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Abstract 
The structures of Cu(II)(DTH) 2 (BF4 )2 (where DTH = 

2,5-dithiahexane) and Cu(I)(DT0) 2BF4 (where DTO = 
3,6-dithiaoctane) have been investigated by single crystal 
X-ray diffraction techniquesa After full matrix least 
squares refinement of the structures, with anisotropic 
temperature factors for all non hydrogen atoms in the 
Cu(II) structure, and for all atoms larger than fluorine 
in the Cu(I) structure, the conventional R factor converged 
to a final value of 00057 for the Cu(II) structure, and 
00082 for the Cu(I) complex o 

The dark red crystals of the Cu(II) complex belong to 
the centrosymmetric monoclinic space group P21/ca with 
a= 8a082(3)A, b = 10o282(3)t, c = 11a893(4)! and 
~ = 11503 degreeso Two dithiahexane ligands and two BF4-
ions were found to co-ordinat e to the Cu(II ) ion to form a 
tetragonally distorted octahedron, with four Cu(II)-S bonds 
averaging 20317! in length, and two longer Cu(II)-F bonds 
averaging 2o57~o The four sulphur atoms are part of two 
five mernbered bu(II)-S-C-C-S rings in which both carbons 
are on the same side of the plane containing the copper 
and sulphur atomso 

The colourless crystals of the Cu(I) complex were 
obtained in the non-centric orthorhombic space group 
Pna21, with a= 14o581(2)l, b = 130421(2)! and C = 10o781(2)Ao 
The molecules exist as discrete monomeric species, with no 
co-ordination of the BF4- ion to the metal iono The two 
ligand molecules co-ordinate to the Cu(I) ion to form a 
distorted tetrahedron, with the S-Cu(I)-S angles varying 
between 94o0 and 12101 degreeso The four Cu(I)-S bonds 
average 20307! in length, and hence are approximately equal 
to the Cu(II)-S bonds (within experimental error)o The 
two five membered Cu(I)-S-C-C-~ rings are both in a gauche 
conformation, with one carbon below the plane containing 
the Cu(I) and S atoms, and the other aboveo The BF4- ion 
was disordered and was refined using rigid group restrictionso 

Cu-S co-ordination is thought to occur in some copper 
containing oxidation-reduction proteinso The observation 
of similar Cu-S bond distances when Cu(I) and Cu(II) are 
co-ordinated to thioether ligands (resembling the side 



chain of the amino acid methionine ) may therefore be of 
direct relevance to the copper co-ordination in such 
proteinso 
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CHAPrER I 

INTRODUCTION 
In biological systems metal ions are often found bound 

to proteinso Some of these proteins contain copper ions, 
and in many of these the copper is essential for their 
functiono Most copper proteins are either involved in 
electron transfer ( eog. azurin, l accase), or the trans-
fer of oxygen (eo go haemocyanin)o In the light of these 
functions, it is probable that t he copper oscillates bet­
ween its two oxidation states, vizo Cu(I) and Cu(II)o In 
order to understand any structural changes associated with 
such oxidation-reduction processes, it i s i mportant to know 
and understand the co-ordination requirements of both 
Cu(I) and Cu(II)o A similar knowledge of the co-or dination 
and steric requirements of iron, gained from the study of 
inorganic complexes, was very useful in synthesizing 
suitable model complexes to e lucidat e the oxygen binding 
me chanism in haemoglobin (1) . Although extensive studies 
have been made on many copper proteins, no general conclu­
sions have yet been reached about the nature of the ligands 
responsible for binding the copper, their stereochemistries, 
or indeed, the state of the copper i tselfo Hence, 
structural models for copper-protein i nteraction r e ly to 
a great extent on the co-ordination chemistry of low 
molecular weight comp l exes, since only one co1.,p l otc X-rc.y struc­
tural o.no.lysis of a copper protein Jw.s been c.chiov0d( 49 ). 
1. Probable Ligands for Copper Ions in Proteins 

In proteins, the donor atoms available to act as ligands 
to copper ions are oxygen, nitrogen and sulphuro On the 
basis of the "hard/soft" classification given by Pearson 
(5,12,13), the type of ligands likely to bind to copper 
can be predictedo Thus Cu(I) preferentially binds to 
"soft" bases such as R2S, RS-, CN- and CO because it is a 

"soft" acid. Cu(II), which is near the middle of the 
Pearson scale, preferentially binds to such bases as 
-COO-, H2o, OH- and NH

3
, but may also bind to "softer" 

ligands such as RS-(5,13)o In all metalloproteins whose 
structures have so far been determined, the metal ions 
are bound by the functional groups on amino acid side 
chains. Hence potential copper ligands will probably be 
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confined to those amino acids with suitable side chainso 
These can then be divided into those whose side chains 

are expected to prefer to bind to Cu(II), those that 
should prefer Cu(I), or those that may bind to Cu(II) and 

Cu(I)(5)o To the first group belong serine and threonine, 

lysine, arginine, glutamic and aspartic acids, and his­
tidine, having as their functional groups hydroxyl, amino, 
guanidino, carboxyl and i midazole groups r espective lyo 

The second, a much l ess investigated, group contains methi­

onine and cysteine, which have thioether and sulphydryl 
groups as potential binding siteso From these two groups, 
the ligands most likely to bind to both Cu(I) and Cu(II) 

are histidine, methionine and cysteine (5,14)o As electron 
transfer to and from copper in any 11 valenc e specific" 
environment would not be feasible under physiological 
conditions, suitable ligands in redox act ive copper 
co-ordination spheres are most like ly to be imidazole, 
thioether and sulphydryl residues, these being ligands 
acceptable to both Cu(I) and Cu(II)o It must be remembered, 
however, that in a protein a metal can be forced to accept 
a ligand it would not usually prefer under inorganic 
conditions, because a prepared sit e , depending on the 
protein structure, may be offered to it o 

2o The State of Copper i n Proteins 
Copper atoms in proteins have been classified into three 

main types by Malkin and Mal mstr5m(2) o These are, two 
paramagnetic forms, and one form which cannot be detected 
by electron paramagnetic r e sonanc e (EoP.Ro)o 
Type I Copper 

A characteristic property of this type of copper is the 
intense blue colour it imparts to proteins in which it is 

presento Spectrally, this is seen as an intense band in 
the visible region at about 600nm, with an extinction 
coefficient approximately one hundred times greater than 
that found for any low molecular weight copper complexo 
Since some proteins contain more than one atom of copper 
per molecule (eogo ascorbate oxidase, which contains 8 
atoms of copper per molecule), early theories predicted 

that such unusual spectra may be due to some sort of copper­

copper interaction(3)o It was then discovered that similar 
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spectra could be obtained from proteins with only one atom 

of copper per molecule (eogo stellacyanin)o It is now 
thought that such spectra may be caused by highly distorted 
ligand fields around the metal ion, which are forced on it 
by the protein(2,4,5)o Unusual EoPoRo parameters also 
indicate that in blue proteins at least, the copper ion or 
ions are in an environment of low symmetry(2), which may be 
important for their functiono 

It has been suggested that the intense absorption for 

this type of copper, must be due to a very low energy 
charge transfer band(6), although it is difficult to decide 
whether the ground state is Cu(I)X or Cu(II)X-o The energy 
of the transfer band means that the group x- is strongly 
reducing relative to Cu(II), and the low energy of the d-d 
absorption bands l eads to the conclusion that the site is 
of unusual geometryo Thus, the Cu(II) of "blue" proteins, 
may have an extremely reducing ligand such as -N == or -S- o 
This has now been largely confirmed by N. MoRo and sequence 
studies which indicate that -S is the most likely 
ligand(6)o 

Further evidence that the type I copper ligands include 
sulphur is presented by McMillin et al in two recent papers 
(7,8)o These describe how the Co(II) derivatives of the 
11 blue 11 proteins stellacyanin, plastocyanin and azurin were 
prepared and their spectra analyz edo As ther e was conclu­
sive evidence that the Co(II) and Cu(II) metalloproteins 
were isomorphous, the spect ra of the copper derivatives 
could be analyzed by reference to those of the cobalt 
derivatives, in which the bands were more easily inter­
pretedo The results of such analyses strongly suggested 
that a sulphur ligand was bound to the metal, (Cu and Co), 
and that this ligand was probably of the type RS- (ioeo 
from cysteine)o Further evidence has recently been 
obtained from X-ray photo electron experiments which have 
established directly that sulphur is bound to copper in 
plastocyanin, and that the sulphur is most probably 
contributed by a cysteine residue in the protein(42)o 

Several explanations have been given for the high 
oxidation-reduction potentials found in proteins containing 
type I copper atoms, among which is the suggestion that 
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sulphur ligands are involved at the active site (2), and 
that at such sites, the Cu(I) state is favouredo As 
this stete is favoured in non aqueous environments (4), an 
a dditional explanation has come from asterberg, who 
proposed that the "blue" copper sites must be situated in 
hydrophobic cavities in the proteins o 
Type II Copper 

This is referred to as "non blue" copper as it has 
spectroscopic and E.P.Ro parameters similar to those 
found in low molecular we i ~ht Cu(II) comp lexeso It is 
often found in conjunction with 11 blue" copper in proteins 
which have oxidase activityo This may be because "non 
blue" Cu(II) has an unusual anion affinity, and hence may 
stabilize intermediates such as peroxide, which oay be 
formed during the reduction of oxygeno It is usually 
thought to be bound to nitrogen ligands, as in the protein 
superoxide dismutase, where an X-ray structure determin­
a tion has shown the copper to be bound to four histidine 
residues(49)o 
Type III Co;eper 

In the non paramagnetic form either a cuprous ion (9) or 
a diamagnetic Cu(II)-Cu(II) pair, acting as a two e lectron 
accepting unit(2) is thought to be involved o The suspicion 
that sulphur ligands were involved in the binding of this 
type of copper in proteins dates f rom the investigations 
of Klotz et a l on haemocyanin(10) in 19520 In 1958 they 
reported the species 

which was reinvestigated by Hemmerich in 1966(5)0 It was 
suggested that such a species might be a reasonable 
approximation to that found in natural systemso Beinert 
also suggested in 1966 that in cytochrome c oxidase, where 
there are two different types of copper, one E.P.R. 
detectable and one not, the latter type probably functions 
as an electron acceptor and may involve a disulphide 
system(11). Hemmerich then reported that the E.P.R. 
inactive copper of this protein became E.P.R. active in 
the presence of mercoptide blocking mercurialso Thus 
whether copper is present with a valency of one or two 
or some state intermediate between them an electron trans-



fer must be occurring within the protein, and binding to 

a disulphide group could provide a me chanism for this(5) o 

3. Copper Ion Interaction with Sulphur Ligand Atoms 
As described above, spectroscopic studies strongly 

suggest that sooe of t he copper at oms found i n copper 
proteins have one or more sulphur ligo.ndso Potentia l 
sulphur ligands present in proteins (thiols, thioethers, 
and disulphides ) are a l ready known to interact with iron(II) 

and iron(III)o This has been shown by X-ray diffraction 
studies on single crystals of iron containing proteins and 
low molecular weight iron complexes (4,19). For example, 

the X-ray crysta llographic structures of some ferrodoxins 

have shown that their a ct ive s it es:involve sulphur ligands 
fr om the thiol group of · cysteine(20)oModels of these 

oxidation-reduction prot e ins have been oade by wrapp ing 
synthetic peptide s of t he type Cys-X-X-Cys (where X is 
an amino acid) around i r on-sul phur cluster co mp ounds of the 

type Fe4s4 • In these comp l exes , the sul phur from the 

cysteine residues i s bound to the iron atoms of the Fe - S 
clusters(4,5). Such comp lexes are f ound to have ver y 
similar spectrn and redox potentials to the nat ive proteinso 
The co-ordination of thioether groups i s seen in the electron 
transfer protein cytochrooe Co I n this structure a thio­
ether sulphur atoQ from oethionine occupies the s ixth 

co-ordination position of the iron a tom(50) o I n both the 
iron prote ins mentioned above the metal at om or cluster 
compound a t the centre of the act ive s it e i s bound to the 
apo-protein through a t least one sul phur atom. Thus, it 

could be possible that the ligands which bind the metal 
to the protein play some role in its function of a ccepting 
or losing electrons. As the function of some copper 
proteins is ve~y similar to tha t of these iron proteins 
(i.e. electron transfer or oxidation-reduction) the ligands 
offered to the copper ions by the proteins may be similar 
to those found in iron proteins, and hence involve some 
sulphuro 
4. Small Molecule Studies of Copper Binding Sites 

The structures of very few metalloproteins have so far 

been determined by X-ray crystallography. Even for those 

which have been, the accuracy of the data on the metal 



60 
co-ordination is limited in most cases by the relatively 
low resolution of the protein structure analysiso The 
study of s mall i norganic nolecules, t herefore, provides a 
means of obtaining very accurate data which may yield 

important information on aspects of the ge ometry of r.1etal 
binding sites in r:ietal-protein complexeso The studies of 
copper-peptide complexes by Freerimn ( 15, 16) have shown a 
variety of possible modes of co-ordination between copper 
atoms and ar:iino acid ligands o However, these are mai nly 
concerned with Cu(II) ions and oxygen and nitrogen ligands 

(e o go ar1ino and co..rboxyl groups) some of which would. be 
involved in peptide bond formation i n prote ins and thus 

would probably not be availab le as ligands to metal ions. 
Blue Cu(II) comp l exes i n which the ligands are either 

four ammonia or four i o idazole molecules have been reported 
( 82) but although they have the colour characteristic of 
the "b lue 11 copper proteins, its i ntens ity is much l ess. 

A l ar ge nuober of crysta l structures of Cu (II) comp l exe s 
with nitrogen and oxygen ligands have been determi ned. 
In these conp lexes the ligand is usua lly found to be bound 
to the met a l ion by a single coval ent bond, the oost common 
stereochemistries be i ng s quare p l anar and octahedral 
(distorted)(4,79). Although siople complexes of Cu(II) and 
these ligands are known, chelnted ones are generally found 

to be oore s t able , and hence are predomi nant ( 83)o A number 
of compounds in which Cu(II) is bound to combinations of 
sulphur and nitrogen ligands ( e o g . t h io ser:ii-carbaz ides) 
have also been investigated(17,1 8 ) and although few of the 

ligands are closely comparable with those available in 
proteins, they can give va luab le information about the type 
of bonding possible between Cu(II), and sulphur and nitrogeno 

Most of the Cu(I) crystal structures investigated so f a r 
contain ligands such as acetonitrile, chloride, bromide 
and iodide, which are far removed from the sort of ligands 
available in proteinso However, asterberg has reported 
some Cu(I)-imidazole structures(4) which can be compared 
with very similar Cu(II) coQplexeso X-ray diffraction 
studies have been carried out on Cu(I)-thiourea chloride 
and other similar cornplexes(78), but only a single Cu(!]) 
structure of this kind is known, vizo that of Cu(II)-
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tetramethylthiourea chloride (34) 0 Other structures which 
mny have biologica l significance are those of t he Cu(I) 

thiocarbamates, which for ra c lust er coopounds(17) . These 

can be compar ed with sinilar Cu( II) clusters, and are inter­
esting bccc.us o i n so:-10 coppor pr.otc i ns ( e .. g . c orul op l o.s;:lin), t here 

i;.;. :.1or c them one copper a to11 por :.1olocule nnd clust ,;rs 

could occur " Complexes in wh ich both sulphur and nitrogen 
are co-ordinated to Cu(I) ions have been reviewed, together 

with the sir.1 ilar co-ordination comp l exes of Cu(II) ions 

(17,18) 0 The former cooplexes are i nvar i ably tetrahedral, 
a lthough the tetrahedra may be distort ed(71), and may 
involve some pn or dn bonding between the Cu(I) ion and 

the ligands(79 ) u 
In general, however, ligands containing sulphur as a donor 

a tom to copper ions have been ouch l ess studied than those 
containing oxygen and nitrogen. In particul ar, few 
co r:1p lexes have been prepared invo l ving sulphur ligemds 

similar to the potentia l ligands availab l e in proteins. 
Thioether ligands such as dithiahexo.ne ( DTH), and dithi­
octane (D10), appe ar to offer exc ellent opportunities to 
study the i nteraction of copper ions with a sulphur ligand 
close ly resembling one of those likGl y to b i nd copper in 

proteinso Thi s i s because DTH and DTO are very sioil ar t o 
the side cha in of the amino acid met h ionine. 

Me thionine 

DTH 

DTO 

rH2 
CH3-S-CH2 -cH2-i -COOH 

CH3-S-CH2-cH2-S-CH
3 

CH3-cH2-S-CH2-cH2-S-CH2-cH3 
In addition, it wa s shown by Bergen(21) that both Cu(I) and 
Cu(II) complexes with DI1H ligands could be prepared. It 
was the aim of this project, therefore , to determine the 
structures of a Cu(I) and a Cu(II) complex with the same 
ligand system, in order to compare difference s between 

themo As copper proteins are involved in redox processes, 
a binding site for the copper ion which do es not change 
ligand geometry drastically during the uptake or loss of one 
electron would be expected(14) o Change s in bond length, or 
in the type of bonding, or soall change s in geometry, may 
however be crucially i mportant in the function of such 
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proteinso Although it is unlikely that the geometry around 

the metal ion in these proteins could be simulated, such a 

study cay be of considerable help in further understanding 

about bond lengths and bond typos between copper ions and 

proteinso 
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CHAPTER II 

PRELIMINARY INVESTIGATIONS 
1o Crystallisation 

Cu(II)(DTH) 2BF4 ) 2 nnd Cu(I)(DTH) 2BF4 were prepared and 

characterised by Bergen(21) . Cu(II)(DTH) 2 (BF4 ) 2 was 
recrysta llised by evapora tion froo acetone , and 

Cu(I)(DTH) 2BF4 wa s ~ecrysta llised fro m o 7:3:1 mixture 
of acetone, chloroform and met hanol , by t he s ame method. 

The Cu(II)(DTH) 2 (BF4 ) 2 crys t a ls were dark red in colour 
and needle shaped, nnd the Cu(I)(DTH) 2BF4 crysta l s were 
cream in colour and were obtained oainly a s fragments of 
crystalline aggregat eso Cu(I)(DT0) 2BF4 crys t a ls were 

prepared by Pa l oer (22) and were long thin colourless 
needleso Crysta ls which corap l etely extinguished under 

polarized light , and which appeared to be s ingle and well 
formed, were mounted on glass fibres us ing a quick setting 
adhesive, and then sealed i n gl ass cap illary tubes. 
2o Determinat ion of the Unit Cell Parameters 

The density of a ll t he crystal s examined wa s DGasured 
by f lotat ion in a hexane-iodo ne thane Dixture o From the 
density, the nuober of oolecules of each compound i n its 
respective unit c ell could be c a l cul at ed using the formu l a 

n = 

wher e Vis the volume of the uni t cell 
P is the density of t he crystal 
N is Avogardro's Number 

Mis the oolecular weight of the compoundo 
Oscillation, Weissenberg and Precession photographs 

were taken on a Phillips 1130/00 X-ray generator using 
nickel filtered CuKa radiationo Results were as follows: 

(a) Cu(II)(DTH)2(BF4)2 
Oscillation and Weissenberg photographs showed the 

crystals to be monoclinic, with hol reflections system­
atically absent when 1 = 2n + 1 and oko reflections 
systematically absent when k = 2n + 1. The space group 
was therefore uniquely defined a s the centrosyrametric space 

group P21/co The distance between the l ayer lines on the 
oscillation photographs, and between the spots a long the 
axes of the Weissenberg photographs, gave unit cell 

L: .. :.A 
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dimensions of a= 8g096!, b = 100425! and c = 110 812!0 

~ was raeasured from the separation of the axes on the hol 
photograph and was found to be 11502 degreeso The density 
of the crystals was r.rnasured as 1 o 8 gm/ cn3 , and a ssuming 
a molecular we i ght of 48104, the numbe r of mo l ecul es per 

unit cell was ca lculated to be 2o 

(b) Cu(I)(DTH)2BF4 
The Weissenberg photographs of the crystal . showed an 

axi a l repeat every 30nm (60 degrees)o Confirmation that 
this h igher syonetry did exist was sought by taking 
oscillation photographs at steps of 60 degrees fro ra the 

original position, through 360 degreeso It was found that 
photographs taken at intervals of 120 degrees were identical, 
showing the crystal to be oounted a long a three fold axis o 
Precession photographs were then taken to a id f urther 
identification of the space group, which was subsequently 
f ound to be a rhombohedral l att ic e based on a hexagonal 
referenc e systeo ( rhoobohedral inverse )o Systematic 
absenc es in the hkl reflections were found when - h + k + 1 = 

3n + 1 or 2, and i n the hol ref l ections when h + 1 = 3n + 1 
or 2, and when 1 = 2n + 1, indicating that the crystal 
belonged td the space group R3co The cell constants 

calculated were a = b = 240565!, c = 140 99i, a.= ~ = 90 degrees, 
~ = 120 degrees, f = ·L56 gr.1/cr}, n = 18. 

(c) CU(I) (DT0)2BF4 
Oscillation, Weissenberg and Precess ion photographs 

showed the crystals to have orthorhomb ic symmetryo 

Reflections okl were systematically absent for k + 1 = 2n + 1, 
and hko reflections were absent wh0n h = 2n + 1, indica ting 
the space groups Pna21 or Pnmno The cell constants calcu­

lated were a= 14.88"-, b = 13o4~, C = 10076.~., a.= ~=r = 90 
degrees, fJ = 1 .405 gm/cm3 , n = 40 

Since the space groups Pna21 and Pnma belong to the 

point groups mm2 and mmo respectively, the number of 
asymmetric units per unit cell nay suggest the proper choice 
of space groupo The number of r:iolecules per unit cell was 
calculated to be 4, the number of asyrtlmetric units given 
for the point group mm.2, whereas the nuBber for the point 
group mmm is Bo As a unit cell can contain fewer- molecules 
than asymmetric units only if the oolecules possess one or 
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more of the point syDmetry elements which appear in the 

space group, and can position themse lves in the cell so 

that the corresponding elements coincide, it was thought 

that the proper choice of space group was Pna21 o This was 

because Pnma is a centrosymmetric space group, and would 

therefore require the molecules to contain a centre of 
symmetryo The usua l stereocher:iistry of Cu(I) cor.1plexes 

of this type is tetrahedral, and the molecule s are there­

fore unlikely to be centrosymmetrico 

3o Choice of Crysta ls for Structure Deteroination 

It was the original aii:1 of this thesis to compare the 

structures of a Cu( II) cor,1p l ex and a Cu( I) cor:iplex with 
exactly the same ligand system i n eacho Only one Cu(II) 

thioether comp l ex was available, that of Cu(II)(DTH) 2 (BF4 ) 2 o 

The corresponding Cu(I) cooplex 1 Cu(I)(DTH) 2BF4 , could only 

be obtained as aggregates of crystals, from which it was 
virtually i mposs ible to obtain single fragnents suitable 

for structure analysis. It was therefore decided to deter­

mine the structure of the closely related Cu(I) complex 
Cu(I)(DT0) 2BF4 , which differs only in the substitution of 
ethyl groups f or the methyl substituents on the sulphur 

atoms of the ligand o The for@u l a and nuLlbering systems for 

these two molecules are shown in Figures 1, 6 and 7o 
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CHAPrER III 

STRUCTURE DETERMINATION FOR Cu(II)(DTH)2(BF4)2 
1o Data Collection 

Intensity measurements were made on a Hilger and Watts 

four circle diffractometer controlled by a PoDoPo 8/I 
computer, using MoKa radiation ( .A = 0070171\.) o The crystal 
was mounted along its needle axis (b) and the 2G,c..u, ~ and 

settings were determined using tw~lve strong reflections 

which were well dispersed in reciprocal spaceo These values 
were used in a least squares refinement of the cell para­
meters and orientation matrix . The resulting cell para-

o 
meters were a= 80082(3)1\., b = 1002821\., c = 11. 893 (4)A, 

a = 90.0 de grees , ~ = 115. 3 degrees,~ = 90.0 degrees, 
where the standard deviat ion in the least significant 
figure is g iven in parentheses following each parametero 
Intensities were r.1easured by a 2G-<AJscan through ea ch 

reflection, consisting of 50 steps of 0.02 degrees, each 
lasting one second. Background counts were taken for 10 
seconds at the beginning and end of each scan. Three 

standard reflections, O O 6, 0 6 0, 7 O -2, were rie a sured af ter 
each batch of 50 reflections, to chec k for crystal damage, 
misalignment and t he general working precision of the 
apparatus. Reflections measured were of the t ype hkl, hkT, 

hKl and hfl, each be ing measured once, and the measurements 
being taken up to an angle of G = 25 degrees. This gave a 
total of 3840 reflectionso 
2. Data Reduction 

Integrated intensities were calculated by the compute r 

program HILGOUT(81) using the relationship 

Intensity = Scan-(BG1 + BG2) * TSCL. 
Where Scan = the tota l count for the step scan 

BG1 = the first background count 
BG2 = the second background count 
TSCL = the ratio of the peak to background 

counting times 

= 2.5 
Standard deviations were calculated for each reflection 

using the equation 

()Ihkl ={Scan+ (BG1 + BG2)~SCL 2 +(F8IG X Ihkl)~7
112 

where FSIG was given the value 0.05. 
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The data were then corrected for Lorentz and Polarization 

effects in the usual way(23)o For MoKa radiation, the 

linear absorption coefficient for Cu(II)(DTH) 2(BF4 ) 2 is 

µA = 17u99cm- 1 o The dimens ions of the crystal used in 
the data collection were Oo7 x Oo4 x Oo3 mm, so that the 
cylindrical absorption factors over the range of sin 9 

values in the data collection ranged from 3 o16 to 2o48o 
Because of the difficulties in allowing for absorption by 

the capillary tube, and because this range of absorption 
factors was not considered too gr eat , no correction was 
made for absorptiono 

Except for the reflections systematically absent, all 

data were retained, none being rejected as 11 not significantly 
above background"o The maximum variation in the intens ities 

of the standard reflections over the whole data collection 
was less than 3CJ, and no decay corrections were therefore 
applied. Equivalent reflections were averaged to g ive a 
final data s et of 1584 ref lections o Of these 234 were loss 
than (J, 108 were between uand 2u, 92 were between 20-and 
3CJ, and 1146 were greater than 3CJ:' 
3o Structure Determination 

Atomic scattering factors f or Cu, S, C, F , Band H were 
taken from the "International Tables f or X- ray Crystallo­

graphy" (24)o For copper, the values were corrected for 
anomalous dispersion using values frora the same source. All 
calculations were carried out on a Burroughs B6700 cornput ero 

The equivalent positions for the spa c e group P21/c are 

(I) x,y,z; (II) x,y,z ; (III) x,1/2-y,1/2+z; (IV) x,1/2 + y, 
1/2 -zo As the number of molecules in the unit cell had 
been found to be 2, the copper atom was assigned to a centre 

of symmetry at (O,O,O)o The position of the copper atom 
was used to give an estimate of the phase of each reflection 
using the equivalent tan a= B/Ao 

Where B = !· fj sin 2n(hxj + kyj + lzj) 

A= f fj cos 2n(hxj + kyj + lzj) 

and F =A+ iBo 
When a crystal has a centrosymmetric structure and the 

symmetry centre is chosen as the origin of coordinates, 
then for every atom at a point xyz there is another at 
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xyzo Thus B = 0 because sin (-x) = -sin x, and the sine 
terms sum to zero in pairs. 

0 

J/2 _,,,. 
2 <.. 

j=1 

tan a.== tan 0 

f . cos 2n ( hx . + ky . + 1 z . ) 
J J J J 

o 0 o0.hkl = tan-10 = 0 or n. 
Only reflections with k + 1 == 2n were used in the calcul­
ations because the copper atou , as a result of it s special 
position, contributes to these alone~ 

An electron density nap was then calculated by the 
conpute r program FOURIER(25) using the expression 

= ~ { { ~ I Fhkll exp i a. exp - 2ni (hx + ky + lz) 

where the jFhkll val ues were the measured amplitudes , and 
the phases a. were those of the copper aton contributiono 
The resulting electron density map showed strong peaks 
for the sulphur atoms. These were then included in the 
phase deterLlination and a further electron density map was 
calculated using the new phases. Isotropic temperature 
f actors were introduced for each a tom to account for the 
thermal mot ion. The reoaining atoms were identified from 
electron density naps by assuning approxi raate bond lengths 
and angles as fo llows: S-C, 1.81!; C- C, 1.54!; Cu-F, 
2o1!; B-F, 1o54! ; C- H, 1.08! ; F-B-F, 109 degrees; 
S-C-S, 109 degrees ; F-Cu-S, 90 degrees(31) . Thus the 
positions of the 4 carbon atoms and 1 of the f luorines were 
determined f rom the map phased by the copper and two 
sulphur atoms , and a further map then r evealed the positions 
of the reLlaining three fluorine atoms, and the boron atom. 
No other large peaks remained unaccounted for. 
4. Refinement of the Structure 

The structure was refined by o inimising ?_ w( jF 
0

1 - /F cl ) 2 , 

where IFJ i s the observed structure factor magnitude , 
and IFd is the calculated structure factor magnitude, 
using the full matrix least squares program CUCLS(26). 
The weight w was estinated fro m the standard devi ations 
in each measurement using the relationship 

w = 4 IFl 2 /if 2 
( !FI 2 ) 

A total of 1238 reflections with IF 
0
j 2 > 2 iftF 

0
1

2 were used 
in the ref i nemento The conventional R factor or residual 



index R, is given by 

R = ~ ( jF tj - k IF d ) 
•~\Fol 

where k is the scale factor used for the datao This function 
was used to indicate the degree of agreem&nt between the 
observed and calculated structure factors. A weighted R 
factor was also calculated using the relationship 

2 

The estimated standard deviation or error E in an obser­
vation assigned unit weight was given by 

E =/ ~w( IF ol - k '1cl ) z 
NO NV 

where NO= the number of reflections or observations 
NV= the number of variables or para.m&te.rs refined. 

The weighted R factor or the error E were taken as being better 
indicators of convergence than the conventional R factor, 
R, which is not a function of the weighting of the data o 

Three cycles of least squares refinement in which iso­
tropic temperature factors were used for all atoms reduced 
R from 0 . 278 to 0 . 138. Anisotropic temperature factors were 
then calculated for all atoms, but because of the limit on 
the number of parameters which could be refined si.mult.aneoualy., 
each complete cycle of refinement had to be done in two 
alternate blockso Thus, the Cu(II) DTH atoms were refined 
as one block, followed by the BF4 atoms as the other. 
After two cycles of refinement, the positional and thermal 
parameters of the Cu, Sand C atoms converged, further 
refinement of them having little effect on the R factoro 
However, the positions of the atoms of the BF4 group tended 
to oscillate, perhaps because of high thermal parameters or 
some degree of disorder, so that 9 cycles of refinement of 
these atoms were required to bring about a convergence 
of the R factor at 00067. During this refinement, several 
difference Fourier maps were calculated to check the 
positions of the atoms in the groupo A final least squares 
cycle of the Cu(II) DTH atoms brought the R factor to 00064 

and the weighted R factor to 0.0900 The hydrogen atoms 
were then located from a difference Fourier map and inclusion 
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of these positions in the structure factor calculation 
reduced the R factor to 00057 and the weighted R factor 
to Oo080o The hydrogen atom parameters were not refined 
because of the small number of data, and were thus 
designated B values approximately 1o2 times those of the 
carbon atom to which they were attached(64)o The final 
standard error in an observation of unit weight for this 
structure was 107846 electronso A final difference Fourier 
was then calculated, the principal features of which are 
shown in Table Io 

Peaks 1-5 are in the immediate vicinity of the BF4 
atoms, and presumably reflect the inadequate treatment of 
thermal motion or disorder, in the BF4 groupo The trough 
(peak 5) is very near one of the fluorines ( 0~ 4301, 002737; -
Oo1766)o However, difference syntheses can return correctly 
placed atoms in holes which have minima of approximately 
1e/A3(23) for a variety of reasonso One of the most 
common of these is the use of temperature factors which 
are too small o This has the effect of i ncreasing the 
calculated peak density above its true value o That these 
features are signs of disorder in this group of atoms is 
suggested by their l~rge amplitudes of vibration, 
particularly along the z axis (Table Ii/)o Si milar amplitudes 
of vibration have previously been f ound for the a t oms of 
free BF4- ions (63)o Peaks 6 and 7, and 8 and 9, are all 
in the vicinity of C(6) and C(7) and may reflect some dis­
order in this part of the DTH ligando 

TABLE I - PRINCIPAL FEATURES OF FINAL DIFFERENCE FOURIER 

Peak Number x/a y/b z/c e .. A-3 

1 -002019 002994 -001791 10066 
2 -001584 002354 000033 0 .. 924 
3 -003273 003261 -0.2108 . 00825 
4 003975 002702 -000728 00731 
5 -0 04198 003022 -001721 -10573 
6 -000366 -000651 002522 00853 
7 -000749 -000040 0.2444 -10629 
8 -003260 000036 Oo 1299 -1.047 
9 -001096 000566 002166 00876 

It was noted that the C-C bond was in fact shorter than 
expected (1o37A) and that when a plane was calculated through 
the Cu(II) atom and the two sulphur atoms of one ligand, 
both of the bridging carbon atoms were on the same side of 
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the planeo As this was unexpected (see description of the 
structure), and as there was a suggestion of some disorder 
about C(6) and C(7) in the final difference Fourier, a 
disorder model was introduced in which C(6) and C(7) were 
each treated as two half atoms approximately Oo7i apart 
(48), (see Figure 3)o Three cycles of least squares 
refinement of this model, in which x, y, z and B were 
varied gave final values of R = 00059, Rw = 00080 and 
E = 1a8017 electronso The R factor and Standard Error for 
this model are thus slightly higher than for the unmodified 
structure /00059 cfo 00057; 108017 cfo 1078467, although 
the weighted R factors are the same in both cases o These 
values indicate that the bond lengths for the disorder 
model after refinement are probably less reliable than the 
original oneso 

The final fractional co-ordinates and isotropic tempera­
ture factors for the atoms involved in the disorder mode l 
are shown in Table II. The numbering system is the same as 
that shown in Figure 3, and the standard deviation in the 
least significant figure is given in parenthes es following 
each parametero 

TABLE II - FINAL FRACTIONAL CO-ORDINATES 
OF THE DISORDER MODEL 

Atom Occupancy x/a y/b z/c B(i 2 
) . 

C-VI Oo5 -00076(4) 00005(2) 00241(3) 8a0(6) 

C-VII Oo5 -Oa056(1) -Oa065(1) Oa245(1) 2a2(2) 

C-VIII 0.5 -00218(3) -Oa074(2) Oa165(2) 7.0(4) 
C-IX Oo5 -00259(2) -Oa027(2) 0.148(2) 3o7(3) 

Observed and calculated structure factors have been 
tabulated (Appendix 1). The final fractional co-ordinates 
and anisotropic and isotropic temperature factors of the 
atoms not related by a centre of symmetry are shown in 
Tables III and IV. The numbering system corresponds to 
that shown in Figure 1, apart from the hydrogen atoms which 
are numbered consecutively, as well as according to the 
carbon atom to which they are attached. 



TABLE III 

FRACTIONAL CO-ORDINATES OF NON CENTROSYMMETRICALLY 

RELATED ATOMS OF Cu(II)(DTH)2(BF4)2 

ATOM x/a y/b z/c B(a) 

Cu 1 OoOOOO OoOOOO OoOOOO 
s 2 Oa0883 (2l 000596 t) 0.2056 (1) 
s 3 -Oa2770 ~~ -000677 ~~ -0.0053 ~~~ C 4- 00304- -000139 002992 
C 5 -0.286 ( 1 ) -0 . 24-19 (7) -000233 (8) 
C 6 -00064 (1l -Oa04-6 ( 1 ) 0024-18 (8) 
C 7 -0024-3 ~J -0004-3 r) 001541 ( 8 ) 
F 8 -002361 004-258 t~ -000581 (5l F 9 -001331 (7 002263 -000834- (6 
F 10 -004-293 (8) 00274-2 6) -001770 (6 
F 11 -00291 (1) 0024-83 (6) 0.0227 (7) 
B 12 -00274- (1) 002982 ( 8 ) --0.0800 (8) 
H 5 -00290 -00260 - Oo 100 6.6 
H 5 -0.390 -00277 - Oa027 606 
H 5 -0.170 -0.2813 00 0355 6.6 
H 7 -0.330 -00114-6 0.160 10o0 
H 7 -00275 0004-17 0.1552 10.0 
H 6 -0.04-0 -000156 00334- 10o0 
H 6 -00020 -00135 0024-0 10o0 
H 4- 00290 -00110 00286 706 
H 4 00330 OoOOO 003784- 7 °6 
H 4- 00380 -000156 002073 706 

(a) Isotropic temperature factors are of the form 

exp /=B (sin2 g)/,\.~7 where B = 8n 2 µ 2
, and µ 2 is the 

mean square amplitude of vibrationo Temperature factors 

of all non hydrogen atoms are shown in Table IV~ . 



TABLE IV 

THE ANISOTROPIC TEMPERATUREFACTORS(a) ANDR.M.S. AMPLITUDES OF VIBRATION(b) FOR ALL NON/HYDRO_GENATOMS 

Atom B, 1 

Cu 0~0134(2) 
S 0.0187(3) 
S 0.0157(3) 
C 0.020 (1) 
C 0.025 (2) 
C 0.024 (2) 
C 0.034 (2) 
F 0.040 (1) 
F 0~022 (1) 
F 0.028 (1) 
F 0:088 (3) 
B 0.016 (1) 

B22 

0.0079(1) 
0.0114(2) 
0.0121.(2) 
0.0131(8) 
0.0102(8) 
O. 043 ( 2 ) 
0.029 (2) 
0.0109(5) 
0.0187(6) 
0.0230(8) 
0.0183(8) 
0.0103(8) 

B33 

0.0062(1) 
0.0076(1) 
0.0087(2) 
0.0077(6) 
0.0146(9) 
0 . 0096(7) 
0.0106(8) 
0.0173(6) 
0.0239(8) 
0 .0230(7) 
0. 027 ( 1 ) 
0.0105(7) 

B12 

0.0008(1) 
-0.0000(2) 
-0.0016(2) 

0.000 (1) 
-0. 005 (1) 
-0.008 (2) 
-0.014 ( 2) 
-0.0012(7) 

0 . 0016(7) 
0 . 0067(9) 

- 0.003 (1) 
-0.001 ( 1) 

B.13 

0. 0042 ( 1 ) 
0.0053(2) 
0.0057(2) 
0.0039(7) 
0.008 (1) 
) .01 0 (1) 
0 .011. (1) 
0.0156(8) 
0 . 0092(7) 

-0.0044(9) 
0.036 (2) 
0.0059(9) 

~j 

0.0003(1) 
-0.0015(2) 

0.0006(1) 
0.0003(6) 
0.0006(7) 
0. 001 ~ 1) 

-0.003 (1) 
-0.0009(5) 
-0.0068(7) 
-0.0093(7) 

0.0005(8) 
- 0.0028(7) 

(a) The anisotropic thermal parameters are of the form 

exp/- ( B 
1

.,i-i2 + B22 k2 + B
33

12 + 2 B12 hk + 2 B13 hl + 2 B23kll7 

µ.:.x 

0.1791 
0.1998 
0.1922 
0.2105 
0.1943 
0.1813 
0.2191 
0.2415 
0.2211 
0.2354 
0.2670 
0.2036 

).l 

0.1915 
0.2244 
0.2242 
0.2458 
0.2757 
0.2743 
0.2571 
0.2729 
0.2810 
0.2870 
0.3206 
0.2070 

)l '.z 

0.2095 
0.2542 
0 .2601 
0.2669 
0.3048 
0 .4,873 
0.4218 
0 .3420 
0 .4123 
0 .5019 
0.5020 
0 .2703 

(b) 

(c) 

These values correspond to the root mean square amplitudes of vibration in Angstrams 
of the atom along the three principal axes of its vibration ellipsoid . 

The standard deviation in the least significant figure is given in parentheses 
following each parameter. 

~ 

\..O· 
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5o Description of the Structure 

In this complex the asymmetric unit comprises one halL 
of the molecule, the copper atom being situated on a centre 
of symmetryo Thus, the two halves of the molecule are 
related and must be identicalo Interatomic distances and 
angles (with standard deviations) are shown in Tables V and 
VI, and the overall geometry of the molecule is shown in 
Figure 1o The molecules are monomeric, and are separated 
by normal van der Waal's distances , with no abnormally short 
intermolecular contactso The arrangement of molecule s in the 
unit cell is shown in Figure 2o 

The Cu(II) ion is octahedrally surrounded by six ligands 
consisting of four sulphur atoms from the two DTH molecules, 
and two fluorine atoms from the two BF4- groupso Because of 
the restrictions imposed on the symmetry of the molecule by 
the space group, the copper atom and the four sulphur atoms 
are necessarily co-planaro The Cu(II)-S bonds are 20315 ~ 
0.002! and 2.319 ~ OQ002! in l ength, and the Cu(II)-F bond 
is 20580 ~ 0.002! long , so that the octahedron is tetragonally 
distorted u 

When the ligands are mainly ubonding (e ugu sulphur) the 
preferred stereochemistry of the Cu(II) ion is octahedral 
rather than square planar o However, because it is d9, 
its geometry should be distorted fr om normal octahedral symmetry 
due to a combination of the J ahn-Teller and Pauling Electro­
neutrality effects (32). The static form of this distortion 
is usually a tetragonally distorted octahedron(32), and, 
in such complexes involving monodentate ligands, the axial 
fifth and sixth ligands are often bonded at a distance approx­
imately 006! greater than the bonded distance of equatorial 
ligandso The Cu(II) ion can thus be considered ellipsoidal 
rather than spherical, its in plane radius being approximately 
1.3! and its out of plane radius being approximately 1.91, 
depending on the degree of tetragonal distortion (32)o Using 
these values for the covalent radii of the Cu(II) ion, and 
assuming covalent radii of 1o04! for sulphur and Oo64! for 
fluorine(31), the predicted Cu(II)-S and Cu(II)-F single 
bond lengths for a tetragonally distorted structure are 
about 2o34 and 2o54! respectivelyo These values are very 
similar to those found in the structure determination (2.317 
and 2.580! respectively). A similar stereochemistry has been 
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TABLE V - INTERATOMIC DISTANCES (ANG8TR()M8) 

Bonded Distances 

Cu(1i-S(2) 
Cu(1 -8(3) 
Cu(1 -F(9) 
S(2)-C(4) 
S12)-C(6) 
S 3)-C(5) 
S 3)-C(7) 
C(6)-C(7) 
B( 12)-F( 10) 
B(12)-F(8) 
B(12)-F(9) 
B(12)-F(11) 

20315+0 .. 002 
20319+0.,002 
20579+0.005 
1.783+00007 
1o83 +Oo01 
1.800+0.008 
1.811+00008 
1.37 +Ou01 
1.312+00009 
1.346+0.009 
10374+0.009 
1o38 +0.01 

Non-Bonded Distances 

Intramolecular 

S(2)-C(7l 
S(3)-C(6 
C14)-C(6 
C 5)-C(7) 
S 2)-8(3) 

2o694+0.009 
2.700+0.009 
2.77 +0.01 
2.85 +0.01 
3.215-

C(4)-H(20) 
C(4)-H(21) 
C(4)-H(22) 
C(5)-H(13) 
C(5)-H(14) 
C(5)-H(15) 
C(6)-H(18) 
C(6)-H(19) 
C(7)-H(16) 
C(7)- (1?) 

8(2)-S(2)ii 
8(3)-8(3) 
C(4)-F(10±iI 
C(4)-8(3)Ir 
C(5)-S(2) 
C(5)-F(9) 11 

Intermolecular Non Bonded Distances 
I IV C(4)I - F(10:tII 

C(4) - C(5) 
C(7)I - F(8)IV 

C(4)I - F(8)III 
C ( 6 ) I - F ( 8 ) IV 

1o00 
0088 
0.82 
0.92 
Oo90 
0.98 
1007 
0.99 
1. 04 
0.91 

3.34 
4.64 
3u40 
3.51 
3.71 
3.07 

N.B. The Roman numerals refer to atoms i n the unit cell 
related by the f ollowing symmetry transformations. 

I 
. . -
III 

All 
the 

-x, y, z II x, y, z 
1 1 1 1 x, ~ - y, ~ + z IV x, ~ + y, ~ - z 

interatomic distances and angles were calculated using 
computer programs CORFEE(28) and DANTEP(27). 
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TABLE VI - INTERATOMIC ANGLES (DEGREES ) 

8(2) -Cu(1)-S(3) 87086 ::. 0,.06 H(22)-C(4)-H(21) 1240 8 
S(2) -Cu ( 1 ) -F ( 9) 93o2 + Oo1 H(22)-C(4)-H(20) 8801 
S(3) -Cu ( 1 ) -F ( 9) 9"1o3 + Oo 1 H(22)-C(4)-S(2) 11 700 
C(4) - S(2) -C( 6) 10002 + Oo4 H(21) - C(4) -H( 20) 10606 
C(6) -8(2) -Cu( 1) 99o2 ::. Oo3 H(21)-C(4)-S(2) 10804 
C(4) -8(2) -Cu(1) 108 07 + Oo2 H(20)-C(4)-8(2) 10709 
C(5) -8(3) -C( 7) 104 01 ::. Oo5 H(14)-C(5)-H(1 3) 10308 
C(5) - 8(3 ) -Cu( 1) 10608 ::. Oo3 H(14)-C(5)-H(15) 117 00 
C(?) -8(3) -Cu( 1) 10208 !. Oo3 H(1 4)-C(5) - S(3 ) 11302 
C(7) -C(6) - S(2) 113 08 + 008 H(13)-C(5)-S(3) 1070 6 
C(6) -C(7) -8( 3) 11504 .::. 007 H(13)-C(5)-H(15) 10308 
F(10)-B(12)-F( 8) 11401 !. Oo7 H(15)-C(5)-S(3) 11003 
F( 10)-B(12)-F(9) 11103 + 00 6 H(19) - C(6) -H(1 8) 11206 
F(10)-B(12)-F(11) 106 06 + 00 8 H(19)-C( 6)-C(7) 106 01 
F(8 ) -B(1 2)-F( 9) 11401 + 006 H(1 9)-C( 6) - S(2) 10501 
F(8) -B(12)-F(11) 1060 9 + 0 06 H(18)-C(6) -C(7) 11509 
F(9) -B(12)-F(1 1) 10208 .:. Oo7 H(18)-C( 6)-S(2) 103.0 
H(17)-C(7) -H(1 6) 1180 1 H(17) - C(7)-C( 6) 10209 
H(17)-C(7) -S(3) 10305 H(16) - C(7) - C( 6) 11700 
H(1 6)-C(7) -S(~) 11503 
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found in the structure determination of bis( ethylenediamine) 

copper(II) fluoroborate ffiu(II)(en) 2(BF4 )&A33), where the 
Cu(II)-N bonds are 2o02 ~ 0.01! and 2o03 ~ Oo01! in length, 
and the Cu(II)-F bonds are both 2o56 ~ Oo01A long. Pre­
dicted values in this case are 2o54! for the Cu(II)-F bonds 
as above, and 2oOOA for the Cu(II)-N equatorial bonds 
assuming covalent radii of 0.70! for the nitrogen, and 1o3A 
for the Cu(II) atomo 

The average Cu(II)-S bond length at 2.317A is thus 
slightly shorter than expected for a single bond, which may 
indicate a very slight degree of n bonding or a highly 
covalent bond (84,85)0 Cu(II)-S bond l engths which have 
been found in other complexe s with varying stereochemistries 
are listed in Table VII. On comparison with these, it can 
be seen that the average copper-culphur distance found in 
this complex, Cu(II)(DTH) 2(BF4 ) 2 , agrees favourably with that 
found in three of the complexes listed (34,54,55)0 However, 
it is significantly longer than the dist ances reported for 
three other structures(35,39,40 ), and slightly shorter than 
those found in two of the comp lexes (36,37) o Ono of the 
complexes(38) which has a square planar stereochemistry has 
one type of Cu(II)-S bond which is significantly shorter than 
that found in Cu(II)(DTH) 2(BF4 ) 2 , while the other is slightly 
longer. 

The S-Cu(II)-S bond angle of 87 .86 degrees is slightly 
smaller than the expected value of 90 .degreoso This decrease 
is probably due to the chelate effect since it is very similar 
to the value found for the N-Cu(II)-N angle in Cu(II)(en) 2 
(BF4 ) 2(33), /S6.4 ~ Oo5 degrees7 " 

The Cu(II)-F distance is very similar to that found in 
Cu(II)(en) 2(BF4 ) 2 , although it is slightly longer than expected 
[.2.58t Cfo 2o54A7o At such a distance /~u58t compared to a 
theoretical single covalent bond distance of 2o0~ f or an 
undistorted environment7 the fluorine atom can be said to be 
"semi-co-ordinated" to the copper, where this term implies 
weak bonding at a definite distance(32,33)o 

The average C-S bond length is 1.806 ~ 00011!, which is 
very similar to the expected single covalent distance of 
1o81!o Similar values were obtained by Larsen in the struc­
ture determination of (tetracarbonyl-dithiaoctane)chromium(o) 
(47), where the average C-S distance was found to be 



TABLE VII - COMPARISON OF Cu(II)-s BONDLENGTHS OF Cu(II)(DTH)2(BF4)2 WITH THOSE 
OF OTHER STRUCTURES 

COMPOUND FORMULA STEREO- Cu(II)-S Ref. 
CHEMISTRY DIS'l'ANCE ( i) 

bis(thiosomicarbazide )copper(II)nitrate cu(NH2NHC(NH2)S)2 tetragonal 2.286 (39) 

(N03)2 

bis(thiosemicarbazide )copper(II)sulphate Cu(NH2NHC(NH2)s) 2 square 2.25992.266 (40 ) 
so4 

pyramidal 

bis(N,N-di-ethyldithiocarbamato) Cu(CS2 .NEt 2) 2 square 2.32 (54) 
copper(II) pyramida l 

bis(N,N-di~n~propyldithiocarbamato ) 
n tetragonal 2.325 (55), Cu(CS2 .NPr 2 ) 2 

copper(II) pyramidal ( 4 1) 

bis(N-cyclohexylthiopicolinamidato ) C24H30CuN4S2 souare 2.252, (35) 
copper(II) planar 

bis(pyrolidonecarbodithioato)copper(II) Cu(CS2.t:·c4H3)2 sq. planar 2.342,2.345 (37) 

bis(N~methyl-N-phenyldithiocarbamato) 
copper(II) 

Cu ( CS 2• N1VIePh ) 2 sq. planar 2 . 33, 2 .27 (38) 

dichlorobis(t et ramethylthiourea) Cu(SCN2Me 4 ) 2Cl 2 distorted 2.306,2.323 (34) 
copper(II) sq. planar 

NN'tetramethylene bis-(2 pyridinaldimin~ C£(C~gH) 8N6) trigonal 2.344 (36) 
thiourea copper(II) perchlorate /SC( 2 2 ( 104 ) 2 bipyramidal 

bis-(2,21bipyridyl)thiourea copper(II) C~(Ci~H(f)2 trigonal 2.344 (36) 
perchlorate LSC( 2 (C104 ) 2 bi pyramidal 

bis(2,5-dithiahexanetetrafluoroborate) Cu(CH3s cH2CH2ScH
3

) 2 distorted 2.317 (This 
copper(II) (BF

4
) 2 octahedral work) 

f\) 
CJ) 
• 
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10817 ~ Oo001Ao However, values as high as 1o 86A have been 

reported f or C-S single bonds(52 )o All the Cu(II)-S-C 

and C-S-C bond angles are approximately tetrahedral, 

suggesting that the sulphur atoms are p~obnbly sp3 

hybridsQ 

As previously ment ioned, the C-C bond was found to be un­

usually short at 1 .37 ~ Oo01A o In comparison with other C-C 

bonds , its length lies between that g iven for a double bond 

L'1035i7 and that of a single b ond /1.54t7 and i s comparable 

to a delocalized carbon-carbon b ond, as in benzene 

/1 037 - 1o42!, (43,38,36l7o As spectroscopic, chemical 

analys is(21) and mass spectrometry had shown the ligand bound 

to the copper to be dithiahexane,with a C-C single bond , it 

was thought that the thermal motion of the two atoms involved 

in the bond may be responsible for an apparent shortening of 

the bondo This is because the atomic co-ordiLates resulting 

fr o m a crystal structure analysis;reprcsent maxima in the 

electron density arising from the combined effects of the 

atomic structure and thermal di3placement. When the distance 

between atoms is comput ed, it is t he distance between a pair 

of these positions, and as such, is only valid when the thermal 

displacements are negligibly s~all. Cruickshank showed that 

an immediate consequence of anisotropic vibrations, is that 

the maxima of atomic peaks in electron density maps are 

closer to the centre of rotation than they would be otherwise, 

resulting in an apparently decreased bond leng t h (45,46)o 

Busing and Levy(51) have shown that useful estimates of 

corrections needed for thermal effec ts can be made fro m 

simplified models of the vibrating system of a pair of atoms. 

Where w1 and w2 are the R.M.S. amplitudes of vibra tion 

of atoms 1 and 2, perpendicular to the bond between them, 

the corrected bond length R1 is related to the uncorrected 

value R0 by the expression 

R1 = R0 + w2 /2Ro 

The value of w2 varies depending on the model assumedo These 

models are as follows: 

(a) If the two atoms are vibra ting as a whole in phase, then 

W
2 is a minimum) ioe o 

w2min = (w1 - w2) 2 
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(b) If it is assumed that the two atoms are vibrating as a 

whole, but atom(2) is executing an independent motion 
superimposed on this, then t he 11 riding 11 mo de l applies 

W 2 _ W 2 W 2 

r iding - 2 - 1 

(c) If the two atoms are vibrat ing independently, eog. 

intermolecular distances 
w2 . = w 2 + w 2 

1nd 1 2 

(d) I f the two atoms are vibrating comp l ete l y out of phase, 
then w2 is a maximum 

w2 max = (w1 + w2)2o 

The computer program CORFEE (28 ) was used to ca lculate the 

atomic distribution in terms of the pr i ncipal axi s displace­

ments, and t he angl e these made with the - C- C- bondu If 
µ1

2 represents the mean square disp lac ement paralle l to the 

principal axis i of the distribution, and X i i s the direction 
cosine of R0 with respect to this axis then 

w = 
3 

(1 - '¥':/ )µ/ 
i=1 

Table VIII gives the R.M oSo components of thermal displace­
ment along the principal axis R in angstr~ms, together with 
the angle between Rand the vector betweon atoms 6 and 7. 

TABLE .VIII 

Atom R R. M. S . values (1.)( µi ) Angle (Degrees) 

C6 1 Oo 18 + 0.01 78 + 4 -
2 0.27 + 0.01 12 + 4 - -
3 Oo49 + 0.01 85 + 2 - -

07 1 0.22 + 0.01 81 + 11 - -
2 0.26 + 0.01 26 + 4 - -
3 0.42 + 0.01 64 + 3 - -

From these values - 2 w6 was calculated a s 0.2712, and - 2 
W7 

as 0.206 .. The following results were obtained for the 

corrections 

RO = 1.37191 
Lower Bound = 1.37351 
Upper Bound = 1.7182! 

The 11 riding 11 model cannot be applied, as to apply such a 
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correction, the mean square displacemont of atom Bin any 
direction should never be less than the corresponding dis­
placement for atom Ao This is not the case for C(6) and 
C(?)o As the upper bound value is too large (where w2 is 
maximum), and the lower bound value is not much diffe rent 
from the uncorrected value (where w2 is minimum), it would 
appear that none of the models described for t he vibrating 
systems of the two atoms are s atisfactory o However, as the 
expected bond length lies between the upper and lower bound 
values, it is possible that the thermal motion of the atoms 
is more complex than the above models allow, and a s such, 
could still be responsible f or the short bondu 

The bond lengths resulting from the refined disorder 
model are shown in Table IX, where the numbering system is the 
same as that in Figure 3 o In this model C-C bond distances 
of approximately 1 o5! would be expected between Cvr nnd 

CvrII 1 2nd Cvrr u:nd Crx o However, such bond distances were 
not obtained, those which were being difficult to interpreto 
It was thus decided that this particular disorder mode l was 
ineffective, and it was r ejected o 

TABLE ll - BOND LENGTHS OBTAINED FROM THE REFINED 
DISORDER MODEL 

Bond Length Bond Length 

cvI-cvrr Oo74! c VIII-c rx Oo57A 

C v:t-C VIII 1038! cvrr-cvrrr 1a25! 

Cvr-C·IX 10451 0 vrr0 rx 1 o60! 

CyrS2 10661 Cvrrr8 3 10 87! 

c·v1rs2 1o9~ C IX-83 10 811 

,. "q-rx 
I 

/ 

C6---'-...-----
/ 

'C7 
' 

c·vir I 

, Cvirr 

Figure 3o Diagram of the Disorder Model Proposed for the 
Bridging Carbon Atoms in Cu(II)(DTH)2(BF4)2 

A similarly short C-C bond has been reported by Cotton 
and Weaver(53) in the X-ray structure determination of 



Co(DTH) 2(CI04 ) 2 , 

bridging carbons 

is 1o30 ~ Oo05!o 

30. 
where the bond length between the two 

of the DTH ligand, although of low accuracy 
Shortened C-C bonds have also been 

observed in Cu-S-C-C-N rings chelated to Cu(I) in the 
structure determination of cyclo-di-µ L bis.{2-(N,N-dimethyl-, 
amino)ethyl7 disulphide) dicopper(I) tetrafluoroborate(57) 
L_1o46(4), 1u47(4), 1048 (3)!] H0 wever, reports of structures 
of other Cu(II) complexes with similar ligand systems show 

C-C bonds approximately 1o5! in length (33,47), and structure 
determinations of some cyclic thioethers with -S-C-C-S­
sequences and no metal ions show simi l ar C-C bond l engths of 

1o49 - 1 05oi (56 )o 
Because the copper atom is situated on a centre of 

symmetry, the copper and the four sulphur atoms must be co­
planar, the equation of this plane being, 

-Oo278x + Oo9131y - 0 029672 = 0 
Here x, y and z are orthoganol co-ordinates in An~str~ms 
related to the crysta llographic axis by x = ax + cz cos P, 

y = by 
z = cz sin Po 

The distances of the two ring c arbons C(6) and C(7) fr om this 
plane were c a lculated to be - Oo'71! and - Oo1~, so that both 
are on the same side of the planeo Such a conformation of the 
five mernbered ring is unexpected as the usual arrangement is 
a gaucl::econfiguration as seen in Cu(II)( en) 2(BF4 ) 2 o In the 
latter structure, one of the carbon atoms i s Oo4! above the 
plane containing the copper and two nitrogen atoms, while 
the other is Oo32! below it(33) o Thus the shortening of the 

C-C bond is probably due to some sort of disorder which is 
random in this part of the molecule, and as such cannot be 

satisfactorily accounted for by a s imp le mode lo 
The C-C-S bond angles within the rings were approximately 

tetrahedral, although larger than the corresponding C-C-N 
angles found in Cu(II)(en) 2 (BF4 ) 2(33)o However, they are 
very similar to those found in Cu(II)(DT0) 2BF4 (see Chapter 
IV), and in some other five membered rings(57,58)o The methyl 
carbons displayed approximate tetrahedral stereochemistry, 

with normal C-H bond distances (see Tables V and VI)o 
Deviations from tetrahedral angles are often associated with 

terminal methyl groups, and are not unusual(72). 
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The BF4- ion was weakly co-ordinated to the Cu(II) atom 

through F(9), and the fluorine atoms were e.pproximately 

tetrahedrally bound to the boron a tom at varying distances 

80312 ~ Oo009l, 10346 !. 00009!, 10374 !. 00009!, 1o38 !. Oo01!7 
all of which are considerably shorter than the expected 

distance of 1o52Ao Values g iven fo r the B-F bond length 
in a free BF4- ion are 1o43! and in a BF

3 
group 1 o30!(43)o 

This decrease in bond length is attributed to increased n 

overlap betwenn the empty 2p orbitals of the boron, and the 

full 2p orbita ls of the fluorine, or, to the ionic character 
of the c ond v,rh ich may result because of t he electronegati vi ty 

difference between B and F( 44) o Alt,hough the bond lene;ths 
obtained from the structure determinat ion are shorter than 

expected, they are similar to those found in the ethylene 

diarnine structure(33) /1041 !. Oo03, · 1 037 !. Oo02, '1o30 !. Oo03, 

1o38 ~ Oo03!7o However, there are numerous approaches bet­
ween the fluorine atoms, and the carbon and sulphur atoms 

of other molecules, the shortest of these be i ng 3o20! 
( see Table V) o It may be, that the coE1b inod effects of these 

contacts, and the semi-co-ordinate bond between one of the 

fluorines and the Cu(II) ion, result in those var i at ions of 
bond lengtho 
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CHAP.rER IV 

STRUCTURE DETERMINATION OF Cu(I)(DT0) 2BF4 

1: Data Collection 

As for the previous structure, intensity measurements 
were made on a Hilger and Watts four circle diffractometer 
controlled by a P.D.PQ/BI computer, using MoKa radi at ion o 
The crystal was mounted a long its needle axis, f.c_l, and t he 
2Q,µ0, 0 and settings were determined as beforeo The 
cell parameters obta ined by use of these values for 12 

reflections in a least s quares refinement of the orientat ion 
matrix were: 

a = 14o581(2)l 
b = 13 0421(2)! 
C = 100781(2)! 
a= ~ ~ ¥ = 90o0 degreeso 

Intensities were measured as before with a 2Q~scan through 
each reflection, which this time consisted of 35 steps of 
Oo02 degrees, each lasting 106 secondso Background counts 
were taken for 7 seconds each side of the scan, and, as a 
check on alignment, crystal damage, etco, three standard 
reflections, vizo 080 , 730, and 225 were measured after 
every 75 readingso The data was measured in two shells, 
g = 0-20 degrees and G = 20-27 degreesu The total number 
of intensity measurements within the first shell was 2318, 
and in the second shell was 3432, the equivalent ref l ections 
measured being hkl and hklo 
2o ~ Data Reduction 

Integrated int ensities were calculated as before using 

the computer program HILGOUT(81), and the data were corrected 
for Lorentz and polarization effects in the usual way(23). 

Except for systematic absences, all dat a were retained, none 

being rejected as not significantly above backgroundo The 

maximum variation in the intensities of the standard reflec­

tions of the whole data collection was l ess than 30; and no 
decay corrections were therefore app lied. For MoKa radiation, 

the linear absorption coefficient,µ is 14065 cm- 1 • As 
the crystal used had approximate dimens ions of 0.6 x Oo4 x 

Oo4mm, the cylindrical absorption coefficients over the 
range of sin Q values in the data collection varied from 
2.69 to 2063. Therefore, absorption corrections were 
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considered unne c essaryo Of the 2051 reflections resulting 

from the f i rst shell of data, 309 had intensities l ess than 

u, 18 4 between o and 20-: 199 between 2cr and 3~ and 1359 

greater than 3<1': F or the 20-27 degree shell, the 

resulting 2378 reflections contained 11 96 with intensities 

l ess than CJ, 600 between u and 26, 251 between 2() and 30-: 

and 331 greater than 3Go I t had a l ready been noted that the 

Weissenberg photographs showed a marked decrease in i ntens ity 

for ref l ections of high 2g val ues, suggesting that there 

was some disorder in the c rystal act ing to increase the 

thermal v i bration of the atomso 

were then averaged to g ive 1024 

shell of data, and 1189 i n tha 

,2,u Structure Determination 

(a) Patterson synthesis: 

The equ i valent ref l ect ions 

reflect ions in the first 

second shello 

Patterson recognized t hat the square s of structure 

factor s were i ndependent of their associated phase angl es , 

and that a Fouri er summation using these could a lways be 

computed(59 ) , using the fol l owing e xpression 

h k 1 

Puvw = :
2 
~ ~ i IFhklj 2 cos 2rc (hu + kv + lw) o 

- h - k -1 

Thus, whenever u, v, w corresponds to an interatomic vector, 

a peak will appear i n the Patterson mapo I f there are N 

atoms present in the unit c e ll, there will be N2 peaks in 

the Patterson map , N of which will occur at the orig in o 

A three dimensional Patterson map was calculated using the 

ref lections of t he inner ( 0 - 20 d ego ) she ll of data(25) o 

The space group Pna21 has equiva l ent p o s i t ions 

I) x, Y, z 

II) - - 1 x, Y, ~ + z 

III) 1 x, 1 + 
~ - 2 Y, 1 + 

~ z 

IV) 1 
2 + x, 1 

~ - Y, Zo 

which give rise to heavy atom vectors of the type 

1 1 1 1 1 1 
.:!: 2x , .:!: 2y , ~ ; 2 , ~ ::. 2y , 0 ; 2 ::. 2x , 2 , 2 
The highest peaks in the Patterson map are listed in 

Table Xo Peaks 1, 2 and 3 make a consistent set of 

heavy atom - heavy atom vectors, and a lthough peaks 4, 5 
and 6 were higher than peak 3, they could not be successfully 
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assigned to the heavy atom vector types expected.o The 
height of peak 3 was much lower than those of peaks 1 and 
2, but this was expected because the predicted weighing 

of the peaks indicated that peaks 1 and 2 should be 
approximately twice as big as peak 3o 

TABLE X - THE MAIN FEATURES OF THE PATTERSON MAP 

Peak Number Peak Size Cp) Peak Position Ass i gned 

1 246 00077, Oo5, Oo5 1 1 1 
2-2x, 2' 2 

2 260 Oo5, 00458, OoO 1 1 0 2' 2-2y, 

3 78 0 0423 , 00042, Oo5 2x, 2y, 1 
2 

4 120 Oo5, Oo2'?1, 0 

5 123 Oo25, Oo5, Oo5 

6 84 Oo5, 00375, 00192 

~b2 Fourier sinthesis: 
The vectors found in the Patterson map gave the x and y 

co-ordinates of the heavy atom, but left the z co-ordinate 
unspecifiedo Hence the z co-ordinato was ass i gned an 

arb itrary value of Oo25 . The first Fourier calculation(25 ) 
phased by the copper atom ( as in the first structure ), 

showed numerous peaks , but int erpr etat ion was complicated 
by false symmetry about a ro irror pl ane at z = 0.25. This 
false symmetry was broken by the inclusion of a second atom, 

identified as a sulphur atom fro m its distance from the 
copper atom and the height of the peak 1 in the phase calcu­

lation. From the resulting electron density map the positions 
of the remaining three sulphur atoms, a carbon atom, and a 
fluorine atom were determinedo A further map , calculated 
using the phases of all atoms found, showed peaks represent­
ing another carbon and f luorine atomo The remainin~ atoms, 
apart from the boron, were identified from two further 

electron density maps calculated i n the sa1"!le way, and taking 
into account the expected stereochemistry of the ligand, 
as for the first structureo A difference Fourier synthesis 

was required to determine the exact position of the boron 
atomo At this stage of the structure determination the R 

factor was 00277, and a final difference Fourier showed no 
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large peaks that were not accounted foro 

4 Refinement of the Structure 
For the initial refinement only the inner shell of 

data was used, and reflections for which \ F 
0

1 i < 2 r:f IF 
O 

I 2 

were omitted to give a total of 868 reflectionso Two 

cycles of full matrix least squares refinement with 

isotropic thermal parameters reduced R to 00105, and the 
weighted R factor to Oo117o The anisotropic refinement of 
the copper, sulphur and carbon atoms was attempted in 

blocks, the parameters of the first 11 atoms, and the 
remaining atoms, being varied in alternate cycles o However, 
2 cycles (4 blocks ) of anisotropic refinement of the 
nonBF4- atoms only reduced the R f actor to 00097 i oe o 
producing very little i mprovernento 

When an anisotropic refinement of the atoms in the BF4-

ion was attempted, a degree of disorder became evidento 
This was not unexpected, since it had already been noted that 
the isotropic temperature factors of the atoms concerned 
were higher than expectedo A difference Fourier map was 

calculated to check the positiona l parameters of the 
groupo In this map , overlapping peaks were observed whose 
maxima were only slightly shifted from the values given by 
refinement for all but F( 48) which showed a 1:1arked shift 
(numbering of atoms is shown in Figure 7)o Using these 

new parameters, two r ef inements of the positional and iso­
tropic thermal parameters of the BF4- atoms (the parameters 
of the other atoms in the molecule not being varied), 
reduced the R factor from 00114 to 0 0082, the weighted R 
factor dropping from 00128 to Oo076o 

At this stage, because of the s mall number of observations 

being used in the calculations, it was decided to include 
reflections for which \ F \ 2 > 01 F I 2 

, raising the number 
0 0 

to 9680 Two further cycles (4 blocks) of least squares 

refinement using anisotropic temperature factors for all 
non BF 4- atoms, and isotropic temperature factors for the BF4-

atoms, reduced R from 00091, to 00077, and the weighted 
R factor from 00084 to Oo064o However, the position of 
the boron atom as determined by the refinement process, 
with respect to the fluorine atoms, was not in accord 
with any known stereochemistry for a free BF4- groupo 
A difference Fourier, calculated with all the atoms in the 
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structure as it stood contributing to Fe, showed a 

peak near the centre of the tetrahedron of fluorine atoms 

where the boron atom_· was expectedo When the boron was 

shifted to this position in a refinement cycle , however, 

the R factor roseo Successive refinements showed that 

although the R factor initially fell, it did not converge, 

but in fact began to rise again due to shifts in the 

parameters of the boron atomo It was also · noted that the 

isotropic temperature factor of the boron was very high at 

about 40 1 2
, and those of the f luorine ato@s were also 

higher than expected at approximately 20! 2
, indicating some 

sort of disorder(60) o When the boron atom was placed i n 

this stereochemically reasonable position, and a difference 

Fourier calculated, a reGion of high electron density could 
be seen directly above its position along they directiono 

It was thought that this wns duo to disorder in the 
BF4 - group and could be responsible for the shifts observed 

on refinemento 

It was decided that before introducing a disorder model 

for the BF4- group, the da ta from the 20-27 degree shell 

should be added, and t he refinement repeated o This is 
because when the number of reflections used in a structure 

calculation is reduced by omitting al l those with (sin Q)/>--. 
values greater than some specif ied value, tho effect is to 

spread the atoms and ultimately cause them to overlap. 

Thus, although stronger reflections of low (sin G)/A values 
are less affected by small errors in the parameters of 
trial structures, abnormally high temperature factors can 

result(23)o The addition of the higher angle data, with 

the restriction that only reflections with \F
0

\
2

) 2~1FJ 2 

were used in least squares calculations, raised the number 

of observations to 11770 Aft er two cycles of refinement 

of the positional and isotropic thermal parameters of all 

non BF4- atoms,'the R fact or was reduced from 00148 to 

Oo109o Two further cycles of least squares refinement in 
which atoms heavier than carbon, together with the BF4-

group were allowed anisotropic temperature factors, gave a 

reliability factor R of 0.102, and a weighted R factor of 
00076, both of which were higher than values obtained with 
the low angle data (Oo077 and Oo064)o However, as before 
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there was no true convergence owing to the disorder in the 

BF4 - groupo 

The BF4 - group was then ref ined using a disorder model 

in which the BF4 anion was represente d as occupying two 

different positions in the unit c e ll, each re l a ted by a 

mirror plane through three of the fluorine a tomso This 

meant that three of the fluorine a toms were shared by the 

two orientations , the positional parameters of one fluorine 

(the peak above the boron as seen i n t he difference Fourier) 

and the boron atom, bein g different in each. The populations 

of the two orienta tions were estimat e d from this density map 

as be ing approximately 0 08 and Oo2o Such a model proved 

to be unsa tisfactory as t he R factor increased on refine­

ment , and the temperature factors of the at oms i nvolve d 

still remained h i gh o 

As no difference Fourier map had been c a lcula t e d since 

the addition of t he high angle data, one was c a lculated with 

the atoms of the BF4 - g roup omitted from the structure 

factor c a lculationo The resulting dens ity map again showed 

a regi.on of h i gh e l e ctron d ens ity conta i n i ng ill def ine d 

peaks where the BF4 - atoms were expect e d o A three dimensional 

section of the map i s shovm i n F i gure 4, showi ng the over­

l app ing of peakso Suc h a distribution of electron density 

explained why the refinement of indiv idua l ator.1 ic para-

meters with partial multiplicities fa iled, since such a 

r ef inement is not p os s ible i f atoms fro m different contri­

butions to the disordered structure are i n very close 

proximity(61)o It was thus d e cided tha t the str ucture 

det er mination could be best continued by p lacing rigid 

group restrictions on the atoms in questiono A similar 

problem involving thiophene rings which exhibited t hroe fold 

disorder was successfully d ealt with using group refinement 

methods in the structure determination of thiophene 

chromium tricarbonyl(60)o 
The position and orientation of a rigid group in the 

unit cell can be described by 6 parameters; 3 positional 

parameters x, y and z, which define the origin of the group, 

and three angular parameters 0, Q and p, wh ich sp e cify the 

orientation of the group, all ~ith res~ect to the crystal 

axoso The origin in crystal co~ordinates, is also the 
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figure 4 

section of the difference fourier f0 -fc 

with only the CuDTO atoms contributing to fc y = 0 ·36 
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origin of a cartesian co-ordinate system in which the 
posit ions of a ll the atoms belonging to the group are 
expressed i n Angstr5msu 

The usual stereochemistry of a free BF4- ion is a tetra­
hedron, with BF bond distances of about '1o43A(43)., Calcu­
lations of bond distances and angl es from the peak maxima 
of the difference Fourier (e .g. Figure 4), showed that 
although the geometry of the group was probably tetrahedrai~ 
the bond lengths were very varied [1.27, '1.35, '1 .26 , '1.41A7. 
Simil ar distances have been reported for other structures 
containing free BF4- ions(57 ,63) . It was thus decided to 
use a B-F distance of '1 .34!, and a F-B-F bond angle of 
109.5 degrees to define the tetrahedron. The choice of base 
point in an isotropic rigid group refinement is nrbitrary, 
but in this case the obvious choice was the boron atom. The 
co-ordinates in Angstr5ms for each group relative to its own 
orthonormal axes were thus cal culated to be 

F 1 .34! O.Oit O.OA 
F - 0.447! o.o,_ '1. 2631 
F -0.447A - 1.093! - 0.633A 
F - 0.4471 1.0931'. - 0.633! 
B o.oi O.Oll 0.0! 

The difference Fourier indicated that the disorder i n the 
BF4- anion could be two-fold about a c4 axis of a tetrahedron 
centred at the boron atom. A mode l for such disorder is 
shown i n Figure 5. The orientation angles for both groups 
in this model then had to be determined for us e in group 
refinement. This was done using the frac tional co-ordinates 
of 4 points, v1 , v2 , v3 , v4 referred to the crystal axes to 
specify the directions of the group axes xg, yg and zg, as 
follows(30) 

(1) xg was parallel to (v2 ~ v1), where ~2v1 was the vector 
between the boron and a fluorine of the appropri ate group. 

(2) zg was parallel to xg cross (v4 ~ .;3) where ~4v
3 

was a 
vector calculated to be perpendicular to the vector 
~ 2v1(80), and v

3
; v1 • 

(3) yg is parallel to zg cross xg as the system used was 
right handedo 

The ini:t~al - o.ngµlnr .<).nd basic co-ordin~tos calculated for 
each group were 
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Group 1 

Group 2 

XGO YGO 2GO 
00382 00357 00173 

00374 00353 00170 

41 • 

.0 
-127 0821 

1750 830 

g p 
1790110 -820312 

-1770104 -890383 

The model was first refined with one group , each of the 

atoms having f ull multiplicity o Three cycles of refine­

ment in which the group parameters only were varied 

reduced the R factor from 00129 to Oo107o The s econd group 

was then introduced, the atoos being given multiplicities 

of Oo3, which were complemented by those of the original 

group at Oo7, giving a reliability factor of Oo105o 
Limita tions of the program used(26) meant that the group 

atoms could not be refined anisotropically, that the 
multiplicities of the group atoms could not be varied as a 

function of the refinement, and that the group temperature 

parameters could not be varied simultaneously with the 

in.di vidual therr:ial parameters of the atoos O Thus 8 cycles 

of refinement were required to find the best combination of 

the above parameters to obtain the best agreement between 

the observed and calculated structure factorso The R 

factor finally converged with Rat 00089, the weighted R 
fact or at 00074 and the standard error in an observation 

of unit weight, E, at 205542 e l ectronso 
The R factor, however, was higher than the lowest value 

reached using a conventional refinement and the low angle 

data (Oo077) but the reduction of parameters effected by 
using group refinement methods necessarily causes a wors e 
f it between the observed and calculated structure factors, 

resulting in an increased R factoro This is because the 

shift of group parameters is the weighted mean of all the 

single atom parameters which contribute to ito Thus the 

group will move more steadily in refinement towards the 

direction which would be taken by the predominant number 
of ator:is(62)o 

Hydrogen atoms were located from a difference Fourier 

with the aid of the computer program HFIND (App_ondix 3) o 

This program calculates the approximate positions of the 

hydrogen atoms using vector methods and assuming a C-H 
bond distance of 1o08A and tetrahedral stereochemistry 

for the carbon atornso The calculated positions were used to 

find the approximate positions in the Fourier map, the 
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correct positions being obtained from peak maxima0 The 

hydrogen atoms were not refined, and were g iven B va lues 

approximately 102 times those of the carbon aton1 to which 

they were atta ched(64)o Inclusion of t he 22 hydrogen a tom 
positions and their associated thermal paraoeters in the 

structure factor calculation, reduced the R factor to 

0.086 5 and two further cycles of refinement of all non 

group atoms s aw t he R factor finally converge a t 0.082 , 

with R2 at 0 . 064 and the error in an observation of unit 

we i ght being 2.2362 electrons. 
A final difference Fourier map revealed two peaks at 

heights of 00716 and 0.674 e.A-3 , and a t r ough of -1 . 108 e. A-?> 

in the vicin ity of the BF4 - group 0 Pre sumab ly the mode l 

for disorder is not coop l etely satisfactory. All other 

oeaks and troughs i n the final differenc e Fourier were less 

than 0.5 and - 0.64 e .A-3 respectively. The result s of the 

rigid body ref i nement (Table XI) were a l most in comp l e t e 

agreement with the assumed nodel of two-fold disorder, the 

onl y differenc e being a s light displacement of the rotation 

due to the pos itions of the two boron atoms which were not 
concentric. The disorder is shown in Figure 6. Obs erved 

and calcu l ated structure factors have been tabulated 

(Appendix 2), and the f i nal frac t ional co-ordinates and iso­
tropic temper a ture factors of a ll n on group and non hydrogen 

atoms arc shown i n Table XII. The anisotropic temperature 

fac tors and R. M. S. amplitudes of vibrat ion f or the copper 
and sulphur atoms are shown in Table XII I. The fractional 

co-ordinates and isotropic temperature factors used for all 
hydrogen atoms are shown in Tab l e XIV. The numbering 

system for t he non hydrogen atoos corresponds to tha t in 

Figures 6 and 7, and the hydrogen atoms are nuobered 

sequentially and also identified by the number of the 

carbon atom to which they are attached. 

5. Description of the Structure 

The crystal structure consists of discrete monomeric 

ions, the nearest contact between the anion and cation 

being 3.25! (Table XVII)0 Interatomic distances are shown 

in Tables J:'v, XVI, XVII and interatomic angles in XVIII 

and rrx; The overall geometry of the molecule is shown 

in Figure 7 and the arrangement of ions in the unit cell is 
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':1-4. 
TABLE XI 

Results of the rigid bodl refinenent 

XB YB ZB 0 Q {) BGRP 

GrouE 1 Ou377 00350 0 0176 -1510999 1780897 - 850 993 30796 
Group 2 00397 00346 Ou174 152 0196 -1750 838 -1400289 4 0286 

Atomic Parameters 

Grou:e 1 
AGRP AIG BATOM Xc Ye Zc -

F Oo 75 90626 0 0370 00349 00052 
F Oo75 110 986 00455 00395 Oo209 
F Oo75 80938 00376 00257 00219 
F Oo75 90194 00306 00401 Oo223 
B Oo75 130000 00377 00350 0 0176 

Group 2 
F Oo25 90626 0 0458 00306 00095 
F Oo25 11 0986 00428 00336 00290 
F Oo25 80938 00316 00300 00163 
F Oo25 90 194 00386 00443 Oo 148 
B Oo25 130000 0 .. 397 00346 Oo 174 

N.B. AGRP = identification of the atom in the group o 

AIG ;:: multiplicity of atOQ in the groupo 
BATOf,J = temp erature factor of the atom in the group. 
BGRP = tefilperature factor of group. 
B :: BATOM + BGRP for each atomo 
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TABLE XII - FRACTIONAL CO-ORDINATES AND ISOTROPICa 

TEMPERATURE FACTORS OF ALL NON GROUP AND NON HYDROGEN ATOMS 

No0 Atom x/a y/b z/c B(!2) 

1 Cu 002094 (1) 000279 (1) 002595 (9) * 
2 s 003487 C 3) 000314 (3) 00355 (1) * 
3 s 001527 (3) -001244 (3) 00198 (1) * 
4 s 001332 (3) 001174 (3) 00411 (1) * 
5 s 001882 (3) 001011 (3) 00067 (1) * 
6 C 00321 (1) 00130 (1) 00464 (2) 5.7 (4) 

7 C 00137 (1) -00094 (1) 00037 (2) 608 (4) 

8 C 00349 (1) - 00087 (1) 00446 (2) 7°3 (5) 
9 C 00224 (1) 00119 (1) 00522 (2) 609 ( 4-) 

10 C 0 0039 (1) -00122 ((1) 00266 (3) 807 (5) 
11 C 00113 (1) 00006 (1) 00006 (2) 600 (4) 

12 C 00133 (1) 00243 (1) 00347 (2) 609 ( 4) 

13 C 00087 (1) 0 0318 (1) 004-25 (2) 808 (5) 
14 C -0 0013 (1) -00212 (2) 00248 (3) 13 06 (7) 

15 C 00300 (1) Ou083 (1) -00006 (2) 800 (5) 
16 C 00300 ( 2) Oo 108 (2) - 0014-7 (3) 12o4 ( 7) 

17 C 00427 ( 2) -00083 (2) 00541 (3) 11o9 ( 7) 

a* Anisotropic temperature factors of atoms 1-5 are shown 
in Table XIII o 

All numbers i n parentheses are standard deviations in 
the least significant figureo 

Isotropic temperature factors are of the forfil 

exp;::B ( sin 2 Q) / A7 where B = 8n 2 µ 2 and µ 2 is the mean 
square a rap litude of vibrationo 



TABLE XIII - At ISOTROPIC TElY~PERATURE FACTORS AND R .M. S. 

AMPLI'.I:UDES OF VIBRATIOI~- OF THE Cu AND S ATOMS 

Atom B1~ E22 B33 B-12 B13 13 23 
Cu(1) 0.0072(1) 0.0083(1) 0 .0113( 2 ) 0.0001(1) -0.0002(2) -0.0012(2) 
S ( 2) 0.0053(2) 0.0099(4) 0.0152(6 ) 0.0003(3) 0.0003(3) -0.0001(5) 
s (3) 0.0071(3) 0.0068 (3) 0.0188(8) 0.0002(3) -0.0001(4) -0.0010(4) 
s (4) 0.0064(2) 0.0076(3) 0.0 106(5) -0.0001(3) 0.0011(3) -0.0003(4) 
s (5) 0.0079(3) 0 .0077(4) 0 .011 6(5 ) 0 .0009(3) 0.0016(3) -0. 0002(4 ) 

Atom R • i:i • 3 • D ( 1 ) (~ ) R.M .S.D(2)(l't) R,i\'I. S.D(3)(1) 

Cu(1) 0 . 247 0 .277 0.286 
S ( 2) 0 .238 0 . 299 0 .301 
s (3) 0.246 0.277 0.334 
S ( 4) 0.237 0.262 0.275 
s ( 5) 0 .242 0.266 0.307 

The anisotropic temper a tur e factors are of t he form 

exp L= (B11h2 
+ B22k

2 
+ Bj31

2 
+ 2B12hk + 2B13hl + 2B23kll7 

Standard deviations in th e leas t s i gn ificant figure are given in parenth eses 
following each par ame t er. 

R.iVi .S.D ve.lucs corr es pond to t he ro ot mean square amp litudes of vibra tion 
in Angstr~ms of the a t om a long the three principal axes of its vibration 
ellipsoid. 

--- - -

!'-,-
0'I 
G 



TABLE XIV - FRACTIONAL CO-ORDINATES AND ISOTROPIC 
TEl'lPERATURE FACTORS OF THE HYDROGEN ATOMS 

Noa Aton X y z B(l 2) 

18 H ( 6 ) Oa3 28 00 197 00420 6084 
19 H ( 6 ) 00370 00 133 Oa532 6084 
20 H (7) 00091 -0 0142 -00005 8.16 
21 H ( 7 ) 00 188 - Ou 118 - 0.018 8u 16 
22 H ~~~ Oa358 -Oo 140 00390 8a 76 
23 H 00289 -0 0075 00485 8.76 
24 H (9~ 00224 00060 0 .585 8028 
25 H (9 Ou209 Oo 175 00580 8 028 
26 H( 10) - 00002 - 00064 0.234 10044 
27 H( 10 ) 00037 - 00 110 0 .. 357 10 . 44 
28 H(11) Oa046 0.015 0.032 7o20 
29 H(11 ) 00112 0.010 -00061 7.20 
30 H( 12) Oo 105 00243 0.256 8028 
31 H(12) O" 197 00265 00319 8028 
32 H(1 3 ) 0 0020 00300 00440 10 056 
33 H(13 ) 00095 00312 Oa512 10.56 
34 H(1 3) 00110 Oo 385 00370 10056 
35 H( 14) Oa003 -0.264 0.243 16032 
36 H(14 ) - 00002 - 00225 Oo 158 16032 
37 H( 14) -0. 052 - 0.194 00305 16032 
38 H( 15) 00321 00008 - 00002 906 
39 H( 15) 0 .351 001 15 00031 906 
40 H( 16) 00258 00157 ;,..Q o139 14 088 
41 H( 16) 0"247 0.071 - 0 . 171 14.88 
42 H(16 ) 0.342 Ou050 - Oo 180 14088 
43 H(17 ) Ou466 - 00074 0.476 14u28 
44 H( 17) 00403 - 00023 00596 14 . 28 
45 H( 17 ) 00429 -0. 146 0 0568 14 028 

Note: the nurJbers in parentheses refer to the 
carbon atom to which that part i cular 
hydrogen atora is attached. 
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TABLE XV - INTRAMOLECULAR DISTANCESa 

Cu(1) - 8 ( 2) 20280 + 00004 C(8 ) - C ( 17) 1o52 .:!:. Oo03 
Cu(1) - 8 (3) 20303 .!. 00005 C(10) - C( 14) 1o45 .:!:. Oo02 
Cu(1) - 8 (4) 20310 .:!:. 00005 C( 12) - C( 13) 1 o47 .:!:. Oo02 
Cu(1) - 8 (5) 20318 .:!:. 00005 C(15) - C ( 16) 1o56 .:!:. Oo03 
8(2) - C(6) 1 ,.81 + 0.02 B(50) - F ( 46) 1 o34 
8( 2 ) - C(8) 1 087 + Oo02 B(50) - }i'( 47) 1o34 
8(3) - C(7) 1 080 + Oo02 B(50 ) - F( 48 ) '10 34 
8(3) - C( 10) 1 081 + Oo02 B(50 ) - F( 49) 1 o34 
8(4) - C(9) 1o78 + Oo02 B(55 ) - F ( 51) 1 o34 
8(4) - C( '1 2) 1o 8 1 + Oo02 B(55) - F (52) 1 o34 
S(5) - C(1 1) 'lo81 + Oo02 B(55) - F(53) 1o34 
S( 5) - C(15) 1 o82 + Oa02 - B(55) - F(54) 1 a34 
C(6) - C(9 ) 1 o55 + Oo02 
C(7) - C(11) 1 044 + Oo02 

a Interatomic Distances were calculated us ing the 
computer program CORFEE(28) o 



TABLE XVI - INTRAMOLECULAR DISTANCES I NVOLVING 
HYDROGEN ATOMS (!)a 

C(6) - H( 18) 1o 02 C(13) - H(32 ) 1o 00 

C(6) - H(1 9) 0099 C(13) - H(33 ) Ou99 
C(7) - H(20) 1 o0 1 C(13) - H(34) 1 012 
C(7 ) - H(21) 0097 C( 14) - H(35) Oo 76 
C( 8) - H( 22) Oo94 C(14) - H(36) 0~99 
C( 8) - H( 23 ) 0098 C(14) - H(37) Oo85 
C(9) - H(24) 1o04 C(15) - H( 38) 1002 
C(9) - H(25) 'L05 C(15) - H(39) Oa93 
C(10) - H(26) 10 03 C(16 ) - H(40) 0089 
C(10) - H(27) 1o04 C(1 6) - H(41) Oo91 
C(11) - H(28) 1o01 C( 16) - H(42) 'L07 
C(11) - H(29) Oo75 C(1 7) - H(43 ) 0095 
C(12) - H(30) 1008 C(17) - H(44) 1005 
C(1 2) - H(31 ) 0099 C(17 ) - H(45 ) 0085 

a Interat omic Distances were calculated using the computer 

program DANTEP(27 ) o 
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TABLE XVII - SOME NON BONDED DISTANCES ci) a 

I NTRAMOLECULAR NON BONDED DISTANCES 

S(2) - 8 (4) 3 o4'1 8 (2) - F( 48 ) 3a39 
S(3) - 8 (5) 3o38 8 ( 3) - F ( 45) 3 085 
S(4) - 8 (5) 3o80 sf 2) - 8(3) 3°93 
C(6) - F (48) 3a25 C 15

5 
- F(48) 3o 57 

C('15) - F( 53) 3o48 C( 15 - F( 46) 3 o77 
C('16) - F (46) 4o04 F (47) - H(28) 2o42 
B(50 ) - B(55) Oo30 F (5 3) - H(31) 2o46 

INTERMOLECULAR NON BONDED DISTANCES 

H( 33)l . ~ H(36)II 2o38 H(34)I - H(38)III 2o38 
Hf34

5
I - H(42)III 2o39 F(47 )I - H(26 ) III 2o37 

F 54 I - H(24)IV 2o 35 F(52)I - H(20 )IV 2o25 
F(54)I - H(26)III 2o48 

F(47
5

I - Cf10)III 3°33 F ( 5 2) I - C ( 7) IV 2 .. 941 
F ( 54 I - C 9 ) IV 3o 146 F(54)I - C( 10)III 3 0501 
F(51)I - H(45)II 2o73 

$(2)I - Hf32)III 3o49 C(7)I - H( 18) IV 3o09 
S(L~)I ·- F 52)III 3o32 C(10)I - H(29)II 3o28 
S(4)I - H(20)II 3o4Q C(11)I - H(27)II 3o04 
C(6)I - H(32)III 3o03 C(15)I - H(34)IV 3o19 
C(16)I - H( 34)IV 3o28 C(17 )I - H(39 ) II 3o25 
F(46)I - H( 27 )IV 2 o56 C(1 7)I - H(30 )IV 3o27 
F(49)I - H( 24)IV 2 a64 

NoBo The Roman Numerals refer to positions re lated by 
the f ollowing transformations ~ 

I 

III 

X1Y ,Z 

1 1 1 
"2 -x,2+ Y, "2+2 

1 II x, y, 2 + z 

1 1 IV 2 + x , 2 - y , z 

a Distance s were calculated using the computer program 
DANTEP(27) o 



TABLE XVIII - I NTERATOMIC ANGLES (DEGREES) 

8(2) -Cu(1) - 8 (3) 11 7 a9+0o2 C( 9) -C( 6) - S( 2) 11305,::.101 
8(2) -Cu(1) -8(4-) 95o 6+0o2 C(11)-C(7) - 8(3) 11 8o 1.:!:_1o3 
8(2) -Cu( 1) - 8 (5) 121o1+00 2 C(17)-C(8) - S(2) 10900,::_1 o4-

8(3) - Cu ( 1) -8(4-) 11 9o 5±_0 o2 C(6) - C( 9) - 8(4-) 114- o O+ 1 o 2 
8(3) -Cu(1) -8(5) 94-o0,:t.Oo2 C(14-)-C(1 0)-8(3) 1 14 0 4+ 1 0 6 
8(4) -Cu( 1) -8(5) 1 10 0 4-+ 0 0 2 C(7) -C(11)-S(5) 115 02,::.102 
C(6) - S(2) -C( 8) 106o 5,:t_Oo7 C(13)-C(12)-S(4-) 1 15 0 4-+ 1 0 4 
C( 6) -S(2) - Cu( 1) 96 o1±_0o5 C(1 6)-C(45)-S(5) 1 13 0 4+ 1 0 5 
C(7) - 8(3) -C ( 10) "J05 o7.:!::_0o9 , F(48)-B(50)-F(47) 109 06 
C( 7) -8(3) -Cu ( 1) 97o 1,::!:_0o6 F(48)-B(50)-F(46) 10904 
C( 9) -8(4) - C( 12) 104-o2+0o8 F(48)-B(50)-F(4-9) 109 08 
C(9) -8(4) -Cu( '1) 97oO+Oo6 F(47)-B(50)-F(46) '1 090 5 
C(1'1)-S(5) ,,.c ( 15) 10609±_00 8 F(47)-B( 50)-F(4-9) 109 05 
C(11)-S(5) -Cu( '1) 93 o3:t:_Oo5 F(46)-B(50)-F(4-9 ) 10900 
Cu(1)-S(2) - C( 8) 10300:':_006 F(52)-B(55)-F(53) '1 0906 
Cu('1)-S(3) -C(1 0) 10101+006 F(52)-B(55)-F(54-) 1090 5 
Cu(1)-S(4) - C ( 12) 102 06+006 F(52) -B(55 )-F(51 ) 10902 
Cu('1)-S(5) -C ( '15) 1020'1+006 F(53)-B(55)-F(54) 10809 -
F(53)-B(55) -F(51) 11001 F(54)-B(55)-F(51) 1090 5 
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TABLE XIX - I NTERATOMIC ANGLES I NVOLVnm 

HYDROGEN ATOMS (DEGREES ) 

H(19)-C(6) - H(1 8) 105. 7 H( 19)-C ( 6) - C( 9) 
H(19)-C(6) -8 (2) 1'11. 0 H(18)-C(6) -C(9) 
H('18)-C(6) -S(2) 107.7 H(21)-C(7) - H(20) 
H(21)-C(7) -C(11) 111.4 H(21)-C(7) - 8(3) 
H(20)-C(7) -C(11) 109 06 H(20)-C(7) - 8 (3) 
H(22)-C(8) -H(23) 121.9 H(22)-C( 8) -C ( 17) 
H(22)-C(8) - 8 (2) 106u6 H(23 )-C( 8) - C ( 17) 
H(23)-C(8) - 8(2) 93.8 H(24)-C(9) - H(25) 
H(24)-C(9) -C( 6) 109.7 H(24)-C( 9) -8(4) 
H(25)-C(9) -C(6) 109.3 H(25)-C(9) - 8(4) 
H(26)-C(10)-H(27) 98.7 H(26)-C(10)-C(14) 
H(26)-C(10)-S(3) 115 .7 H(27)-C(10)-C(14) 
H(27)-C(10)-S(3) '114u3 H(29)-C(11)-H(28) 
H(29)-C(11)-C(7) 104 u 1 H( 29)-C(11 )-S(5) 
H(28)-C(11)-C(7) 106.9 H(28) - C(11)-S(5) 
H(31)-C(12)-H(30) 94.1 H(31)-C(12)-C(13) 
H(31)-C(12)-S(4) 11 3.1 H(30)-C(12)-C(13) 
H(30)-C(12)-S(4) 10[3.7 H(33) -C(1 3)-II(32 ) 
H(33)-C( 13)-H(3L~) 12101 H(33 )-C(13) - C( 12) 
H(32)-C(13)-H(34) 126. 8 H(32) - C( 13)-C(12) 
H(34)-C(13)-C(12) 96.2 H(35) - C(14)-H(37) 
H(35)-C(14)-C(36) 73.8 H(35)-C(14)-C(10) 
H(37)-C(14)-H(36) 156 . 6 H(37)-C(14)-C(10) 
H(36)-C(14)-C(1 0) 96 . 9 H(39) -C(15)-H(38) 
H(39)-C(15)-C(16) 115.2 H(39)-C(15)-S(5) 
H(39)-C(15)-C(16) 109u0 H(38)-C(15)-S(5) 
H(40)-C(1 6)-H(41) 84.8 H(40)-C(16)-H(42) 
H(40)-C(16)-C(15) 97°3 H(41)-C(16)-H(42) 
H(41)-C(16)-C(15) 102.5 H(42)-C(16)-C(15) 
H(45)-C(17)-H(43) 111.2 H(45)-C(17)-H(44) 
H(45)-C(17)-C( 8) 100.46 H(43)-C(17)-H(44) 
H(43)-C(17)-C(8) 83.3 H(44)-C(17)-C(8) 

112.2 
110.0 
95.1 

113.5 
110. 9 
111.5 
111 .4 

96°5 
'117°7 
104.5 
104.8 
103.8 
104.9 
108.3 
115 . 0 
115.8 
107u8 
85.6 

113.9 
114 .6 
121 .4 
121.3 
89.6 

104.7 
111.5 
107.0 
165.9 
91.2 
96. 7 

128.4 
118"94 
96.8 
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shown in Figure Bo 

The Cu(I) ion i s tetrahedrally surrounded by t he f our 
s ulphur atous fror,1 two ligand r.1olecules, the Cu ( I)-S distances 

be i ng 20280 ~ Oo004i, 20 303 ~ 0 .005!, 2 u310 ~ 00006! and 
20318 ~ Oo005! .. The avera1se of these value s ( 20307! ) is 
very sioilar to the Cu(I)-S distances found i n other 
structures ao can be seen fro r.1 Table .XX o Froc t h i s , i t can 
be seen that Cu( I)-S dis tances of 2o3! or great er are 
typical of tetrahedral stereochenistry, while t r i gonal 
Cu( I)-S distanc e s seen to be approxii:iately 0.05! shortero 
However , the Cu(I)-S distance f ound in Cu(I)(DT0) 2BF4 , 
and in all the other structures l isted, is souewhat shorter 
t han the predicted va lues bas ed on t he sum of t he tetrahedr a l 
covalent radii of Cu(I), 1 u35!, and sulphur, 1 .04.Il ioG o 
2o39!(31)o Such shortening suge;est s that some n bonding 
Bay be occurring ioe " a back donation of n e l ectrons f rom 
the net a l to the sulphur u 

The tetrahedral angl es about the Cu(I) ion vary froD 
94.0 to 121.1 degrees as shown i n Tabl e XVIII, this being 
presumabl y i ndicat i ve of t he nagnitude of r i ng stra i n in 
the nolccule. The average interna l angle i n the 2 f ive 
r:1embered r i ngs at Cu(I) i s only 94 .8 degrees, which is 
s i milar t o t hose found in oth0r cooparabl e 5 me1nbcred 
rings, e.gu 92 degrees i n t he Cu(I )(DTH ) 2d icnrboxylic acid 
co1,1pl ex(58) and 90.2 degrees in the diucric cyclic Cu(I)­
a liphat ic disul phi de co1~l ex(57 ) . Alt hough tetrahedral 
Cu(I) compl exes are apparent l y easily deformed, the range 
of S- Cu(I)-S angle s i n several other conplexes i s l es s 
e . g . 110-112 degrees i n the sul phur bridged tri gonal Cu(I) ­
trimer(66), 95-1 20 degrees i n Decakis (thiourea) t etracopper 
(I) hexaf l uorosilicate monohydrate( 70) and 104-112 degrees 
in tetrakis (thioacetaoido) Cu(I) chloride (71) o The large 
range of angles found i n this structure is thus presumed 
to be due mainly to a che l ate eff ect. Other i ndications 
of the amount of distortion in t hi s complex are given by 
the dihedral angles between planes 1 and 2 ( 8L~o72 degr ees) 
and planes 3 and 4 ( 102.08 degrees) o The ator.1s defining 
these planes are shown i n Table XXI. 

The C-S distances average 1. 805 ~ Oo005A when the 
S( 8 )-C(8 ) bond is not i nc ludedo This bond has a length of 



TAB:t,E XX - COMPARISON OF Cu(I)-S BOND LENGTHS FOUND IN Cu(I)(DT0)2BF4 
WITH THOSE OF OTHER STRUCTURES 

COMPOUND FORMULA STEREO- Cu(I)-s REF . 
DISTANCE(.~) 

cyclo di-,u{.bi sL~-( N,N-dimethylam ino)ethy);_7 
disulphide} dicopp er(I)t etrafluoroborcte 

decakis(thiourea)t etracopper(I)hexafluoro­
silicate mono hydrate 
Copper(I)2,5-dithiahexane-1, 6-dicarboxylic 
acid 
tris thiourea copper(I)t etraflu oroborate 
tris ( S-dimethylthiourea )copper ( I )t etrE­
fluoroborate 

t etrakis(thioacetamide )copper (I)chlor i de 
diethyldisulphide copper(I) chl oride 
cyclo-tris-p-(trimethyl phosphine sulphide) ­
trichloro copper(I) 
tris( ethylene thiour ea )copper(I ) sul phate 

tris(tetramethylt hiour ea )copper(I)tetra ­
fluoroborat e 
tris(trimethylphosphin e s ulphid e )c opper (I) 
perchlorate 

CHEMISTRY 

Cu(I) 2(c8H20N2s2 )2 Tetrahedral 

(BF4)2 

Cu(I)}/SC(NH2 )if1 0 Tetrahedral 
(SiF6 2 H2o 
Cu(r )+Lcr2C . CH2.SC~2 Tetrahedral 
. CH2 . SCH2.co2g72H 

- 7 2+ Cu(I ) 2/ SC( NH2 ) 2 6 Tetrahedral 
( BF -)- - -
Cu ( 1) ( §c ( NH ) 2 ( CH 3 ) 2_~ t· 
BF -4 
c8H20N4s4cuCl Tetrahedral 
Cu(I) 2 (Et - S- SEt ) 2Cl2 Tetrahedral 
LCu(I ) (Me 3PS )C2=_73 Trigonal 

Cu(I~!SC(NH )2(CH2)2)1 Trigona l 
(S04 h. 
Cu(I)(SC(N(CH3 ) 2 ) 2)3 
BF4 
Cu(I)( SPMe3 )3c104 Trigonal 

2.30 ( 57) 

2 .31 5 (70 ) 

2.J0 , 2 . J4 (58) 

2 . 3 (63) vi 
CJ) 
0 

2.343 ( 7.l) 
2.34112 . 40 (65) 
2 . 27 (66 ) 

2 .28 (68) 

2 .26 ( 67) 
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~ABLE XX (Continued) 

COMPOUND 

chlorobis-(2-thiouracil)copper (I)dimethyl 
formamide solvate 
bis-(3,6-dithiaoctane)copper(I) 

tetra fluorobora te 

FORMULA 

ClCu~I)(SN2C402)2 
HCON CH3 ) 2 
Cu(I)(CH3CH2SCH2 CH2S-
CH2CH3 ) 2BF4 

STEREO-
CHEMISTRY 

Trigonal 

Tetro.hedral 

Cu(I) -2 REF . 
DISTANCE (i) 

2. 23 

2.307 

(69) 

This 
work 

\J1 
---..] 
0 
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1o 87 .:!::. Oo02A, and hence i s signi f icantly longer t han the 
otherso There was no obvious reason f or t his lengt hening , 
a lthough i t no.y be linked with t he slightly shorter 
Cu(I) - 8(2) bondo It i s poss i bl e t hat the posit ion of t his 
sulphur oay repr esent t he nean of two ext r enes of 
vibr ation. However , i t shoul d be noted t hat these diff erences 
i n bond l engths al though s i gni f i cant, arc quit e snall o 
Thu s t he carbon- sul phur bond l engt h s represent essentially 
s i ngle bonds , and ar e s i n ilar to t hose f ound i n Llany ot h er 
comp lexes i ncluding Cu(II)(DTH) 2(BF4) 2 , tet rncarbonyl-
di thiaoctane chro!21i uu( 47) , cyclo- d i - µ i bisa - ( N, N- dimethyl­
amino) ethyl7disulphide j dicopper(I) t etrafl uorobor ate(57), 
coppcr (I) , 2,5-dith i ahexane - 1,6- dicarboxylic acid(58) and 
t e t rakis( thioacetamide ) copp~r(I) ch l oride (71). The C- S- C 
bond angles are all approxinate l y t etrahedral as i n t he 
Cu( I I)(DTH) 2 (BF4 ) 2 structure, but t he Cu- S- C angl e s are 
cons iderabl y l ess at 96 01, 97. 0, 97o1 and 93. 3 degr ees. 
Buch distor t ion with i n the r i ng could be due t o r i ng strain 
but i s oore likel y to arise f r o11 s one r epulsion between 
t he sp3 hybri d orbi tals , cau sed by the poss i b l e n back 
donation frov t he uet a l to t he sul phur orb i tals. Si milar 
Cu- S- C bond angl e s have been f ound i n t he s truct ure of 
Cu(I)2, 5- dith i ahexano- 1,6-dicarboxylic ac id ( 98 and 100 
degr ees) but not i n the Cu(II)(DTH) 2(BF4 ) 2 s truct ure where 
t her e is litt l e evidence .of n back donat i on and in which 
t he Cu- S- C angl es are approximat ely tetrahedral. 

The C- C bond l engths f ound in this s t ructure vary from 
1 .44! to 1056! a s shown in Table XV , t he distances being 
significantly dif f erent . The C- C bond distance of 1 o44 + 

Oo02! with i n one of the 5 Member ed rings (C( 7)-C(11], is 
signif i cantly shorter than the same bond in the other ring 
(C(6)-C( 9))at 1.55.::. 0.02A o -Th is nay be due to the close 
appr oach of 2o 94A between F/t52)IV7 and C[(7)I7 and the 
associated Hlf20)I7-F,/('52)IV7 distance of 2.25! which is 
considerably shorter t han the sum of the van der Waal ' s 
radii of Hand F (2o55A). Although the pres ence of 
C- H----F hydrogen bonds is unlikely in the ordinary sense, 
the short C- H----F distance prooably represents a polar 
attraction between t he atons(73,74) which could ha ve an 
effect on the C(7) - C(11) bondo Si milarly the other short 
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C-C bonds, C( 10)-C(14) L:J"o45 ~ Oo0~7, C(12)-C(13) 
{1047 ~ 0 . 0~7 are all a ssociated with oethyl hydrogens 
i nvolved i n short i nterLlolocular contacts , e.g. H(33) and 
H(34) of C(13), and H( 36) of C(14) .(Tablo XVII) o Other 
s i r,1 i l ar C- C distances have been r Gportod e . g. 1046 - 1 u48~ 
(57). All the carbon atoms appear to be sp3 hybridized as 
expected , sinc e t he ir stereochenistry i s approximate l y 
t etrahedralo The C- C-S bond angl os of the r i ngs are a l nost 
ident i cal to those f ound in the structures of copper (I) 
2,5-dithiahexane -1 ,6-dicarboxylic ac i d(58) and cyclo-di-µ 
(?is/2- ( N, N- di1:1ethyl a r1i no) ethy]}disul phidej dicoppcr( I) 
tetrafluoroborate (57) o 

The two independent f ive r.1e1:1bered r ings Cu- S-C-C- S 
i n the mol ecule are both in a gauche conformat ion, with one 
ca~bon atora above the pl ane forocd by the Cu(I ) and t he two 
S atons, and one be low. The exact distances of these 
carbon atoms f ro r.1 t he pl anes described are shovm in Table 
XXI, whore other me an p l ane calcul ations arc a l so shown (28). 

The C- H bond l engths were not unusual, raost of the shorter 
ones be i ng i nvolved i n short i ntcrnol ccular contacts. There 
was sone distortion i n t he tetrahedral s t ereochemi stry of the 
oethyl groups whi ch ½as also been attributed to such contacts, 
a l though such distort i on i s not unusual, espec i ally in 

teroinal uothyl 5roups(72) , (Tabl es XVI and XIX)o 
The BF4- anion has a l ready been discussed i n detail i n 

the s ection dealing with the rcf i neoent of the structure. 
The group had a strict tetrahedral geonetry i mpos0d on it 
by t he r i g id group restrictions, and was f ound to be disordered 
a s shown i n Fi gure 6 Q 1I'he B-F bond was shorter than expected 
at 1o34t. Thi s decrea s e i n length can be attributed, a s i n 
the first str ucture, to increased n overl ap between the 
empty 2p orbitals of t he boron and the f ull 2p orbitals of 
thefluorine ( 44) or to the ionic character of the bond which 
may result due to the e lectronegn.tivity difference between 
B and Fo I t is s i milar however to B-F bond distances found 
in other free BF4- ions, e. go 1018-1 .4~ in ~u(I)) 2 
(C8H20N2S2) 2 (BF4 ) 27C57) and 1.2~-1 .371 in tri s (thiourea) 
Cu(I)BF4 and tris ( S-dimethylthiourea) Cu (I)BF4 ( 63). 



Angles 

Plane 
1 

3 

1rABLE XXI - RESULTS OF MEAN PLAID: CALCULATI ONS 

Plane At oms Defining Distance of Given 
Plane Atoms from Plane 

1 Cu(1) S(2 ) S( 4) C(6) 0047551 
C(9) -Oo 2564! 

2 Cu( 1) S(3 ) S(5 ) C( 7 ) Oo 1467! 
C(1 1) - 004715! 

3 Cu(1 ) S(2) S( 5) 

4 Cu (1) S(3 ) S( 4) 

between the normals to the Elanes 

Plane 
2 

4 

Angle (degrees ) 
84 072 

102008 

Eg_uations of Planes 

1 Oo2226x + Oo8512y Oo4752z + 003312 = 0 

2 Oo9198x Oo2837y Oo2711z 10 9438 = 0 

3 Oo2459x Oo8615y Oo4442z + 008148 = 0 
4 - Oo5478x + 0.4502y Oo7052z + 304772 = 0 
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CHAPTER V 

Structural models of copper- protein interaction have so 
far been related to a great extent to the co-ordination chem­
istry of low molecular weight complexes, because only one 
complete X-ray structure analysis of a "non blue" copper 
protein(59) has yet been achievedo As the cuprous ion favours 
a tetrahedral stereochemistry, and the cupric ion a square 
planar or octahedral one? and both are likely to show differ­
ences i n their bonding requirements, the co-ordination 
environment of a copper ion i n redox protei ns is likely to 
be of an intermediate form, depending on i ts biological 
f unction(75)o For this reason , it should be of great interest 
to compare the co- ordination spheres of a Cu(I) and Cu(II) 
complex with essent ially the same ligand systemo Such 
comparisons are not common, because of the marked specificity 
of these two metal ions for different ligands under i norganic 
conditions(13)o Thus although t he stereochemistries of 
simple inorganic compl exes of Cu(I) and Cu(II) are 
expected to be dif ferent, val uab l e i nformation about bond 
type and l ength for lisand co- or dination to t wo oxidation 
states may be obtainedo This i n turn, may be related to 
possible ligand co- ordination in redox prote i ns, especially 
i f the ligand is similar to a biological ligando 

In this study, the s tructures of a Cu(I) and Cu(II) 
complex with methionine-like ligands were deterruinedo The 
Cu(I) compl ex, Cu(I)(DT0) 2BF4 had distorted tetrahedral 
co-ordination, while the Cu(II) complex Cu(II)(DTH) 2(BF4 ) 2 
was a tetragonally distorted octahedrono However, i t was 
found that t he Cu- S distances in both complexes were the 
same within experimental erroro When considering the 
different ionic radii for the Cu(I) and Cu(II) ions 
/1035! and 1o30A respectivel~7, such equality is unexpectedo 
The shortening in the Cu(I)-S bond is pre sumably due to 
some back donation of n e lectrons from the metal ion to 
the sulphuro This explanation is reinforced by comparing 
the predicted metal-sulphur bond distances with those 
found in the complexes Cr(O)(C0)4CT0(47) Cu(I)(DT0) 2BF4 
and Cu(II)(DTH) 2 (BF4 ) 2 o It is apparent that as the 
oxidation state of the metal decreases, the metal- S 
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dis tance also decreases compared to the predicted single 
b ond distanceo Hence virtually no shortening i s observed 
in the Cu(II)-S bond /20 317! cfo 2 o34!7, while some occurs 
in the Cu(I) - S bond {J.o307A cfo 2o39A7 and even more in the 
Cr(O) - S bond where the bond length is 2o42! compared t o a 
predicted length of' 2o 52! o As a decrease i n bond l ength 
can be re l ated to an increase i n metal~ ligand TI 

donat ion ( 79), it must also be related to the ability of 
the metal ion to donate TI electrons to the ligando Thus 
complexes involving TI acceptor ligands are usually only 
f ound with metal ions of low positive, zero, or low negat ive 
oxidation states ( 79) i oe o Cr(O) and Cu(I)o 

n acceptor ligands must be abl e to act as a - donors and 
n acceptors, which means they must have both vacant orb itals 
and lone pairso I ncluded i n this class of ligands are 
molecules like R2S~ and those with de localised TI orbitals 
such as thiourea (34)o The structures of a Cu(I ) and Cu(II) 
complex with thiourea ligands have been determi ned o They 
are bis(thiourea) Cu(I) chloride, and dichl orobi s(tetra 
methylthiourea)Cu(II)( 7G, 34) o In the Cu( I ) complex there 
are two distinct types of Cu- S bondo Two of these bond s 
average 2o25A and are characteristic of trigonal bonds , 
while the other is 2o31A and is characterist i c of a t etra­
hedral bond( 63)o However, both these distances are much 
shorter than the predi cted 2 o39l , indicating the presence 
of some TI bondingo The Cu(II) complex on the other hand , 
is made up of isolated mo l ecules containing chl orine and 
sulphur ligands with a conformation i ntermediate between 
tetrahedral and square planar, and Cu(II)-S distances of 
2o32A and 2o31Ao These are almost the same as the predicted 
Cu(II)-S bond l ength /2034!7 and are very simil ar to the 
distances f ound in Cu(II) (DTH) 2(BF4 ) 2 , representing a 
strong coval ent singl e bond(84,85)o Again the similarity 
in bond lengths can be seen between the tetrahedral-like 
Cu-S bonds in both the Cu(I) and Cu(II) complexo 

Having established the differences in bonding to Cu(I) 
and Cu(II) by sulphur ligands of the type mentioned above, 
it is of interest to compare other ligands of biological 
signif icanceo Two complexes which allow a close comparison 
are tetrakis imidazol copper(II) iodide(76) and tetrapyridine 
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copper(I) perchlorate(77)o I nidazole l igands are bio log­
ically i mportant, and pyridine is expected t o be s imilar 
i n it s co-ordination propertieso I n the Cu( I) tet rapyridine 
structure, the Cu(I)-N distance is 2o05 ±. Oo0'1! co mpared 
to a preiicted bond length of 2o05A, and the co-ordination 
i s tetrahedralo For the Cu(II) compl ex , the Cu(II)-N 
bond s average 2 o01 .:!::. OoO~ compared to a predicted val ue 
of 2oOOA and the co-ordi nation is square pl anaro Hunce, 
i n both complexes, the Cu- N bond i s essentially a s i ngle 
cova lent bond, and presumably t h is refl ects the fact that 
these ligands are not good enough n acceptors to shorten 
the Cu(I) - N bondso 

In an electr on transfer protein, rapid transfer of the 
electron i s facilitated if struct ural change s are smallo 
On the other hand, e l ectron transfer may not 1:)e possible 
without s ome movement of ato~s or groups of a toms, and such 
movements may be required t o be i n specif ic directions. Thus 
t he ob served bond l engths i n Cu(I) and Cu(II) comp l exes 
may be of direct re l evance t o the electron transfer process 
i n Cu-proteinso In t he Cu(I) and Cu(II) thioether complexes, 
no change i n bond l ength i s observed as the me tal changes 
its oxidat ion stateo On the other hand, i n Cu(I) and Cu(II) 
compl exes with ir:iidazole type l igands ther e i s a small 
change i n bond l ength (the di fferences between the two 
types of li~and be i ng attributed to the i r different n 
acceptor characteri st ics) . Of course the effect on the 
bond l engths of t he different stercochemistries in the Cu(I) and 
Cu(II) compl exes is diff icult to est i mate. Neverthe l ess, 
the above results suggest that where a Cu atom i s co­
ordinated t o both N and S ligands i n a protein , t he lengths 
of the Cu-S bonds may be unaffected by change in the 
oxidat ion s tat e of the Cu (io e . by t he electron transfer 
process) but t hat the length of the Cu-N bonds may change , 
thus allowing small structural changes to be transmitted 
in a particular direction. 
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APPENDIX 1 

Structure Factor Tables for Cu(II)(DTH) 2(BF4) 2 



" H08Sl YICALCl s 4 I 3'70 J,81 2 ••• l6 0,36 
6 4 I 19 • •• 17, 37 •2 u,15 H•JO 

I 0 0 95,6U &6,a1 I 4 I 12,01 12,S2 l 2 14,50 ll•21 
2 0 0 61, 7U 57,l& u •5 • I n,25 26•82 l 2 u,11 1),40 
J 0 0 70, 37 U,15 I •5 •1 46 • 91S .,.,. 3 •2 11, 72 11 • 99 
4 0 0 51•10 52,78 I ' I 0,25 U,99 3 2 1, ••• 16,51 
s 0 0 zi ,or 23,BB 2 •5 • I J 7. ,. 37 • 42 3 ·2 16, 21 U,99 
6 0 0 15,U u,04 l ' I 36•07 35,as u •4 •2 50, 67 U,93 
I 0 0 l0,59 28,81 ' •1 4, BI 2,75 I •4 ·2 47,55 ••• 72 
a 0 0 10•49 10116 5 I ZS,61 25'31 I 2 )7,27 )7, 64 
I I 0 34, OJ 29, 31 5 • I 1S•4l 14143 2 ·2 lOola )Q,89 
l I 0 11,65 I0,75 • 5 I 14ol6 I lo 19 2 2 I B, 91 IB• 11 
J I 0 15 ol l lt,72 5 5 •1 20, 5l 20•29 J 4 ·2 59,63 59,6S 
4 I 0 32,90 30,91 5 5 I ar,az 29,ll J 4 2 13, 7' 13,80 
) I u 9t14 7,96 6 ' • I 21,16 23,40 •4 ·2 15,66 18,76 
u 2 0 BI, 23 79, oa 6 5 I 18,)9 19, 17 4 2 26,83 27, 73 

2 0 106 • 32 l Ol • 40 I ' • I 12, 27 11 • 41 ·2 11.rs l 7 • 99 
2 0 32•60 29,93 I 5 I lt94 2,21 2 1 ,. 50 17,21 
2 u 6 J, 75 62'11 5 •1 10 • 06 9el4 ·2 1a,,, 18ol2 
2 0 S2t1IS 49,., u 6 I l9,S4 18,92 2 1,,oa I~ ol 2 
2 0 6tl6 S • 40 I 6 ·1 16 • 49 16,09 ·2 1 •• 64 15ol5 
2 0 7169 7, 02 I 6 I 2 7, 38 21,10 2 11, 63 11, 05 

I 3 0 81 ,65 79, 30 2 6 ·1 21, 1 J 21,as 4 ·2 12, 65 12,ao 
2 l 0 26,)J 25, 47 J "6 ·1 14 ol I 14,75 •5 •2 •••• I, 61 
J J 0 37,8l lt,67 J 6 I 16,18 l l • 41 •5 ·2 14 • 97 13144 

3 0 23,15 24,07 6 • I 19•2S 171S6 5 2 9 • 31 6,56 
) 3 0 16, S9 17, 28 6 • I 1,, o• 17,71 5 ·2 42 • 97 12, 11 

• l 0 18, 82 1 i • 7S 6 I 4 • 12 4 IQ) 5 2 28,90 H,06 
7 l 0 11, 06 12,os 6 I 14, 79 14165 5 ·2 4 7, St 45,40 
u 4 0 124'30 124•&• 6 I 6,24 4, 87 5 2 21, 53 1a,u 
I u 29•22 28,93 ~ r I r, ss 1, 80 5 2 6 • 6U 4196 
2 0 24, 01 22,54 I •7 • I 20,94 19,75 5 ·2 1 j. 6'111 12,66 
J 4 0 H, 22 l7•57 I 1 I 17, 44 18tl6 5 •2 12tlO 1 I) I 4) 
4 • 0 20,1a 20ol6 2 r • I 12,64 l O • 12 5 2 l l Ill 11•61 

' 4 0 l 0•26 a, 10 2 7 I 4 7 ,4e 48,20 5 ·2 7 • 48 7,ll 
6 4 0 12,)2 14 • l6 J 7 I 26• 21 27t26 5 •2 15•6J 16 • 17 
1 4 0 17,95 18,47 1 • I 9'37 a,02 6 2 5. 4l 5 1 29 
II 4 0 6 • 54 7tl2 7 I 21 • 75 23o1S "6 •2 24,ll 22,H 
I 5 0 17. 2u l l • 92 7 • I 31, 02 29,35 "6 2 58, 51 5t,e8 
2 5 0 15 • 11 1 ~)I 76 7 I 2l • 31 23,78 •2 67,24 66•07 
4 5 ll tlil 11, 02 7 • I l 5 • 81 15,&8 2 66 • 41 66, 29 
) 5 15 • O'il 1,. oa 7 I 9 • 94 11 • 42 •2 4tl6 ),70 

6 0 6tl5 7,90 u ·a • I 4 I 52 4, 91 2 15 • &4 14,93 

7 0 a. 96 8,16 I "6 • I I lo l5 13 • 41 •2 lo36 4194 

0 0 115 • 64 41, 20 2 8 I 8 • 09 8, 00 6 ·2 19 • 4'111 21•46 
I 0 20ol5 20190 J II • I l O • Ott lJ105 6 2 221 11 21 • 48 

2 0 SOo37 511 40 a I 4 • 06 l, 61 6 •2 20•51 21150 

0 2 l, Su 2418) a I 6ol7 5'13 6 •2 s,91 6 t 4 l 

• 0 11, 87 10199 8 • I 5, 65 5, 7 7 r 2 4 • 52 5,74 

' 0 30, 75 29,65 a I 6193 6101 r 2 5 • 95 J. 75 

6 6 0 26,4J 26, 50 •9 • I 7, 92 7, 99 7 ·2 15 • 4J II.JO 

I 1 0 I0,9J 10,aa •9 • I IS, 72 14,59 7 ·2 5,37 4 • 93 

2 1 u 9 • 9) 10115 I 19 I 62 l -1 • 75 r 2 10, 5> 1o,81 

j r 0 10148 l O I 9) • I 12•46 l l 1 70 r ·2 s,01 )186 

u ·a 0 r, 01 3 • 70 I 24, 4tl 24196 1 2 a," 8,09 

I a 0 5,02 6t16 I 16•43 18,42 ·2 6 tl 11 l 1 61 

2 a 0 25,4) 2) • 64 • I 3, 9'111 2 • 86 2 6, 6Y 5, 60 

3 a u 1 3 • 46 l)tll 9 I 9 •06 1 a, 7'111 II 2 22,01 18,55 
4 a 0 e, a2 .,I, 91 9 • I 1ltl6 11, 56 ·a ·2 2 J, 71 211 24 

~ 8 0 22, 54 21, 53 9 I 15 • 6'111 16, 21 a 2 43, 09 H16l 

6 8 0 20,09 20127 y • I 12, 8 r 12,9 0 a ·2 32tltl l2, 57 

3 9 0 5. 46 l 1 38 10 I 6 • 65 7 1 6 7 a 2 38, 90 )6,50 

• 9 0 II, 82 4, 27 •10 • I 7,7,.,i 61 ltl a ·2 15,18 l l • )4 

I 10 0 6, 42 1, 04 10 I 15,16 16 • 00 a 2 1 o. 21 9, 11 

l I 0 0 1 0 • 1 J 12 • 04 10 • I 6, 09 4 • 50 8 ·2 7, 9J 7,79 

l IO 0 7 • 97 i • 58 I 0 • I 6, 05 5, 45 a •2 r. 49 7,97 

I 0 u 9 • 7 l i, 95 IO I 5, 02 4, 42 a 2 10,52 11, 95 
) 10 0 1 l • 9J 1 l, 49 10 • I 4. 4«1 4 • 39 8 ·2 7,87 9, 08 
I II 0 10, 30 li)t 04 ) 10 • I r, 69 8,91 ·9 ·2 4 • 26 l, 37 
0 •12 u 8, 9) l0,56 u •II ·1 5, 49 5, 40 9 ·2 10,.a 10 • 19 
I 12 0 4 • S> 6 • 16 I II • I 6, 39 6,53 9 •2 5, 27 5,68 
u I I 99,26 99,02 I II I 9. 84 1.) • 16 •10 ·2 1 l, 9, l 1 t 68 
1 I •1 75, 20 74,55 2 II ·1 6, 69 r, 08 •1u ·2 21 • 6tl 1a,a2 
I I I 52 • 51 48, 61 2 II I 15 • SiJ 14, &6 IO 2 20 111 20,05 
2 I • I 4 7, 76 48tl4 J II I 1 o , 1-1 ~,TT IO •2 19, 60 171 20 
2 I I 14,95 12 • 41 11 • I 5, 72 5 I 611 IO 2 20, 76 20 1 52 
J I • I 89,06 8 7, 20 •12 • I 5,311 , , 6 7 10 2 l 0, 111 9,27 
J I I 2 l, 56 21,75 12 I 6. 71 8.311 10 ·2 6, 78 8108 

I ·1 68,42 66, 84 u 2 85, 95 !8,38 II 2 4 • 0 I l ol 2 
I I 18'19 16,96 0 ·2 S l • 12 45, 9 J II ·2 5, 52 S,50 
I I T, 54 6,00 0 2 JS• 98 l1 tl 1 11 ·2 5 • 54 8194 
I I 16,56 16,36 0 ·2 51, 27 5 0 ,3 0 II 2 7,51) 6,68 
I • I 22 • 24 21,110 l 0 2 81, f 2 82,111 12 2 131 2S 11 • 6S 
I I 25, 28 24, 58 J 0 ·2 I0 0 ,5J 100'14 •12 •2 9 ol 7 7,15 

• I • I 5, 06 6, 92 J 0 2 14, 82 14,94 • I • J 51, au 49133 

• I I 17•00 16tll 0 •2 8l, 49 94,711 • I • J 38 1119 39,97 
0 2 I 33tlf 26,48 4 0 2 66 1 46 6) • 09 I j )6,9) Ja,sa 
I 2 • I 69120 •• • 99 ) 0 ·2 31, 72 29,99 I J 15 ol 7 16,8) 
I 2 I 84'68 78,92 5 0 2 9. ,. lltlll I • 3 87,2d 86107 
2 2 • I 11,24 19, 69 • 0 •2 H• H l S • 71 I l 119, 58 49,20 
l 2 •1 3l• 61 )j166 6 0 2 26, 54 29,)0 I •J 54, 70 50161 

2 I 36ol7 35164 0 ·2 )6, 08 35,47 I 3 50,00 49, 7 3 

2 • I 29, 6d 2) I 92 I 0 l l5, 26 3S,O\I • J 12t17 11, 94 
2 I 6tll 6 • 48 II 0 •2 22, 25 22 • 91 3 l81SJ 17,90 

2 • I ll • 8J l l, 75 6 0 2 15• 51.1 lS,74 •J lS,80 35 • 40 
) 2 I 9, 04 9126 u ·1 ·2 50,43 45184 3 15, 75 15,65 
6 2 I 21,00 19,9) I I •2 20191 22,65 I •3 49,29 50,07 
I 2 ·1 4 • 22 4t16 2 I •2 52oll 47106 I 3 18 1 81 20, 1B 

2 I 91 5'1 8192 l I 2 36, 23 17199 a I •3 20,)6 21•28 
a 2 • I 6, 76 6,60 j I ·2 41,59 J7, 69 9 I •3 4, 25 3, 7) 

• 2 I 6, 07 II, 04 4 I ·2 15ol0 1;.22 0 •2 •3 6,•s 11•4 
0 • 3 • I 64•91 60,54 5 I •2 16,27 12o37 2 •) 23• 72 25,29 
I l ·1 63, 2U 55,96 6 I ·2 7 • 96 7 '4 I 2 3 Ja, oa 319'04 
I l I 19,79 21t2• I I ·2 10, 76 10,57 2 •J 59, lO 62,07 
2 l ·1 ll• 2J 22ol0 r I 2 4. 7 J 4,SO 2 3 25•02 26106 
2 l I 42, 51 4'1,82 • I •2 9112 10,18 2 •) 26oJ2 24,96 
J 3 ·1 54,U 58, 72 u ·2 •2 20 • 44 2lt90 • l l 17,67 16, 96 
J l I 29• 77 29190 I ·2 •2 36 •OU 34',09 2 j I 111 7, 78 

l •1 49'16 50131 I 2 2 36,96 )4 • 60 2 "l 12,u 12,os 
3 I 2&,QY 28,30 2 2 •2 6S•ll 67,89 2 •J 6'10 l 1 83 
3 ·1 20,u 21 • 95 2 2 2 15,13 18, 7 7 2 • 3 11, 72 12, 14 

) l I 16, 72 14,21 2 •2 l2o16 29,25 2 • l 5,,. 6117 
6 l • I 6, S4 6162 2 2 29,70 29,67 0 •3 "l 34,77 )3,)8 
6 l I l2•2J 1),52 ·2 ·l 75, 68 69t67 I •3 "l 15165 15,98 
I l • I 15•47 1518) 2 2 J;,54 ))166 I 3 3 44 I 90 4),)5 

3 I 15,0'I IS, 67 ) 2 ·2 52•38 53,97 l 3 •) 20oll 17,5) 
II l • I 9106 lh47 ~ 2 2 32, 19 33, 75 2 3 J 2&,)7 27, 25 
a l I 11, 02 9,61 6 2 ·2 :H,64 )6, 46 J 3 ·3 41•07 39, 4, l 
u •4 ·1 16oll 17, 74 • 2 2 10,28 9184 J J J 42, 76 U,77 
I 4 • I 27, 10 26152 I 2 ·2 25,45 2>1 35 l • l 39,90 ,0.,2 
I 4 I 95,1) W• 1 Ott I 2 2 20ol0 20,65 3 3 29•26 29,69 
2 4 I 22,42 211 at • 2 •2 &,71 8154 l •3 21,ao 21,5a 
J .. •1 15,59 15,56 0 ·1 ·2 29,26 2:11 22 l l 11, 72 12,2) 
J 4 I 32, a1 29,54 I J 2 22, 44 22,01 3 • 3 30,U 32,33 

4 • I H,OJ 26,25 l 3 •2 74, 24 ,. 1 84 3 3 15 •01 15,60 
·1 28, 42 28198 J 3 ·2 39, 54 39,92 3 •J 25,07 24122 



J J 12 • 46 12tJ7 J • 1 7 •51 19•52 • ; 7.,' 7 • 00 
J •J 1 ), 49 1 J ,a I •J .. J,SI 5,24 • •5 lOoJS ll • 77 

• J •J 6,54 7, Ol J l • 94 6,62 • 5 20,2• 21,1a 
0 .. •J 7, &I 8'13 J .. II, 04 6 t 71 .. ") 1 C,, 54 U,99 
I .. •J 32 • 41 )2, 69 J • 6tJ4 7 , 49 ) • 5 a,11 9,26 
I • l 10,7J a tJ6 "l .. l7 • 55 l 7, 0 7 6 • •s IZ • )8 10,u 
l • ") l l • JS 16d5 J • 19,2• 21 • 0 l 6 • 5 10 • 21 9, 75 
2 • l lS, 51 l>, 69 3 .. 5, 21 a, 12 • •5 l l, 90 13,04 
J • •J )5,)2 Ho16 3 1 l • 6) I J, & I • "5 •• 21 8, 71 
J • J 25,t 5 2i, t 1 J .. 26, 25 27d2 · s ., 29,2) 32,61 

•J 16,61,) 15,98 J 41]9 2, '12 5 ) 16,52 17. aa 
•J 6, 46 4, 48 l .. 15.Jl 17, 00 ·s •5 40d4 37,56 

J 12,]9 I l, l1 .. .. 17,l:, 36dJ6 5 ) 2:J • 1 'l 21 • 8\ 
•J 20'11 1 i, 65 .. .. l 7, 66 )6, 75 •; ., 25 oJ> 2,,95 

• • ·1 12, 76 1 l, 72 • • 26 • 21.1 21i.S7 ; ) I l, 62 12194 
0 5 J 46,S8 411, 5 7 .. .. 3 0 • l J 32, 00 •5 •5 11,92 19,92 

5 ·1 46-11 4l • 94 • 20.Jj 19.J2 ) l5,8l 14,96 
5 J 2•,8J 2), 25 .. 40,51 4),47 •5 28,18 28'12 
5 •J 54 • o:, 57, 6 3 • • l OHJ(I 3),09 ) 111 • 8l I 5, 75 
5 3 22,54 24, 22 .. .. l7 ,o, j~, 58 " 5 211,74 2•, a, 
5 •) )j • 36 36, 58 • 9, 20 ,.JJ ., I O, 00 9. 6• 
5 l I O, 66 9, 41 .. 10.JO 1 J, )ts ; . ., I, 7/ 9,01 
5 •J '. Jd 6 • 25 13, 80 111, )0 " 6 " ) 6 , 51 6, 46 
5 J 12, ~'l. 1 l, 26 .. .. l6d 4 12, 72 "6 ., 18,9) 18,21 
5 •J II •68 20, 0 I • • I J, 00 I J, 63 16d4 18.36 
5 J II, 29 11 ol I • .. l J, 54 11,71 ., 15, 62 15, 92 
5 ·l 20 • •2 20 ,o• • .. 1, Ill 1 J, 16 ., :;.uo 8 • 62 
5 3 11, )l 9,&2 • .. IS.8,i! 8t80 ; 9,67 9,l> 
5 •J I, II ;o1n •5 .. 19.J/ II, 4; • 5 6, 04 4 • 95 

"6 ·l .,.)J 81 34 ·s .. 49,91 S 1 • SS ; 11 • 42 10 • 78 
•J ll•"tl 11,)1 ) .. 12 • OJ 1) • J4 

., T • 29 6 • 21 
l l l, 02 ll,16 5 •4 ) • 49 J • 94 

., 4•66 6d6 

l 20 • 1) 21, 29 5 2 1 t\,),l Ii, '1 ) 1Jt07 1 , 65 

• J 
l1 "" 

33 • 4U 5 l!>t25 14 • S6 
., ·5 12,2d 12 1 40 

J ". 0 J 11.is 5 .. 22 • 5; 21,7b ' 5 10•2' • • 2• 

•j 14. 8Y 13, 69 5 .. 14tJ1 14, 26 . ' ., J2ol) 34 1 26 

J 1 l I 9,1 11"17 
, .. 6, 1 0 > • 4 0 ' ; 26tJ1 211\5 

•J 5. 60 ; , 46 "6 .. 2J I J1 2; • 01 I , • 7 J fl I 6) 

•j ., • dl 6, 78 6 • 21 • 00 22 • 90 ., ; o!SJ 5 1 4 3 

•j 8 o18 l,2J "6 .. 4~olCI 5J , 82 4, 74 5,73 

u j Id, 8• I•• J7 
6 • 31 • Ol lJ. ; , " ) 11 0 • 51 ·~·68 

l •J 4 4 • 52 46 1 62 
.. .. 2 I• 21t 2b, 05 ·s JI ol l 2918S 

I J 28 I')) 29 • it l 6 .. 15, b l 1 q • TO ., 6 • 64 • • 72 

2 ·1 41 tl) ltJtl O 6 .. l4,4J ll, )9 "8 ., 2,89 0 • 25 

J U.Jl 2 J . 19 • 16 ,l l 16, 72 "8 •; 5.JO 3 t 98 

•J 1 J,9U I J • II •4 21 • 18 21, 63 
., •5 61S2 612 0 

j 11 • Ud <, 1 1 .. 7 • /6 ) , 46 8 · s r , 02 7 • 4 0 

• l 9 • 2-1 1 J • 56 • 12 • 54 I J , 0 I •9 •s 5 • 69 • • 50 

•J 24d) 2; • 65 
., .. 5. :,,l q • 1 2 • 9 ., 6 • 52 619 0 

J 7,10 6 • 4 T 
• I .. ) • 5; 1 • J2 • ; l,Y9 6 • 09 

• J 1 2, '7 14, Sb r 11,,U, 2. J7 
., ., 15 • 26 14t2 9 

J I• ~1 I, 0 J ·1 .. ., • 0 / •, 0 1 ; 10,,, 12.,, 

•J f • OJ fo4J 
., .. 11,1, f,41 .. ., 11 • 51 1:Jtlil 

J 3 • 91 2 • 09 
.. 8, 2; 7 • 42 '. 4:> 6 1 96 

• j 7. ,Ji 7 I 66 .. 6. !J i# ; • 00 ., 11 • Sq lldl 

• l 5 • 62 'ol 2 
.. .. 12, u, 1 l • 08 ; ., 2J , 11 1 9 • 84 

• •J lJtl/ .J,73 • • I O • ll 11 • 2'v 9 • ; 1 7 • Sd 1, • 25 

• d J 1.1 .. ' . 6" 
"6 .. 2f , 54 26,66 • l 0 • 5 ~. fill ) I )2 

" • 9 •J <J. J7 2J. J7 • 6 • 0 '11 9• 21 l u ) 4 • 01 ,,2 0 

l •j 2, . ,, 2/t)) 8 .. JO.Ju J J, 4 8 • l 0 ·5 •. u ) , 90 

l l 14, 26 I "26 "8 .. 22 , 6) 2 J • 92 •1 0 ., 5,ld 4 I 75 

l • J J2d6 )l, 61 8 .. l 8, 62 H.J2 l u · 5 4, 76 S,24 

l l 11 • jj 1 2, )6 .. 17-tJ 1 q • 86 •1 1 ") 4 • 8U 4 1 92 

•J 1 f • lJ I 6 oOO • .. 4 • 8 1 lolU • 11 ., ; • >u 6 • 6 3 

• J 6 .Jj 6.72 
; I, 42 6,1 I ... • ; 4 If l 4, 70 

J J.8.J lolS 
.. .. : 0 ol l .J • 00 0 • 6 2 I ( f 61 I 41 

; •j ! • )) 1 J t14 • 4,tll J • I 6 0 "6 J7tl/ l l, 21 

• 10 •j '. 9; d, 5) 
.. .. 6 I 01 I, 2 1 6 11 • 51' ll,44 

I J J 804:> , • 22 • .. 7, 9 ~ I , 61 · 6 26 • 'ilJ Jl,61 

10 J 6 , 4U '." 
, .. I O • 2u O,d) • 9t!t,.. a. 90 

·1 0 J I , 9:> 7 , 19 • .. ; • 8 I :1.1-. .. 75 , 6111 7 'i 1 16 

I U · l 6,J; 6 • 97 • I 0 .. 12oll 14,48 6 16 • 44 11,1, 

I 0 l ,J.j4 tS.45 ·1 0 .. 17 , 'i) 1 ", e& .. f J • 00 6 7 • 94 

• 11 ·J 1 ~ , 6l l J • 09 I 0 • 'j.;J 6 , 26 6 1 7 I/~ 18 I 26 
• 11 "J lloli. 11 • 20 I 0 .. 11,21 1 JI )9 "6 Jl,21 )J , 21 

II J 11 • 6l II, 8 J I 0 .. I l, Oo 12tl6 ·6 l • • 21 I J, 99 
•11 "J 1 J • 6'1 11 • ,J,,I 1 J .. 16 • 61 11h01 J 6 I, 2:> 5,6) 

II J • • JI b • 65 • 11 .. 11,411 11 • 79 " .. IS,9U 15 • 69 

ll •j lJoto l Jd i 
• 11 .. 5, 22 4 • 4 2 I • 1)d 7 1; • 95 

11 •J ; • 11; 0,1 J I 5 92 • ,. r,12 I 52 • l "6 14 • 6d 17, 91 

0 1l1 di 11.:S, t,9 "l ., 12 • 2:J 7 2, 06 l 6 27,)b 26,0I 

0 .. lJSdJ 105 • 41 I 5 J •• , S4 • I 8 I "6 II• 60 2),76 

0 • 1 ~, 6 J 11, ) ) I •; 20.JU 2iJ • l 0 ·1 .. 2 6 • 60 JJ. 51 .. l • JI 6, 09 I ) 20 I 5/ 2 l • 25 l 9. 7:, I IJ • 57 

• 2lo1J 2J, 66 I -~ 4 2, U6 4 4 I 04 I .. ; • i) 6 I 2 6 .. 12 , >O 11tl7 I ) 2 6, 9,J 27, 25 I 6 1 , 01 6 • 56 

• 'I 1, Jl 'vl • liU I ., 44 0th 4).32 • I "6 2 1 • 6U 20•06 

" .. '>l • 4U 5; • 56 I 20 • 86 20 • 4 0 I 6 'j. j4 t, • 45 

J • JI. 21 
)J. '"' 

I ., 9 • 50 'I , 62 .. !tt 1 J 8,82 

0 .. 11 • 2u , • •8 • I •5 14 • 21' 11, 91 6 tuS1 61 00 

J • ' . 2J 6, 51 I ., lfdl 1 6 • 40 
., 1 3 • 0 l ., I 92 

J .. ,i'j,/4 2'.JI l •5 16 I 44 16, 4 0 .. 1 0 • 06 8,,, 

0 I ) • 22 i, I 8 " · 2 ., 16 • 91:1 1 b • ) 0 I ·6 4 • l> ] I )4 

• u .. H,OJ 2 J. t,j I ·2 ., 42 I 41) , u o1 6 2 6 42tll 4)131 

• 0 .. 3 ,16 I , 61 I 2 5 29 • 9i 20 • 8 J · 2 "6 54 • 2'> 59,69 

u • I .. 6d14 1,61 l · 2 •; l 7, 21' 18, 5) · 2 6 l2t2d 2J, 7' 

l ·1 .. bJoll 6! • 26 2 ) 5, 9J 5 , 92 · 2 .. H,ll H,85 

I I • 11,2> 12 • 16 ·2 . ., lUtlJ I l, Si 2 6 12, 21 1),04 

l I .. ! • 'J O,tsT 2 5 5,111 ) • 19 "l .. 19, f • )5,87 

l • I • f,U l J.!4 ·2 ") 12 I 4,l 6,86 2 6 1;, Jd l) • 96 

• I .. 12,J; 1 l, 12 2 1 /, 2 0 II, 59 2 "6 '5• Ou 46 ,I 8 

I 4. r,I' ) • 'v4 2 ., 12dd ll,26 2 6 15 , 2J t),95 
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5 9,u 10,01 7 24,97 23,84 
6 ., 21,u 21•06 •7 ., l2,09 32,20 
I •• 12'36 l l • 91 7 7 21, J2 26,18 I 9 U,66 U,31 
I ·6 ,.,, 1152 •r •r 4, II S,61 ., •9 23,07 21 ,06 
9 4 "6 9,9y 9129 7 7 ,,o ... , •1 •9 21,27 22,01 
0 ., ·6 2s,11 25,89 •7 •1 14,SY 14•42 I •9 a, •a 9,04 
I ., ., .. ,, 7,87 7 ·7 6,66 9,89 ·2 •9 8,69 8,86 
I s • 28'31 29,U 7 •7 U,25 16,54 ·2 •9 11•42 19, 84 
J •s "6 26• 5J 21•17 8 7 , .. , S,24 ·2 •9 a,1• 10 •,, 
3 ' 6 9,99 I0,49 •• •7 ,,u S,91 2 9 ,. 14 l ••• 

5 "6 13, 67 14, 21 •9 •7 11,rct 11,91 ·2 •9 11,10 10'34 
5 ·6 26,7] 21109 •9 •7 15,41 14,90 •2 ·9 21 •lt 21,u 
5 6 6,)9 S,44 9 7 16,l'i u,oJ ·2 ·9 14, 01 llt14 

I ' •• e,u •••• •9 •7 16,)8 16,58 u •3 •9 24•05 24, 16 
d ' "6 9,6) 8,62 0 10 ·7 ,,01 JtS4 I • l •9 14, 77 U,38 
u .. ., 4, 91 3,93 •10 •7 1•60 •• •a I J 9 2),17 26,15 
I "6 ., 11,2, 121)8 0 I 11,S) 19,90 2 • l •9 2 0 , l7 19, ,o 
I • • ll,11 34, 17 0 ·8 .. ,, 7 ol 0 2 J 9 12,6) I 3 ol I 
2 6 .. 21,., 25• 56 0 8 19•75 11,68 3 • J •9 20,00 17, 68 
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J 6 ., 10,H 1 QI 6) 0 8 21,08 20,ao 4 "l •9 8,14 1, 4) 

l 6 6 10, S7 9,46 0 ., )2,)2 ll, 7 l 5 J •9 4 • 60 4, 72 
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6 6 "6 2),96 24 I 82 0 d 21,95 22,08 d l •9 12 • OJ 11, 90 

6 "6 r, as 9,S6 0 "d 17, U 15108 3 • 9 10 • l1 1 J, 76 
6 "6 10,11 11 • 48 0 ., 2s, ea 2s,21 .. •9 8126 6, 56 

• 7 "6 4,7J 4, 24 0 •e 41•66 41, 27 .. ·9 21 • 09 26,92 
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I 0 6 14 • 29 12,57 ·2 ·1 11, 54 l 5 I )6 7 9 7,9,J 9,79 
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> •• •10 1,. 6i IT,)1 q •1 ·11 19,oo IT,19 
I •1 ·11 21,10 27,tr 
l •1 ·11 14, 52 14,50 
j ·1 ·11 24,H 24,67 
4 •1 ·1 41,H 42, r l 
> ·1 •11 2loJY 2l,9l • I •11 r, o• ... , 
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4 11 12,26 10•90 
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I •5 • 11 9,:;s i, 68 
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•5 •11 15ol8 IS,1' 
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• I • 12 •••• •• 15 
·1 •12 9," ,,ao 
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I ·2 •12 8, 26 a, or 
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J • l •1 2 16, J6 I I ,DI 
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I l ·1 2 4 • S4 l, 06 
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•4 ·12 12 •02 12, O l .. ·1 2 I .l , 20 9, l 1 .. • 12 ,. o• 7,62 .. •12 11, H 12'11 
•4 • 12 12, 24 11, 56 .. •12 a oll 7,65 
•5 ·12 16,07 IT ,OJ • •s •u 5, II ... 7 

s •5 •12 6, 42 6, 90 
2 •• •12 l J ,gj ll•22 
5 •• •12 6dO 7,29 
2 ·1 •u I, 60 •• 72 
4 •1 "ll I l • ll ll,Sl 
> I •11 1,H ,. )8 
6 I "ll 1,57 7,15 
I I •I) IT,st ir,21 

·2 "ll 8d1) a,., 
·2 •1J l l, 4'1 11, oa 

2 "ll 6,u• ,.,1 
•) •I) r, s~ 1 • •• 
• ] •11 I g, 5T 9• 1S 

> •J •I) ,,a'i S , 54 • •) "IJ 7 t6) ,.,1 
J .. •u 9,6, ID•H • .. •11 5, ·~ ' ... 4 D •14 9,U ,o,49 
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~ ~ L 1108$ l TCC•LC> e 
6 )J , 24 S0oi6 ,, .o~ • u1eyo 

u 0 2 '1, 3 0 64,40 ·>2, 6J • )f • 1 1 6 4ld9 4 S,0 4 • 44 , 9 d •2, 2, 
u 0 4 109, 21 107, 29 1 u, • 27 2 •0 4 6 u , 11 llt1 9 .,.,, ·'1 •0 1 
u 0 6 90,74 88,72 •o, .. 26 59,00 6 IS, II 2),77 •i2,8S 6•S6 
u 0 a 12•56 16,82 t J, S9 9• 91 • 10 IS,76 11,ll 11, 1 9 6• 0 4 
0 0 I D 21,98 21,2) •1 7' ,. ·11 tt'2 7 0 ZS, 11 21,eo ~,.eo o , 00 
0 I I ai,u 87, 78 •06, 11 •17 • Ol 7 41, 00 41, 5) •4 o, 72 ·u,01 
u I 3 rs,01 78,H •f7,47 10,99 7 24, 4'11 26 • 30 ~3, e, • 11 ,11 
u I 5 32,22 29,Jl •ly ,Ud l•U 7 • 16,oS 13•62 ,.u " 9 • 6 J 
0 I 7 16•88 16,82 16 , 0) •s , o i 7 s ll• ll 1 J t 61 - 6 . 79 8•16 
u 2 u 15 0 ,4) 156•29 1 :»6, 2'111 0 • 00 7 8 10 , a1 S, 76 • 0 , 11 s, 76 
u 2 2 l7, 54 H,00 • 14 , 6 l • JJt99 8 0 4J,6 U 40,07 • 40 , 01 • tJ, 00 
u 2 4 ,9 , 2s 71, 70 ,,.,s 44 .. e, 8 18, 15 19,56 J,2f 19 , 28 
u 2 6 26 , 83 28 , )4 • i ts, 2tJ • t . ,, a Si, ttO 64,29 •0 , 21 22 •47 
0 2 a 32 • OU ll , 01 Jl , 44 10 • UY ' 24 , OJ 22,60 i2,6 0 o , so 
0 2 I U l 9, 8l 21 ,7 2 -11,,s " 12d] a 31, 83 lt,)9 •JI, 22 J,2J 
u I 6) ,90 6),79 • >6,lu )4 • 0 ) a 11, 72 11 , so 1 , 2'1 a, 99 
u l )9 • OU lit, 90 . , 3 , '6 ll • Ol a I O• 71 9,59 2 , ,. 9 ol8 
0 5 ,9,95 so,2Y • •9 , S J · 8• 6 9 a a 2l , 56 22, 41 • .!2 , 29 • 2 , s1 
0 7 )6 • 22 )6 , 97 Jb, 90 • itlS e l U 12 , S2 I0 , 52 1 0 ,20 2 , 59 
0 9 1 11 , 46 11 , or Otl9 · 11,01 a 12 1 t • 6l 7 • 1 7 • 1, S4 ·1 . uo 
0 11 12 , 66 14 • 61 l • •Jo •2,H i u 35 , 94 39 , OS JS , O) 0 , 0 0 
0 0 11 S, 7l 11 / • 58 • 11 f , )C, • o , IJ O 9 I 22, 7 J 20 • 81 • 19 ,U ,, 2, 

2 125,6J 12s , 01 • 1 I J, 1) "H•IS 9 J l2dJ 2lo02 •i 2 , 94 • 2 , as 
so, ea S 1 • 17 it , St 47 • 09 II s 12,98 1,,4s • 1 ), 0 9 6'1 2 

• 6 4 0 "14 36, 0 1 6,,o • J> • 40 9 e 9, 42 6 tl) •3, 3y Soll 
u • e 46 , 12 46, 42 '-6, l Y •• , 62 9 9 1 • • 21 11,a6 9.a1 ·6• 6 4 
u 4 10 l 5 • 6l I Y, 2 1 • 18,12 •6,17 10 u 42, 7 1 o , 8 S • 1q.tt5 • o,ou 
u s I l 11 • 42 108 ,U •\ U6,U2 2 l• II 10 2 29,19 ) 0 , 0) 6,94 29 • 2t 
0 s ) 92,JJ 96 • 04 D9, 1 e lS•H 10 ' 10, 41 9, ;a "6, 0 9 I• •o 
0 s 7 20 • 24 22 • 00 11 t 00 • 1 lt9S 10 4 15tl 6 15,2) •t o , o i, ·11 • 41 
0 s 9 l&oll 21, 4S • L 1 t 4) 0• 59 10 5 9, 8 ) sit 26 • 9 .I 0 l . 14 
u 5 II 12oiJ ll ,24 /, 70 10 • 72 10 • 19• 01 2() , 40 19, ]8 6.J6 
0 6 0 l2dJ )l, 66 •J t, 66 . ... 00 I O 7 1),16 1 J . a l a,11 9,6) 
0 6 2 H ,l2 41,49 • JS,';0 " 2 I , • 7 10 8 16,65 1•,es • 12.i J •e, S7 
u 6 • l l • 4 / 1 J, ,a i J, 4d t , H II 0 I O• 62 •• )4 •4,34 U• 00 
u 6 6 18,l'i li,96 • 1 .16 ·t'i, 115 ll I 2),]) 24 , 10 lT,32 16•87 
u 6 8 20 , 07 1.1 , ar LO • 4• 1 • 17 11 2 12• 62 9,99 & , 91 ld) 
0 6 12 1 • • 09 6,1) u, so 6t10 ll J 16,1 19 17.\0 •tS,l d 1. ,, 
0 7 61, 12 60,69 • ou , 22 •1,;2 II ll.]9 1J,47 ·2, 2 l 10 • 23 
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11 J u 16, 16 16,78 16. 7tt O•OO l 2 JJ,61 li,67 •JS.46 "'l• 1:14 
II J I 24 ,U 21 • 79 • 1 a. 74 lltll • J l 24,17 H,SO -,1, )4 l I)• 99 
II J 2 17,61 15, 61 8, 19 ·11,2Y 

" l 4 21,06 I 7, 61 16 • 2l 61dT 
II l J )Q,49 U,32 l 1 • 90 •tt, Y9 • J s 22,01 22 • 21 ,0,2J .,,1, 
11 J 4 1 J • 81) 14, 17 •l o.JI ·~·65 • J 7 19, flt 2U•OJ •41,U J •1 :s.21 
11 J ) 11, 2 I 2a d6 •l g ,J S 0•64 9 l I 11'6' $d9 ' I~ Jl ,.lh21 
II 4 0 14, •• II• IS •11,a~ •u ,uo y J 10 101as 6,66 •5 111 •),26 
11 4 2 9, 78 9tl9 6,IU •6, tt8 

'I J II lid) l • 56 •1, OU I I 1' 
II 4 J 12 • 71 ll,52 ·41 ,76 6•67 9 4 0 11, T J 18,6) 1a,63 •O• llO 
11 4 4 17,47 16,59 •16,5¥ Doll • 4 I 22,05 24•22 ·'2dl •71dJ 
II 4 6 10,u 12,0 11, lU S,63 9 4 ) 17,S2 17,2l l5 , S6 ,,,o 
p s I 14 • 71 12, 71 •12,61 l•U6 y 4 21, 'II 20.id 19,9, l•6tl 
II s 2 l 1, 45 12,tr 2,., ·12,,1 • 4 12 1 )8 14100 "'121 OCI •511 'tlit 
11 5 J .c!rJ •U4 2() 1 76 19, 21 •f,tlT 

9 4 ,s.sa J,01 ~h 4S J. o, 
11 s 4 12,06 14•0) •4. 7) • I l• 21 • s 10•46 29, 70 ,,.,u 0•00 
II s ; 11, S4 11,56 •11 .2,; 2,so 9 s 29 • YI 26, '118 1.2, 2) li•27 
II s 6 11 • 02 5,06 4, 51) 2,12 , 2 lS14S 2; t1 S .,4, 92 4. iJ 6 
II 6 I 20, .u 20,65 l, 74 ·2u 11 0 s J 1 ,. 61 u,tt •17,91 v,o, 
II 6 2 10, SI 6,41 l,ld •I, 26 , 4 14,1/ 14,H 12, clU I• 4'11 
11 6 J l 4, S'tl 14,16 •14.64 I• 88 s s • 1 • l4 la,U 12,65 ·1 J • 40 
II • • It, 91 2a,S6 •l D,2l •j166 s 6 ,. )J ;,at "2• 9> 'j. J l 
II 6 6 12,YO IS,20 1 0, 7(.1 12,16 s 7 ll,Q4 ltuSS •I• -If ·1 , ,13 
II 7 0 12174 II ,6, •11,,, •o,ou • 0 'ldl ,.,1 .,.,J •o, ou 
II 1 J l:, • 2'11 ;, 06 1, :tY 4•7J 6 I 12 • 61 11,'II ,1 I, 6V 2•2S 
II 7 9 IO•Dl 2,65 ·1, 79 •i. 9') • 6 2 17,ll 121Sl ·s,;1:1 • u, ,;i; 
II ~ 2 11,1,1 1 J • 69 1).tl •)t '10 • 6 J l2•dQ 22,41 1lt11 19145 
II • 4 17, 91 1,,1s -, ,.a1 0•90 • 6 4 l4dd t J, J J l:J.)IS ••• J6 
II • s 11 • 60 11,25 1 \),0 I ,,u l 1 J. ro ·1.1, •7,76 

'>•O'i • 6 ) 12. ~ 1 
II I 6 llolJ lJ, 67 ts, 2l 21 , 2 1 • I 7, 7S ·11 .,~ ,, 6 6 .! 1. )) 

,,,J lld~ II 9 0 119) , • 44 •7,44 0•0:l 6 I h,5~ l)t 0 l 
•J,61 II ,, J 9, 14 8,62 · s,s, 6• ;it 11 • 21 ,h6) •-11 61 ,.,. 6 9 

11 9 ' 11•17 ,,as 2, 20 , l~•dU -i • SY ~. ;'ii Q•UO 
•o,Sl •J• Ol u 

6, ~6 • 5 , a~ II l s 12,s1 1,oa 1 2 11, u/ :5 • 62 
II ,, 1 9,U l • 32 2,jd 0 ,1 ~ 



11 ID ) ID•D9 2,,. 2, 60 0•64 12 D D JJ, l4 JIJ,4S • JJ, •o ·o, c,o 
12 D 2 IS,51 16,2• 1s,u, 6'19 ll D J 24, 48 H,29 • 1 J, YJ 21'11 ll D 4 ld,29 16.JD •ls., j ·i3! ,~ 12 D s 1 l ~ OJ 11,71 •• 6'11 
ll D 6 I J, SO 20,2) lY,tU J• 76 
ll D , ,. 9J 1h1J ... ,, •&, 96 
12 I I 14, 11 11 ,,. 11,u 1•61 
12 I 2 12 •Ol 11'0) 6.lJ • 11 •SI 
12 I ) tl,91 2140 "'t, JJ l•Y9 
12 2 ~ 1 7, SI 16,S7 • .l 6, ttf · o,oo 
12 2 I 9127 11'12 " 9 ,9/ .,.,,n ,, 2 2 12'1> 14,H l 4, )l ·1, JT 
12 2 ) 1Jt14 13,ID ., , 116 11 • 22 ,, 2 • 19, SIi 19,Yl •l 1' ,9 l O•U6 
ll 2 s 1,.,. 1, l 1 I , 2d :J. 6, 
ll 2 6 12, 41!1 1,,aa .lj.)J 6 • 62 
12 ) I 16dl 13,26 l 2, 72 J, 7S 
ll 2 llol> V,94 s.i, •a,Jr 
12 llol) I J, H 6 I 4l •11 ,ro 
12 10,64 1J,i8 •j. 6J •,,ir 
12 9 10,)8 l,67 • J, 06 l•Ol 
I 2 I 1 7, 14! 15,99 • 11, -t I 

·11 "' 12 2 16,6D ,~.29 11, ltl •a, SIS 
1i ) a, 21 2,,, (J.8d "2, >D 
I 2 • l ~ •09 19'1) •11 ,ua •t•ll 
12 ; 1 3 • 10 14, 31 6, 71 I 2 • 6 l 
12 I 9, JO a, 20 a.iv ·o,s, 
1' 2 1.), Ji 1Jol6 •s, ,e1 l2tltS 
12 ) 17,~9 1>129 • l S, 2d •o, s, ,, • I I• TT IS, 21 /,I/ • 1, -IIJ 
12 > ll,S9 12, l l 1Qdl 6• 35 
12 7 10,66 S,84 •• , 62 • J • 57 
12 6 > 10,94 

'" s 
6, 16 S • 34 

" 1 2 11, 'iY ltt.9) "'2.Jl 1 c,, 7Y 
1i 7 J 12 • 5) 16, o• • l 5, 97 • lt S 7 
12 7 ; 11•41 IJ,52 i 1 • 0 f ,.11 
12 • l 9t9) 1.12 ·2. 21 6 • 74 
12 ID ; 9, 9; 4d5 • 1. 5u ·2. 21 
12 " D 9 • 98 l • 31 2 • )1 U • 00 
I J I D 111 • 4f 1:h42 •ls. 42 •u • uo 
IJ I I 22, 92 24,44 l2tllt tu• 2 7 
I J I 2 10•06 11 • 35 ·2 • 0 f 11 d6 
ll I l 1 J • 42 1 ;) , 36 •,;, 'J1 •4 • ua 
I J I lltl) 14•80 I,;, • 12 •II 
l J I 10 • 94 , • 72 ~, 1 et •)•2 0 
ll I 12, 76 1),)IS • 12 , OJ • ; , 92 
1 J 2 12,111 9t98 ,J • 98 0• 00 
I J 2 2J, 9d 15,66 16, 60 •s, ~t 
IJ 2 14,49 1 l, 41 •:;, 21 "12d) 
ll 2 • IS• 94 1 • 44 •4, 11.> ·6,21 
IS ) I 1 l • 91t 11, ISl 11. 6) •2 • 16 
ll J 2 11. 2> i.01 6t 91 ) • 75 
ll J J 17• 17 l4t80 • l 4 ,54 ·2, 77 
ll ) • i,)6 0 ,8) D ,0 2 0 • IS) 
IJ J ; 9,)) 10175 7, 7'J , ... 
I J • 2 1 01 6) 12oll •11 tlO •4, 1!4 
IJ s I 11 • 05 1 • 9 l 6, 72 •4, l 7 
IJ ; 2 9,ai 7, 7 J :j. ~) 4t 95 
1 l ; ) IJ,lJ 1':),99 •l D, a, "l•d2 
ll , 6 12 • DI d. 05 •7,IH "ld2 
IS 6 D l 1 • 55 a, 41 8, II 1 0•00 
l l 6 I 11, I Q 1016) ·o, t ~ 1016) 
l l 6 2 l 5, 12 11•73 •11 t 24 l • )6 
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IJ ID l:)tl6 )t99 • 1 • 72 • l • 61 
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l) I l0tl4 7,95 ., • &'I •1, 0 1 
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I> J 1 :>,0 6 1,19 0,01 7, /9 
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I> I 10,90 4e9) •4, 62 •1,12 
I> 4 ~ 10 • 6J p,oo 1, 40 •• 72 
I) 6 D 16 •46 1&,09 •16 ,O'I •o,oo 
15 6 J 10,69 9tll •· o• l•l" 
I> I D 9,82 1 IJ • S9 •10, ~9 •Q•OO 
1; i 2 9, ID ), 21t 2'14 ·2 • 4\) 

' 16 D 0 11,62 6,96 "6, 96 •o • llO 
16 D I lhD> a. J4 ., . "' •21)4 
16 D l 11 • 89 llt96 12, Sl 2, 99 

,16 D J 9• 42 •,oa 2, 3S •J• J4 ,. 2 D 11,U &•40 •a,"' • u,\lO 
16 2 2 11 • 61 IS,86 6, ;,; S,"7 
16 ) J 9, eu 6,09 ·s. 111 •) • 21 
16 4 D ll,2> 7,90 ., • su ~0.00 
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(.; S T A R T O f M A I N P =-{ J G t{ A ,.1 G E N / rl F I ND 

COMMON AC3,3) , ~C2,4) ,X C2 J,Y(2l,l(2) 
REAL K1,~2, AX (2)?8YC l l,CZ ( 2) 
INTEGER Af0 ,"1 

19 fORMAf(ljX,~CELL UI~ENSIONS'> 
rlfU f£C6.t19) 

C READ CELL DI MENSI ONS 
20 fO~MATC~Fl0,6) 

READ C5 ,20J P,Q,~,AL? HA,~ EfA,GA~~A 

WRITEC5, 20lP,Q,~,ALPHA,B Ef A,GA~~A 
C ALPHA = GAM~A = iO NGT = TO 3ETA 

BETA=(a~TA/180~>*3•14~ 
C~ ETA = COS(BETA) 
SBETA = SI'1(8£TA) 
PR!NT• l ,C~ EfA,S BETA 

C NC = NQ Uf CA LCJLiTIDNS TD BE DQ'IE 
R E A D C 5 , i 1 "" C 

21 F'ORMATC 15 ) 
NJ=O 

DO 100 1=1, :'IC 
NO=NO+l 

~EAD C~ ,22J{CACJ, ~>,K=l,3),J::1,3) 
22 fOHMATC3DX, 3F10,b) 

C Dl =LENGrll JF 3U'IJ 1 02=LlN GrlT OF dQNO 2 
C ON= DESIRED LE~JHf JF H 8U~JS 
C A T O ,'>i = -~ J J F A f J \1 A K J U N !) l'I !i I C 1 ti A T J i'I S A r< E T U 6 E f" 0 lJ ~ D 

R£AD<5,l3) Dl,D2, D~,A fUM 
23 FORMAT(3 f 1U~6,IS) 

rl tH TEC 6,l2UJA f U"1 
120 fO~MATC15X,'INP~T FJR ATOM',15) 
121 f O~MATCJF15,6) 

WRifE C6,1 ~1> CCACJ,<>,K=l,Jl,J=t,3) 
WRlTEC6,23) u1,02,u~,ATOM 
DO 10 J=l,3 
ACJ,1) = ACJ,l)•?•~tJ,3)• R*CBET , 
ACJ,2) = ACJ,2)•Q 

10 ACJ,3) = ACJ,3>•R *S8ETA 
BCl,1) = At2,1 ) •A(l, 1) 
8(1,2 ) = AC2,2)•AC1,2) 
BCl,3) : AC~,3)•AC1,3) 
BC2,1) = A<J,l)•ACl,1) 
8C2,2 ) = ACJ,2)•AC1,2> 
6(2,3) = AC3,3)•A(l,3) 
K1 = •0•33326*DN•D1 
K2 = •0,33326•D~•D2 
BCl,4) = Kl 
BC2,4) = K2 
CA,LL HEL.P 
AXCl) = X<l)/P 
BYCl) = Y(l)/Q 
Cl(l) = ZCl)/R 
AXC2) = XC2)/P 
BY'2> = YC2)/Q 
Cl~2) = Z(2)/~ 
WRITEC6,200)NU,ATD~ ~ 

200 f0KMAT C10 X,'CALCUL4TION',I6,10X, 'A TDM NU IS',I5l26X,'X',1BX, 
1'Y'. ,'18X,'Z'> . ' 

24 fORMATC20X,flOe4,lOX,Fl0,4,10X,fl0•4 ) 
WRlTEC6,24lAX Cll, dY(1),CZCl) 

100 WRITE C6 ,24>AX C2>, BYC2>,CZC2> 
CALL EXIT 
EN I) 



C 
C 
C 
C 
C 
C 
C 

C 

,, SUBRDUfl NE HELP written by L. Pearson 
COMMON A,3,3),BC2,4),XC~>,YC2),ZC2> 

A 
8 
X 
y 
z 

MA l RI X OF ca.O~O I NA TES 
MAfR IX Of V£C Tj RS 
RE ru RNS T~E VALU ES OF X 
RETUR~S Trl[ VA~ UES OF t 
REfU~NS T~E VA~UES QF l 

INTE GER I,J,K,I ERK 
REAL Pivor,r1,r2,Q(3),~~C3),R RJU TC2J,IRUOT(i),~~ 

C SET UP LI~EAR E~u ArlONS 

C 
C 
C 

C 

C 
C 
C 

C 

C 
C 

C 
C 

1 

2 

BC1,4) : d(l,4) +A ll,l)* d(l, 1) + AC1,i)•B~1,2) + AC1, 3)•B C1,3J 
8l2,4) = Bl2,4) + A(l,1)•8(2,1) + ACt ,2 ) •8 ~2, 2) + AC1,J)• BC2 , 3) 

OEC O~POSE MAT ~I X a USIN ~ GA J SS.JDROAN ELIMINATIUN TJ PRODUCE 
X & Y HI Trl RESPECT TO l 

K=2 
DO 2 1=1, 2 

PIVOT= 8 CI,I) 
~U = i3CK,I) 
DO 1 J =L,4 

~(I,J) = a cI , J) / PIV OT 
BCK,J) = BCK, J) • 8CI,J)* MU 

SET UP UUAOR ATI C EQJ ATI O~S 
Tl = 8 Cl, 4J • AC1,1> 
T2 = 8(2,4) • A(l,2) 
T3 = ACl,3) 

QCl) = r1 •r1 + T2*T2 + T3•T3 • 1 
blC2) =•2•<Tl*dC1,3HT2•gC2,3),..13) 
QC J) = 8 (1, 3)•*2 + BC2,3 >••2 + 1 

SOLIJE QUADRA TIC 
CALL PO~R TC Q,H~ ,2, ~~UOT ,I ROOr, 1ERRJ 

CH EC,< FuR ERRO~S 
I f C1E Rr< ) 4, 4,J -----

C 

C 
C 

3 WR1TEC6,10v>IE~~ 

100 fO RMA TC' IE RR= ',12) 

4 
SU 8S T1TuT£ 

RETURN 
END 

z (1) 

2(2) 
XC1> 
XC2) 
'(Cl) 

'(( 2) 

CALL EXIT 
2 VA LUES TO 

= RR Qi) TC 1) 
= RRQJTC2) 
=• 8Cl,3) • lC1> 
=•BC 1,3l•ZC2> 
=•BC2,3)•ZC1> 
=·ac2,3>•zc2> 

JBTAI~ X 

t BC 1,4) 
+ a ct,4> 
+ aC 2,4> 
+ !3 C?.,4> 

IS, '( VA L.I.JE S 


