtained from the x-ray crystal-
lographlc structune cJ¿:.termj na tlon of cyclo¡16¡¡g"6ienyl*
(trieth¡r1p¡osphln6 ) copper( I ) âre SebuÅated as f o.¡.Lolds i

bhe f lnar atcmic coordlnat,es (tabIe l+), the observed and

X-IÌA]' ANALTSTS

CHAPTER TX

RASULTS AND DISCUSSÏON

calcul-ated structure t'&cùorsk0)using the ref ined paraneters

before hydrogen atoms $Íere included (tatrle 5), the bond

rilstanees and l.nterbond an6iles (Tab1e 6), the therr,ral

vibral;lon tensor componenùs (Uf j t . ) of tbe atoms (Tabl e T )

an<,ì the mean plane between the cyclopentadienyl ring carbon

aloms (fable B),

The X-ray analysls revealed the presence of two

enanticimers dlstrlbuted apparently equall¡,' and ranrlomly

throughout the crystal, A projectlon of the untt celr
viewecl along the c axis ls shor¡n ln Flg, zo. The atoms of
one olrant ioner are Íllustrated 1n sollrì clrcles and the

non-Identical portlon of the other is glven in dashed

circles. The copper, phosphorìls, rln6 earbon ancj the

'lethyl ca¡'bon atons off the mlrror pIane, C (g) anC
I

t (B ), have ldentical. posltlons ln both enantiomers"

c (5) ts on tho mlnror plane wi-thln its estlnratod standarc

devlatlon; however, best refine¡rent rdas achLeveci with t,his

atom treated as two half-ato,'ns (mlrror lmages of one another)

sllghtly rllsplacecì from thls plane" CflJ-¿' the methylene

carbon etorns do not eonfornt to ,r{* s;mmetry i.n both

enantl-omers,
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TABLE h, Atoml.c coordlnates

A, Non*hydrogen ato¡ns and Ëhetr
devLatlons (x iO4),

Cì.r
P

c(1)
c (2)
c (3)
c (l+)x
c (5);E
c(6);t
c(7)x
c(B)

x/a

-0 "1.288
O 

" 
131+B

-o "3237-0,350L
-4,3979

o "17010,0760
o "23670,2809
O,22J1+

v/\
(h) o,25oo (-)(B) 0.2500 (-)(3r) o"25oo (-)
( zl+ I o "3528 ( 2l+ )(28) 0.3n5r (ee¡
(62) 0 "3Ll+6 ( 6S ¡(50) o"2l+o8 (9h)(l+6) o'09h5 (hl )
( l+0 ) o "3l.+5I ( l+2 )(hl+) 0'¿+703 (37 )

H
H
H
H-:r
H-;i
H':Ê

H':i
HìA
H-;s

n?F
T¡..,.

IJ -.,-

H
H
H

B, Hydrogen atorne(Btgo e 6.CI for eaeh)

esülmatød stanoard

-o " 33OB
-o " 3h01
-O,l¡128

O.3O2l+
0,Ll+00
o 

" 35BB
o.19Bo
o 

" 3¿+30
o 

" 3rh0
-0,0541

o "1942o "1017o,2267
0,281+9
o.oBlh

77

z/c

0"1lL0 (6)
0,1589 (11)
o "231+7 (48 )
0;L159 (36)

*o"0632 (331
-o,ol+BB (fr¡
*0 "2h3É, (72¡

o "2093 (52'.)
o"363? (ZO¡
o "3750 (50 )

5'heEe ar@ the f:ydrogen atom posLtS.one ed.opted.
on eheml"aaL gnound.s.

;å has an occupatLon factor of 0.ø5

o.25QO
O,l+L67
0.3940
0 ,3060
o.41ho
o "1339
0 

"031+0o.3782
o,2ggo
o,2360
0,1920
o,2940
o.l+755
o "51+35o,hB7o

Thø atoml"e eeatterlng faetorø for Hu Cu F and. eu+land.rthe correctf.on for anõmalous dlspersion for F and.uu'* were taken from the lnternational fablee for x-RayOrystalJ"ograptry (tg6z, Vol" llf ),

o.3733
o "2282*O 

"1¿199*0 
"O260-0,0620

O 
'30¿+6o "0720

o "2750
o "5o2o

-0 " 3000
-o,2540
*o.3520
9,!It7
o,3259
o,2966
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TABI,E 6 
"

Cu-P
P-c(4)
P-c(6)
P-c(7)
Average

Interatomlc dlstances and angles and thelr
estlmated standard clevlations "

d

c(b)-c(5)
c(7)-c(B)
c(6)-c(B' )

Avorage ethYl C-C

cu-c (1)
cu-c(2)
cu-c(3)
Average Cu-C

c(1)-c(2)
c(2)-c(3)
c(3)-c(3! )
Average rtng C-C

P-cu-c ( 1 )
P-cu-C ( 2 )
P-cu-c ( 3 )
Ilverage P-Cu-C

cr.r-P-C (L )

cu-P-t ( 6 )
cu-P-C(7)
Average Cu-P-C

P-C

2,]-36
1,885
1, Bg1
1"358
1,878

T "5871,489
1,,51+o
r "539
2,?-52
2 "2292.239
2 "?38
1,h12
1 .321
1,h38
I,381

1l+B "7
1l+B "othB,5
th8,l+

113 "h113,9ttí.9
1Ih"3

0,009 I
0,065
0,Ohl+
O'Ol+7
o "o53
0 ,095
o "062
o "o52o,072

0 "031
0 ,02I|
o "0?6
o "026

79

P-c (l+ )-c
i'-c(7)-a
P-c ( 5) -c
A v erage

c
/l

5)
8)
.3r )

h)-P-c(6)
l+)-P-c(7)
6)-P-c(7)

P-C -C

vor¿ìgo C-P-C

c (1) -c
c (2) -c
c(2)-c
Âvereg

0,032
0,03h
0 "0h40.o35

0.70
0,7
0,7
0,7

2 "Qo1'3
1"1+
1"6

l+.5
2ô
)oJ
2,7
) ø)

2)-c(3)
3)-c(lt )
1)-c 1e ' ¡
rlng C-C-C

rL3 "61L6,7
11 2,4
l-J.l+,2

105. B

101"8
ro5 "2104'3

108,L
1C8 "3107.0
10?,B

2,1+
Z. ø2
1,9
2*3

2.3
2.1+
-a<- @4

2,3



TAEI,E 7 " Thormal vlbrational tonsor components UIJ

Tho largest est lmated stanr3ard dev j"atlons
0,003 for the copper atom, 0"O06 for the
atom whJ.le the standard devlations rsnÉre
0 . OIL 0 

" 
tcl3 f or the carbon B.toms 

"

Cu
P

c(1)
û (r,l )
c(3)
c (l+)
c(5)
C(É,)
c(7)
c(B)

urt
o "o5o0 

" 
0lr3

o,027
o.050
0,07J
0,081_
0 

"091f0.059
0,03J
0.151

U-.é.é

o,oB7
0 "068o.L69
o "065
0 "t3J
o "1830,368
0 "0600.051
o,L42

oi3
6 

" 
o9l_t

0.071
o,oB7
0 "t320,082
0 "1.61
0 "130
o "o5B0,12¿t
0"lo8

TABLË B.

1.. The equatlon of the mean ptane through the c7Hç rlng is
-0.q877X + O"OOOAY - O,t56l+2, 3"Z3BZ - 0

where \rYrZ refer to the orthogonal set of axes, X along
a, Y along b, and Z along c"''"

u13

0,0
0,0
o.o
0 "032
0 

" 
0Il+

-0 " 
oo5

o "236-0.028
-o "o35-o ,068

BO

O.r(A')

are
phosphorous
from

CyclopentaClenyl rlng: mean pl-ane and dl stanees 
"

U
13

o,o2g
0"021
0 "0280,050
0,ohl
O,OBB
0,0!.6

-0,002
0 .014
o "046

2" Dlstances of atoms

TT
U

T2
0,0
c"0
0,0
0 

" 
0J.3

0"006
-0 "01-20.054

0 "o27
-0 "012-c " 

031

c(1)
c(2)
C (Qt
c(3)
c(3'

Cu
P

Thc clifference between the copper anci phosphorus
dlstances to the moan plane through the Cql{¡ rlng
is equal to the Cu-P bond length, TherefdrB the-
Cu-P trond 1s norma] to t,hls mean plane"

o
f ro¡n plane ( I )

0 ,018
-O .01¿+
-0.015
0,006
CI,006

_1 
" 
go4

*l+. 0l+0
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understood from a considenatf.on of possible intermotecular
Lnberactlons' The posltlons of the methyr carbon atomsu

whlch form an armosb equllaters.r trlangte as shown ln
Flg, t7 and in F'1g" L9, are those that mLght be erçeeted fnom

packlng consldenations, Slnee C (S,t lles on the ml.rror
plane wlbhf.n Lts eus.d.e all of ùhe atoms except the rnethylene

carbon atoms form a set which conforms 1to ,r/* symmetryu

Beeause of ühls symmetryu thLs seb of atoms can show no

preference ln Lbs lntoractlons wlth right-or reft-handed
morecul-es" Once the posltlons of the members of thls set

are flxed only intermolecular lnteractlons between methylene

groups courd lnduce orderf.ng of the enantf-omers, Howevore

the shortest lntermoreeurar dlstance between methylene

carbon atoms ls 4,h3 I, rf hydrogen etoms are eonsLdered,

the elosesb lntormolecular distance of approach botween

methylene hydrogen atoms is approxlrnatery 2"3 î. The

ctosest lntermolecurar distance between any pair of r]on-

hydrogan atoms Ls 3"76 î, Hev¡cee âDX motecutar lnteractlons
are relatlvely weak whLch l_s Ln aecord wlth ühe hlgh
volatiliby of the compound"

An exanLnatl-on of Tabre 6 shows thet oach i.ndivJ.duar

bond lengbh (wlthLn Lts e"s,d") ls equal to the average

bond length (wlthln Lts e"s"d,) of alJ chemLcarly equivarent

bond dl.stances,

The random olstributf.on of the enantiomers can be

82

The Cu-P dl"stance Ls Z,Åh t, From the sum of the covalent
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radll of Pautf.ng (1967) ttre predLcted value for a Cu-P

bond length ls Z,\$ E. iîor¡evere trrls experlmental value of

the 0'u-P dlstaneo can be compared wtth the eNperimentat

averege valuer of 2"Zj R obts,f.ned by Corfletd and Shearer

(tgtt) in the structure of phenyrethynyt(trlrnethyrphosphlne)-

copper(r)" The P-c bond distances average r"BB f" summlng

the covalent radtt of paurlng (tgOT) glves t"BZ I for a p-C

bond length r.¡hereas the average experl.mental value of'
^ol"U3 A was obtained by Corfletd and Shearer (1966) 

"

2 
"2/.+

from

bond

The Cu-C rLng distances, presented In Table 6s aver&ge

8. Table I shows ühe,t the dlstance of tho copper atom

the mean rlng plane f.s r,90 8, anct that the Cu-p

Ls norrnal to the mean rLng plane. Cloarl-y, the

cyclopenbadlenyt ring Ln C5H5CuP(CZHS)3 f.s rr-bonded to

the copper aton rathen than bel.ng g-bonded as proposed

by l,{lrklnson and PLper (ß5A) and arso by whftesLdes and

Flemlng (1967)" Ftgs, .t9 and 20 df-stlnctty Lllustrate rhe

rr*bondlng of the eycropentadtenyr rlng to the coppen atom,

The presence of a Tr-bonded C5H5 rlng 1s ln acoord wlrh

bhe thernrel stablllty of the mol,@er¡l@, In rr-C5H5CuP(C2t15)3,

copper achleves an lnert gas conflgunatLon mak.lng tne copper

abom l-soelectronlc wlth the nlcket stom lnT-*cyclopentadienyr-
(nLbrosyr)nLckeL rtr-C5H5¡{1.t{0. A Nl-C bond dlstance of

2,rl I lnlr*C5H5Nl"No was for¡nd by Cox, Thomas and Shenldan

(¿958) uslng mlcrowave epeetroseopy" ThJ.s dl.stanee may

be cornpared vslth the evera,ge Clæ,C rlng dLstance of 2,24

The average C-C bond tength l¡e bhe rlng l-e r.3B Ë, This

o
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f.s ef.nLtar to the avenage c*c bond lengÈh of r"ho I i.n the
rr-ovcropentadl.enyr rlng of $r*cgt!.5) r,e(eo¡r(s-c 5H5l r¿hose

cnystar sfnucture was debermlned by BenneÞt et et. (rg66)

BU ATTEMPTED DTELS ALDER REACTTON

matete anhydrf.de wLth cyoloÐsntadteny} ( triethylphosphlne )-
eoppen(f)" Red pree,lpLtatos whLch could not be ehareeterlzed
were formed" However, trlethylphosphlne atso reacts r,¡ith
malele anhydrLde"

More recentty, fn the authors s atüenpted reactron of
the dlenophlle hexafluoro*Z-butyne (CF3C=CCF3) wLth

Tr-cvc ropentad f.enyJ. ( trLethylphosphf.ne )c oppen ( t ) in petro l eum

ether solutlon, onry süanting materfar couLd be identl.fled,
the sf¡'ucture of a possLble DLers-Atder adducü of cF3c=ccF3

hrllklnson and pf.per (1956) reacted the dlenorrhlre

tulth C5H5CuP(C2Hgl3 ls gLven tn Ff_g. ZL*

B4
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Hexafluoro-2-butyne Ls such a stnong dLenoptrlte that Lt even

forms a Dlers-Atder ad,ir¿ct wlth the benzene derívabLve,

durene (Krespanu McKuslck anct CaLrns (r9Oo) )" At room

temperaturee CF3ECCF3 aÀso neacüs with nf.ckelocene

NL(rr*c5H5l, ao form a Dletrs-Atden addr¡ct (McBrtdeu Dudek

and Stone (rlo4) ), Hováever, wl.th trre formatf.on of the

adduct, ühe nickel atom achleves &n lnent ges oonflguratl-on.

Tf the cyclopentadlenyr rf.ng 1n C5H5CuP(CrH5)3 wene

rT*bonded (Flg" 1 (a) ), the copper atom would already have

the lnert gas confi-guratlon; the subsequent for¡natlon of
a DLeIs-Alden adduct woutd destr.oy tnls stable eleetron

conflguratl.on, fn thl"s eqse the Dlels-Âtder reacbion

would be less IlkeIy to occur for cyc.Lopentadlenyl-

(trlethyrphosphlne )coppen(l) tha¡¡ for nlckerocorloo

(Flg, r (b) ) Uo ühe copper aborn, the compound would be

oxpected bo readiry form a Dlers-Atder adduct wlth

CF3C=CCFjå lf Èhe rf.ng ldere lÏ-bondeda the formatl-on of

the adduct wout-d stLrl be posslble but not as probable"

If the ,5"5 rlng tn CgH5cuP(CeH5)3 were d-bonded

B5

The fact that the aut,hon was not able üo lsolate a DLels-Alden

adduct of hoxafiuoro*Z-butyne wltn cyctopentadlenyr-
(trlethy.LphosphLne )coppen(I ), strongly suggests that the

,{S rlng l-s-n--bonded to tho eopper atom when the compound

1s Ln petroleum ether solutl-on,

C" LO'd TEMPERATT'RE NUCLEAR MAGNETTC Rþ]SONANCE (NMR) STUDIES

A low temperature nuetear magnetLc resonance study

was performed by Bennett eb aI" (fgOO) on the compound



frt -c tlt)Fe (c o) 2rl-cgï5) f rorn 3ooc to -l-o0oc ln carbon

dlsulf lde sol-utlon, At 30oû , tt{o resonanc e peaks are seen

ln the proton masnetlc rescilance spectrum, one atl i"6
which is assÍ gned to the ÌT-C5H5 ring protons and the other

ntd4,l vrhlch 1s assignod to the d-C5H5 rlng protons.

Upon coollng to -10OoC, the peak atl 5"6 remains a s-ing1e

peak, The peak att 4,3 collapses wlth coollng and three

new resonance peaÌ<s appear fro¡r -6ooc to -lO0oc. 'Iwo of

these peaks occur at arounddh and the thlrd atÍ 6"5'

The three new peaks have the approxlmate inüenslty ratlo

of 2 :2. zI respectlvely,
'.the room temperature nuclear magnetlc resonance (Nl4n)

spectrum of C5H5CuP(C2Ug)r, obtained by Plper and r,^lj.tklnson

(1956) tn tol-uene solutJ.on, showed a slng1e sharp peak fon

the protons of the CqFt rlng, More recently, trllhltesides

and Flemlng (,tOd7 ) perfornod a low temperaturo study

(betr^reen 0o and *?OoC) of the NlvlR spectrum of thls compound

1n v¿lrio-ur.s solvents " Tn sulfur <jloxicle solution at t)oe,

these .t.alter arrthors observed a single sharp peak at,4 3.7

for the protons of the ,5H5 rlng, Upon coollng to -7OoCu

thls peak broadens atrd spJ-f-ts to form three peaks at

d vafuos of' 3"O5, 3"43 and 5,51+" These three peaks had

relatlve ereas of approxlmately 2'.2:L. The same authors

reported that qrralitatlvely slmllar spectra v¡ere obtalneci

for the rlng protons I-n proprlon3-tr1Ie and petroleum

ether solutlons " However u 1n tr| ef,hylamlne and tr letF¡ yL-

phosphi"rÀ@ @o-LÈrtlons of the orgsn@meüB.rJ.le eompou:rcì@ teÍlry
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& slngle peak for the cyclopentadi.enyr rlng protons was

observod upon coollng to -|OoC" From these observatlons,

Whttesl.des and Ftemf.ng (f967) assLgned a r*bonded ,5fr5

rlng to the strueture of eyclopentadlenyl(tnlethylphosphlne )*

eopper( I ) (Fj.g r (b ) ) , They also excluded the possf.blrLty

that the comporrnd v¡hose speetrum Was observed ln sulfur

df.oxLde solutlon was actually an adduct of the organometarJ.f.c

compound wlth sutfur dloxLde"

The fact that the s1ngLe peak for the cyclopentadienyl

rlng probons ln Cglt5CuP(C2H5)3 spl j-t wLth cooll-ng to -7OoCu

ln someu but not arl so}vontsu ls evtdence that thero ls

a solvont effect lnvolved ln the spllttlng.

conoucted by the author are glvon l-n Þ'19" 22u 23 ano 24"

Flg" 22 shous that slmLrar results were obbai.ned ln suJ.fur

dl-oxlOe solutLon as those reporbed by Whf.tesldes and Fremlng

(r9b7)' Tho peak at 1ã3,'4 l-n tk¡e Ooc specbrum ls due to &

docomposLtlon producbu The solutlon Was alLowed to stand

at *SoC f or ühree days " The subsequent NIIIR speetrum at

OoC showed that the peek at t 3.7 was absent and thât the

peak due bo the deeomposltlon product et 13"¡+ was lncreased

ln hef-ght " Tbls decomposltlon peak dld not spllt when the

sampre was cooted to -7OoC,

contrary to the rosults of tlIhl"tesldes and Flemlng (L9b7)u

no splLbtlng of the slnglo peak due to the protons ln the

Low temperature Nl'lR spectna of the compound C5II5CuP(C2W5l3
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CgHS rLng of eyc ropentad Íenyr ( tri.ethylphosphlne )eopper ( I )

w@,s observed Ln petroreum ether sott¡tLon
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-40"c

FLg, 22 Lor¡ temperabure.nuclsar magnetic resonance specfra
of C 5tl5}:uP(C2Hl3 Ln sulfur dloxj-de solutlon'

- 70"
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f*ff -adc
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*fu -too"c

345T-
Flg, Z3 Lou temperature.nuclear magnetf.c resonance spectra

ot C,SH.'CuP(C ZH5)3 Ln petr.oleum ether solutlon"
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345
F1g, â+ Low temperature nuclear magnetLc resonarrce spectra

ot C5H5ÇuP(C2H5)3 l.n toluene solutlon,

-eo"c
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rrpon cooIlï}g to -loooc (Flg , 23), ïn toluene solutlon
(Fig, 2l+) u the stngle peak due to the ring protons ol the

conporrnd wâs stilL sharp at -gOoc" These ratter resurts
1n hydrocarbon solvents s,re conslstent with that exp€:cted

f or the protons cf a TF-bonded cyclonentadien;rl ring, rn
sulfur dloxide solui;1cn, some solvent effect occurs. The

observed spectmm may be that of a cr-boncc.l ,5HS ring;
however, the organometallic cor?rpound may not exlst as such

ln sulfur dloxlde solution, fn an¡' case, these lrlMlì sturJlos

refer to the conpornd i¡r sc¡lutf-on, r,thcreas ln an x-ray
.structure deterr¡lnat j on one is doaling with the molecule

ln the sclld state.
D.'I\,{ASS SPECTRI]IiT

The mass spectrum of TÏ-cqilqcup(c?Hl3 obtaineci by

the sruthor ls siven ln Flg" 25. ï:hltesldes and Fleming
(lçel ) reportecl a clearry defl.ned parent ion 1n the mass

sF,rctrrrm of t'be compounrj at m,/e 2hl anrì zl+9, The parent

lon actuarly occurs at m/ø Ðt6 and 2hB, Those two peak

helghts are ln the isotope ratlo of Cu63 to C u65 " The

absenee of ¡reaks eorresponding to a dlnerlc or other polyrnerlc

specles lndlcates that the conpound l_s probably nonomeric

in the gaseous state " 'Ph6 peaks cortresponcting to tlre lon
+

cuP(czriq)3 s m/Ø 181 and 183 are i-n the same ratio as the
parent peaks' vr.¡rlteslcles and Flemlng (1967 ) state that
fhe absenee o-f â slrong peak corresponrìrng to tho lon
(cnnr)Cu+u miø i28 and ir3}, strengthens the postulatlon of
a o'-bonded ,5n5 rlng" Mass spectra have been obtained for

9T
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Ff.g, ry Møss specbrum ot CfiSCuP(CeH5)3
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cyc.!.opentaol.enyr * co$têlnlng compounds of êr€menËs of

tl¡e ff.rst Ëranslclon serLes (Frf.eom&ne Insa s,nd Wf.tklnson

(t955) ), Very stgnLflcan&ry hf.gher yf.elds of the Lon
+

C5H1fq w6re obÈaLned fnom the lonl.c eyclopenuadl-er¡fdes

Lr¡ eomparlsoâ üo those obüalned from the rt-evcropents,oLenyr

compounds' The pnoaenee of a strong CíH'NI" peatc ln the

mass sp€etrum 1e asr lndLcatLon of an lo¡alea-rty-bonded

rabhen Ghan a rr-bonded ,5r5 rf.ng" Thus, bhø sbsence of
+s strong peak correspondLng to the C5HrCu lon suggests

Lhat the C5H5 rl^ng Ls not lonLca1ly bonded"

poaks due to thf.s

helghts at m/e L28

E" SUMMARY

Varlous methods &tere employed to doüermlne the nature

of the bonding of the cyclopentadf.enyl rlng to tho copper

atom ln cyclopenÈadlenyl( trletfryLphosphlne )eopper(I ) "
The lnfrared and chemLcal evldenae of Wllklnson and Plpen

(1956) was lneoncJ-usf.veu noverthe.Lossu these authors

posÈulatod a e/-bonded C5H5 rlng f or tho compound (Ftg, 1 (b ) ),
The X-nay sfrueture anal-ysls of the connpound by ühe author

e-Learly shows that ln the solLd stete the cyelopentadlenyl

rlng {.sTr-þ6¡d66 to the copper atom as postulated Ln FLp" I (s)

(see Ff.g'.s, 19 and 20 and also Table B)" The presence of

t'ho parent peak øt m/ø 2l¿6 and 248 Ln the ñass spectrum

of the eompound and ttre absenee of a dLmerLe or obher

pol¡rmer3.e specl.ee, Lndl.cates that the eompound 1s monomerLe

l-n bhe g&seous ste.te, Thl.s Ls an f.ndLeatLon of the weak

f.on may stf-11 eontrLbute

and I30"
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lntermorecular forces found 1n the X-raJ analysls' Thusc

the motecule Ln the vs.pour phase ts lj-kery to be simirar

to thar f-n tne solLd state'

The authorc s aÈtempÈed Dlers-Adter re&etlon of hexafluoro-

2-buÈyne wlth bhe organometarll-e compounct ln petroleum

ether solutlon strongry st¡ggesÈs bhe presence of a Tr-bonded

,5H5 rlng, The lolq temperature nucl€ar magnetic resonanee

studLes by the author of the compound f.n peüroleun¡ ether

and toluene sotutLons also sugges't s-rr-bonded C5H5 rl-ng

for solutlons of the compouxlcl ln hydnocarbon solvonrs' Low

bernperabure NMR spectra of solutlons of the compound ln

sulfur dloxLde oblalned by both 'dhltesLdes and Flenlng

(L967 ) and the author lndlcate that e s-bonded C9fl5 rlng

may be presentu Horoteveru & solVent effecü occurs !n the

sulfur dtoxlde soLutlon" Thusu tlre compound may not exLst

as such ln this sol-vent 
"
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Mondu Langer and QuLneke (fBgO) 0f seovered the flnst
metal carbonyl compound u nLckel earbonyl (Nl_ (CO )4 ) . SLne e

thls dtscovery, many more carbonyL and substlÈuted carrron.yl

comÞounds have been prepared, The preparetlo¡rsu bhe reactic¡ns

.'¡tld L,'ru sbructures of many metal carbonyl cflnrijüì.ulds ü.r,e

compf. Le.-l Ln Orgg]Iþ_.åJlIL4sses VLa_ÞlgtaI Car!onjjLå ( 19óB ) "
Foust, I,'oster and Dahl (3)69) have recentty published the

preparatlon and structure detenml.natlon o¡ some neld arsenic*
coba.lt cantronyl compounds as part of thelr conrpnehenslve

LrtvcshlgatLon ln the field of arsenLe*metaL ca.rbonyl

compounds.

¡ neÞt compound ln tho ansenf.g*metal carbonyl serl es,

I.'e1Asr(CO)9u was lsolated as one of ühe pnodr;ets l.n the

reactlon of arsenlc Èrlfluonlde wf.th Lron pentaearbonyl

by T,u Kruezynskl (prtvate conmunlcatlon), Ttre conpositlon
of' j:"hc (:{)mI)ound was deLermined by mass spectrometry and

by chomlcal ana1ysLs, The compound formed red cnysüals

wlbh wel}-developed faces upon re*cr$BtallJ.zatlon from

petroleurn ether sorutlon, Þ'rom an anarysf.s of the lnfrared
spectrum of F'e3Asr(CO)n (bands at 2035"2 s , ZÐeí.t m,

Lggt+,3 mw (cm*l ), nujol muII) ø Le Kruczynskt (prLva.te

comrnunlcatl-on) proposed the followlng etnueture for the

cornpound ln Ffg, 26"

CHAPTER X

TNTRODUCTTOhT
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Ftg, z6 froposed etrueture. for.Fer.As"(e0¡n by t" KruczynekX
(prl"vate co¡omunleation). r

He also supplled

An X-ray analysls !úas

debermlne the sctual

Co)3
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AU DESCRIPTTON OF TTIE CRYST.AL

The red crysÈats of Fe3Asz(co)n resernbi.ed tetragonar
dlpyramLds (dlstonbed octahedra), A slngle erystal of
Fe3Asr(CO)9 was mounted abouü ühe elongated aNf.s on the

reflecbing gonf^ometer, The Lngre betr*een thf.s axls and

the normal üo each crystel face wes approx!.mately 600 i ro,
.Thus, thls crystal dld not belong to tho cubi.c system

(for octehedrar orystals thLs angle would be f09oe8'¡z)"
Assumlng the crystaL eystem f.s tetragonal or at reast
orthorhombf c, the other two axes of the crystar sre nor.mal

fo thls elongated e.xleu carled the c exls, Fig " ZT (a)

end (b) shoþr the t¡¿o posslble sets of &,xes ln a proJectf.on

al.ong the c axis of the crystal,

CHAPTER XT

CRYSTAL DATA
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(a) (¡)'

Fosstble scts of axee of a erystal of Fe3Âep{eOln"Flg' 27 
"

For elther orlenÈatlon, these two axes of the erystal
appeared to be equal f.n length" Slngle erystat X*ray

photogrephs were used to debermlne the âxes" the crystaL



systeae the possLblo space groups and the uni.t eell
dLmonslons of the crystat,
B" PRECESSION PHOTOGRAPHS

The form of the sLng}e erystals of Fe3As2(CO)9

LndLcated that the enysËal system was ,,}[køly Èetnagonal

on orthorhomble, In both of these enysüal sysÈems, the

df.rocü axes of the erystal coLneLde wlbh the necf.procal

a-x,es" Ttre erystat r*as moun&ed fon rotatLon anound the

c axls by Èhe use of a refLeetlr¡g gonf_omeÈen. An

onientaåf.on photograph taken on the pnecessf.on lnstrument

conff.nmed that the e *nd g* sxes eof.nclde Ln Èhe crystal,*
The crystal was then mounùed for rotation about
bhls cixLs fon all subsequent pnecessf.on photogra,phs"

A zero level precesslon photograph wøs takeng the

precessLon axf.s wes ono of the ùwo possf.bl"e axes of Èhe

sob Ln FLg. 27 (a). .Anothen z@ro level photograph was

recorded wlùh the precessf.on axLs belng the othen axl.s of
FLg. 27 (a), SLmlX.arly, two more uero level preeossLon

phobographs were taken wL&h the preeessLon axes bef.ng the

tvro possLble a.x,ea ln Fl"g " 27 (b ) "
One set of possLble &Nes, eLthor the set ln FLg, ZT (a)

or that 5.n Fl"g" 27 (b)u eorresponds to the aetual erystal.

axes and the other set eorrosponde to tho d1agonals

betr*ee¡r these &xes, Fon the cryetal" to belong to the

tetragonal, systemu the eøyo leveÌ. phoÈognaphs eorrespondf.ng

to the tnue &xes must be fdentleel to eaeh obher;

slm3.t1¿ar.Iy, Ëhø a@ro level. pho&ognaphs eonnespondf"ng
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to the dlagonats musL also be identlcal to each othe::,

llor¡ever, f or the erystat to berong to the orthorhombLc

sysLemu only the zero levc1 photographs corÍ'espondJng

to the rìlagonals must be ldentlcal to eaeh obheru F'or

the slngle crystal of Fe3As2(C0)9u the tr*o z,er"o leve1

prccesslon photographs correspcndtng to the axes in
Flg, 27 (a) were f-dent,i-cai- to one another whereas the t¡+c

correspondLng to bhe axes in I.'1-g" 27 (b) were dlfferent
lrom each othern 'Iheref oreo the crystal betonÉIs to

the orLhorhombl-c system and j.s only pserrdo-tetragona)_

ancJ bhe e rystal. axes correspond to those f.n Flg" 27 (b),

Tire z,ero level precesslon phoLogra¡rhs correspondlng

fi.¡ bhe axes of Nhe crysta.l are givon ln FLgs " ZB (a) and

(t ) " A cone axls photograph. of the slngle crystai. of
FejÂsr(CO)9 was taken; the rotatLon axis n¡as il- (also

s Loou] ) and the precesston axLs uas b [nto]. Tho

mea.surement of bhjs cone axLs photograph and the subsequent

calcuïatf on ofl the :"ec lprocal l-att ice spac lngi Ott'OrO,

establishecJ that; the spaclng measurecl along tt e i3
d l ree b-t on 1n I¡1g " 28 (b ) c orï.esponcied to Ott'OrO and nob

sone rnultlpJe of att'Or.. The true spaclng mLgrht have been

& murt,i pIe af Ott-OrO because of somo systematl-c absences u A

pi:ecess:lon photograph of the (h11.)-"- 
"u*iprocar labtlce plane

þ',¿ìs then Laken" This flrst level photograph conflrmed that
the spaci.ng along the it and * t Oirections ln Fi-g. ZB (a)

cori'esponded t<¡ d-;:'aOO and O-"-OO' r.ospect,lvel;¡ and not
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(a) hO0 preceesf.on photognaphu

(b) Ok,Ø precossLon photograph
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F'1.9. 28* CIontact prlnts of, preeeBsÍ"on gþotognaphe of FcaAs2(e O¡tu
Mo Kq radlatlon* F = ?5-s F = 60 rnm" o
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some multlple of these spaclngs, The spacing measurod

a3-on¡l bhe ii axis ln Flg" 28 (b) actuall;,r corresponds

bo twlce the dtt'O6, spacing due to the sysbematÍc absenceu

Ok,t rellectlons pnel:ent only wlth !-= Zn 1"e" present

onl¡r wtth Í eveno

The (h0.Q)-):' and (Ok,t)-'t r*"iproeal l-atbtce prane

phot,ographsu glven ln Figs. 28 (a) and (b) ::espectlveJ-y,

.shov¡ that the as ard t $ â.xes are normal to tfre i1 axls,

.Slnce both of these photographs wore taken at rlght angles

to ona anotheru *'t:- 1s elso normaL to U'" The symmetry of
bhe zero and first }evei photographs and the fact bhat

"6 Q 
and I are rlght angles eonfirm that the crystal belongs

to thc orthorhomblc system" The reclprocal l-attice spacing

aLong the axls norrnal to it Ln Ff.g " 2B (a) ls sltghtly -Larger

Lhen that along i;he axls norrnal to *'"' i-n Fig, 28 (b),

Therefore, Lhe axi-s Ì.n Ftg " 28 (a) ls cailed it' *rrC the axis

in Fig. 28 (b) ls called Ìr'"' to retaLn the eonventl,on Ln

rlîrect space of *o(b,o, ri. ortglnal asslgnment of the

elongaterj axf-s of the crystal- as the c axls i_s malntalned

t,o emphasLze the pseudo-tetragonal symmetry of tbe crystal form.

An outstandtng feature evf.dent on the photograph of Lhe

(Ctlrl) reclprocal lattlce pJ_ane Fig" ZB (b) Ls the

pseu.do-trlgonal or pseurJo*hexagonal pattern consf_sblng of
slx very lntense reff ectLons (O2l+, O?*4, Of,O, OhO, Oãt, and OãL),

Ii Lìre struc|ure ccnt,ains a triangte oI l-ron atoms as

posbulabed f-n t'ig" 26u than thls pseudo*trigonal pattern

strongl-y suggests that the lron irf_angle i.s perpendleul_ar



to

fo

C"

the precesslon å,xls of thLs photograph Íø80 perpendlcular

the a axl.s of tho crysta.l @

DETERMINATTON OF THE SPACE GROUP

The f,ollowLng systematlc absenees [n the reflectLons

srere observed Ln ühe precesslon photogrephs 3

r*ci; pres€nt only wIÈh h + j, = 2n
nOkJ: prosont onry witb lt = 2¡¡

b09s presenü only wLth 'n + L = 2n

hk0s present only w{-th h = 28ø k = 2n

hOO¡ pnesent onty wLth h = 2n

OkO: present onJy t*l-Ëh k 'e 2n

00.0E present only !ilLth l, = n,

These øysternaË1-e absences correspond to the fotlowlng

space groups: Bm2rb, B2mb and Bmmþ (Nufflerd (1966)u

Tabte ¡11-3)' By lnterchanglng the erystel axesu the

apace groups correspondtng to the normal orf"ontaülons

of tt¡e crystal are obtained' In the normal orlentatLon,

Bnzrb l-s equlvelent to Cnc2* (No" 36)u B2mb ls equf"valent

bo Ama2 (No. l+O) and Brnmb ls equf.valent to cmcm (1{o' 63},

Tbre normal orlentatlon space groups are found ln the

Tnternatlonal Tables for X-ray Crysterlography (nAau VoL* I)'

D. ÐETERMINÂTTON OF TITE I'NÏT CELL DTMENSTON.S OF A STNGLE

CRYSTAL oF Fe3åse(co)Y

Aceunate cel} dl¡nensi.ons of a single crystal of

Fe3Âsr(CO)n were obtaf.ned from ø@Yo leveJ- WeLssenberg

photographs by èhe method of C"L* Chr1et (f95O), Thle

method LnvoLves ttre cal-LbrabLon of each fllm as &

LA2



funetlon of g " The powder pattern of a knov¡n standard

substance 1s recor"ded on both slctes of a aero }evel

Welssenberg patüern of the sLngle crystat"
A øero level Welssenberg photogre.ph of & slngle

erystal of FerÂsr(Co)g notatlng around the c axls ldae

obtaLned uslng the method deserLoed Ln Chapter V"

The translatton of the camera w&s restrlcted bo leave

J.,5 cm of unexposed ftlm on elther slde of the Wef-ssenberg

pattern' The gonlometer head eontatnlng the erystal
was removed and was repJ.acod by another contalnln6 &

thl.n atumLnurn wlne ß9,ggø AI"), The cer¡era drl-ve ssas

discor¡nectod and the alumJ-num powder pattern was

recorded on the fllm on both slds$ of the Welssenberg

patüern, Unflltered coppsr radLati.on (CuK ") was used
d tþ'

ln recordi.ng the Weissenberg pattern and nickel-fLltered

copper radLatlon (Cu{e) wae employed for the arurnlnuro

potddor pattern, Tbe rssulting phoÈograph Ls shown ln

F19" 8,
Suanson e¡rd Tatge (1953) have accurately determj.r¡ed

o
the length of tb¡e cell- edge for alumlnum as &o = l¡.Ohgte A,

Accurate v&lues of I theon were calcu.Lated f,or each

reflectlon J.n bhe aJ-umlnum powcler pattern uslng thLs

ve.rue of aon The alumlnum powder pattern on boÈh sf.dee

of ttle fl-¿¡m was measured wLth the use of a devlce slmllar

to that 1n Fl.g , 7 , VaJ.uss of I meas, for bhe rof .Lectlons

Ln bhe powdar patbern were obtaj"ned from these nea.surements,

The verues of k (g) = €bheon, were plotted versus € meas.
c rneag.

L03
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Ff-g" 29" hkO Wef.ssenberg phoùograP!, Cu./- rad.latlon¡ alumlnq&^
,poryd.er :paCternu euTur''rahlåtron; ee"Eoera raåtrue 28.648 mm"



for each refrectlon ln t'he alumlnum pattern' Thls graph

1s glven ln Ff.g. 30, 'Ihe posltlons of the huO and OkO

ref,Jectlons were meagured on the WeLssenborg photographs

and the values of ê rneas, were obÈaLned for these

refl-ectlonge For each o meas. v&tue, the correspondlng

value of k (e) f.s read from tne graph ln r'f.g' 30' The

correctod g varue ls gf-ven by g eorr. = k (e ) o meas u

Accurate cell dtmengl.ons &re obtalned fnom the oeorr.

values, These ealculatLons and the accurate cerl

dlmenslons of Fe3A"elCO)t ane glven In leble 9" Table 9

also shows that the celL eontent Z = 14 1,e' there are

four molecules of FerAst(cO)9 Per unLt eeLl'

E u TNTENSIåY gqLtEcTIolL

An lntenslt'y scale r¿as made uslng üho method

descnlbed ln Chaptor Vffi" A¡l oscllJ-atl-on photograph

talron of anotkrer crysüat of FerAs2(CO)9 notat,lng around

the å [fOOl axls showed vory fow ref].ectlons for levels

hf-ghen than LO ki, Thus, levels hf.gher than thls ldere

not recorded for the lntonslty co1lectl.on"

a05

Equf.-lnctlnatLon Welssenbeng photognaphs of the

0k,0, to Iok,Û tevere of a sf.ngre crystar of FerAs2(co)9 ("2x"2x,3mm,

rotating around the g sNls wer€ necorded by the trlple

ftlm peck t,echnf.que uslng zLrcon|um-f 1}üered mol-ybdenum

(K"{) radl-atLon" The LntensltLes of the observed reflectLons

on these photographs wene estlmated by vlsual cornparLson

wl-th the lntenslty sea,le 
"

The Lorentz and polorl.zatf-on faetors ldere a?Pll.ed



'1.o10

r"06

Flgo 30, Graph of k (e) vetrsìj&s gmeas. fsn Èhe alr¡mtnum
powder: Pab&ern*

40
ôo meos. (êegrees )



TABLE 9, A, Accurate cell dimenslons of a single crystal-
of F erAsZ (C0)9

The brk0 l¡Ùeissenberg photograph of lrlg" 29
was measured n

8o

rndex Rerl"e"t1ot1*,1) 
(noå, ) (3i

600 p 104 "h0 59 "¿t¡ I+5"80

J- 107 
" 
OC |fr "60 50,1+0

lQoP þ ]Zt 'ì+5 l+2 '00 'i 9"1+5

d 126 ,-Ì5 36,T0 gO ,O5

12.00 p 131,70 3t,65 LOO "15

d 139 ' 50 23 "75 l-Lí '75
Slnce the x and x-"' &x*s of bhe crystal

âo = dtoo = 10,62 t ,o]. I (average of

bo

;"* Refl-ecti.on R T, le (
(mm") (r¡m") (o) 'tÎq'".'rX5" ,k,t"* iÎït

060 ç ro5,o5 59.55 45.5o 22.-',¡5 22;17 \,797 10,78

& 106,60 56"95 l+9"65 24"82 2l+"87 1"833 11'00

o8o p 112,15 5L"I+5 60"70 30"35 30.¡+6 1"370 10'96

4 1Ì5,80 h7,80 68,00 3l+"OO 34,17 L.373 10'98

rpOO I 120,85 t+2 "55 78 " 30 39 "L5 39,l+1. 1"096 10,96

c( 126,o0 37 "25 88,75 l+l+.37 l+L+,76 I"og5 l-0'95

Sl.nce the y and y'"' r*uu colncf.de ln the crystal,

bo = dOtO = 1O'96 * 'OZ f (average of bhe last four results)"

Tkre slmllar neasunement of an OXA Welssenborg photograph and then

a slmi-lar calculatlon gave values of

bo = 10,96 3 "01 I anci co = L3"zg I '02 I
eontl"nued. on next peg@

Ã,ô"l'31"' Tef"'
22.9O 22.92

25,2O 25,25

3g "22 ho,0o

l+5.02 L+5.l+2

50"oz 50"61

57"87 58"65

colnclde,

the last four

L'07

u,î",'"' 
il9'

l- "787 r0 "72

r,Bo? 10"81+

1,083 Lo"83

I "082 L0,82

0,9007 10,81

o ,9027 10 , Br

results),



TABLE 9" ( continued )

&o = 10,82 J
f,bo = 10,96 L

co = 13,29 t

B" Tlnlt celI dlmenslons of a sinsle crystal of
FerAs2(c0)9

The best values obtained from the hkO and OkÍ
Welssenberg photographs are:

,01 I Eaeh of the unLt ceLl d.lmensLone Ls theq me€,n of four values eaLculated. from the
'02 A ïIêlssenb_e1g photognaphs; the-o*iur" ueed.

,OZ I fell_ wlthln the i- rangé quoted..

The volume of the unlt cel1 is V = 1576,0 f3
The denslty and cell content (7')

The density € of a singte crystal of FeaAszlCO)q,
obtalned.by flotatlon in an aqueous potássïun
rùercury Loätde solutlon hras Z" j3 gm/ee.

The number of molecules/unlt cell Z = VeN

\¡o

L

108

There are four molocules/unlt cel1

Slze of crystaL, llnear absorptS,on
and. Å¡R,

The eryetal used for the f.ntcnslty
Epe approxlnately O,Zx."Zx"j mm, €The llneer absorption eoefflefeñt,"and" pR = 0" 7 o

Ð"

-r-
3. BB

1n Ii'e3A sr(C 0)9"

coefflelent (F )

eolLeetion

p æ ?Z **-1



to 'bhe rof lectf-ons using the NRC-Z Data ReduoLlon
t t2

program produc lng Ito l' e,nd lro I f,or the ref lectlons *

The levets OX-0, to lokÛ HerÐ broughü onto the same

scale l.nLtLal-Iy by rengbh of tlme êxposure " The hkO

and hkl cross axls WeLssenbeng plrotographs !üere bakon of

anothen erystal rotstlng about bhe c axLs ' However,

these cross axLs phoÈographs were unsati-sfectory Ln

scel lng the OX,[, to 10k-0/ ]evel phoÈographs because of

the sysbematlcarly absent reflecttonse frkl, present only

wLbh h +0, = 2n,

only the even h J,evøÀs bad refleetlons f.n common

r¿lth the hkO cross-axlo plcture and only the odd h

Lovels had reflectlons Ln cornmon wlüh the hkl cross-

axls photograph, Therefone, nêar ttre end of' reflnoment

a rescale facton fon each OuÛ to r0k0 Ìevel was calculated

&s desc¡rlbed ln Appendlx ff and applled bo ühe levelø
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The unlt celL dLmenslons a¡ld the possLble space

groups of & slngle crystal of Fe3.As2(co)g were determlned

ln tho prevlous chapber" The f.ntensttLes of the observed

neflectl.ons oecurrlng on the Welssenberg photographs

of the ox.l, to r0k0 t.evers Þrero measured and Inof 
2 

anO

lt"l werâe calcu-Lated for these reflectlons" The next

step employed ln the structure determlnatlon was Ân

appllcatl.on of the heavy*s¡om motbod" The posltlons of
th€ elght ansenlc abpms !úere læat,ed by means of a

Patterson map but thø Fe*As and Fe-Fe vectors were

nob strongly evldenb on thf.s ftrâpø An approxlmaùe

eleatron denslty map !últh the phase ang.Les based only

on these arsenLe aÈoms wes conrputed" For a moleculeu

thls centros¡rrmnebric map loeatod the lron atoms Ln a
plano rnf.d*way between the two arsenLe atoms, Thls

plane Has perpendlculan to the Llne Jolnf.ng trre tr¿o arsenlc

atoms of tho morecuLe. Equtlaterat trlangles of lron
afoms were eonslstent wLth thts mapø A slngle equllateral
trlanglo of Lron atoms ln a molecure ied to neLthen a

satlsfactory erøetron densLty map nor to a tow R index*

suecesefur reflneme¡rt was only achleved wlth a rnoder

conslstLng of one mo.[ecure nandomry dlstrLbuted f"n two

orlentetlons nelated by a erystallograpble tr¿o-fold &xla@

A" THE ,POSSLBLE SPAC-E SRqUPSg THEIR. SYMMFITRY AÌ{g

EQTTTVALEWT POSITIOIqS

CHAPTER XTI

slRUC TUBE .pETERMIN.AT r o.hl
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nr
Fe3As2(co)9 are Bm2rb, B2mb end Bmmb fon bhe onl.entetf.on

of the axes of the crysbaJ., By interchanging the crystal
axese one obtajns the equlvarenÈ space groups cmcz¡u (No " ],6l
Ama2 (No, 40) end cmcm (t{o* 63), respectf.very (Burrrr (196}),
AppendLx 8) whf.ch ane Ln the Tnternetlona.t Tat¡l-es For x-rey
Crystallognaphy (tg6Z, voL, I), The s¡rrnmeëry elements fon the
possl.ble space groups are glven l-n a proJectlon of the
unlt eetl elong the x*axls in Ffgs. 3l (e)u (b) and (e),

The necessa.rpy equf.varent posLti.ons fo¡¡ each space

gnoup (excLudf.ng bhose posl.tS.ons rela,ted by the B-eente¡'lng
and a centro of s¡rmmetry tf present ) are :

for Bm2.b; (XryrZ\d(Írvr1l"r(,Trt + Vrll and (X,å + yuîl
for B2mb: (xuyrzlEßuÍrîrs(xrå - yøzl ar¡d (x"å + yuî,t

for Brnnb: (Xnyrz)1.lx.rÍrllå (Xrå * ycZ) and (Xr+ + y,î) 
e

These equf.varent posf.È{.ons wer¡e obtal_ned frorn the norrnal_

orlentatlon of the gpace groups ln the rnternatlona¿
TabIes for X-ray Crystallography (t962, Volø Il"
B. PATTERSON SINTHESTS

A sorlas of Pattenson sectlons paratlel bo (fOf-r¡

wâs computed uslng both the NRC-B ForerLer progran and

the va¿u6s or Ino 
2loutatned from the NRC-Z Data ReducËf.on

program, The E¡pace groups Brnzrbø Bzmb and Brnmb Ln dLrect
spaco correspond bo &he space group Bmmn Ln patterson

space, Thus, Brunm was &he spaes group r¡sed for the

Patterson s¡mthesls, The patterson fuctlon rreed w&s

P(Xøy,Z\ =
æâÐ

& å, ã, E, I 
t*l 2 u'* unhx ess ãrkY ese znlz



(a) Space group Bm21b w1ùh projectf.on of the unlt cell
along the x-axl.S"

€ 2'' Screw Axis

-l o o/2,1

b Glide

- 
r4,y4

-o,ø,1

(b)

rt?,

@

- -@- -
ø

Space groups B2mb wlth proJectlon
along the x-axls"

-y

fold Rototion Axis

Screw Axis

TX I K^ | XZcenrre 
orsyrnrnetry

4o'/z'1
þ

(e )

¿--6 à @ I &rcY'=l

Space group Bmmb wLth proJeetl.on of ttre unlt eoll
along the x-axLs,

@

--&-
w

Fåg" 33,, $ymmetry el.emente of posstble spec@ groups of Fe3Ae eßotrU

fto'/z'1
þ

of the unl-t ceII-y

( Aclapted. from the Tnternatlonal Tables for X-r'ay'0'rystältograp?ry (tg6z, vo1. r ) ).

"a¡p,t/a* 
Ywg

7o,/,,,

Wú'%" r*o- Fold Rotqtion Axis



r'rhere, fhe rrofi-egrjrLvalent neflect{ons ar€ lncluded Í.n

thf.s expr@sslon,

Some very strong vecüor peeks occurred on the Patterson

rflapø These sbrong peaks wera sssi.gned to the As-As voctor"s

Ln the unlt cel"}. Ttre As-As paak, aÈtrlbuted to the vector

oceurrtng betueen the arsenl.c atoms of the same rnolecutre,

was along the x-axl-e at about X = O "332 Ln fraetlonal
ooordlnaÈes, The positf.on of thLs lnùranolecuLar As-As

vecËor wes eonslstent wLth both the stnucture posurated

f,n Ftg" 2g and the st,rong suggestf.on ln Ftg " 28 (b) theÈ

the pr.osumed tnLangtø of lron atoms woul,d be perpendf.eutan

Èo the x-axiss An unsuecessful attempt was made to J-oeate

the poslülons of arl bhe Fe-As on Fe-Fe peaksu The

arsenlc atoms alone were then used to determlne tho

phase angles of tne fl,rsb electnon denslby re&pe

Slnee there are four molecules of Fe3As2(CO)g Ln

the unlt cell (from Table 9), there are elghü arsenlc

aüoms present" From an lnterprotatlon of bhe As-As

vocto¡" peaks on ühe Pattenson mapu the arsenlc atoms of

a molecule of Fe3Âsr(eO)g wore ptaoed at (0"t66 ø O,2.5s

O'25) and (-0'r66e O'25ø O"25) (expressed f.n fractlonal
coordlnatee) üo sabLsfy the symmet'ry requLrements of all
ùhrree possLb-Le Epe.ee groups@

The synmetry elements of the spae@ group B2mb

(equivatent to No, l+0) would generate Èhø other sl.x arsenLe

stoms from thls palr'' Actual.J"y fon sp&e@ grcups Bm2*b

(equtvaten& &o No. 36) and B¡rmb (equlvalent to Îto" 63),
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whlch have a ml.rron ptane at X = 0, Ff.g, 3l.u 'bhe posf.tf.on

of only one of the arsenlc atoms Ls entered ln the stnucture

faetor catcutatLo¡x. The symmetry @Iemenüs of Èhese two

space groups generate Èhe remainLng seve¡à arsenf"e atorne

Ln the unlü cetl" In any c&seø ehy one of these spac€

groups would produce the same map wlth these ansenJe

atoms alone debenml.nf.ng Ëhe phase &ngles.,

C. ELECTRON DENSITY SYNTHESIS

The spacs group Brn2rb (equf.valent to No. 36) was

used to oatculate the ereotron densLty map wLth only the

arsenf.e atoms determlnlng the ptrase angles, The posLtlons

of the ansenLc atoms genorate eentres of symmetry and

mf.rror ptan€s (at f = t/t4u 3/4 an¿ Z = t/4, l/t+) ln
addltl.on ùo the symmetry elemonts of space group

Bmz.b" Tho strongest olectron densfty poaks on thLs fLnstl'
electnon densS-ty maiou asLdo from the arsenlc atom poaks"

occunred on the mlrror plaae at X = O, Thusu Èho f.ron

atoms of the molecuta are l-n bhl-s plane" $lnce the

oxpeoËed !.e-Fe bond df.stanEe was arou.nd 2,6 ;, the

anrangement of the p€et(s eourd onry be Lrrberpreted Ln

tsrnrs of a r¡oJ,eeule wLth ühnee lron atoms at the aplces

of an equllaterel trtangle,
Fon a slnglo motecule of Fe3As2(CO)9 to co¡rfonr¡ to

the synmretry nequf.rements of spaee groups BZmb (equ{valent

to l\[o, l{0) on Brnmnb (equf.vatent to No, 63) u one lron atom

musË be on the mlruon pLen6 et f = t-,/h and the ,other two

must be nslaËed by thLs mlrron prane (Fig" 32 (a) )"



L-y4-

,rmrns l1)rr*o and Bmmb,

The fe¿se symmotny elements present tn the fLrsü erectron
densLty map wourd generate addltlonal peaks from those
of ühls trf.angre of lron atoms (Flg. 3g (b) ), Two of these

, =tfa

sLx p.alrs rnuEt oceur on y = t/l+. The strong peaks

sshlcn krere actuatry observed on the mrrron prane aù

X = Op orr thl.s 
=flrst 

eJ.ectron densLËy map ere ehown ln F1g" i¡3.

z=)4 -

v'= rla

FLg" 33"

Y= 24
Howover non6 of these s&rong peales occurred on trrs mlrnor
ptane at Y = L/t+" Therefore, & s1ng10 morecure of
Fe3Asp(co)9 eor.lÏ.d bo LnterprøÈed fnorn Èhfs ms,p es conf,ormlng
to only spece €group tsm2rb (equLva¿enË to No, 36.. . Frorr
ân exa,mlnatl.on of the posfrtlons of these peeks and from

,' I

/t)
I

\-I

Eleetron d,ensLty mep
sül"th phase engLes baeedonly on the areenle
s,t oms.



the expected Fe-Fe dLstance of 2.6 3u onry one chc¡lce

exlsted fon the lnon atom posLtLons u

A second eJ-ectron densrty map wa,s catculated with
the pL¡ase angres based on botFr the arsenlc atoms end

these lron atorns" 'rhe map wh1ch rdas obtalned shorxed

that the erectron denslty peaks oox.responc,lng to the
lron atoms ldere not s¡rmrneÈrlcâr, These peaks wer@

extended ln spocifLe directlone. The shape of the peeks

suggested an overlep of each l_non atom peak wlth snobhor
stron6¡ peak 1.e" ther6 Búas & suggestf.on of a statLstleat
oecunrence of t'wo trlangtes of Lron atoms. r,eavlng
thLs ra¿ter possibf.rlty for the moment howevenu ån

atbempt was made üo locate the earbonyl gnoups for
one molecure,

There are ntne carbonyl groups rn ühe morecure,
Three te¡ml.nar carbonyt groups were assrgned to each

lron atom Ln tho molecure as posturaüed in Flg " 26" For
fhe carbonyt gnoups ln the molecure to confo¡rm to the
space group Brn2nb (equtvarent to No. 36)u one earbonyr
group bonded to eech åron e.torn musb be Ln the mlnror pJåne

at x = o" The oÈher two eanbonyt gnoups bonded to an

I'ron atonn must be reraüed by thLs mlrror prans" The

expected C-Fe*C anpçres Ln an f'ø(CO)3 group of a mol'ecule
are about ninety degrees" Possl"bre ortentatl.ons of the three
eerbonyr group6 J.ocated Ln tho ptan€ at x = ou ere glven
Ln Ff.gs' 3¿$ (a)u (b) end (c), A eonslderatLon of
lntermorecur&n eterlc roqutrem@nts and the posiblons of
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(b)

FLge 3l+' Posstble
loeaÈed

(a)

orLentatlons of ühe
f-ntheX=0plane@

earbonyl groups



the peaks on thl.s second eloctron densf.by

ono posslb.le set of' earbonyl g¡3oups, tFrat

D" LT]AST SQUARE-S REFINEMENT

Least squares neflnement Ln spaee group Bm2rb

(eqr.lf.valenÈ to No. lô) of the arsenLc, Lronecarbon and

oxygen atom p8.r&metens obüaf.ned from Èhe two er6etr()¡ì
densLty meps and us lng the NRC-.!.0 strueture Facüor Leaet
squares pnogram gave unsatJ.sfacüony resurËs, some of
fhe bond dletances and angtos ldere too far from chemlcarly
slmlrar known bond dlstaneee and engJ.es end fl = o"zuz,

The red erystals of FerAs2(CO), wer@ pseudo _

teÈragonar ln shape end they appeared to have a cenbre
of syrnrnetry es the erystar faces appeared to be equarr.y
deveropedu rn generar, lf there Ls no centne sf sJrnmetny

ln tne spa,ce group of t'he crysteÀe none s.ppoars ln the
crystar for¡n" The faces whlch wourd be egulvarenÈ f.f &

eentre of slrnunetry was presenu, genenarry do not, deverop
@qua¿ry. A csnËroslrrometrf.c space group fs suggosted for
erystars of F.e3^åsp(Co)g by tne f,act tþået these erysüats
appear to have equa¿Åy deveroped faeos" The onry centro-
syrnmetrle spec€ group possf.bre Ls Bmmo (equLvalenr to No, 63),
Howeve¡r, the slectron denstty mep wf.th phase angres based

onry on trlo areenLe etoms lndlcaüed tnat a slngte morecu¿e

of FerAe2(CO)t dlo not cont'orm to the eentroslnnmeurlc
sp8ce group Bmmþ (non to the ño&-êøntrosymmeÈnlc space
group B2mb)ø As & ir6Bu¿E &tr@ non-e€ïxtroslrmeçrle sps.e@

group Bmz¿b (equf.varont bo No " 36) was f.¡aLtLa¡.ry .esed tn

msp led

f.n Ff.g,

to

3l+
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etterûpçstogolvetnecryste.tstnucturê.}lotuevertne

aËtempts Go refrne a proposed strueËure i.n thls ¿atter

spaceSroupfai¿ed"From&nexamlnatlonoftneel.ecbron

denslty maps end a eons3,deratlon of exPeeted bono engles

&no lnuramo¿ecuÀar starl.e regutrem€nts, thls proposed

gtructure uas the onry sÈructune posslb'le"

Thecrystå'l'formsuggosüodthettheeryste¿'beronged

to e cenürosymmetrlc gpaee group, AIgo, tr¡e map of electron

denslty, based on the phaslng moder of tne ansenlo etorns

and the trtangte of iron etoms uslr4g spece group Brn2*b

(oquLvarenç to No" 3b)B snowed Ëhat the eÀeer'ro¡¡ oensLty

peake eorrespondlng üo the Lron atoms wers extended ln

spectflc dlrectlons"

A thlrd eleCbron denslty In8.p was com¡ruted usl-ng the

cenËrosynmetrLc space Sroup Bmmb (equlva,tent Èo No" 63)

wl.thttrephaseang}øsdetermlnedfromthearsenleetoms

and üwo orf.entat!-ons of the trf.angle of lron atoms" Each

orJ.entatl"on had one-half oceupancy and wås retated to

the other orl.entatl.on by the two.fo].d axls at X = o,

V = I/U (or by the mlrror pJ"ane aË t = L/L+ 1n FLg" 31 (e) )"

Thl_s arrangement of atoms and hatf-atoms l-s consl-süenb

lulth the strong peaks wh1etr oecurred on the mLrror plane

aï, f, = o for the ftrst eleetron densl^t'y map" The onlglnal

bnl.angx-eoff-ronetomslntenpretodfronbhlslnl.tla}

electro¡e densf-ty map Ls the s&me trf'angle usod ln the

centros¡nnrnetrS.e spece g¡ôol¡,p (wLth one-tra'!.f occupaney) "

Thes¡rmmetryeleme¡ntsgeneratetheotherortentatlonof

Ltg
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the trLangre of fron atoms (the truo-fold axl"s at x = 0,
Y = I/l+ or tt¡e ml-rron pLen€ at y = úÐ" There was

one-half of a molecule of Fe3Âsr(co)g Ren asymmetrf.e

unlb Ln space group Bm2rb (equivatent to No, 36)" t,he

other harf of the moleeuls waa generatod by Lho mlrror
plane at X = 0" In the eentròs¡nnmetrle space group

Bmrb (equLvatent tc No, 6J), there f.s one*hatf of the molecure
per asymmetrlc unit but this one-hars of the morecule

has only one-half ocoupancyó

The electron denslty map based on the arsenLc atoms

and the two orlentabi ons of the trlengl-e of lron atoms

uslrrg spece group Bmmb (equlvalent to Non 63) neveared

the, poelüf.ons of bhe earbonyl groups, The posttlons of
one seb of carbonyr groups co¡rrespond1ng to an ori^entatLon

of Lhe trLangre of f.non atoms are very close Èo the posltLons

of the set of carbonyl groups eorrespondLng to tho other
orlentatLon (Flg, 35), Least squares reflnement Lndtcated

that some carbon and oxyeien atoms were best eonsLdered

as eol"neldent ln the two sets of earbonyl group (eug"

c(5) and O (21 Ln Flg, 35), Ref LnemenÈ of the ersenf,e,

the Lron, the carbon and the oxygen aùom positl)ns and

the thermal parameters (f.nstf.arly rsotropf.c but lster
anLsotroplc) produeed a fJ-nal set of, parameters wlth an

H lndex = O,LO7ø These f ingr parameters ero givon f.n

Table lO,

Ilnl"t wof.gh&s were Lnttåe¡,ly employed Ln Èhe reflnemenË,

ïn &he lasÈ cyeles of, neff.nomen&, e wel.ghtlng scheme v¡as
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TABLE 1O. AtomLc coordlnaþes and thelr
devlabJ.ons ( Xf O4 ) expressed

Ae
Fe (1)*
Fe(2)*
Fe(3);a
o(I)x
o(2)
o(3)*
o(4 )x
o(5)la
c(r)x
C (2 )¿¡
c(3)*
c(l+);r
c(5)

Ä.

o "1659o uooo0
o "0000o,0000
0,0000
0, oooo
o,1907
o,L946
Q,L992
o.oooo
o,oooo
o,0000
o,L2L2
o 

" 
1187

(2',|.
(-)
(* )
(-)
(-)
(-)
(37)
(22')
( zbl
(-)
(*)
(-)
l?e)
(rB)

L?,2

estlmated standard
ln frectLonal eoordlnates,

Y

a "25vo
o 

" 339h
o,2869
o 

" 
1116

0.231+9
0..51+91+
o,531!+
0.2686

-o,0057
o "?783o'¡+437
0"0092
o *27 L2
o'0398

+ has an occupatlon facto¡r of 0"5

The atomle scatterLng faetors tor Ce Oe Fe and "As rder@
te,ken fro¡o the Interna$-tonaL Tabl-ee for X-Hey CrystallograpÏ¡y
(lg6Zu VoL. 3II)" I{o correctlon vras mad-c for anome,lous
d.lsperslon"

(-)
(l+ )
(l+)
(le)
(eB)
(rB)
(r9)
(2r)
(IB)
(er)
(21+)
(40 )(rh)
(16)

z

O,21+5t
0,1608
o "35360,2r86

*O,01+0I
0.3868
o,1341
o "5058a.Lo27
0"0h45
o "37 L5
o,3331+
0'41¡71+
0,Ih6¿+

(r)
(3)
(3)
(l+)
(20 )
(15)
(re)
( ru)
(ri+ I
(29)
(25',)
(27')
(?3)
(11)



ealeulated as descrf.bed 1n Chapter V:T and used ln

cøteulatl-ng &he parameter shLfts" The weLghttng sehene

wasW=1ÂoW
The LntensltÍ-es of very strong ¡reflecbLons occurrlng

at very low angles rnay be conslderably roduced by extlnetLon

(Buerger (r9oO) )" The refLecti.ons O2l¡ and O\0 appeared

to show thLs effeet end thus wore romoved from the J.ast

stages of the l-eest squares reflnement and from the

calculatlon of the R Lndex,

In the ff.naL least aquarÐs eyelee convergence was

aehleved " The langrcst and t'he Lvera,ge absolute ve.lues of

ühe atomLc eoondLnate ehtfts (l.n fractlonal eoondlnaËes)

were the followlng:
-( -13 x Lo-/ and 3 x 1O-- tor the arsenle atomsu

r'¿
I x lO-2 and 2 x IO"> for the j.ron &toms,

329 x t0-5 ano 62 x 10*5 for the orygen atoms,

-lt 
¿

and lOI x IO-2 and 3q x 1O-2 for tho sarbon atomsu The

maxLmum posltlonal- psrameter shlft was less than one

bhtrd of lts estlmaüed standard devlatlon (e.e.du) and

the average posttlonal parameter shLft was one-tenth .rf

Its @ "s.d ø

A dlfference FourLer synthesla was earrled out for

the last cyele of reflnoment uslng the NRC-B FourLe¡r

program, Tho maxtme and mlnLma on thts dLfference map

uere beËween fu/13 anA -Lu/R3 showlng the cloee øgreemeert

between bhe proposed strr,reture and bhe aetual sÈructure"

j.,23



The follotulng resuJ.ts of the X*ray anatysls ane

taburated: bhe finaL atomlc coordLnates (Tanre ru)e
the obsenved and car-cu-lated struotune factors (Tabre &&)p

the bond dLstances a,ncr {nterbond angtes (Table Lz) and

the thermal vf.bratlor¿ tenson components, Ul jr s(Tabf e Ij),
The X-¡'ay analysls neveated the presênce of two orientaEf.ons
(each wlth one-herf oecupancy) of onø molecule of Fe3Ase(co¡,
distrlbuted apparentry equerry and randomiy Èhroughout

the crystal' .A pnoJectLon of the two orlenÈatLons of the
morecule vLewed along Èhe x-axls of the r¡ntt cell is
6lven ln Flg. %.' rxr Flg" i5, on€ onlentation of bhe

morecure 1s 1¿lustnated Ln erosed clncJ.os and tho second

orlent'aËf.on 1s ehown Ln dashed eLncres, ThLs second

o¡:l"entat'lon of the moiecule is genonated from the ff.nst

RESULTS AND DTSCUSSION

CHAPTER XIIT

by a noÈatf.on about the two-f'old axLs at X = u, y = t/t+
(or nef¡.ectlon through the rnlrror prene at y = L/Un

F18" lf (e) ), The preser¡oe of the ùwo orientatf.ons of
the morecule may be understood by an examl-natJ,on of
the outer portlon of the no.!.eeure f.us" the oxygen &toms"

These nLne oxygen atoms colncLde either comptetery or
at reast to a great oxtent tn botr¡ orLentatLonsu when

only the external part of the moreouJ.o i.e vlowed f_oe,

Iooklng at oniy the oxygerÌ atoms, both onf.enËatlons are

almost f.dentLeal, Threnefore, p.Lacing on€ morecuLe ln
elthor one orr tt¡e othen onLentaÈion 1n tbre unlt eø-[]

L24
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TABLE L2"

A " Bond dlstancee

A s-Fe
A s-Fe
A s-Fe

fnferaüomlc distances and angles and tholr
esblmated standard devlatlons 

"

Avorage As*Fe

F.(1)-Fe(2)
Fe(1)-Þ'e(3)
Fe(2)-Fe(3)
Average Fe-Fe

Fe(1)-c(r)
Fe(t)-c15' ¡
Fe(2)*c(2)
Fe(2)-c(h)
re(3)-c(3)
Fe(3)*C(5)
Avorage Fe*C

c(1)-0(r)
c(2)-o(2)
c(3)-o(2' )
c (l+)-o(4)
c(5)-o(5)
c (5t )-o( 3 )
Average C-O

Fe(t)-0(l)
Fe(1)-o(3)
Fe(2)-o(e)
Fe(2)-0(l+)
Fe(3)-o1e' ¡
Fe(l)-o(5)
Average Fe*0

1)
2)
3)

o
2 "33L A
2. Jl8
2 "3762.31+B

2 "6262,6L2
2,630
2 "623
L "685t "855t"735
1 ,817
1 "Bgh
1 "7861,803
I "ì/)1¿ @¿-¡-I

],176
o"g5B
L "1117-"L59
I,tL5
L,L?5

2 "9A6
2 "9692,911
2,926
2 "B4g
2 

"94l-+2 "927

d
o "0030.003
o"oo3
o, oo3

o "0060,007
0.007
0,007

o, 036
0,019
o "o?70"031
o,oho
o "01B0 "o2B

o"060
o "0330,0h5
0.037
o,oJo
o "o37o"oho

0 
"01+9

o "o32o,o20
o "o22o,021
o "o23o,oJo

o
A

T26



TABTE le. (contlnut,ed )

B, tsoncì anglos

Fe(t)-As-Fe(2) 68,l+oFe(1)-As-Fe(3) 67"1r
f'e(Z )*As*Fe( 3) 67,8
Avere.ge Fe-As-Fe 67.9

Fe(I)-re(2)-Fe(3)
Fe(1)*Fe(3¡*ne(2)
Fe(2)*re(I)*Fe(3)

C(I)-þ'e(r)-C(58 )
C($s)-Fe(r)*C(5sso)
c(2)-Fe(2)*c(l+)
c(h)-Fe(2)-C(l+os )
c(3)-Fe(3)-cq5¡
c(,tl-Fe(3)-C(50o )
.Âvsrage C-Fe-C

o(1)*r'e(1)-0(3)
o(l)-Fe(r)-o(38 s )
o(2)*Fe(2)-o(l+)
o(h)-Fe(2)-o(h,')
o(2a )-re(3)-o(5)
o(5)-Fe(3)-o(5r e )
.åverage O-Fe-O

Fo(1)-c(I)*0(1)
Ire(1)*e150 )-o(3)
Fe(2)-c(e)-o(2)
Fe(2 )*c (4)-o(l+)
Fe(3)-c(3)*o(2' )re(3I*c(5)-0(5)
Avenage Fe-C*O

59 "660,1
60,3

Loo,B
B7 "6
90 "o092,,lg
99,g
91,g
9t+"8

gg 
"B88"o

87 'g92,O
98,1
93 "O93 "B

r79,6
A77.l+
L77 ,9
L76"O
t7L+,2
L77 "L}77"o

oo"r
o"1
0"1
o,1

o,L
onl
0,1

1,0
0,8
L*2
r"2
a 6¿-

OoB
1.2

r27

E refers to ühe oqulvarent atom from the on@ in Tabte l0reflected Lcross the rnLnron plane at y = L/h"
I e ¡:el'ere to tþu equlval.ont atom from the one Ln Ëhe parametens
rlst (Tabre.!.o) refLected across Èhe mÍ.rror prane et x = o,
I e I refers bo tho equfvalont atome from bhe ome Ln theparamotors rlst reflecÈed &ctross both, the mLnror ptanes at
Y=¡/l4andX=o,

lrh
0"8
g"g
o,6
o"5
Ou7
o,g

3*6
2,L
2*2
2"5
3 ':¡.lrB
2"5



TABLE 13' Thermat

A s 0,OIO
Fu(t) O,Ol6
Fe(2) O"OI2
Fe(3) O"Ol5
o( r) o,t6bo(2) o.t5Lo(3) o.r8lo(4) 0,0300(5) o.ol+B
c (r ) o,r0B
c (2') o "056c(3) 0"o23
c (l+ ) o'o37c(5) o"ol+9

utl

vlbratLon tonsor

IJzz

0.050
o "033
O,O¿+2
o "o35o,o75
o.06r
0,037
O 

"01+¿$0,050
o,ooo
o "0r6
o "056o "oooo"069

u33

0'037
0,030
0 "032o "0380 "0290,065
0"069
o "065
o "Q29O,Ol+l
0.037
o,o36
o.o75
0,Ol+7

componerxts U*, tizl

vzj
(),000
o,o00

-0.006
*o"oog
0,0J3

-0.01+3
-O "Ol+2*O 

"023
Q "O23
o "011o@006

-O "O05o,oo3
-O,O29

ur3

0,o00
0,000
0 "0000"000
0.000
o *000
0,og8

^o ro25
o "0230,000
o,o()0
o.000
o e02o
0 "000

128

úrz

o"ooo
0e0u0
0,000
o "ooo
0 "0000 r000

-0"054
0.012
o"0rg
0,000
0 "oo0o "000CI.003
o,016



rdtakor! rlütte diffe¡:ence stèrl.carly to the praclng of

bho nôxt morecure, As s. resurte t'he packì.ng of the

morecu.tes Ls random bhroughout the crysÈat u

The statlstieally dlsorder:ed süructure of FerAs2(CO¡U

ls stmf.ter ln some respects to that of Fer(CO)rt whose

crystat structure þtaa cfetenmlned by Wel and Dah¡- (r9b9)"

fn the erystel" structure of Fe3(CO)rt thero f.s a, nandom

df-strl-butlon of an Fe3(CO)¡2 molecure in two orientatlonsu

The two orLentatlons are related by a cnysta.l"Iographíc

centre of syrunebry ¡¿1th each orf.entatlon havlng one-harf

occupaney@ The crystal packf.ngr Ln Fe3(C0)¿2 was aiso

nandom due üo the near cof.nctdence of the aarbonyt groups

1n both orlenÈaülons of tho motecure, The smallest

lntermoleeutsr olstance ln tha crystal structure of

Fe3Asr(CO)g ts 3"¿ fr (between oxygen atoms). The sne.llest

lntermo¿eculer di.starrce Ln the erystar structure of

Fe3(CO)"2 Ls 3"0 I and thl.s dlstance also occurs beüween

oxyge¡Ì ato¡ns, Flg,36 ls a proJectlon of the unlt cell of

Fe3As2(CO)9 along the x-axls r¿lth the arsenLo and Lron

at,oms of the two orienbetf.ons of the mol-ecule shownø

L29

,l

Ff'g' J6' ProJcetlon eloRg thø x*exle of the unl,t e@LL of Fe3a4sZ(eo!r,

1c.'1/2'1

x

-@-

-l 0'1/2'1

- 
/q'Vq

- 
o,y2,1

-



A proJectlon of the motrecu-Le aJong the x*axis of the

unlt ee1l ls gl.ven fn F1g, 37. AnoËlaen proJeeÈlon of the moLeeul_ø

(along the låne 1n eommon wlth the planø through ÅerFe(f) end. Ásss

end, th@ pl@n@ etXa0)f.s gÍ.ven f.n F16" 38" F{.gs" 37 and 38

ehow bhat the motecular etrueture of, FerAs¿(CO), Le

Ldontî.eal Èo &heb proposed by L, KruezyxaskS. (prf.vate

communf-eatLon) tn FÍ.g, ?6^

Ts,ble 12 conte,f.ns the bond df.stanees end &ngtos6

The As-Fe dl"süarrces ever&gCI 2.39 l. The Fe-Fe dLstaneee
o

s,vers.g€ 2"62 & and &re equlval-enÈ wlth¡i.n thetr esùLmated

standard devlations" Thnrs, the Fe3Âs2(CO), mao*eeule

eontaLns an equf-taberal- trLangte of Lron atoms" fhe

f-non atoms Ln FerAsr(CO)g are çhemf.eaLly equtvalent f.n

conbrast bo the lron atoms l¡r ttre etrueÈuree of, Fe3{CO}ra

(uuet a¡rd DarrJ (1969) ), HFer(C0)r¿ (Dataå ano BJ.ount (¿965) )

and Fe3(CO)A¿P(06H5)j (Darm and Jaeobson (e968) , , Tn

&h¡e J,atter motocu¿es Èhere søere fsosce¿es Èrf-eregres of

lron atoms, The Fe-Fe df.etanees deüennaLrTed t¡¡ eaeh of

bhese crys&al strueËures &.re g

for Fe3(co)¿p s 2"6V u 2"68 and 4"56 I
ofor f{Fer(co};I s 2.68ø 27ô a¡ad 2,58 Ã

f,on Fer(c0)llF(Con5)f (two Lsomers pee @slrm¡Retrle unLtls

?,7o, 2,Ér7 eno 2,97 I f"r, o** i.somer a¡rd 2r7}u ?.rlJ- wna

2,56 R for the ob&gen lsom€n,

The eÌrêrege Fe*C and C-0 bond di.stanees Í-n Tøb¿e Lz

evereÉçe å,80 and L@.Ll.ff "*upr*Ëtveåy. Tkrese Fe*C and C-O

bond d1sbanees msy be eompaned wl"th bþ¡e eser@ge Fe-C and

ï3CI
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C-O bond df.stances of r"?9 and ru.[Z å *"specttve]y
obtaLned Ln the enystel. structure determtnsbLon of
Fo(CO)5 OU Donohuø and Caron (1904¡, These vaÌuee nnay

aLEo be eompaned çalth the average Fe-C bo¡¡d dJ.stance of
1,82 I anO th€ &verage C-O bond dLste¡ree of .¡.".¡.k I obtelned

Ln tho struoture of Fe(CO)5 by Beagley et aÀ, (f969)

by e.!.eetron dl.ffraetl on,

The c-Fe-c bond angles Ln Fe3As2(eo)g avorage 9l¡,Bo

and the Fe-C*O bond ang.l-es ev6rs,gs I??"Oo (Table 12å"

These varues may be compared wfth bhe ev@ns.ge C-Fo-C

and Fe-C-0 bond angles of gg^O o andWB. jo*øspecËf.vely,

Ln the crystal structure determLnatton of Fe(C0)3CbH6

by Mlr¿s and Roblnson (L963) 
"

The f.deallzed molecurar e¡rmmetry of Fe3Asr(CO¡U

can be seen to be 3/m{,C Vrl by an examlnaËåon of F lg. 3? "

Â few LndlvLdual bond dLstances and englee {.n TabLe Lz

vary somewhat from the average vatueso However, a

more aecunate value of these bond dlstances would

probabty be s,n avera,ge over the f.deaiLzed 3/m(Ca6t

s¡rnmetny @

The rr*cye.[opentad Lenyl ( tntethylphosphl.ne ]eoppen ( T ]

anystal- etructure melr be companed wlth thet of FerAs2(CO)g,

Crystals of Èhe Àatten are much more stabte Ëhan those

of the forme¡'" TF¿e crysüa} of Fe3.4s2(CO)9 whf.eh løas

used fon the l^ntensf.&y cotlect3.on, remai.ned tntac&

after the X-F@y pteoüograptrs wepe take¡r" Howevon, bhe

$3

erystal. of rr-C5H5CuP (CZHS)3 whlch was used f,or St¡e Lntenef.ty



colLectl.on, deeomposed soon after a¿t the photographs

ware fakon" Tn the erystal strucËure of Fe3As2(c0)gø

the dfsorder f.e due to &hls rarge morecure assumlng a

random df.stnl"butLorx f.n one of two orf.enbatf.ons Þ,hl.ch

&re re¿ated to one anotheæ by a two-fotd exls (or a

mLnror p¡ane), rn the crystar structu¡:e of rr-C5H5craP(c2H5)30

the dlsorder f.s dr.le to the few &o¡a-ldentlea¿ earbon

afoms of tr¿o enantf.omers whl.ch ane dLstrl,buted nandomry

throughouü bhe crystal, 'À'he Fe3As2(co)g moreeure has

oeygen atome aù lts outen pontf.ons and Ls more

rlgf.d bhan tho 'n-C5H5CuP (CemS)3 moåecu¿e whf.ch ha,s

hydrogen ato¡uE at Lts outer negf.ons,

L3t+



cal-culaLlon of t,he ui 
J 

u s and the elgenva.l-tees anci hhe

elgenvectors of the thermal ellfpsold of vtbrabion from
ùho 81¡ anlsotroplc thermaL påramet,ers of an ato¡rì,

The foLl"owlng statements are added to t,he NRC*12 Bo'd scan

Program after the numbered computer cards (nurntrered in
columns TZ-80¡,

Ttre stabe¡nents followlng computer carci l-Lo sre:

APPBNDTX

DI MENSIoN 3lJ ( 2(.:g6l gu( 2c s6 ) g TENs (ó ) çVEcr (9 ) rAD (3 ¡3 ) çUADT (3u31
DIMENSION NM(20)

ï

The statement f ol l.oç*lng computer eard BZO n s:
SI¡,lB=SINA(2)

?he shate¡rents fol,r.owing computer ee.r"d lä1"0 Lre:
READ(READRs9008) SYM¡'¡O( I ) cSYMBOL(I ) TATOMNO(I )r (XO( I rJ) sJ=1p3)¡

1NY(I)
Nf'4(l)=NM(I)-1.
NN=NM( I )

where the compute} carcls J,220u L?.30n L2.6e and IZZA at"e removed"
The sLatemenbs f ol.lowtng eomputer car"tj xr50 åre;
IF(NUM) 18s19¡18

18 READ(READRs9009) (SYGX( I gJ) ¡J=1r3)
19 IF(NM(l)) 2Is21ø20
20 READ(READRp9Jl0) (BIJ( I EL) EL=1¡6)

901u FORMAT ( 7CX ç6F 1O " 5 )

U( I sl )= (BIJ( Is I )*A*A*'SINB*SINB) / (2"x9"8696 )

U( I s2 ) = ( 3lJ ( I ç 2 )*B*3t / l2,*9.8 6961
U( I ¡3)=(BIJ( I ç3 )*C{C#SINBx'SINB} / (2.x9,8696 )

u( I c4)= ( 3IJ ( I s4)+B+rcrfslNS ) /(4,*g,gógó)
tJ( ï E5 ) = (BIJ ( I ¡5 )ì+A+C{.SiNB*SINB \ / l4"Jf.9" g6g6 )

U( I só ) = ( R IJ ( I s6 )+A*qìÉSIN3 ) /(4,*9,8696 )

The statemenLs foLlowlng computor card x8¿lo &.re:

:i- ,i>

WRITT(PRINTR,9O12)
9OT2 FORMAT( ' ATOM NO"

1813
DC 91 I=IsNATOMS
IF(NM(l)) 91g9Is94
WRI TE(PRINTRq9OI 1 ) SYMBOL ( I )94

812 0 )

811 ù22

oATOMNO(I)s(BI

833

J(leJ)eJ=106)

823



9011 FORMAT( t I sA4sl4s4XçóF10"5)
91 CONTINUE

WRITE(PRINTR¡9013)
9C13 FCRMAT(¡ ATOM NO.

DO 92 I=1¡NATOMS
IF(NM(I)) 92ç92E95q5 i,\,RITE(PRINIRç9C11) SyMBOL (

92 CONT INUE

1U13

AD(101)=1./SINA(Z)
AD(tc2)=C.0
AD ( 1 ç3 )=COSA ( 2 ) /SINA(2 )

AD(2c1)=0",J
ADl2ç2)=l_,
AD(2e?l=C"A
AD(3¡1)=0uC
AD(3g2)=0"U
AD(3s3)=1,
DO 93 I=1çNATOMS
IF(NM(I ) ) 93s93s96

96 UADT( I ¡1)=u( I ¡ 1){'AD(1s1)+u( I s6 )*AD trszt+u(l Eg )*AD( } s3)
UADï lI g2l=u( I ¡ 1 )*AD(2r1 )+u( I só)xAD (zgz)+u( I ¡5 )*AD (zg?t
UADT ( 1 ç 3 ) =U( I ¡ I ) JtAD ( 3 g 1 )+u ( I só ) *AD (3 Ez l +u ( I r5 ) *AD (zg3)
UADT ( 2 gr l=u ( I ç6 ) #AD ( 1 s I )+U ( I g 2)*AD( 1 ç2 ) +u ( I ¡4 ) *AD ( t r 3 )
UADT (2 g2l =U ( I gó ) xAD ( 2g1l +U ( I r 2 ) *AD (Z g2) +U ( I E4 ) *AD (Z g3t
UADT ( 2 g3 l=U ( I ¡ 6 tjrAD ( 3 r I r +u ( I, 2 ) *AD (3 ¡2 )+u ( I g4 ) *AD ( 3 ¡ 3 )
UADT(3¡1 )=U( I ç5 )*AD( 1¡1 )+U( I r4){AD( 1 ç2 )+U( i ¡3 )*AD( I ¡3)
UADT (3g21=tJ( I r5 )JtAD( 2r1)+U( I a4)xAD (2t2)+U( I ¡3 )*AD (2s3)
UADT (3 c 3 l=U ( I ¡5 )xAD( 3r 1 )+U( I ç4 ) #AD l3 g2 )+U ( I r3 ) *AD (3 q3t
TENS( 1 ) =AD ( I çt ) Ì.UADT ( i ¡ 1 ) +AD ( I c 2t+UADT ( Z ç I)+AD ( I y 3 )xUAD T ( 3 c I I
TEi\s (2 ) =AD ( I v1 )rrUADT (rE2 ) +AD ( I s2 )xt.JADT (zg 2 )+AD (!g3)xuAD f t3 s2)IENS ( 3 ) =AD ( 2 ç I ) *UADT ( r g 2) +AD ( 2 s z I xr)ADT ( 2 g2 ) +AD ( 2 u 3 ) Jr'uAD r I 3 g z )
TEN's ( z* ¡ =4D ( 1 ç I ) nUADT ( 1 r 3 ) +AD ( 1 r 2 ) *uADT ( 2 ç 3 ) +AD ( 1 c 3 ) *uA.D T ( 3 q 3 )
TË^lS ( 5 )=^ l) ( ?- s 1 ) *IJADT ( 1e 3 ) +AD ( 2 s 2) *UADT ( Z s j ) +AD ( 2,s? )*t.)ADT ( 3 o 3 )
TEN.s ( 6 ) =AD ( 3 e I ) +UADT ( I E 3 ) +AD ( 3 g 2 ) xuADf I z g3 ) +A D ( 3 s3 ) *'uAD r ( 3 s 3 )

lrlO = 3
MV=0
CALL Ë- IGEN ( TEN:) çVECT sMO ¡MV )

WRITE(PRINTR¡9rJ14) SYMBOL ( I ) rATOI'1NC( I ) c ( TENS( J ) çJ=lr6) s

1(VECT(K) gK=1r9)
9014 FORþlAT( t I ç44ø I4s/t róF1C'5s/ 0 '¡9F10"5)q3 CONT I NUE

u120'l
u11

I ) TATOMNO( I ) ¡ (U( I sK) çK=1 ¡ó)

u22 ú33 J23

136

flhe pretsedl nFi sLal;*rnenÙs âre t,he rnodJ.f'1e al, ï.on.e marJe b:"

i,he €ìi,iihor t,a the hTRC-12 Bond Sean prog.p&ffi" Thi¡sç ¡nûdif'ícet,å<-'n¡:

rjmlrJ.Ðy iiie FlIGElf ,sribroutiine nf thr; ,i "ts,M" Se;.i,4;nüå.f ic

Sub¡"outine FaekaF{æ,



Calculatlon of tk¡e rescale facùors for the Jevojs and the

re-cJcIlng of the NRC-lU Structure Factor Least Sqrrares program"

The folrowlng

of a crysLal"

the method to

axLg*

APPENDTX ]T

The quantity mlnlmLzed l"n the caLcul"ation of bhe reseaLe

caleulatlons epply to ttre in)l bo h9i leveis

S-LLght alteratlons are necessâry to apply

Ievels of a crystal axls other than the b

ractors ls t =3ã (pxlrol r,xt -l o" lnnù', where Pk Í.s the

scale factor that the kth level f.s rnulti,pi-ted by to brtng

lt onto the same scale as the other k .Level.s"

For a rnlnLmum"
raS=O=æk ñ-s L

u¡here k = 0aLs2""19

nn 
F,û l 

t. [' r*.0= ärlo*l
rl

Pk = ?, It.l *!, lF"lr,i*ø

r37

for oaeh k l.eve.l"

The e ornprrter cards contalning

'"thlch are read Jntc¡ the NRC-Z

be arr"anged so bhat the leve}s

from l-eveJ-s 9r8""*n,",to {),

h,x

-l Ful 
r,u^o ) l."ll Ð

lt" lt *o!,

hk0 lo" lnol

bhe tndlees of' refloeÈføn

Data Roductlon' progre.m must

are 1n deseendl ng orrior 1"€j,



The followLng, statements are added to the

Fact,or Least Squares program to Fe-cycIe

caleulate the rescal-e factors and to âppl¡l these factors

onJ.-v af ter the f lrst eycle"

Tho statements foLlorolng computer cairri 30 are:

DIMENSION TOP( 20) gDEN( 2C) çP( 20)
INTEGER VL

ln tho statements followlng computen card 960, IITyM l-s

bhe number of conseeutlve eycles of Least squares ceslred

and NLVL f-s tha numben of tr.evels (I0)"

The fllrst data card must contaln the val-ues of NTYF{ AiYD }ILVLä
KTYM - 1

READ ( READR s9 ) NTY[4 cNLVL
777 WRITE(PRINTRç 1) NPAGE

LV=0
VL=0
DO 949 M=1çNLVL
TOP(M)=0,C

949 DEN(M)=0ø0
L¡4AX=NLVL
14LAX=NILVL
The sbatenrent.s fo.LLowf.ng eomputer card lZ80 s.re3

IF(KTYM 1) 118g178e779
779 SCALE = SCALEP
778 XFTH = XFTH*XFTH

NRC*10 Structuro

the program, to

I3rl

The s:tat"ement s

lF(OR,S) 810081C
810 ORS=0'C

1^- 
^l\i-u

GO TO 249
811 CONTINUE

The ste.te¡nent s
950 IF(LMAX-rWt 951
95 1 LMAX=LMAX-1

LV=LV + 1

GO TO 950
300 IF(IEXCL) 952s9
9rZ TOP ( LV ) =TOP ( LV )

DEN(LV)=DEN(LV)
GO TO 261

fol,lob¡tnF comprrter eard 5080 are:
s811

f o1-]-or"llng computer card 59 jû e.Í'e :
e300r951

52 ç303
+ ABS(AMPL(4) )#.ABS(AMPL(1) )

+ AMPL(1)'TAMPL(1)



The statements folrowlng computer" card 6ago are g

DO 953 M=1¡NLVL
P(M)=TOP(M)/DEN(M)
WRITE(PRINTR e9i4 ) (p(M) çM=lsNLVL)
FORMAT ( ' LEVEL SCALES ARE I q1OFI0"3 )

The stsLement s f oIlowtnE. eomputer eard 6V60 are 
".

953

954

IF(KTYM 1) 97us97Is97O
91I AMPL(T) = AMPL(1)I+PIVL)
970 CONT I NUE

Ihe st,at,emernt,s foIIol*1ng
IF ( KTYM NTYM ) 781 ç 780s

781 KÏYM = KTYM + 1

co To 771
780 wRf lE(PRINTRs 29t

The sbaternents fcrllowlng
IF(8lSO( IR) ) 90C¡9OC¡9í)l

900 BISO(lR)=0"0
901 CONTINUE

The staternenNs foll"owi"rrg computor
IF (BlI ( IR) ) gu0rBrJr,ogul

800 811(lR)=O"C
8O] CONTINUE

?he statements fol.l.owf.ng compuÈor

IF(822( IR) ) 802s802,8C3
8OZ 3?-2( IR)=O,O
BO3 CONT I NUI

The st,at.ements flol.lovsLng corn¡ri.iter

IF(833( IR) ) 804¡804e805
804 83?(IR)=0"0
805 COI\TINUE

computer carri 697O are:
780

1 Tr
L)./

computer eerc 8290 are:

tho precesdlng statements are

S.FoL"S. programe må.de by the

cs.rC B)5o &l"e:

card SìAO Lre:

carcJ B jfo a.re:

modlfjcabf.ons,

author.

r,ô the NRC-10



c
c
c

Ful"l matrl^x revLslon of NRC*10 by the aubhor.
CRYSTALLOGRAPHiC PROGRAM NO.1O. STRUCTURE FACTOR LEAST 5QÙARES

BLOCK DIAGONAL. FIRST VERSION. (AHMED¡ APRI L 1966)
FULL MATRIX REVISION"

DIMENSION F(10) rFD( lC) rAF(1C) çAFD( 10) ¡NRiF(10)
DIMENSION DFM( 1251 EYECT( L?51 sStJ¡4(8C00)
D IMENSION TOP( 20 ) EDõN( 2C ) sP ( 20 )

INTEGER VL
INTEGER READR sPRINTR¡TYPEWRcTAPEA¡TAPEB¡TAPEC çFSTSPUNCH
INTiGER TITLE ( 2VI g LIST A(12 ) ISERA(T2) CLISTB(T2 ) ISERB( ]2)
INTEGER SERLA ¡SERLBeCENTRËsSYSTÊM sR ( 3 ¡ 3 t 24) ¡CEl{T ( ló ) ¡NPOS ( 16 )

I NTEGER l'4ATCES( 24r 16 ) ¡W(32 ) ¡ SERL
INTEcER SYMN (351 s SYME (351 EATOMN l35l gVIB( 35 ) s INDTRS (351 s CRV( 35 )

INTEGER SYMBOL( l0) gORDINDePARITY¡ICODEP{ 9) cICOM(lC)
I NTEGER PHI ¡ANOMLS ç CS ( 12BC ) r SYM sS.SYMB ( 20 ) rSATOl"1{ 20 ) ¡ SI ND ( 2C0 )

REAL LAMBDAsGQT(9)e T(3s241IEXPL(2C1) sH.S(9r24) gJRS
REAL X(?5 ) sY (351cZ(351s SX ( 35 ) çSY l35l sSZ(3 5 ) rB I*cO (35 )

REAL 811(35 ) sB22(35 ) ç8371351 gB23(35 ) gB13 (351g?'I2(35 ) T0CCFR (35 )

APPENDTX IIT

REAL
REAL

( DELBAEREYMCBR IDE

EOUIVALENCE (AMPL(9) ç3C ) c (FOEAMPL( 1 ) ) r (XNETçAMPL( 5 ) )

EAU I VALENCE ( AMPL ( 4 ) rFC ) c ( Ai,lPL ( ó ) rAO ) s ( A|"1PL ( 7 ) ¡ iiO ) r ( AMPL ( B ) çAC )

FORMAT ( t lPROGRA!1 NO" 1ù¡ STRUCTURE FACTOR LEAST SOUARES¡ r78X c

ItPAGE'¡14)
FORMAT ( 2OA4 )

FORMAT(r0f s20A4)
FORMAT (6XgZl2g3( I3 g!,-l ) g2I5l
FORMAT( T0IDENTIFICATION OF RESULTS TAPt ISrvIll)
FORMAT( OOMOUNT IfiPUT TAPE(S) ¡ )

FORI'4AT( f 0IDENTIFICATION OF INPUT TAPE IS'cI13 )

FORI'4AT( r0\{RONG TAPE i\tOUNTED¡ TRY AGAIN AND CONIINUE' )

FORMAT (3l2sI2Xcl2g12 ( 1X ç I2gl2l I

FORMAT( 'CJOB NOu=t clSs/ TODIRECTORY OF RESULTS TAPE" SERIAL N0,0 s

IÍ4E/¡0r E5XgTLIST NOur s3X¡ TSERIAL NOur/)

1

2

4
5

7
I
9

t0

CONST ( 9C ) rA ( 3ÙC ) ¡C(30C ) sB ( 300 ) ¡D ( 3C0 ) ¡ TPHS ( 3 r24 )

AMPL(10) rFF( 1.r) çTSl24 )ç-qHIFT( 10) TSYGMA (10 ) vDF( t0)

1- r¡t)

1968 )

1 1 FORMAI (312¡14X ¡2I5)
12 FORMAT( '0IDENT iFICATION OF DU[4P TAPE IS'E I14)
14 FORMAT ( 6X gl4s2XsA4 sl4E3F1û'5 sFIC,3g215 cF5'31
15 FORMAT ( 12X gA4¡ I 4E6î10"5 )

1ó FORMAT( 'ODIRECTORY CARD IS OUT OF ORDERI )

17 FOR14AT ( r 0JOB TERU I NATED BY PROGRA\1 NO' L0 ¡ SAVE I¡¡PUT AND OUÏPUT TA

18
19
2J
21
22
?3
24
25
26
27

lPESI )

FORMAT ( 10X s I2 g l3s 1X E9 l1 gZF5'2 sF5.0 sF5, 3c I 5 ç 3F 5 "2¡ I 5 s Fl-0. 4 )

FORN4AT (9X g I2s9Xsl2l
FCRMAT(EOPARAMSTERS LIST IS OUT OF ORDER?)
FORMAT( T0LIST NO'r ¡l4s I ON TAPE IS OUT OF ORDERt,
FORMATI'0SYMBOL FOR ATCi"1 NO"0eI4sf IS iNCORRECTT)
FORMAT (6Xg3
FORMAT ( 1X r4
FORMAT ( 1X E4
FORMAT( ¡+. g22X ¡ 0*.r )

FORMAT ( | 1 | s20A4 g42X g rPAGF 0 ç l4s / | O

4E I2s1XsF8,2 s40X ¡F5"3)
5sFI0'4r2lI'J"21
5oFl0"4s6FlC'2)

INDR SIN SQ



1 F OBS

28

29
30
3I
4c

2F lOC(DEL F')/FOI/I
FORMAT( TCSUM F OBS =t çF12"2ç9Xgt SLIM F CALC=r sF12,2g9X s'SUl,i DELTA

1F= ¡ sF12"2s / lAR-lNDEX=r EF6 "4ç9Xp 
TVALUE OF SCALE K Ef'ìPLCYfD=t sFBu4)

FORMAT( 'OEND OF JOB" DISN1OUNT A¡ID SAVE INPUT AND OUTPUT TAPES¡ )

FORMAT ( 10X sF5 "3 g13I5l
FORMAT ( l.2X ¡A4g i4¡ 101l. )
FORMAT( tCNEl¡J SCALE=¡ ¡F9"4en¡r o$tlM (W6DF)SQ=f cF15n4s/t ONO" CF REFLE

lCTIONS INCLUDED iN L"S" SUM.S=rgI6)

F CALC

41 FORMAT ( ¡ 1 | c2JA4gI4X gTSHIFTSI s 22Xc rPAGE¡s i4
42 FORMAT ( t L r ¡ 20A4 y 7X ¡ | STARl'ING PAR.S. SER IAL
47 FORMAT ( ' 1 | g20A4 ¡ 7X s rNEþJ PARAI¿ETERS, SERI AL
44 FORMAT(IO.SYM, SYMBOL NO" X/A Y/B

45 FORMAT( | . q13c5XcA4 rI4¡11F10"5)
46 FORMAT ( 17X s11F10"5 )

47 FORMAT l3l2s t PARAMETERS I s2I5l
48 FoRMAT ( 2 I 312 E 7 4 s 2x s A4 g I 4 s 3FLc, 5 ç Flo "3 g 2r5 cF5 "3 g / ) I
49 FORMAT (3l2gI4g2X cA4r i 4c6F 10.5 )

9i FCRMAT( 'CPLEASE IVlAKE THE TAPE C¡I UNITI ¡I4E I AVAILASLE FOR oUTPUTO )

52 FORI'4AI( TCRESULTS ARE DUMPED ON TAPE" DUMP NOo=rç14¡4Xe¡ SFOpSFCqSD
15LF rR= ¡ s3F10 "2 EF8"4E / I

53 FCRMAT( t+r ç9CXçFIC,2rFl0. I )

54 FORI'1AT( 'CNO. OF AMPLITUDES !1TJST 3E 5 OR 9I )

55 FORMAT ( | 0NO' OF ATOMST ATOI'1lC PARAMETERSg A( I çJ ) ELEMENTS IO 3E CO
IiVPUTED -re3J10)

56 FORMAT{ 'CATOMS IN -cPECIAL POSITION.S AREl q/ '0ATOM NO" INDICATOR
lSfs/)

51 FORMAT( t t gA4cÍ6cZXs1CI2)
60 FoRMAT('SLIsrr SERIAL¡ REccRD-qc tvoRDS/RECoRD =t s4r5t
6i FORMAT(¡+Ig65Xg!DUMP NCN¡rI3çI IS SKIPPEDE)
62 FORMAT ( t 0A11sAl2gA22g-JIsð2 =, E5FI6,4t

*ì+Jt*-F+6JtìÉ+J+J{'rfìt*7.-')+*-JÉvÆJlJt+}t'}nt-*vr**rc{'lt*rsltì¿lt)nJfrt
READR=5
PR I NTR=6
TYPEWR=6
PUNCH= 7
NPAGE= I
GENERATS EXPONENTIAL TA3LE
DO 100 I=ls2O1

100 EXPL( I )=EXP(-ün05*( I-1) )

READ TITLE AND DIRECTORY AND CHTCK IDENTIFICATIONS
KTYI'I - I
READ(READRç9) NTYMINLVL

777 WRITE(PRINTRE 1) NPAGE
DO 838 I = Ig7
F(I) = 0o0
FD(l) = 0.0
NREF(I) = 0€0

838 CCNT I NUF
LV=0
VL=0
DO g49 ¡"1=1¡NLVL

I OCC,FR" 811
2/t

A OBS B OBS A CALC

822

B CALC

r ¿+r

B??

)

NO"=l
NO.=¡

823

DEL

s13g5XcrPAGE!ç14)
gI3e5XE¡Fi.GEtsl4)
Z/C 8 ISO"

313 8120



9 t+9
TOP(M)=0o0
DEN(M)=0.Û
LMAX =NLVL
MLAX=NLVL
NPAGI = 2
READ(READRg2) TIILE
WRITE(PRINTRI3 ) TITLE
READ ( READR s4 ) NTAPES sNMOUNT s TAPEAç IDAy TAPEC r I DC çTAP53 c i D.3 c FST g LAST
IF(FST) 103¡103ç101
I¡/R I TE ( TYPEWR s6 )

'¡/R I TE (PR I NTR gó )

CONT I NUE
READ(TAPEA) IDT
V,/RITE(PRINTRç7) IDT
IF(IDA-lDT) 1f,4ç105s1C4
WRITE(PRINTR¡8)
wRITE(TYPEWRç8)
GO TO 780
IF (\ITAPES-1) l12g 112 E1C6
READ(TAPEB) IDT
r¡JRI TE(PRINTR¡12 ) IDT
IF ( IDC-lDT ) 104r 113r 104

'¡JRI 
TE(PRINTRsl2 ) IDC

WRITE(PRINTR¡5 ) IDB
READ( READR c9 ) JOBB ¡LSTB gSERLB TNLISTB ¡ ( LI STB ( I ) cSERU ( I ) ç I =L s 12 )

IF(LSTB) 1ù7r114¡107
WRI TE (PRINTRElC) JOBBcSSRLB
l¡, R I T [ ( P R I N T R ¡ 1 9 ) ( L I S T B ( I ) s S E lì B ( I ) q I = 1 s N L I S T B )

IìEAD SFLS DIRECT IVE CARDS
FIRST CARD
READ ( READR s 18 ) LSFR çJSER ç IPAR ¡ I LS s I LHS ç IPR INT r I TAPE ç IOBS c I UNOBSs

1 I S I NSO ¡ I PLANE r XFO r XFTH¡ THRESH e S i N.SCM sNW ç P I gP2 g P3 s NSPECL s SCALE
IF (KTYM - 1) 778E178g719
SCALE = SCALEP
XFTH = XFTH*XFTH
ILS=lLS-1
IPRTNT=IPRINT-1
IOBS=iCBS-1
I UNOB.S= I TJNOBS- 1

ISINSQ=ISINSQ-1
Pl = P1lSCALE
PZ = P2lSCALE
P3 = P7lSCALE
SFCOND CARD
READ ( READR c3O ) FUDGE cNPÉSD çNDU¡4P çNRFLD gNAMPLP ç ( ICODEP ( I ) e I = 1 E9 )

IF (NAMPLP-5 ) 11.5 s117s11ó
IF (NAMPLP-9) 115 g117¡115
WRITE(PRINTRp54)
GO TO 108
IF (NSPECL ) 40C g400c118
READ SFLS 3 DIRECTIVE CARDS
WRITE(PRINTRç5ó)
DO I28 I=lsN5PECL
K=10*l

101

102
TO3

104

105
l0ó

t12
113

l14

779
178

r 1.-l¿ (+r-

116
115

rt7

118



J=K-9
READ(READRç31 ) SSYMB( I ) çSATO\4( I ) ç ( SIND(L) cL=JsK)

128 WRITE(PRINTRc5T) SSYMB( I ) ¡SATOM( I ) g(SIND(L) vL=JsK)
GO TO 40C

1u7
108

ENTER WHEN ERRORS ARE DETECTED
WRITE(PRINTREl6)
R EW I ND TAPEA
REW I ND TAPEts
REW I ND TAPEC
\^/RITE(PRINTRElT)
CALL EX I T

109 WRITE(PRINTRç21 ) LST
GO TO 108

Ll0 WRITE(PRINTR¡22) I
GO TC 108

4OO \{RITE(TAPEC) IDC

READ THT LiSTS FROM INPUT TAPE
1 19 ReAD( TAPEA ) JOISATLSTA¡SERLAsNLI STAg ( LI 5 I A( I ) sSERA ( I ) ç I= I ¡ 12 )

IA=C
IB=0
h'RITE(TAPÊB) ID?,
WRITE( IAPEB) JOBBELSTBsSERLBsNLI.STBg (LISTB(l ) rSERB( I )ol=1c12)

I2A IB=lB+1
I7-I IA=IA+L
I25 RSAD(TAPEA) LSTsSERLgNRCRDçNWORD

IF (LST-4) I22r134r16C
122 WRITE(TAPtB) LST ¡SER8( IB) ¡NRCRD¡NWORD

IF(LST-2) l27sl29gL32
TO SKIP A LIST

12-" DO I24 I=1¡NllCRD
T24 READ( TAPEA )

GO ÏO T2T
UNITCELL (LIST 1)

I?1 atAD (TAPEA) (W( I ) rl=1só)sLAMEDAç¡J(7) çlr(B )

i,/RITE( TAPEB) (W( I )r I=1p6 ) TLAVBDATW(7) ri,J( I )

READ(TAPEA) (W( I ) c I=1¡NWORD)
WRITE( TAPEB) (ì,^J( I ) ¡I=IcNWORD)
READ (TAPEA) (GQT( i ) ri=1¡NWORD)
r¡JRITË(TAPE3) (GAT( I ) ¡l=1sNI.{CRD)
READ (TAPEA) (W( I ) ¡l=1¡NWORD)
'',/R I TE (TAPEB ) (h/( I ) s i=l cNWORD )

GO TO IZL,
SYYI4ETRY (LIST 2)

T29 READ (TAPFA) NMATXINSYMcCENTREcLAT¡SYSTEM
WRITf(TAPFB) NMATX¡NSYMpCENTREcLAT¡SYSTEMsI rI c IE Iel gl s I rl
DO I 30 K= 1 ¡NMATX
RÊAD( TAPE/\) MATNO¡ ( (R( I ¡JsK) ¡ I=1g3) cJ=Ic3) c ( T ( I rK) g I=1E3 )

13C l{RI TE ( TAPEB) MATNOc ( ( R( i ¡JuK) r I=1 s3) gJ=1 y3 ) ç ( T ( I sK) ¡ l=l s3l
DO 131 K=lrNSYl'4
READ (TAPf A) CFNT(K) cNPOS(K) c (l4AICE5(M¡K) ri'1=1r11)
iVRI T5( TAP-B) CENT(K) gNPOS(K) E (MA1CE5(M¡K) çM=1¡].1)
iìEAD ( TAPEA) (MATCES(l'1¡K) çM=I2g24)

131,,JRITt(TAPEts) (MATCES(f'1EK) sM=12g24l

C

1¿+l



C¡O TO l2O
FORMFACTORS (LIST 3I

I32 DO I33 K=l¡NRCRD
READ (TAPEA) (W( I ) sI=IgNWCRD)

173 WRITE(TAPFB) (l{(l)rl=IsNWORD)
IF( IPAR) 12C¡120¡141
PARAMET9Ri' (L1,cT 4l

Ii4 IF(SERL-lStR) I23g136sI23
13ó WRITE(TAPEB) LSTESFRLeNRCRD¡Nl{ORD

DO 137 K= 1 sNRCRD
READ ( TAPEA) SYMN( K) sSYMB( K) çATOMN( K) sX ( K) sY (K) ¡/( K ) sSX( K) çSY( K )

1 5;Z ( K ) r EISO (K ) çVIB(K) ç INDTRS( K) sB11( K) oB22 (K ) ¡ts33 (K) s

2823 (K) ¡813(K) sB12(K) EOCCFR(K)
737 WRITE(TAPEB) SYMN(KITSYMB(K)aATCMI'J(K)gX(K)rYlK\sL(K)¡5X(K)sSY(K)

1 SZ(K)s ElSO(K)EVIB(K)¡INDIRS(K)p311(K)ç822(K)s833(K)r
2823 (K) ¡B13(K) ¡Bl2(K) çOCCFR(K)

NÂTOM=N:ICRD
GO TO I?O
TO READ L I ST 4 FROP1 CARD.S

141 READ (READR¡I1 ) JOBcLSTsSERLsNATOM¡ISYGT4A
IF(LST-4) I42gI44sI42

\42 WRITE (PRINTRs2C )

GO TC 1\.rB
I44 NRCRD=NATOM

NWORD= 1 9
l/RI TE(TA,PEB) LSTsSERL¡NRCRDçNu{ORD
DO 150 K=1çNATOM
READ( READR ¡ 14 ) -cYMN(K ) cSYi"lB ( K ) ¡ATOMN ( K) rX ( K ) rY (K ) sz ( K ) rBI 5C ( K ),

1VI3 (K ) r INDTRS ( K ) TCCCFR( K)
I F (OCCFR ( K ) ) I?9 E I 38 r139

138 OCCFR(K)=1"0
ljg IF( ISYGI"IA) 146¡146gI45
I4t READ (READR,14) l^/( 1) gWl2) ¡i{(3) sSX(K)g5Y(K) r5¿(K)

IF (ATOMN (K)-'¡J(3) ) 142cI47 sI42
146 SX(K)=l'"

SY(K)=C"
SZ ( K ) =0 'I41 IF(VI3(K)-1) l4Bs148e149

148 B1L(K)=C.
822(K)=0.
333(K)=0.
!123(K)=0.
813(K)=Co
812(K)=C"
GO TO 15i

1 4 9 R E A D ( R E A D R ¡ I 5 ) lV ( 1 ) ¡ w ( 2 ) c B 1 1 ( K I g 82 2 ( K ) E il3 3 ( K ) g 3 2 3 ( K ) ¡ B I 3 ( K ) e E 1 2 ( K )

IF (ATOMN( K)-W(2 ) ) I42cI5QgI42
15u WRITE(TAPEB) SYMN(K) eSYMS(K) sATOMN(K)rX(K) rY(K)yZ(K) ¡SX(K) pSY(K) c

1 SZ(K)t BI-cO(K)rVIB(K)çINDTRS(K)s811(K)ç822(K)¡833(K)s
2323( K ) sB13 ( K) pB12( K),OCCFR( K)
IB=lB+1
ISER=-l.SER
co To 120
CO5 AND SIN TABLF (LIST 5)

Ti+l+

q-



16ô N=1
DC 1ó1 K=1 ¡NRCRD
l,,l=N+31
READ(TAPEA) (CS(L) sL=Ncf'Î)

i6I N=M+1
IA=lA+1

171

172

173

174
775

DER I VE LATT ICE FACTOR AND SCALE
GO TO( 171 sl72g 173 g174g172 g112 s Il2gI-13) gLAf
TEI4P= I n 0
GO TO I7'
T5YP =2 øO
C:O TO I15
TE14P=3o0
GO TO 11'
TEI'1P=4n!
GV=T¿MP/SCALE
R:SET I NDI CATORS AND SUiVIS
SYSÏEM=SYSTEM-4
ONE=1'C
RLSQ=1, / ( LAMBDA* LAM3DA )

NCïRE=1
BHKL=Cu
DHKL=0"
NIÀlCL=î
SFC=3"
c g- -'ìJI L - v ø

c¡ì=-rl
JI)I -\J ø

SWDFSG=ùu
PLANES LIST (LIST 6)

110

€
162 READ ( TAPEA ) LST ç SERL s NRCRD g NhTORD

IF(LST-6) 109çLó3r119
163 READ ( TAPEA ) FOOO çNPLNS c I 1 g I2 s I3 ENAMPL ç NCRV[S r CI gC2ç C3 c ('¡l ( L ) ¡

1L=1 oNAMPL ) r ( SYMBOL ( N) cN=1 çNCRVES )

NVEC = 725
NSUM = NVEC*.(NVEC+It /2
WR I TE ( Plì I NTR ¡ 5?-A I NVEC r N.SUM

,21 FORMAT( | NVEC¡ ellüer NSUMtTII0)
DO 517 J= L ¡NVEC

511 VECT(J) = C"0
DO 518 I=1¡NSUM

518 SU|Y(l) = 0oC
I5t NR:FL=NPLNS
15ó NELMfIT=0

tt4PAR=0

L I NE.S=C
ISER=IABS(ISER)
NWORD= 1 I +NAMPL P+NCRVES

154 NP=NREFL
151'¡/Rl TE( TAPEC) LST sSERL ENPTNWORD

D:R IVE CONSTANTS FOR THE ATOMS
DO 181 i=1cNAïCM
iF ( ATOMN( I ) ) 14isI43gI43

140 NCTRE=0
143 IF(LINIS) 157 sl57EI5B

1i+5



T'1 WRITE(PRINTRE42) TITLE¡ ISERSNPAGE
NPAGE=NPAGE+1
I^iRITE(PRINTRT44)
LINES=50

1 E Q t- 1L )9 J- I

ISYlt48=SYMB ( I )

164 IF( ISYMB-SYMBOL(J) ) 165e16ó¡1ó5
ló5 J=J+l

IF ( J-NCRVES) 1ó4r ló4¡lltJ
i66 CRV ( i ) =J

K=SYMN ( I )

IF(CENT(K) ) 167E 1ó7e168
167 CONST( I )=GM*OCCFR( I )

GO TO 16e
1óB CONST( I )=G|'1*OCCFR( I )*2"
169 MPAR=VPAR+INDTRS( I )

IF(INDTRS( I )-9+ILS) 176r177 s176
116 NELMNT=NELt'4NT+INDTRS( I )*.( INDTRS( I

co ro 178
111 NELMNT=NELl.4NT+27
178 IF(VI3(l )*1) l81s18rJs181
180 VIB( I )=2

$P=8lSO(I)xRLSQ
311(l)=3Px'GQT(1)
tsz2(I)=!P*GOT(5)
833(l)=BP*GQT(9)
327(l)=EPxGOT(6)*2'C
BI3 ( I ) =FP*.GQT ( 3 )ìr2.C

181 WRITE(PRINTRy45 ) SYMN( I ) E ISYMBgATOMN ( I ) çX ( i ) gY ( I ) rZ( I ) çillSO( I ) c

1OCCFR( I ) g811( I ) rB22l1, gù33( I ) r323(ll pB13( I )r812( I )

ltjRI TE (PR INIR r55 ) NATOl"l¡MPARTNELivINÏ
WR I TE ( PR I NTR r27 ) T I rLE I NPAGE
LINIES=50
NPAGE=NPAGE+1
IF ( IPLANE ) 2OA s2ùJg182

IB2 READ(REqORS2?) NIHçNIKçNILSINDRP¡FOPP¡ì¡JHKLP

812( I )=BP*GQT(2)*2'C
NES=LINES-i

Lh6

1.83
184
185
186
Ie2

I93
195
196
191
198
194

t+I)/2

GO TO 200
IF ( IH-NIH) 201 c184s2Ul
IF( IK-NIK) 201 ç185¡2Cl
IF ( IL-NlL) 201 g1Bós2C1
IF ( INDRP-1 ) l.93cl93g192
IEXCL=1
GO TO T95
I ¡'lDR= I NDRP
IF(FOPP) 196s197s196
FO=FOPP
iF(WHKLP) 198¡194ç198
\,JHKL=WHKLP
READ(READR c23 ) NIHsNIKsNI Le INDRPçFOPP¡þJHKLP
IF (NIH-99) 201 Et88elB8

188 I PLANE=C
GO TO 2'JI



TO EXCLUDE THE UNOBSERVED REFLECTIONS
190 IF( INDRI 2I5g2I5g19I
191 A!1PL(4)=0"

I EXCL= 1

GO TO 299
READ THÊ RECORD FOR ONE PLANE

?OO READ (TAPEA) IH¡ IKçILIINDRgJSIGNEORDINDçPARITYSMULTSSINSQSWHKLP
1 ( AMPL(M) çM=1 ¡NAMPL) ¡ ( FF (M) sM=1 TNCRVES)

IFXCL=C
AMPL(2)=AMPL(3)
AMPL(3)=AMPL(4)
IF( IPLANE) L83g2ù1g183

201 IF( ISINSC) 20ó¡206c2C7
207 IF ( SINSO-SINSQM ) 19L c206E2A6
206 IF ( IUNCBS ) T9¿ g2L5 C2I5

COMPUTE THE EEUIVALENT INDICES
2I5 DO 2O9 K=1¡NMATX
202 IF(SY.STEM) 2C5 g203s2C3
203 DO 2O4 J=1c3
204 HS( JcK )=IH+R ( 1 çJrK)+IK*R I 2sJgK

GO TO 208
20, HS( I sK)=IH*'R( 1 ¡1 ¡K)

HS(2rK)=lK*R(2s2rK)
HS(3¡K)=ILrfR(3r3¡K)

2oB TS( K) =lH+T ( IsK )+IK{T (2gK) +lL{T
HS( 4sK ) =HS( 1 cK )xHS ( I rK )

HS ( 5 cK ) =HS ( 2 cK )++HS ( 2 gKl
HS ( 6 rK ) =H,q( 3¡K )*HS( 3 cK )

HS ( 7 rK ) =H.S( 2çK )+HS( 3 ¡K )

HS ( I oK ) =HS( 1 ¡K) *HS( 3 rK)
HS (9 EK ) =HS (1sK )ìrH.S(2 çK )

TPHS ( I ¡K ) =HS( I cK )+6'283I85
TPHS ( 2 ç K ) =HS ( 2 ¡ K ) *ó "2831852C9 TPHS( 3 çK )=HS( 3 çK)*6 "283185SiNSQP=SINSQttiìLSQ
Al-1 KL=0o
CHKL=0 "
INDX=1
IF (CENTRE ) 21I ø2l0s2II

2IO BHKL=C "
DHKL=0"

r4l

('

)+JL*R(3sJçK)

CALCULÂTE CONTR I BUT IONS TO THE STRUCTURE FACTORS2l L D0 26A I R= I ¡NATOM
IF ( ATCMN( IR) ) 2I2g2I3cZ\3

272 ANOMLS= 1

GO TO 2I4
2I3 AN0MLS=0
2I4 IF(VIB(IR))
227 QRS=BI50(IR

I G=ORSx 20, 0
IF(IO-20C)

(3sK)

222 I O=200
223 XQ=QRS-lQà0,05

22Iç22Is224
)*.SINSQP

223 E227 s 222



TX=EXPL ( IO+1 )* ( 1,-XO*( 1'-0u5*XGt )

224 I=CRV( IR)

225
226

FFR=FF( l )#CONST( IR)
IF (ANOMLS ) 226 c226g225
FF I =FF( I+1 )*CONST ( IR)
SYM=SYMN(IR)
N=NPOS ( SYM )

DO 254 MTX=1sN
I S=MATCES ( MTX ¡ SYM )

ANGLE=HS ( 1 s IS)r+X ( IR )+HS ( 2 E IS)xY (

COS AND SIN ROUTINE
27I PH I =ANGLÊ

IF(ANGLEt 232g235s233
2?2 PHI =100C0n* (ANGLE+1.00Û05-PHI )

GO TO 234
233 pHI =1000C"* ( ANGLE+0"00005-pHI )

234 NN= (PHI+I2501 /1250
GO'lO( 237 s 238 s 239 s24A s24l s242 ø243c244 ) ENN

2?5 FCOS=1n0
FSIN=0u0
GO TO 246

277 K=PHI+1
ICOS=CS(K ) /10û00
I SI N=CS ( K ) -10ù00xICOS
GO TO 245

238 K=2501-PH I
ISIN=CS(K)/10000
I COS=CS ( K ) -100 C0ìÊl SI N

GO TO 245
239 K=PH I-2499

ISIN=CS(K)/10000
ICOS=10000ã'i SI N-CS( K )

co To 245
24O K=5001-PH I

ICCS=CS(Kl/(-1000rJ)
I SI N=CS ( K ) +10000* ICOS
60 To 245

24) K=PH l-4999
I CO-c=CS ( K | / I -I000rJ )

I S i N= ( -1C000 ) *l CO.S-CS ( K )

GO TO 245
242 K=1501-PHi

ISIN=CS(K)/(-100urr)
ICOS= ( -10ûu0 ) * I SIN-CS( K )

GO TO 245
243 K=PH l-1 499

ISIN=CS(Kl/(-100C0)
ICOS=CS ( K )+100C0x ISI N

GO TO 245
244 K= 1 000 1-PH I

ICOS=CS(K)/10000
I S I N= 1C0C0x'I COS-CS ( K )

2 4, FCOS=FLOAT ( ICOS )*'J nCi0l
FS I N=FLOAT ( I S I N ) {.r.1. C001

IR)+HS ( 3ç I Slxz( lR )+TS( iS I

th8



246 IF(VIBIIR) ) 25Os25ag247
2q7 eRS=HS( 4s I5){'811( IR )+HS (5 s IS lxB22( IR }+HS(

IB23 ( IR )+HS ( B r I S){^813 (lR )+HS(9 ç IS){'812 ( IR)
IF(QRS) 810EEL0tE11

810 ORS=0u0
IO=0
GO TO 249

811 CONTINUE
IQ=QRS+20"0
I F ( IO-20C ) 249 c249 s248

248 IG=200
249 XQ=QRS-IQ*Ü'05

TX=EXPL ( IO+1¡x ( 1.-XOrf ( 1"-0"5nXQ) )

25O FFT=FFR{TX
A( INDX) =FFT*FCOS
B( INDX)=FFTxFSIN
IF (ANOMLS ) 252c252s251

25I FFT=FFI*TX
C( INDX)=FFTxFCOS
D( INDX)=FFTxFSIN
CHKL=CHKL+C( INDX)
IF( CENTRE ) 252 ç234g252

23C )HKL=DHKL+D ( I NDX )

252 AHKL=AHK¡+A ( I NDX )

I F ( CENTRE ) 253 s253 q254
253 BHKL=BHKL+B ( I NDX )

254 INDX=INDX+1
260 CONT I NUE

AFO=ABS ( FO)
PHASE ANGLE
IF( CENTRE ) 256 s256g255

255 IF(NCTRE) 256 s256g259
256 AC=AHKL-DHKL

BC = BHK L+CH KL
FC =SQR T ( AC{.AC+3C* BC )

AFC=FC
CALPH=AC/FC
SALPH=BC/FC
I F ( CENTREI 257 E257 s25B

251 AO=FO*CALPH
BO=FOxSALPH
GO TO 217

258 FO=S IGN ( FO ¡Al-lKL )

FC=SIGN(FCsAHKL)
GC TO 271

259 FC=AHKL
CALPH=SIGN(ONEsFC)
SALPH=C 

"FO=SIGN(FOgFC)
AFC=ABS ( FC )

DELTA F ANALYSIS
27I DELF=/\FC-AFC

ADELF=ABS ( DELF )

IF { ISINSQ) 278 E271 s217

6c IS )å'833 ( IR)+HS ( 7 o I S )x

14q



277 IF( SINSO-SINSOM I 286s278 s278
278 IF (INDR) 281E28Is212

UNOBSERVED REFLECT IONS
272 IF( IUNOBS) 286ç286g273
213 IF(DELF) 274c286g286
274 IF ( ADELF-AFO-AFO) 29ûs29J E286

OBSERVED REFLICTIONS
281 IF( IOBS) 29Os282 s282
28Z IF(ADELF-XFO*AFO) 29ù929Os284
284 IF( IOBS) 29Cs286g285
285 FTHSQ=AFO*,AFO*'THRESH/XNET

I F ( DELF+DELF-X FTH*'FTHSO I 290 c 290 c286
286 I EXCL= 1

OUTPUT OF THE STRUCTURE FACTORS ON THE PRINTER
290 IF ( IPRINT I 299 s29IE29I
29L FOP=SCALE*FO

FCP=SCALE*FC
ADELFP=SCALEx'ADELF

822 IF(ABS(FOP)- 20") 821g823s824
8231-1

GO TO 829
824 IF(AB.S(FOP)- 40"l 825s825s826
8251-2

GO TO 829
826 IF(ABS(FOP)- 7C") 827s821s828
827I-3

G0 TO 829
828 IF(ABS(FCP)- 100') 830p83C¡831
830 I - 4

co To 829
831 IF(ABS(FOP)- 140.1 832s832g833
832t-5

GO TO 829
8V? IF ( ABS(FOP)- L90u I 834g834s835
874t-6

GC TO 829
8i5I-1
829 F(I) = ABS{FOP)+ F(l)

FD(I) = ADELFP + FD(I}
NREF(l) = NREF(I) + 1

IF(AFO) 1292gI291 gI29?
1291 RINDX=ûni

co To 1293
1292 R I NDX=ADELFJ+100' /AFO
7293 IF(CEÀ:TRE I 293 g?.93s292
292 r^TRITE(PRINTRç24) IHe IKsILçINDRgSINSAcFOPpFCP

GO TC 294
293 AOP=SCALE*AO

BOP =SCALE{ BO
ACP =SCALE+AC
BCP =SCALE* BC
WRITE (PRINTRç25 ) IHeIKp ILøINDRçSINSOpFOP sFCPçAOP gbOPcACPTBCP

294 IF( IËXCL) 298E298s295

150



295 WR I TE ( PR INTR s2ó )

GO TO 296
298'ulRI TE (PRINTRç53 ) ADELFPcR INDX
296 LINES=LINE.S-1

IF(LiNESl 291g297s299
2q7 h,RITE(PRINTRç27 ) TITLEçNPAGE

NP AG E= NPA GE+ 1

LINES=50

299

95C
95L

OUTPUT ON TAPE
WR I TE ( TAPEC ) I EXCL s I Hc I K c I L e I NDR cJSI G^l çORDIND sPAR I TY çMULT E SINSQ g

1b/HKL s (AMPL(M) ¡M=1 sNAMPLP ) s (FF(M) ¡M=1 ¡NCRVES)
I F ( LMAX-I H l 957 s 300 g 951
LMAX=LMAX-1
LV=LV + I
GO TO 950

300 IF(IEXCL) 952s952g303
952 TOP(LV)=TOP(LV) + ABS(AMPL(4) )JTABS(AMPL(1) )

DEN(LV)=DEN(LV) + AMPL( I )r+AMPL( 1)
GO TO 26L
ACCUMULATE TOTALS FOR THE RESIDUALS

3O 1 SWDFSQ=WDELF*.I.JDELF+5çPP5N
SFO=SFO+ATO
SFC=SFC+AFC
SDF =SDF+ADE LF
NINCL=NINCL+1

303 NREFL=NREFL-1
4I4 IF(NREFL) 3C5r3O5ç200
?O5 END FILE TAPFC

DO 957 M=1¡LV
953 P ( M ) =TOP (14 ) /DEN ( ¡4)

WRITE(PRINTR s954 ) (P(M) cM=t ¡LV)
954 FORMAT ( ' LEVEL SCALES ARE I ¡ 1CF1C.3 )

3O4 REWIND TAPEA
REWIND TAPEC
SDSQ=S\,\TDFSQ/ ( NI NCL-NPESD )

RINDX=SDF/SFO
SFO = SC A LE* SFO
SFC=SCALE+SFC
SDF =SCALE* SDF
Sf{DSQ= 'cCALE*SCALE*SÌVDFSQ
WRI TE(PRINTRç28 ) SFOgSFCgSDFcRINDX¡SCALE
DC 837 | = Iq7

"T ql

AF(I) = r(I)/NREF(l)
AFD(I) - FD(I)/NREF(I)
TdRITE(PRINTRg836 ) IgAF( i ) sAFD( I

B3ó FORMAT(I2gt MEAN FO ISfsF10"5çe
1o NO OF REFLECTIONS¡sl5)

811 CONT I NUE

e
35?
358

IF(ILSI 353E77Os37O
STORE COS AND SIN lABLE
IF(IlAPE) 159g759g358
\RCRD=40
N r¡JOR D=3?
LST=5

) sNREF( I )

MEAN DELTA F ISr çF10"5e



l^JRITE(TAPEB) LSTçSERB( IB) çNRCRDçNWORD
N= I
DC 354 I=1ç40
M=N+31
WR I TE ( TAPEB ) ( CS ( L ) EL=N cM )

354 N=M+1
IB=IB+1
STORE LIST ó
SFO=0 '
SFC=0"
SDF=0u
NRC=NPLNS+ 1

NWD= I 0+NAMPLP+ NCRVTS
LST=6
WRITE(TAPEB) LSTsSERB( IB) çNRCsNWD
NREFL=NPLNS
WR I TE ( TAPEiJ ) FOOO TNPLNS s I 1 ¡ I 2 g î3 cNAMPLP sNCRVES gCZ sC3 c SCALL ç

1( ICODEP( I ) ¡l=1 ¡NAMPLP) s (SYMtsOL(N) sN=IgNCRVES)
READ ( TAPEC )

READ( TAPEC ) LST ¡ SERL gNRCRD¡NWORD
WRITE(PRINTRc 60) LSTçSERLcNRCRDsNWORD
I F ( LST-B I 355 E342 s34?-
READ(TAPEC)
GO TO 347
DO 357 I=IsNRCRD
READ( TAPEC ) I EXCL E I H c I K s i L ¡ I i\DR c JSI GN gORD I ND ePAR I TY ¡MULT g SI NSQ I

lWHKL¡ (AMPL (M) rM=1 sNAMPLP ) r (FF (M) rM=1 pNCRVES)

34I

342

355

958
955
1l

IF ( MLAX-IH) 955 g956s955
WRiTE(PRINTR¡71) IH
FORMAT( r r ES5XrrfJ=r c13/ c rsS3XsrK
MLAX=MLAX- I
VL=VL+1
GO TO 958
I F ( FO ) 998 ¡e99 s999
I FO= ( I F IX ( SCALEå.FO*.20,-1 " I ) /2
I FC= ( I F I X (SCALE*FC* 2C "-I.l I /2
GO TO 991
IFC= ( I F I X ( SCALE*FO{"2C ø+I, ) I /2
IFC= ( IF IX ( SCALE*FC*2Û' +1" ) I /2
CONT I NUE
IF(IEXCL) 967s356E961
AFO=ABS ( FO) +SCALEP
WR I TE ( PR I NTR r73 ) I K ¡ I L ¡ I FO ç I FC
FORMAT( t ¡ç80Xr I4E I3g2l5)
AFC=ABS(FC)å'SCALE
SFO=SFO+AFO
SFC=SFC+AFC

e56
998

999

997

356

73
348

L5?

SDF =SDF+ABS ( AFO-AFC )

GO TO 357
961 WRITE(PRINTRcT4) IKs ILc IFOTIFC
74 FORMAT( r ¡ s79Xe0ìrr eli.+g73s2I5l

357 WR I TE ( TAPEts ) I H r I K E i Le I llDR oJSI GN rCRD IND sPAR I TY eMTJLT ç S INSG v

lWHKL s ( AMPL (1"1) E14=l cNAMPLP ) s ( FF (l'4 ) c14=1 cNCRVES)

L FOBS FCAL ' )



NREFL=NREFL-¡JRCRD
I F ( NREFL ) 343 g343 E34I

?43 RINDX=SDF/SFO
WRITE(PRiNTRs2B ) SFOsSFCsSDFcRINDXeSCALEP

35e CO¡tT I NU5
REW I IID TAPES
REI^/ I ND TAPEC
IF(KTYM NTYM) 781s 780c 780

781 KTYM = KTYM + 1

60 TO 777
78j WRITE(PRINTR¡ 29l,

CONT INUE
CALL EX I T

26r
?-62
263

264

?.65
266

WEIGHTING SCHEMES. ENTER ]F REFLECTICN
GO TO (262s265 s261 s?68g269 ) çNW
I F ( AFO-Pl ) 267 g263 g264
R TW=AFOlP I
GC TO 27C
RTW=P1lAFO
GO TO 270
IF (AFO-P1 ) 266 s266s264
RTW=1'
G0 To 274

261 RTW= ( AFO-P2l /PI
RTW= l. /SQR T ( 1' +RThrlfRTW )

GO TO 270
268 RTþ/=1"/SQRT(P1+AFOÌ ( 1"+AFOx(P2+AFO*P3) ) )

GO TO 210
?69 RTW = 7"/17ø + 0.169*A85(FOP) )

21O WDELF=RIWxDELF
IF( ILS) 30Iç311r311
PARTIAL DERIVATIVES WRT THE PARAMETERS

311 I M= 1

I V= 1

I NDX= I
KT=l
DFt4 ( KT ) = RTWnFCP
ISPCL = l
ISIND = l
DO ?34 IQ=IsNATOI'4
SYM=SYMN(lR)
fl=NPOS (,sYM )

IF( INDTRS( iR) ) 31Cg31is312
310 INDX=INDX+N

GO TO 334
312 NPAR=INDTRS(IR)

DO 3I3 K=lcNPAR
313 DF(K)=C"

DO 321 þ1TX=1eN
I S=MATCES ( MTX s SYM )

IF (ATOMN( IR) ) 314s377 s317
374 IF(CENTRE) 3I5 g315g?16

ANOMALCUS AND NONCENTROSYI4METR i C

315 GRS=(A( INDX)-D( INDX) )*CALPI-i+( B( INDX)+C( INDX) ) +SALPH

1<?

IS INCLUDED IN LS SUMS



JRS=(B( INDX)+C ( INDX) )+cALPH-(A( INDX )_D ( INDX) ) J+SALPH
GO TO 320
ANOMALOUS AND CENTROSYT4METR I C

316 GRS=A ( I NDX ){'CALPH+C ( iNDX ) *SALPH
JRS=B ( INDX ) {.CALPH+D ( INDX ) *SALPH
GO TO 320

317 IF(CENTRE) 318 c318E319
NON-ANOMALOUS AND NONCENTROSYMMETRIC

318 GRS=A( TNDX)+CALPH+B( INDX )XSALPH
JRS=B ( INDX ) *.CALPH-A ( INDX ).ìÉSALpH
GO TO ?20
NON-ANO¡4ALOUS AND CENTROSyf,4i\4ETR I C

3I9 GRS=A(INDX)nCALPH
JRS=B( INDX)*CALPH

32C DF ( I )=DF( 1 )-TPHS( 1 ¡ IS)xJRS
DF ( 2 ) =DF ( 2 ) -IPHS ( 2 g I S ) *JRS
DF ( 3 ) =DF ( 3 )-TPHS( 3 s IS)xJRS
IF(NPAR-9 ) 724s326g325

324 DF(4)=DF(4)+6pS
GO TC 321

125 DF(10)=DF(t0)+GRS
j?.6 DF ( 4) =DF (4 )-HS ( 4 c IS) {.GRS

DF ( 5 ) =DF ( 5 )-HS ( 5 ¡ IS )xGRS
DF ( 6 ) =DF (6 )-lis ( 6 ¡ IS)ltcRS
DF ( 7 ) =DF ( 7 )-HS ( 7 ¡ I S)*GRS

327 INDX=INDX+1
IF ( NPAR-5 ) 329 s3ZBg33J

328 DF( 5)=DF( 4, /OCCFR( IR)
32-9 DF ( 4 ) =-DF (4)r'SINSOP

GC TO 332
3iO IF(NPaR-9 I 3?7-E732s331
37I DF ( 10 ) =DF ( IOt / OCCFR ( IR )

732 NU = NPAR
NC = f

DF ( I ) =DF ( I )-HS ( E ¡ IS)*GRS
DF ( 9 ) =DF ( 9 )-HS (9 ç IS ){'GRS

!.24

379
380
38i

F(NSPECL) 316E376s319
F (SYMB( IR)- SSYMB( iSPCL) )

F (ATOI4N( IR) SATOM( ISPCL

ICOM(l) = SIND(ISIND)
389 I.SIND = I.SIND + 1

ISPCL = ISPCL + 1

DO 500 I=lsNPAR
IF( ICOM( I ) ) 50ls5A2g5a|

50L NC = NC + 1

GO TO 500
542 DO 504 K=NCsNPAR
5i4 DF(K) = DF(K+l)

DO 389 I=1c1ü

5 CC

316
333

NU=NU-1
CONT I NUE
DO 133 J=lgNU
DF(J) = DF(J)X.RTI/
DO 335 I =1sNU

376s380s316
, 3l 6 e3B3 g37 6



KT = KT +1
335 DFM(KT) = DF(l)
?34 CONT I NUE

IJ = I
DO 50, J=1EKT
DO 506 I=1sJ
SUM(lJ) = SUM(IJ)

506 IJ = IJ + I
505 VECT(J) = VECT(J)

GO TO 3OT
370 NT - 1

EPS = J'001
CALL GELS (VECT qSUMçKTENTIEPSç i ER¡)FM )

l{RITE(PRINTRt516) ItR
516 FORMAT(r IER =¡çI10)

v/R I TE ( PRINTR s515 ) VECT ( 1 )

5I5 FORvnT(TCSCALE G CHANGE ISrçF1Û,5)
scALEp = .SCALE/ ( 1" + VECT ( 1) *SCALE )

WRITE(PRINTRs40) SCALEPs STJDSQgNINCL
ISIND _ 

1

ISPCL=1
IL - 1

IK = ]
LINES=C
DO 390 IR = IcNATOM
IF(LINESI 311E371q378

377 WRITE(PRINTR¡41 ) TITLEsNPAGE
NPAGE=NPAGE+1
WRITE(PRINTRc44)
LINES=50

318 JSPCL=0

+ DFM(I)*DFI'I{J)

+ DFM(J)JfWDELF

508
509
510

511

NPAR = INDTRS(IR)
IF (NSPECL ) 5Ù1 E5u7s5OB
IF (SYMB( iR)-SSYMiJ( ISPCL ) ) 507g509s507
IF (ATOMN( tR)- SATOM( ISPCL ) )5J7 E510s507
DO 511 I=1e10
ICOM(l) =SIND(ISIND)
ISIND = l.SIND + 1

I SpCL = I SpCL +l

3,r;5

DO 5I2 I=lcNPAR
IF ( ICOM( I ) ) 5Ijs514s513

5I4 SHIFT(l) = CnC
SYGMA(l) = \)orl
GO TO 5T2

513 I L= I L+1
SHIFT( I )=VECT( IL)

'12 
CONT T NUE
GO TO 517

507 DO 531 I=lyNPAR
IL=IL+1
SHIFT( I )=VECT( IL
IK = IK + IL

IK = IK + IL
SYGMA(I) = SORT(SDSO/SUM(IK) )



SYGMA( I ) = SQRT(SDSQ/SUM( IK) )

537 CONT I NUE
OUTPUT OF PARAMETERS I SH I FTS AND ESD ' S
TEMP=C.
SHIFT(10)=ùn0
SYGMA(10)=Cn0
X ( IR ) =X ( IR )+SITI FT( 1 )

.SX(lR)=SYGMA(1)
Y(IR)=Y(IR)+SHIFT(2)
SY(lR)=SY6¡44(2)
Z( IRI=Z(IR)+SHIFT(3)
SZ(lR)=SYGMA(3)
I F ( NPAR-5 ) 382 g781 s384

3BI OCCFR( IR) =OCCFR ( IR)+SHTFT ( 5 )

382 SlSO( IR)=BiSO( IR)+SHIFT(4)
IF (BISO( IR) ) 900ç900s9C1

900 BISC(iR)=û*0
9OI CONTINUE

WRI TE (PRINTRç45 ) SYMN( IR ) c SYMts( IR ) sATOMN( IR ) r ( SHIFT ( I ) ¡ I=1 sNPAR )

WRITE(PRINTRç46 ) {.SYGMA( I ) çI=tcNPAR )

GC TO 388
384 IF(NPAR-9) 386s386ç385
385 OCCFR( IR ) =OCCFR( IR )+SHT FT ( 1O)
386 B1] ( IR)=811( IR)+SHIFT(4)

IF ( 811 ( I R ) ) 8ûCç800s601
8C0 BLi.(¡R)=Cn0
801 CONTINUE

822 1 IR ) =822 ( IR) +SHIFT ( 5 )

I F ( 822 ( I R ) ) 8ù2s8û2 EBi3
802 822(lR)=0.C
803 CONT i NUE

833 ( IR ) =833 ( iR ) +SHIFT (ó )

IF ( 833( IR ) ) 8C4s B04g805
804 373( IR)=0uC
I05 coNT It.ltJl

323 t IR ) =823 ( IR )+SHIFT ( 7 )

813 ( IR ) =BI3 ( IR )+5HIFT(B )

812 ( IR )=812( IR ) +SHIFT(9 )

381 WRITE(PRINTRE45) SYlvlN( iR) s SYMS( IR) cATOMN( IR) TSHIFT( 1 ) pSHIFT (Zt elSHI FT ( 3 ) ç TEMPç SH I FT ( 10 ) ç ( SHI FT ( I ) g I =4 g 9 )

WR I TE ( PR I NTR s46 ) SYGN1A ( 1 ) çSYGI1 A( 2) gSYGMA ( 3 ) E TEj\4P ç SYGtlA ( 1C ) g

v5e

l(.SYGMA(I)yl=409)
388 LINES=LINFS-2
390 CONT I NUE

OUTPUT OF THE NEW PAiìAMETERS ON
LST=4
I SYGMA= 1

NWOR D= 1 9
WRI TE ( PUNCHs4T ) JOBB¡LST rJSIR ¡NATOMp ISyGVA
LINES=0
',V R I T E ( T A P E B ) L .S T s J S E R ç N A T OM E N h/ O R D
DC 396 I=lsNATO14
IF (LINES) 393s393E394

393 tdR i TE ( PR I NTR s43 ) T I TLfc JSER yNPAGE

CARDS c PR I NT,iIì AND TAPE
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WRITE(PRINIRs44)
LINES=50
NPAGE=NPAGE+1

394 WRITE(PRINTRç45) SYMN(I)s SYMB(I)E ATOMN( I)EX(I)çY(I)çZ( i) g

lBISO( I ) 9OCCFR( I ) ç811( I ) g322(I) ¡833( I ) cB23( I ) r813( I ) EB12( i )

LINES=LIf\ES-1
WRITE(TAPEB) SYMN( I )r SYMB( I ) TATOMN(l )rX( I)sY(Il EZ( I )eSX( I ) e

1SY ( I ) rSZ ( I ) ¡BI SO( I ) EVIB I I ) c Ih¡DTRS( I ) c31I ( I I gB22{ I ) çE33 ( I ) E8231 I t,
2BI3 ( I ) çBl2ll I ¡OCCFR ( I )

WRITE(PUNCHs48) JOBB¡LSTeJSERçSYMN( I) r SY,vld( I )eATOMN(i )cX( I )r
1Y ( I ) sZ ( I ) E BISO ( I ) rV I3( I ) c INDTRS ( I ) ¡OCCFR ( I ) cJOBBsLST cJSER rSYMN ( I ) s

2 SYMB( I ) cATOMN( I ) ¡SX( I ) cSY( i ) vSZ( I )

IF(VI3( I ) I 396 s396s?95
395 WRITE(PUNCHE49) JOBBELSTsJSERgSYMN( I ) ¡ SYMB( I ) gATOMN( I ) cB11( I ) s

1322( I ) sB33( I ) g323(l ) o817( l.) gB12( I )

396 CONT I NUE
IB=lB+1
GC TO 35?
END

Thls progrs.m empJ.o.ys bhe GBLS subrouLlne of the f ,IJ.M,

lic Lenbi.f lc subrout,lne Package; f n cal-cuïat'I ng the pa.remet ers n

.shlft"s. Thl-s rovlslon uses the Gaussfarr elfnrfnaLl-on

rnethod for the sotruLlon of the norms.Ï equatLoTtso The

inverse mabrfx of A fs not ce.lculabed.



wel65hLIn6r scheme adcJlblons to the NRC-l-o structure
F-actor Least Squares prograrn by the aubhc¡r"

ilhe etatement fol_l"owfng compuÈer card l0 Lsl
D I M E N s I o N F ( I c ) o F D ( 1 c ) r A F ( 1 c ) s A F D ( I 0 ) ç N R E F ( 1 o )

The
DO8
F(I)
FD ( I
NREF

838 CONT

stat,ernents f ol-lowl ng c omputer carcl 960 are ;
38 I - ro7

A PFEÌIDIX

The statemenbs f collowin6 comlruten card STZO a.re l822 IF(ABS(FOP)- 2O"l 823sBZjsB24
8231=1

GO IO 829
824 IF(ABS(FOP)- 40.) 825E825E826
8251-2

GO TO 82e
826 IF(ABS(FOP)- 70') 821c821g828
B21l=3

GO TO 829
828 IF(ABS(FOP)- 1C0. ) 830¡830¡831
830 I = 4

GO TO 829
831 IF(48.5(FOP)- l4C,) 832g832s833
B32f=5

GC TO 8?-9
833 IF(ABS(FOP)- 190u, 834g834s835
8341=6

GO TO 829
B35l=7
8?9 F(t) = ABS(FOP)+ F(I)

FD(l)=ADELFP+FD(l)
NREF(I) = NREF(I) + 1

The stahements folros*fng ec,mFruÈer earc 6l+i+0 s.re:
DO837[=Is7
AF(I) = F(l)/NREF(t)
AFD(I) - FD(II/NREF(I)
WRITE(PRINTRcS3ó) IEAF( I )sAFD(I ) çNREF( I)

836 FORMAT (l2gt MEAN Fo ISroFltu5g 0 MEAN DELrA F ISrsFlOø5s
1¡ NO OF REFLECTIONSTgI5)

837 CONT I NUE
The etat"ement repls.c Lng ecrûputer cat"i Tió0 is:

269 RTþ/ = 1"/(Iø + 0.1ó9*ABS(FOp))

= 0"0
- vov

I) = vuO
NUE

ïr
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