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.Hasantha A. Wickramasinghe, Ph.D ) )

ABSTRACT

“

THE CRYSTAL, AND MOLECULAR STRUCTORE OF SOME
" TRANSITION METAL COMPLEXES DERIVED FROM A '
(1) -POLYPYRIDYL -
- (i1) 1,4-pI(2'-PYRIDYL)AMINOPHATHALAZINE

T ‘ LIGANDS .

.

Concordia University, 1982.
The thesis describes the erystal and molecular structure of five
transition .métal cbmplgxes as determined by X-ray  diffraction

. . A : - .
techpiques. The first three compounds are deriJed - from polypyridyl

-
v

H

ligands, and have photochemical importance., The last two compounds are

" * bimetallic.compounds derived from 1,4 di(2'-pyrid®®)aminophthalazihe,

]

and” have biological importance.
. v L]
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I

s i g .
o o e S S

The structore of [ir(bpy)z(bpy‘)]3+, which was believed to contain

either’ a monodentate or a éovalently hy%rated bipyridy} tigamd contains

neither of these; instead all three bipyridine ligands are chelated to
iridium(III) as in the case of a tris chelate, but ohe bipyridine ligand

is ligated via “the- nitrogen of one r}ng,and C(3) carbon of the other

"ring. The water of hydration is hydrogen~bonded to the uncoordinated

nitrogen atom, -

-
]

-
a

,'[Cr(terpy)2]3+ cation adopts a(distérted meridional configuration

. . .
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A
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about chromium(III), with a mean Cr=N distance ofA2.\03(ll)°A- There. are
’ ~ i !

8 ‘€10, .anions about the [Cr(terpy)2~]3+‘ cation within 3.32°% of a

S~

non-hydrogen atom. The water of hydrati:m does not occupy a sité.in the
» . e " ‘ A

1ntra—ligand pockets, but is hydr{ogen—bonded tc;ila Clou ion,

t

A

The ' structure of l[Cr(bpy)Z(HZO)CI]?f_ cation. consisty of two
N-chelated bi?yridyl groups, sand a Cl_ and a H20 ‘molecule attached 'in a
cis manner. ‘yh‘ere are 6 perchloratq unit".s‘about the cation wit‘,:hin,3.3 °A
of a non-hydrogen atom. ‘The two waters of cry's‘c:allizatioh are

hydrogen-bonded to bound water.

4 ‘ * '

‘
\

, The ‘last two compounds are bihuclear complexes of Co(IIT)*and

k4

' ) t
Ni(II). The Co(III) dimer corsist of  approximately octahedrally

art‘anged two Co(III) "atoms 1linked by.two symmetrically bridging OH™

. groups and by the adjacen@ N atoms of a_diqéi-ne ting of a phthalazﬁ:
1ligand. In addition eagh Co(IIF) ‘atom is linkedoto another phthalazine

group which acts in' a’ bidentate fashion, The mean Co-N and Co-0 .

s ' a

distances are 1.92 and .1,91° ar"espectiveily. The bonding in the Ni(Ii)

——————— T
o

dimer is virtually identical to that of the Co(III) complex, except the

?

"two nickel atoms are linked by a di-aquo bridge. 'ihel'mqa'il Ni-N and Ni-0

-distances are 2.07 and 2.15° ‘respectively. ;'In ‘°both complexes

ﬁncoordinaped ~ nitrogen atoms are hydrogen-bonded - to the 'bridging

”~
y

oxygens. I ' T
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“ 1.1 CRYSTALLOGRAPHY GENERA'L./—/ THEORY.-

3 -

!

f . LENPA

This section of the-thesis‘ déscribes the theoretical
aspecég of X—rgy crystallogrqphy. Hodever. it does.not
serve as a .complete tékt: for this, the'réader is referred
elsewhere (see for eg. references 15.i6.20.21). ‘.

17.1.1 The Unit Cell

’

‘ Crystals are composed of groups of atams, repeated at

. il
regular intervals in three-dimensions with the same
molecular orientations. The fundamental wunit which 1is

repeated infinitely by translation 1in three-dimensions 1is

known as the unit cell. The size and the shape of the unit

cell is defined.by the lengths a, b and ¢ of the three

independent non-coplanar edges and by the three angles &,

»

B and ~ Y between them (figure 1) There are” 7 crystal
systems, which can be expanded to 14 Bravais lattices. When

combined with the.32 point,groups, the 230 space groups are

.

derived. All _the known crystalline solids are confined to

these 230 space groups [1-10].

1.1.2 Diffraction of x-rays " . ‘ y

’

In as much as a crystal has a periodio structure, it

1

could act as a three—dimensional diffraction grating for

v

electromagnetic radiation of suitable wave~léength. The




.7

distances of moleéules, hence X-rays should show

,

-

!

. . y o
wavé;lengths of X-rays are comp?rable‘to the

by crystals. Thi%’effecp was discovereﬁ by Max

1912 [11].

o

Figure 1.2

o

r
-

interaéomic

.

diffraction
l\"
von Laue in

i

- L
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e

e
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Bééausé- of the three-dimensional periodicity of a crystal
. B ‘

structure it }S possible to construct 'sets of many ‘planes

\

L]

that ' are ‘paralael with each other, ehualiy spaced and

containing 1dentical atomic arrangements: If an 1incident r
T . £2

% ‘ . P

X-réy beam makes an anglg [ with such a' set of planes, the

reflected beam also makés an angle § with the planes.

- Bl y

Reflections from.succesgive‘planes wilL‘interfe%e with each

} N .

othdr. There will be constructive interference only when

the” difference in path lengﬁh betwsen rays f{om successive

i}

planes is equal to a whqole number Oﬁ wave:lengtﬁs. In

\
¢

figure 1.2 the ray -striking the j§econ¢ plane.trzwels a

. [

distance AB+BC+farther than the ray striking the first

p}éqe. These two qayé will be in phase only if, .

—

o

where n is an ﬁnteger.

. )
¢

Since AB = BC

1
o,
7]
Yo
=

-9

‘.‘~ \ .’i - - - * ° N
).- _ - 2d sin 0 = nA ! (1.1)

This is the wéfl known Bragg's law.

. N e
.
¢ v

Ve -

11,1.5 The Scattering of X-rays by Atoms [15-171"

-
a

»
v -

The geometric nature of the scatteréd radiation depends

- v
. '
‘
)

~ il X 4 -

-t



_ » 'S
(' +
- . . ¢
i
upon the dimensions of the crystal lattice, but  the °

fntensities of the different diffracted béams depend only on

e
b
cell, - E }

~ A4 2
N : : -
The électrons of the iqﬂifidual atoms within a unit

%he nature and arrangement of th atoms within the unit

i -
cell are responsible for -the scatgering of X-rays. 1In order-

to evaluate the combined scattering from'the atoms in the
unit cell, it is necessary ge consider the amplitudes qf £he
waves scattered by the .atoms; iet the atomié scattering
ﬂécéors. The atomiec scattering faétor depends upon the
nature~.ofa‘thé étbm. the airection of scattering, the wave-
lengthsof the X-rays used, and on the amplitude of the
thermal vibrationg of the atom. The atomic scattering
factor can be taken as a measure of the efficiency with
which an atom scatters Xjrédiatidﬁ with‘réspect to .a single

electron. Th& general form of _bhe' variation of f with

J
sin @/N is shown in figure 1.3. ¢

~'The curve shown {in figure 1.3, fits very well to the
} .
analytical . expression given by the equation 1.2, The values

of ay bi and C have been c?lculatgd by €romer and Waber
[18], among others, for most of the elements in the periodic
table. _ |

. 4 0 .

. 2
. = G -D. 1 .
f(S]n 8/1) ' E ; ex?[ b;(sin 8/1)7] + ¢ (1.2)
. i=1 - -

-

- -

Yy . —
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R \
L)
1 . \\
43'
s 4 »
: d E]
A ’
» @
’l
,
»
0 2 4 & 8 .
sin 0/A———>
S . - Figure 1.3 .
. . - i . - ‘A

The amplitﬁde of scattering from an atd@‘is affectea by

3 [}
\. the thermal motion of the atom. If each atom in a structure

vibrates in an isotropiec manner, then temperature factor

corrgctioﬁ for the jth atom can be expressed as,

e >
-

1

- exp[-Bj(sin2 0/22)]"

. : K N (1.3)
) . . ! ‘
o ) ) . \" .. s
AR o B, = 8n% vl :
J J . . 1.8)
- - : .

»
f .

'where‘UJ is the mean square ahplitude vibration of the
vt from 1ts cequilibriuvm_position in a direction normal to
the reflecting plane. - Thii,is,a function of-temperéturé.

, . - . ) '
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The temperature corrected scaétering' factor ‘could be
. - : .
expressed as, ’ . . .

' + .
i
| = f. LT, | 1.5)
T %5 T T T (1.5
r ' a :u '(

If the atoms of a structure have preférred vibrations .

’

»

in certain directions, a more accurate description of the

thermal- motioh of an atom may ﬁe needed, The usual

correction, which describes* an ellipsoid of root mean square

displacements’, can be expressed as, * - s
\ . . ll ‘
i , ‘
‘ . . l\ “
2 2. .2 2, .2 2 .2 '
. = - + *C 4 * *h*
~T‘,]’e 3 e?cp[ 2T (U”h a Uzzk b Usz31%¢c +2U]2hka b ‘
T ‘ + *C*42 *e ok ’ ..
S } 2U]3h1a C +2U23k1b c*)] (1.6?.
i i
1 e s
. where a*, b* apnd c* are reciprocal lattice constants L4
» ™ .
(f . . : P .
and Ujk's are anisotropic thermal parameters. . B " o

L}

3o far, tge scattering factors for elements have been
considered real, but if the absorption edge of an element is

close to the incident‘X~ray wave length, then tﬁe scattering
- -

process shows an wunusual behaviour. This is caused -by an

anomalous phase-shift of the scattered wave. This effect

¥
L]

. \ . .
is known as anomalous dispersion, and is usually

significant only for fthose elements of the’ scattering

~ N

materfial having an atomiec number close to that of the target

«

material of the X-ray tube.i When an anomalous scatterer is
N N 3 v .

0

B . -6 - o ;
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LY DA

FE S bttt

e T

'

present -the ‘soatzfring‘ factor. takes %he~,fdrm ‘given .by

equation 1.7.

. ' o o ,
‘ P o e
’ N P SR .
; fA = f+ Af' + iAf"" . e (1.
1 . . [N .. : - ’ > .
The values of Af' and Af"' have bgen "tabulated 1in the

Intirnatlonal Tables for X-ray Crystallography [19] When .

an anomalpus scatterer is present Friedel' law no longer

[y
o

holds (see’ sect10n31 1, 6) ] " “

AR ) -0 S

. ' ' , ’ LN :s ks
1.1.5 The ‘Structure Factor [20] . ' '

3

o Tpé- structure factor F(hkl) of a particular reflection

. o«
B - v
' . ' . .
.
. . i} .
, R .

expresées the combined scatteriné,of all atoms in the unit

cell compared to that of a single electron.. For N atoms

«

present in the wunit cell, the structure factor for a -

reflection hkl, can be written as,

e

’ F(hkl) 2: 9; exp(2n1a ) s T . (1°§) h

e, - : ~
i , .
where J (hx +ky +]ZJ) and, (Xj,yj,?j)‘ are the )
fractional coordinates of the Jth atonm. ’
o b N
Being a complex quantity, the structure factor could be :
N
. broken down to its real and imaginary parts as, .
s ) ¥ . k ‘K ' '
' F(hk1) = AChkl) + 1 B(hkl) (1.9)
i . w7

i
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.‘B(hkl)_
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where . R o
N L - ..
= \X 2 41z, ) ‘
:E: g chZH(h§J+kyJ.‘ZJ) C (1.10)
= : | '
N Loy . t
= Y q’ si Jrky.+lz.)
- :E: g5 sin2m(hx;+ky z35) REREENS
m ) \

.
.

t

" The amplitude of the structure factor F(hkl) is given

by |F£hk1) and could be.-expressed as,
| 2 PR 2 § 8 ) )
F(hkl)| =4f{A"(hkl) + B“(hkl) \ 1r.12)
« ) L ) L. ’
‘Further, the sﬁructure factor cah also be written as, = .-

1

e

T

\

0

v

F(hkl) = |i~‘(hk1)| explig) - (1.13) N,

e« ‘¥

‘ ' . - .®
where tan ¢ = B/A, and ¢ is known as the phase angle., .

Y

1.1.6 Intensity-Structure Factor Relationship:-[21] .

modhlus by,

g

.

e
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. or A \
SO (k1) = KEe(nkl)|F (hk1) |2 115
The| factor K 1is a scale factor asséciat;d- with 1;
Fo(hkl). C(hkl) combipés several geomeﬁric.and bhysicél
factors which depend upon both‘ Pkl and the actual
.experimental conditions, especially Lorentz, polarization

and absorption corrections. These will be discussgd in

secﬁions 1.1.8 and 111.9.

v

Equation 1.15 forms the  ,basis of X-ray .structure

*r

analysis. The experimentally measured 1ﬁtensities. Io(pkl)s

modulus ‘Fo(hkl)‘. L K

e

are related to the structure through the structure factor

/ -

The'structurekfactor given in (1.9) can be represented
in an

»

Argand diagram as It can be:

shown in figure 1.4.

'shown:that foflreflections hkl and its _centrosymmetrically -

related partner ﬁii.

|F(hk1i| = |F(E§i)l - | , .

. +

which means ) )

. I, (hkl)

"
=t
o |
=
[Tl
s




TR
')

g R e WALET R Y T
*

RIANAF

scatterer is present in the structure.

Fy

\

) Y

v \

. : 1) ! . L .
This is Friedel's 1law. _The recomled . diffraction

pattern will appear ‘centrosymmetric‘

structure itself

‘even  ‘though the
may not possess a centre of symmetrxv

Deviatiops from Friedel's 1law occur when ¢an anomalous
‘ ) 0

v

. 5 . -

Figure 1.4

T

1.1.7 Absolute Scale Factor and Overall Thermal Parameter —

] v i

In any structure analysis, it is necessary to calculate

. structure factors for a trial structure for comparison with

the experimental data,. To do this successfully, an overall’

temperature factor for the at9mic scattering factors, and a
scale -factor for F, are ﬁecessaryu These can be derived
\ i - -

approximately by Wilson's method [22]. For a wunit cell

containing a random distribution of N identical atoms, the -

~
-

2 .
local average value of ‘F(hkl)‘ is given by,

- 10 - ‘ .

@ *
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- . "(‘“"e
This approximation holds satisfactorily '.only if fthe

lF(hkl)‘ are averaged over small ranges of (sin @)/ \.
’ &

n

\ - P
If an oversall igotroptc témperature factor B for all =

N
¢ ‘

stoms and a scale factor K for - the experimental Fa(hkl)laﬁ

-~

' 2y 2SR |
KZIFo(hk1)l2 = exp[-28(51n29r)/l ]:E}},er. LT

where 0, is a representative valﬁe of 0 for each range
¢ /

of (sin @)/ \. Rearranging and taking logarithms,

v
A s - —_—

’

ooy .

% %,

e
iy

Y

ip q, =% In K + ZB(sin? Br)/l2 T (1.18)

where qr is given by

>

. . A
(] - . . i R

P ——————————

3 q, = <Z fgier) l.[-jo(.h'-lsl?lgr o

3

S (1.19)

v <
%
«
-,

If 1ln q. 1is plotted against (sinze)/’)?. and the best

:ambnarght Irkne bs -&néun, the slﬂpe is equal to 2B and»the.

et

interceét i's equal to 2 1n K. ~ e

@

are agsumed, then: ’ N .

‘ B | IF(hkUIz ~Y g5 (nk1) S (6 .
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1.1.8 Hbrentz and Polarization CoJrection [23-24]

<

« B ’
' .
4 g
w !

This cbgrection, usually l abreviated as ;tﬁe

[

‘Lp-correction, consists of the Lorentz correction L ané ‘a’

.polarization qorrectign p. The partial polarization of the

L . \ . ’ 5 '
—unpolarized . primary beam, which occurs in the diffraction .

o

process is taken account of by p, which depends only on the’

Te.o

diffraction angle 2@, and can be expressed analytically agz"

)

)
26 ' '

4

I3 b

17+ aos?

p = (1.20})".

- . l2
If g crystal monochromator 1is used io monochromatize the

X-ray beam further polarf}ation‘occurs at this crystal and p

becomes more complicated and can be expressed as, .
&

| <

2 2

(cos® 2o+ cos 26,) -
. p = : S (1.21)
' (cos? 20, + 1) '

where Zam and 20s are the diffraction angles at the
” . ; -
monochromator and th¢ sample crystal, ﬁespectivgly.

The Lorentz factor, L, arises because thé time required
. .

for a reciprocal lattice point to pass through the sphere of

reflection is not congtant; it is different for different

20 values. For the’29 or w scanning techniques, this can
- ’ ¥
be expressed as,
\

- 12 -
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exp#essed as,
' M t

: RIS e
[ L=~ , 3
. .. sin 28

¢

i
|
I »
1

. The combined Lorenti—ﬁqlh%tzatidn cornecﬁion Lp is thus

2 .. '.2 2

| . (cos® 26, + ;95:-265).
Lp = "
sin Zes(cos2 Zem“+ 1) (1.23)

B \

i v
.

1.1.9 Absorption Correction [15]

\ . s

X-rays are attenuated “when passing through matter. _If

{ . - .
an X~ray beam of primary intensity Ig passes a sample of

i

, homog eneous maperial” of thickness dx, the loss 'dI at the

element dx is brobortional to I and dx,

I
r ~
® 1

e S T
‘ dI =—-pI dx (1.24)
\ ' ’ *t Q \
D T . By integration,,
I=1,expl-yx) . (1.25)

’

where'ﬂ ijs the linear absorption coefficient of the

2 R -
(

material, * Absorption 1is an additive atomic property of
A . .

matter, which is nearly independent of +the physical or

“‘chemical state oftthe constituent atoms under consideration./

, [
Mass absorption coefficientltm is defined as by = where

-

P = density of the material.

. - 13 -

(1,22)
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The linear absorption coefficient, u, for a

crystal can

be calculated from the expres%ion .given by the equation

1.26. - o T

"

-

. h AR ' ‘ ,
- [ e (1.26)
: B =p :E: xi(-) . LT
. ' e : |

s b

where- x:l is;gib weighp fraction of the element i. The

. e . A ,
- mass absorptior cogj‘ﬁicient. (%) , for all the elements
. : "7y . .

BN

for different’ X-ray waver lengths are tabulated in the:

International Tables for X—ray'Crysballography [19].

1

f :
Several methods for the application of absorption

corrections are available [25]. Tpey are all based oh the
calculation of ,path 1eﬁgths through the crystal, which vary

from reflection to reflection. Precise measurement df‘

.

crystal dimensions under a microscope is necessary for

méking a successful absorption correction.

.

1.1.10 Electron Density [26-29] e

L4
It was mentioned earlier that the electrons in a
. ) . ‘
. ‘ « ; ‘
crystal are responsible for the scattiring*of X-rays. The

struqthre factor can also be written in terms of electron

density.” This is giVen by,

a b c '
//fb(XyZ).eXP[ZHi(hX*fky‘+lzj)]dxdydz(’-27)
0.0 0 e ) O °

.'F(hkl)'

o ‘ ! ‘ \‘



‘as much asethe electron density p(xyz) is a function

periodicity of the vlattice, it can be written as a

~ Fourier series, "
' Cplxyzf = D F(hk1) expl-2mi(hxtky€l2)]  (q 8y
© T,
' Here V_  1is the unit cell yolume."
Since - /H
. F(hk1) = | F(hk1)] exp[-ZHi(hxj-?kyjﬂzj)l (1.29)
i | p(xyz) cled be writtén as’ . ‘
\,i, ¥ . . . - - ) ,
S | plxyz) = == D |F(hk1)] expligy,;) expl-2mi (hxrky+1z)]
E:' ! . . ¢ hkl ‘ R [N ’
i ' ' (1,30
‘.}! ‘ \ » ] ’
1 i " or -
h 7 . \ ‘ . . ‘ < t \ / N :
O playz) s o ,E‘Fk(hkvl)l’éos[ZH'(hx+ky+lz)"-“¢(hk1)]
% ’ ~ .G ThkI ‘ i N 5o
i 4‘ . “"‘(‘ .(“1931)",‘
1 R Since |E(hklj can be obtained from intensity data, if

4r@hul) is known, the electron density at any point could be

-~

.cslculated according to equation 1.30, o

.
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1.1.11 The Phase Prqblem

|

~

The determination of a cﬁjstal structure cantot pﬁoceed

7

directly from the observed intensiﬂ} data. The structure

analysis is hampered fuhdamentaliy by the inability to

determine, by an X-ray diffraction experiment, the complete ‘

vectorial structure factor. The s;ructure‘ factor modulus

lF(hkl)l can be obtained from the intensity data, but the
corr¢gsponding phase angle ¢(hk1)l is not directly
qyééiﬁable. To determine the structure éompletely, it is
necessary-to determine both the amplitude and the phase
angle. The "method of obtaining the - phase “ngle is the
central problem in X-ray structure analysis. There.are two
baSic ways to overcome this psoblem,

by (i) £he heavy atﬁm method, and by‘

< (1i) "direct® methods. |
fhese will be discussed in the sections 1.1.12 and 1.1.13.

s

1.1.12 Thé¢ Heavy.Atom Methadd . o .
.o ’ . - / h “4
- -, o« '

.The ,%avy atom 'method or the Patterson method was first

;introduced by ‘A.L.Patterson in 1935 ([30-31]1. .A Fgarier

qeries., ‘analogous to equation 1.28, in which the

2
coefficients F(hkl) are replaced by F(hkl)l_ can be written

’

puvw) = —v‘: Z|F(hk1)’|2 exp[-2m1 (hU+kV+1H)]  €1.32)
1) | , & bkl L

..‘.16..
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. Cp(un) = 2 DRk 2 cos anlhuskvan) - (1.35)

e _
- *'\v Y . - . ’ 0
. ‘The above: summation "is directly derivable from the
primary experimental quantities, that is, the angular

bpositions and .intensities of the diffracted beam. The

Paﬁterson function P(UVW) + at each poin§ "UVW of a-

of g:\:he

unit cell “can be evaluated. >

three~dimensional grig size and shape of the

, [ »
The Patterson function P(UVW) will be non zero .at the
e , .
point UVW only when there exists points xyz such that p(xyz)

»

and . 0(x+U,y+V,z+W) are both non zero. The Patterson

~

fuhction will reach maximum values at points UVW which

correspond to the coordinafes of vectors betweeF pairs of

atoms. The Patterson function gives a map of the vectons
».between the atoms. If a unit cell contains N atoms, tﬁere
will be.N2 interatomic vecto;s. Qut of this, N vectors 1lie

in the origin.gso therehwill be N2.— N peaks other than .the

origin peak. .

L , -

, The relétivé intensity of a Patterson peak resulting

- -

. * . . /\ .
. ifrom the vectors between two atoms of atomic number Z1 and

22 i% ZIZZ/ Ejzi. This means that, if there is a heavy atom

¢
v

;bresént in the structure then the intensity of this -peak

.
1

¥ will be significantly @largprlthan the other peaks (except
) ¢ . . ‘,I‘

- 17_.‘ . . oy
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for the origin peak).: The location of this atom in the unit

‘cell can be determined, ‘ ‘ PR
N .

. L N\
1.1.13 The Direct Methods of Phase Determination [32-35]

. The principles of d#ect methods ar’e based on the fact

that the experfhentally obtained F(hkl)‘ ~already contain

information about the phases of the structure factors. This

was first pointed out by Harker and Kasper in 1948  [36].-

The technique inveolved is to determine a set of phasesg by

/
probabilistic calculations.

A

1.1.T4 E-Values

\

e ¢ :
. ‘The 1nitial stage is to convert lF(hkl)' to the

¢

”\‘corrésponding normalized structure)factor IE(hkl)I according
to N 1 ,Tj ’
, . , K |Fo(’ﬁ’k1)|2 |
: ) | ey [2 - s (1.33)
§ .

\

‘ A _ . 3,,6-12":;; . S
, ) .} —.‘ :El ‘! < N

where K is the scale factor, g(j) is the temperature

~

'correqted scattering factdr of the jth atonm,

%

¢ ‘€ is-an integer ‘whic¢h depends upon the crystal system_ .

and the reflection parity group. -

0

. \

r S | . | -8 - : ) L

. ‘ ) \; .
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1.1.15 22—relation§hips ‘ N ¢

M .

If three reflections E},'ﬁé and ;5 satisfy thé equation
|t F} + ié = 0, then these reflections are said to be

related by a 22 -relation. These }:z-relations play an

h

important role in -direct methods. Once E values are

calculated, the next °~ step is to find as . many

Zz-rglationships as possible.

1.1.16 Origin Definition

e

Applications of direct methods "requires a set of

[ 0

reflections w;tﬁ,known phases, . A set.of up to three known

phasés can be obtained by the definition of the origin. The

-

origin of é unit cell is chosen to be in a specia} pbgitioh‘
relative to tﬁé symmet{fl\elemean. In the case of a
ceptrosymmgﬁ?ic Eell, the'origin‘mUSt always coincide  with
thé‘ inversioﬁ éentre. In every centric unit 8ﬁll'invefsion
cehtres are present:in eight possible: posibions, '(0 5,0),
(172 0 0), (0172 0), (00 172), (1/2 172 o).’f1/2wo 1/2),

(0 172 1/2) _and (1/2 1/2 1/2). ' These -eight ‘centres of
A o .
symmetry are not identical., For origin definition purposes,

the reflections are categorized in to eight parity groups,
[ ] e .

eee oee, eoe, eeo, ooe, 0eo, €00 and ooo where o = odd and

<
4+

e = even. A set of up to three reflections are chosen so
¢ ) S

that no reflectiopn or. combination of two or three

»

) : , : . o
refles#ons add to give an eee combination. Arbitary phases

\ N
v

.

- 19 -
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are assigned to these reflections.

.
-

'
G -

1.1.17 Convergence Mapping . ' '

. ' . *
r
- e The -aim of

convergence mapping

'best' reflections for orﬁgin and enantiomorph definition.

Such a starting set could be found by using the
probabilistic quantities defined'by Karle and Karle [371]:
quantity atlis def?nea as, » : '
. , . ‘ ) |
o r- 2 - ) - R2
2 R
= | . + .
o, ‘[Z"(hh'cos\‘(q’h'wh—h')]f [Zkhh'sm(d’h "’h-h')]j
. - (1.34)
) swhére
\ ' ° L
~
\\ . . N
i éc . T .
‘ - K. . = ___.3_ ) '
. . hiR* . 2/3 lEh'fEh"' Eh-h' . \ (1"36.-)
g, ] ! i . .
;o .- '
N. - o f, . . X
- k ) g ' )
and O ~© Ny and Nyt W o
j=1 ” i:f. !
- o : =S

The hu%nﬁgiy Khhl is a measure of the reliability with
- L CF

which the phase ¢h'may be —determined using the tangent
- ~
formula.[38~39); see section 1.71,18. ‘

v

S

In the)absence of any phase information as in the case

of the beginning of the structure determination, a quaptity

\

v

- 20 -
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o'y, the éxpectation value of ) is defined as [uol, ¥

|

1 (Khh') Il(Khl'.\") s

Ekhh' + ZZZ ah'Khh" —1¢1.37)
] Lo G ) T (K ) "

Q? \ yheré Io and »Iv1 afe modif&ed Beswel functiong of }£e .
zero, and - first 6}dgrs‘ fespectively; ~ For computational
purposes the following polynomiai in the range O é K { 6 can

be used.

+7

Y ' v ~ -

I,(K)/I,(K) = 0.5658K _0.1300K2 + 0.07106K3 (1.38)

! -

' The value a for all the reéflections yith greater ithan

Emin is estimated, The reflect‘ion with smallest aEis

eliminated from the data set, along with all the phase

~

relationships in which  this reflection is involved. The

process is repeated, the worst- reflection being eliminated

‘St each stage, the \r\émaining group of reflections are linked -

A i

. together ‘with much better phase relationships. As each

reflection is "eliminated, those remaining are examined to

ensure they contain all the necessory' reflections for origin

/

definition. If the reflection just eliminated is the last

of a certain 'parity group which 1s necessary for origin

4

fixing, then this reflection is reinserted and becomes one
of the origin fixing reflections. A1l the reflections

s

necessary for the origin definition are selected at the end

P 27T -
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’ 1;1h18 Sign Determination For;ulae
) ' ' -
The sign s(hkl) of a refﬁection hkl is F(hkl)/l?(hkl)l.
- For a c;;t;osymmetric space group, s(hki) could-takeup only
£W?.pps§ible values, +ﬁ‘or -1. ’ .

. . v'. - _For sdfficiently large E(hkl) values, which are relatéd

’

by Ez—relationship,

‘s(h) = s(h').s(h-h") (1.39)
"7 . ¢ - if -h=hy , h'=h, and h-h'<hg then'.
1 D s(hy) =~J§(h2’).s(h3) ‘ ‘:” £1.40)
' .o K * T .
. P o

The probability, P, that equation 1.40 holds can be

expressed as [41-42]

-

LA 93 lein. Vel -

v

-~ o
For a structure containing N atoms of equal ' type the

equation 1,41 will reduce to

i') .
+ ' ] ’ -
1,01 -

; !
> . i ¢

'
rs
.

o
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If the unknown refrecﬁgon is involved in more fhan oné
r - \ .
Ez-éelatiod, then,

.

3

s(h) = .Y s(h’).s(h-h") ot

R

-is 4 better approximation than equation 1.39. The
probability P that equation 1.53‘holds is givgn'by,

B 1 0, AN (1.44)
=l ?tanh[@'fi(h) Y ECh)E(H-n") .

# .
equation applicable to centro

-

metric ‘crystal classes.

) }

E(h) = T 3 E(h'). E(h-h') (1.45)

'
v

‘

The tangent formula derived'by Karle and Hauptman in

oy ——

'1956 [39] is applicable to 'acentric crystal classes as well.

A weighted tangent formula proposed by . Germain, Main and

Woolfson in 1971 [43) can be written as

\

C R [Ene B sin(e e g o ‘
tang, =~ =

. : B,
%wh'wh-h'IEh'Eh-h!lcos(’bh' *Phn)

¢

~

~where Wy 4is the weight associated with the phase angle

¢

Each weight is computed from,



i 5 .

v \" _ 2 2 ' ) +
o = |E, I"(Th + By) L (1)

- ' . . ¢ T
* . ° - :
.

The process of ﬁhase,ﬁetermination 5y application of-

equations 1.43 ‘or 1.46 adare in principle the same.
.fZ:zrrelatidns have to be found and if the phases of two
reflections are knéwn. this relation can be used as input to

b ]

equations 1.43 or 1.46 to determine the third. '_/<

1.1.19 The Refinement of Structure [21,44]

- . ~
a e ‘ -

| - The positional parameters  found for the atoms are wused.

v
N ‘ .

accuracy of this model <can be determined by éalculating

them to those observed Fo(hkl). A quantitative measure of

.thé agreement. between ”Fo(hkl) and Fc(hkl) is given.by'th@

\

discrepancy index, R:

-«

-2y -

% . ‘ ‘fl |
%i: : [EH Fo lnkn = | Fe |h%<1| f s
¥ l N Fo' fnkn -
‘é | whire th; symmation is over all the reflecgiqng. |
- n . w .

Wy = tanh(—‘z-ah). - | _ . E‘-_‘1.ti7.)',

. ! '
- to. create a model of the contents of the unit cell. The~*

'structure factors Fc(hk13 based on this model and comparihg_
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Initially only few atomic positions are known. For exampg%e

B

v - .
if the structure contains a heavy atom, position of this

might be the only known position 'in the unit ‘ée1‘1. " An

extremly valuable approach ¢to “find the other constituent

atonms in the unit cell l1ieés in the A F or dif‘ference Fourier

T

— ’ <

«

synthesis. —~TRis can be e,xpressed as,

AP(XyZ) ‘= — Z(‘F | ‘F |exp (i, )

y 3 exp[ 2mi (hx +ky + lz)]

1 (1.50)

—

where ¢ is the calculated phase angle based on the few
known ';tom,ic positions of the unit. cell. Missing atoms,
. v

which are not included in the above summation will appear as

J &
peaks in a three-dimensio,nal.n}ap drawn at different points,

 Xyz. Once a'"new atom has been found the position of- its

4

. maxinum dens:.ty can be picked off either by inspection or by

a more accurate curve fitting method

.

L

diff‘erence Fourier or Fourier techniques have to be refined
in order to get a bebter set of values. This can be done by

“the method of least-squares.

L
'
[

'

The functiagn minimized in the least-squares -ref‘inementl

is represented in equation 1.51., - .

RS

.

U’ 2 whk'l(l Fo |J' |k Fc‘l)z o (1.51)

The positional’ an‘d wthermal parameters obtained by




where K is the scale factor and W.k1 1s defined as,
] : v .
.o ‘ Yokl = 720 : (1.52)
o 5 N
7 The derivative of the above expression (equation 1.51)

with respect to each parameter 1is set to zero, -equation

1.53. The normal equations are expanded by a Taylor series

and all but-the linear terms.are neglected.

- kF (p]... _
2 whkl(lF | |kr (pppz, ..p )D : 0
pj. o
{ A o o - (1.53)
‘ * M
' a]]& a]z l....a]n
’ aZ] 322 .....'aZn
. (1.54)
a.n1 anz .....ann
! ¥ where
: | . s ‘ ] Fo lnkr 3] Fe |k ;g
S Ca. o= — (1.55)
L 3 2y FI ar,
- i . J
A | , . f
‘ ‘H " . ‘ xj sApJ ,' C(1.56)
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v

~ * ' | F
N Z wr(AF ) al ;Plhk] " (1.57)
. A \\ i

. @

The set of normal equations given in equation 1,53 can

. The estimated standard deviation of:parameter'pi, o

: . P’
was computed according to the equation 1.59.

o - . 2 e .
%y "[bii(z:"hkl Afpiyf [m=md o Gusey

-

where bii is the g th diagonal element of the inverse t

1

- 27 -

¥ ‘be written in a more compact form as, N
’ V<A
i Ax = V
) ) . )
v If the normal equations given above have 'a solution,
then, an inverse matrix, A", exists such that, i
l1 ,
. AT'A = E .,
- ¢
. - whére E is the unit matrix. Then,
- A 2 v b ~ \
- Y W PN i - “ .
) ‘ I
. U x = o \ (1.58)-
? ) - . ’ - ' ’
The x'8 are the shifts in the nefined parameters whieh -
. : ' d WV,
are added to the p;s to obVin new parameters. . . ‘




i

matrix A, w(hkl) is the weight of the reflection hkl and

A'F(hkl) is given by.the équation 1.60,

a

Afpyg =(| fo lpia = | Fe Ihkl) | (1.60)

-

.and m 1is the number of observations- (reflectipns‘

greater than 30 usﬁqlly) and n is the number of parameters.
-

N

n

A least-squares refinement . involves an\ extensive

’ i

- ealculation. For this, a large computer storage facility

and a fair amount 'of'computer time is necessary. To cut

down the ' computer time and memory: requirements, some

»

approximations may have to be made.

[

In the matrix §iven in equation 1.54, the diagonal

elements a,.'s are alwéys sums of sqliares, whereas the off

ii

diagonal elements are sums of products which may be either

positive or negative. It is reasonable to assume that the

1

off diagonal elements are smaller than the diagonal

/

elements. If the off-diagonal elements are neglected, only

.:the’ diagonai'elements are needed to be calculated. Such an

approximation is known as diagonal-least-squares

approximation, But, 1if the par;meters are corrélateq in
some wqy,,the contributing terms 'will not cancel out ‘in( a
randoh fashion.- The elements could %ave a large negative or

N

~positivg value.  An alternative method to the

o {
diagonal-least-squares approximation is the block-diagonal

i N f N -
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Y ‘
\ ‘ 1
N
least-squares approximation. A block~diagonal matrix 1is,
» . . . :
shown in figure 1.5, Non-zero elements are divided in to

blocks along the principal diagonal. \£éch'étom is described

\

by a single block. The .blocks shbyn'ih figure 1.5 are

-

b X y, three: positional péraqeteis and one thermal
"parameter, "In the case of anisotropic ref&nement, each atom

occupies a 9 X 9 block, All the other %lemenis of the
matrix are neglected. s .- \ —
’ e o \

* ‘ . P . ' \ -

°
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1.2 EXPERIMENTAL-GENERAL CRYSTALLOGRAPHY 'j
’ ' . B b
v - K . ' 3 N X 4 !
1.2.1 Crystal Mounting // , k

<

A suitable crystal was chosen under a low powered
. ‘ .

migroscope. This was affixed to a bordsiliqépe Blass fibre b
“using fast drying epoxy Blue. The fibre was'ﬁhen‘f;xed to a . ;‘

fllexidle copper wire attached to a hrasg'pin} This -was then - | -

mounted on a goniometer'head, figﬁre 1.6. E ‘ )

, ) , {

+
{
- * - i
< 1’
.
. . 1 ¢
. - .
7 o
~ - “
I N .- ' »
. "

(7 -
v =
\ . \
, § ‘
Figure 1.6 ' ‘
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1.2.2 Weissenbérg and Rotation Photography [HS-H?i

- ’ .
¢ . 7

~ - .

. The goniometer was' set on tHe Weissenberg camera.
* . ° ‘, v -

Rotation photographs téken in two <“mutually perpéndiculaﬁ

© »

3 . 5 , “ . .
.. directions with 19 rotations were _used to align the

149

t ~

5

od

crystal, . ] A .. '
\ : \

-~
‘ ’ ¢

¥ K 1

. . Uy, . )
The Wei§§enberg and rotatdién photographs were - obtained

/ : . : - LY .
on a-~Charles Supper Co.- Weissenberg camera. .Both tHe

Weissenberg and:the prgce§sion camera, were .operated using
“Ir ?}tfered, mglybdenum Y-ray tube. The tube was powered by

3

a Picker Nuclear model 809B X-ray generator. Kodak !'No

Screen' ,;§em was us@d during the course of the photographic.

- »
study.’ "~ . C .
i ; -

a

-

" ) 2 &3
Weissenberg /photographs provide & 'distorted record of o
. e e Y . ] ~
reciprocal 1lattice plane.. The camera has been designed so
that 1 mm in 20_~®necpioh on the film is egwal to 2° in 2§-and

1 mm iﬁ“sideways motion coérresponds to a 2° rotatfon of ¢.

Figure 1.7.1s a séhemgtic representatibn of “a Weissenpprg

cemera. ] ) - . r ., . .
o b o " *
T B - e “
s l "\l L
.1.2.3.Precgssion Photography (48] - -
V'- :)‘ B B ;“‘. . :j:
. n . e ”
"Prece§sion photographs provide ({Eﬁ&istortéd;rebord of,
a reciprocal lattice plane. - B '
v = 31 - .
» b n

Y e
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In the precession camera, a crystal axis makes a
N Lol

. constant angle with the X-ray bean. The crystal axis

v oo

precesses so as to maintain this ‘angle, During this
process, variou% planes successively pass through reflecting
position. A schematic representation of a precession camera

.isjshown in figure 1.8. -

.1.2.4 Space Group Determination

s
* o

v

By examining ' the symmetry inf8rmation and gystemat%c
abseéce; present in £oéh Weissehbqrg and precession
photographs, the possible space grgup§ could be narrowed
.down to a few possibilities. In- certain cases, such' as

space group P21/c the systematic absences Uniquely establish

‘the space group. §

1.2.5 Data Collection

-

relative Qntensity data.

\

Except in the cgse of [Cr(terpy)_ 11Cl10,)..H,0, the
. N ¢ 2 47372 !
“intensity measurements were made on a fvllx automated Picker
Nuclear FACS-1, four circle diffractometer coupled to PDP-8A
‘minicomputer. The data” collection package DIFFRAC [49]
supplidd by the NRC of Canada was used. The.data vere

collected using graphite monochromatized Mo K, radiation. A

This section of the thesis deals with the collection of

)



Picker-Nuclear conétant potential diffraction generétor.
model 6238E. provided the power to the Philips Mo X-ray tube.

The tube was operated at 40 kV and 30 mA. The take off
n

angle was 3.0 degrees for the direct beam and this was
1]

monochromatized using the 002 face of a graphite

LY

monochromator "crystal". .

-

The Mo ‘radiation was collimated by passing through a

z\?‘-‘.

1 mm diamete

r pinhole collimator directed at the sample.
" The intensity measurements were carried out using a
scintillation ' counter. The scintillation counter was

-

equipped with a 31/32" diameter 1/32" thick fl activated Nal
ecrystal with a 0.005" thick Be window, opticglly coupled to
a XP;QOIO Amperex photomultiplier tube. The detector was
operated at about 1 gv, and a pulse height analyzer was set
to receive HOO% Mé K, radiation.

Weissenberg angles we;e set on thé goniometer head‘ and
it was mounted on the diffractometer, A strong reflection
at a low 20 angle was chosen from the zero level Weissenberg
photogréph. The 26 angle of ghis reflection was set and w,
X gnd‘(ﬁcircles were brought to zero. A ¢ scan was done
manually until the chosen reflection was located,

| J

Another reflection was 1ogated on the zero level by the
same procedure and the angular values ofﬁ these reflections

were optimized by an alignment routine supplied\witﬁ the

i ' - 33 -

Cu
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data collection package. These two reflections and the film
méasured épproxigaﬁe cell panqmetersﬂwere used to locate the
third axis. Angular scans on each of .the axes Q;re dofie to
ensure the proper orientation of the crystal. A third

reflection was chosen and its angular values were optimized.

The angular values of these three reflections were used to

[

calculate an approximate orientation matrix.

1
N

Aboﬁt 15 reflections, widely separated in reciprocal
space were chosen from zero and upper level\ﬁgissenberg and
precession ghotographs. These and- their Friedel equivglents
were centered in the detector aperture. The slits in the
receiving collimators were pgrtl& shut to ensur;\"higher
accuracy, The anguiqr yﬁlues thus obtained were used‘in a

- ¥
least—-squares refinement to obtain an orientation matrix and

final unit cell p;zameters withhtheir estimated standard
deviations. The orientation matrix wés used in the
subsequent data collection.
. - .
Several test s;ans were done with low and high angle
'

reflections to‘establish a proper scan width. The values of
min{mum and mafimum‘ 50, scan rate and. the time for back

ground measurements were specified. Three standards were

chosen and their intensities were measured. These standards

were remeasured after every 50 réflections, to check the

crystal and instrumeﬁt stability. !
R

o
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Data were collected wusing @-20 scan technique with
profile analysis mode [50). \#Here, the reflection profile is
accumulated at 0.01 degree intervals and the profile
variatiéns are minimized by S—p;int smoothiné. The
reflection profile is examined to determine at what point
the background is significantly flat. This point 1is taken
to be the point at which the peak ends and the background

begins. Backgrounds were measyred ‘at each end of the peak

calibrated attenuators made of Ni foil were automatically

inserted. The data were recorded on a magnetic disk.

. \ .

1.2.6 Data Reduction

Except in the case of [Cr(terpy),3(c10,);.H,0, all the

2
computations were carried out on the PDP-8A minicomputer,
Data reduction was accomﬁlishéd usiné the NRC DATRD2 program

{51]. The ‘intensities were corrected for backgrounds

according to the equation 1.61,

a ts '
I'=N-*(B; +B, ). = (1.61)
. 17 Pl
b -
where, N is the peak count in the scan time‘tS Bh and

Bl are the background counts on eithe side of the peak, each
measured for t  seconds; ty was usually taken as ts/10. The
standard deviation of a reflection was computed according to

-~

equation 1.62.

v

‘for 10% of the ~total scan time. - Beyond 10*cp§, pre

4

2«
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g(I) = [N + . (Bh + B])(ts/tb\)2.+ (pN)z]‘ < (1.62)

a
-~

where p 1is an ignorance factor, usualfy given a valQe
0.01 or 0.02. A reflection was considered as unobserved 1if g
the 1intensity, I <computed was less than zero or less than

]

30 (1). 2 :

The intensities were corrected, . for Lorentz and
polarization effects but not for absorption. An approximate
scale factor and ah overall thermal parameter was obtained

5o

by means of a Wwilson plot [221].
1.2.7 Structure Solution

Theistfucture solution was accomplished either by heavy
L

atom method or by direct methgd. The Patterson synthesis

L}

was carried out using the NRC pfogram FOURR [52] and’ MULTAN
[53) was used in the case of direct methods, Scattering
factors and the anomalous dispersion correction terms.were

taken from the, International Tables for  X-ray

‘Crystallography, Vol.IV [54],

Observed and difference Fourier maps were calculated
using the NRC program FOURH.I Structure factor calculationsf//
and least-squares refinement were accomplished using the NRC

program’ LSTSQ [551. :

- 16 -
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The 'Foodness of fit is defined according. to the

1

equatioh- 1.63. . The unweighted and weighted® descrepancy

4

indices wereé computed ‘using the equations 1.64 and 1.65

réspectively.

A
.

i

GOF = [thk] AFﬁk]] /(m_n) (1.63)

r's

. . . )

‘ \/R ] le For Ink1 = | F. |hk1| \)
~, l JZlFoflth .i

| o

(1.64)

——

L

, [Z'_‘hkl{l Fo lnk1 = | F_cilhkl}
»RW = . i K Ll‘ 2
o, l >, whk]{| For lhk]}

1
2

(1.65)

-
B e

/7///:l2.8 Interpretative Programs

’

The NRC package ‘DISPOW [56] was used to compute the

-~

various interatomic distances and to calculate bond. angles,.
The program first converts the positional ‘parameters to

orthogonal coordinates, and 'the bond 1lengths, and angles

t

were computed using standard techniques. "Ortep" by Johnson

\

[57] was used to prepare plots. This program was run on
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Figure 1 8 A sehematic r

precession camera [15]
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2.1 INTRODUCTION-POLYPYRIDYL COMPLEXES

. - f -

»

. * . Complexes derived from ° 2,2'-bipyridine(1),

\ N '
2,2!',2''-terpyridine(II), 1,10-phenanthroline(III) and their

substituted derivatives are known as polypyridyl complexes.

\

kK

© e ’ 11

IIX

. S A
' Polypyridyl complex®s-Qf Ru(II), 0s(II), Ir(III) and Cr(IIl)

~hqve been exteqiively studied. for their photochemicél

* ~y
" ) ¢ s )

:
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"behaviour [58-621], , ' \

The electronic exciéed states of molecules can be
obtained by idirradiating with visfble or .V radiation,
Reactions of the molecules in th;ir exciie\ étates are
called ﬁhotocpemical reactions. One of the Lost\important

c&nsequences of electronic excitation is that of increasing

the electronic. affinitys and decreasihg the 1ionization

potential of\a molecule, This means that an electronically .

excited stafe is a better oxidant and a better reductant
with respect to its ground state. If the lifetime of %the
excited state is suffici}ﬁtly long, the excite mBlecule\caﬁ
engage in bimolecular electron and energy transfer
reaetiﬁns: | . ' A \ .

' |

Recent 1investigations of the behaviour of \the excited

states of transition metal complexes have shown ithat they
! \

Ly

B N F ' -
can engage 1Iin homogeneous electron and energy kransfer ¥n
N i

solution media [63—6%}. or heterogeneous/ elect oﬁ transfer

\

at semiconductor electrodes [61]. Such p sses are viewed
-~ ' o

as having potential applicability in convertin radiant

energy to useful chemical or electrical energy.

¥

e : ‘
~ )

Very often, to get a better understanding about the

details of a reaction mechanism, it is necessary tp know the

exact molecular structure. Sometimes the structiure itself

can be a puzzle, If the compound wunder  study can be

- 43 - D
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) ' obtained. as a’grystalline solid, x-ray diffnaétion studies
P"-—-—.\ . N i R
' offer the best way of determining the molecular structure,.
x , , * N ’ v ','
. . o 3
This section of the thesis describes the molecular
. .structure of three polypyridyl complexes of Cr(III) and
Ir(1II1), as determined by x-ray diffraction studies. They
. . t . ]
) weére o
- v "\ .
. N . L
’ ) ‘(1) [IFr(t?py)z(p.py )1(€10y) 5.H,0 ]
| (2) [Cr(terpy),1(C10,) !
x5 'Cr(terpy 0y),.H,0
I . . LA A
i ’ . - . . <’
’ r‘:: - ’ . ~ . B - i ] -
;:’{:" w2 - N . ' v' . ‘ A
5{ _‘ (3) ICr(Ibply)2 (H‘20)01](CIO,‘.)=2.2H2'0 o
‘Sf(zl. - \’0 4 . .
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{ e S :
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2.2 HOLECQLAR STRU?TURE OF “[Ir(bgy)z(gpy')](Cloul3.H20”

Kl

A

2.2.1 Introduction
. e -, n Cx

a

_ Tris Bipyridyl complexes of d6 transition metals,’
‘ . .

Fe(II), - Ru(II), 0s(II), Co(III) and Rh(III). have been known

for some time, but the first sucecessful .isolation of =1

1
tris(bipyridine)Iridium(III) complex was reported only in

1974 by Flynn and Demas. [65-661. - The tris(bipyridine)
) s ’ -
JIridium(III) ion had been previously reported to be the sole.
+ <

v

product of the reaction between [IrC16]3_ and bypyridine

{671. The na&ﬁre .of this complex was later reexamined by
" .

0

DeSimone and Drago’ [68] and found to ' be

’

cisfdichlorobig(bipyridine)Iridium(III). " The carbon-13 ﬁﬁﬁ
sbectrﬁm‘of the :ompbund isolated by Flynn and Demas showed
five well resolved beaks at -89.46, -83.77, -76.69", -63.34,
an§§—60:05 ppm, relative to dioxane [66]. The five lin;s

correspond to the five distinct carbon atoms of a
o - \ °
D3—symmetry tris complex, The proton NMR of the complex in

DMso—a6 has two doublets, at 9.28 and 8.14, and "two

N ! ’J

triplets, at 8.74 and 8.2@ ppm, with respect to TMS.‘ The

. ! 4 ¢
speetrun ¥¥rongly resembles the spectra of [oS(bpy)3j2+ and

[Fe(bpy) ]2+\[68—69]. The emission sbectra of the Ir(III)

3 ,
complex and [Rh(bpy)3]3+ {70] have virtually identical

. v
properties, Based on this spectroscopic evidence and

elemental analysis, which has §hown the Ir to bipyridine
! . .

molar ratio teq. be 1:3$\<hé complex has been identified as
' 4 ’

k)

I‘ ( -&



«[Ir(bpy)

oy [Ir(bpy)é(bpy’)ﬂ20]C1

N . S
3? i |

1
o

Iridiuﬁ(I@I) compound with the .molecular formula

3; thch also contained three moles of

<t ‘ o -
'bipyriQine per mole of Iridium. Surprisingly, this compound

o

has .Shown‘totally different spectroscopic and photophysical

. .

properties to .a conventional tris chelated bip&ridyl .metal

complex. The natureJJf thistcéhgfund has been the subject

of a'controversy since then [71,72-7T41> _

)3

> According to Watts and co-workers, 7thé ‘most "1likely

alte}nqtives to a2 tris complex are:

Al
R !
. 4

M —
- i

bipyridines, one monodentate bipyfidineiand.watér.

B ' i
. o, .

In 1977 Watts and co-workers [71) 1isolated another

(1) a six coordinated 'Ir(III) bound to two chelating




* v . ' -

' . (2) a six coordinated Ir(III) bound to two bidentate

’ - bipyridines and ong covalently hydrated bipyridine’
‘! ' «7; = ) - - i ‘ R w
I - — 3+
S a ‘

Y t -

o P - ’ . - -

. ’ ! )
.. ' ' ' N N A} \
' \ , . ) ‘ . *
i L (3) a six ‘coordinated Ir(III) bound: to two bidentate

- bipyridiﬁes,. one. monodentate ‘blpyridine\ and"éoordinated’”

chloride, ] ' L.
\ vTo.
-~ 1 : N .
L g 2:*. '
N ‘ ‘
\ ] I
~
T %
. : . .
8
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o

() a seven coordinated <Ir(IIi7 bound to ‘three

Bidentatq bipyridines and one water. ‘ ' -

i

A seven coordinated Ir(III) bound to three bidentate

bipyridines ‘and one chloride has been ruled out due to the

P N
absence of any aeidic proton in the structure.
Ionic halide analysis have shown that non-ionic

chlorides are not present in the structure, thus ruling out

III.

%he appearencé of a N-H streteh in £he infra-red
spectrum at Yy =2650 cm-1 of the acidic 'form of the complex
is not consistent with all three bipyridines chelating to
Ir(I1II). -Hence the structure IV has been ruled out. This
left the monodentyte or covalens’b hydrated species as the

possible candidates. .

At




£

The ligands such as 1,2-diamino-ethane (V) form
complexes in which they‘may‘ behave either in a mono or
bidentate fasﬂion, but 2,2'-bipyridine always. displays
bidentate behaviour [75-771. In reactions. where
dissociation of one or more b{pyridines from a metal complex
occur , the bipyridine lig?nd must be present as a unidentate
ldgand at least for a short period of time. A platinum
cgmplex of 1;10-phenanthroline, whigh is closely related to
2,2'-bipyridine, has been shown by X-ray structure analysis
to contain a monodentate phenanthroline ligand (781.

hY

However, such a complex is not known with bipyridine.

THZ— CH, ‘ .
- ‘ NHz NHz

v . te

~

In a classical scheme proposed. by Gillard [79] for the
OH™ attack upon a tris(bipyridyl) complex, a covalgnt1y~
hydrated species has been f considered és a common
intermediate. This is giv;n in the schéme 2.1,

It has been postulated that this covai@ntly hydiated
intermediate could undergo an intramolecular hydr9xy1 shif¢
by protonation to give the conjugate acid. - This 1; followed
by .an intra molecular sﬁift of Qater from C€2) to metal or
by deprotonation with hydroxide gibing the coniugate base.

[
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The conjugate base then reacts by an intra molecular OB

“shift from C(2) to metal M.

A

Studying the dissociation of [Fe(terpy52]3+’in agueous
sulphuric acid media, Gillard and co-workers observed that
in the absence ;f water no dissociation occurs. They take
this as evidence of covalent hydrate formation prio} to the
dissociation step [801]. In a recent communication [81]
similar covalent hydrate formation has .been proposed . with

\
[Pt(py)uCIZJ2+ upon hydroxide attack.

Based on the above considerations, Watts and co-workers
have chosen the species containing the monodentate bipyridyl
ligand as the most probaﬁle strugture1g;). Their choice was
reinforced on the basis of the observation that, when the
complex is dissolved 1in aqueous acid and base different
emission spectra are obtained, whereas when [Ir(bpy)3]3+ is
dissolved in aqueous acid or base the same emission spéctrum
is observed. This 1latter spectrum &s different to the
former two. This compelled Watts and co-workers tgibelieve
that, in solution, there is no facile equilibrihm between

[l

the tris complex and a covalently hydrated species.
‘ B
¢ (

_The proton MNMR spectrum of the title complex in DMSO—d6

is reported in the literature [72]. -This 1is conéiderably

different froh that of a conventional tris chelated metal

\complex of bipyridine possessing D3—s§mmetry. It consists

\

* *



P

of broad multiplets at 9.2, 8.4 and 7.8 bpm with 'respect to -
TMS. In addition, a doublet at 6.65 ppm and a doublet of
doublets at  7.14 ppm have also been observed, The highest

field signals observed for free bipyridine occur at 7.12 and

7.35 in CClu and methanol respectively (for 5,5' H's).'

VI ~ \

The signal ﬂsgirved as a doublet at 6.65 ppm for’£hé’complex
is at much higher field than for any other known bipyridyl .
complex of a metél ion, 6; that of free bipjridiﬁe. Gillard
aﬁd co-workers [72] interp?et this -as evidence for the

existence of a covalehtlyvhydfated species. They assign the

6.65 ppm doublet to the proton on the tetrahedral carbon of

A =1

II. ~ The appearance of the band at 2650 cm in the

infra-red spectrhm of the complex has been taken as further
e ] .

evidence for the covaleﬁt hydrate formulation,

\

Inte}estingly;‘the PMR spectrum of the complex 1in

2
field multiplets are not present in acidified D2O. As

DC1/D_0 differ greatly from that 1n\DMSO-d6 [73]). 'The high

expected. the carbon-13 spectrum of the complex shows about

25 peaks in the range 120 - 160 ppm with respect to

TMS [73,821. Carbon-13 resonances for covalently hydrated

- 52 -
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quinazolines * and bteridines occur around 70 ppm down-field
; ) of TMS [83-8U4]. Since no resonance signals are visible " in

- , this region of the 'carbon-13 spectrum.for an SP3 carbon,
. Watts and co~-workers reject the hypothesis of covalent

hydrate formation. The solvemf dependent nature of the PMR
spectrum and the absence, of any sp3 hybridized carbon aton

= in the carbon-13 spectrum have been  considered to Dbe

-

consistent with the presence of a mohodentate bipyridyl

fragment in the structure.

Lot -
This controversial debate 1led to our solid. state

structure analysis by X-ray diffraction techniques [T4].
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2.2.2 Experimental - ' %<

Preliminary Weissenberg and precession photographs

indicated a ‘primitive monoclinic ecrystal system with, on

.h0l, 1 odd absent, and on 0kO, k ‘odd absent. These data

~uniquely established the space group as P21/c (No. 14), with’

Y

b as, the unique axis. Accurate cell dimensions were
obtained by centering 15 high angle reflections with
17 < 26 < 30 (and their Friedel equivalents) in the detector

.

aﬁer;ure of the four-circle diffractometer,
&

'

A ' unique set of dita were collected 1in the range

a

3.5 < 20 < 40.0 for th,+k,+1. The three standards monitored

L .
after every 50 reflections showed random variation not more

than 2%. The scéled reflections were correcte% for Lorentz
an? polarization effects. Of 3218 reflections collected,
2376 with I > 30 (I) were used in subsequent calculations.
The structure was‘solved by the heavy atom method and
Fourigr techniques. fhé Ir atom position was obtained by a
three-dimensional sharpened Patterson map. The positién
thus obtained was refined by the full-matrix least-squares
techniqﬁe. Two cycles of refinement followed by a structure
factor calculation / reduced the 1R factor to 28%. A
difference Fourier map phased using the Ir posit}on reveal ed
all the non—hydrogeh atoms, except the oxygens of one of the

perchlorate units. These oxyéens were subgsequently located

L . - 54 -
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by another _d\i'}‘ference Fourier .map, and found tolxbg
: X ' disordyer"ed, probably\ due -to - one_ ‘or more dif‘ferént
) o _orientations. The reésolution of this' disorder was not
J'. i | poséible. T})ese “oxygens have high thermal par,ar:neteré when
: ‘ﬂ ’ comp‘ared to others, The structure. was ref‘ined’ by the
L block-diagonal least-squares 'technique with al\l tfl\e non
{ / "hydrogen atoms refined anAiso'tropically té a finmal R = 11:391-
! - and Rw = 5.09%. A final differerce ‘ Fourier map was

éz ‘ ' ' featureless. -

5
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2.2.3 Results and Discussion ! ;

The structure of the A isomer 1is depicted ‘in
figure 2.1, and the molecular numbering scheme is given in
figure 2.2. The wunit cell constants are tabulated iﬂ
table A. 1, The structure contains neither a covalent
hydrate nor a monodentate biﬁyridyl ligand. ' All three
bipyridy} ligands are chelated to Ir(III) ion as in the case

of [Ir(bpy)3]3+ ion, but as notéd below one of the pyridyl

‘rings is believed to be attached to ir(IiI) through a ‘carbon

A}

atom and not.through a nitrogen atom. The Ir(III) is thus

.

-in a distorted octahedral arrangement bound to five-

nitrogens and a carbon atom.— - —

The mean Ir-N distance 1is 2.05(3)°A [85], somewhat
shorter than that reported for - compounds containiﬁg
ﬁ;coordinated pyridines where the average Ir-N bond distance

is 2.16 °A [86-881.

b 4
¢! B =

Bipyridine, which has a more extended atomic fraﬁe work
than pyridiﬁe, has a stronger T -acceptor®.character.
Deloéalizatioq of electrons over this extended carbon frame
work, tends to 1lower the energies of both W-HOMO and

T -LUMO. The shorter Ir-N bond lengtH in the present

~complex suggests that, there 1is considerable T-bonding

’ between the delocalized 7% orbitals .of the bipyridyl

ligands and the tzg

orbital of the Ir(IIT) core [89-90).

- 56 -
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Ir-C bond length of 2.007(10) °A is in good agreement with

_other known Ir(III)-C bond distances reported [91-95].

[y
¥

Intraligand bond angles qf the complex vary from 78.2
to 80.8. These are comparable to those found .in
[Ni(bpy) %% [96-971, [nu(bpy)B']z* [89] and [Co(b‘py)3]2+
[98]. The important bond lengehs and angles are tabulated

in table 2.1.

;‘ v
The closest approach of the water oxygeh to a bipyridyl

non—-hyérogen atom is 2.75 %A, about 1.4 % %nger than the

"

expected -0 distance (C-0= 1.4°%) if a carbon atom ig

covalently hydrated. The water oxygen is also about 2.56°A

-

away from a ClOu oxygen. These distances indicdte that the
water Qolecule is hydrogen-bonded not only to a peréhlorate
oxygen but also to a bipyridyl ring atom. The reported
average hydrogen-bond disfanées [99)] are, C=H-:--0 3.23°AL
N-H-..-0 2.93 A and N---*H-0 2.78°. ' The most 1likely

candidate for this ring atom is a nitrogen atom, which helps

jdentify ¢the 'cyclometallated pyridyl ring. This type of

"
" N ,

cyclometallated ring  is known to exist with Ir- and other

-

metals. )

Nonayama {1003 has reported the strycture of a
«ahl.oro-bridged dimer, depicted below, where M is Iridium,
The ligand, Benzo(h)quinoline, 18 knfown to form such
complexes with Pd(II), Pt(II), and Rh(III) [101-4021], Even

H

: - 57 -
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though . cyclometallatioh 1is known with‘bthét ligands it has
not been reported for polypyridyl 1igand5- such as

bipyridine, terpyridine and 1,10 phenanthrolines. '

T : V1T

- The gotal structuré contains one qater molecule and
three ClOu units per Ir. To balance the charge, lsince the .5
cyclometalkééed bipyridyl residue ubarrieé a net negative
charge, one protqn'shouia be p?esent‘in’tge'structure. The
most likely place to fiAd this is op uncoordinated -N or on -

water as H3O+. Watts and co-workers in their oqiginal paper

1

-

(721, Eeport the absence ,of an acidic proton in the
2 ~ .molecule. This and the observed N-H stretch in the.

infra-red spectrum st 2650 on” "

of the acidic form of the
structure suggests ‘the, most probable structure to be ﬁhe one
. represented below (VIII),.

s

' - - 58 -
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The X~ rayacrystallographic data do\xnot easily éistingui%h

between the carbon and nitrogen atoms because of the almost/

S
identical scattering power of these atomic types. However a
: ' v ’ f \ ‘

N slightly worse - discerepancy index was 'ﬂobtained on

interchﬁhging‘the scattering factors for atoms c(3) and :
N(1). Bx applying Hamilton s significance test’ (1031, the
Lo S _hypothesis)%hat'the conventional }ris chelate being correct
coald be reiﬁcted at a significance level lower than 0.5%. .
. . Thg'possibility nf the presence of ¢two non coordinated N
-atons could be ruled ‘out on thé basis nf the observation

. ~ of a single pK, value of 3.0 ([104],

@

‘A s}ereascopic view of thé molecule with eight of its

-,

hearest neighbours is Shown in figure 2.4, Thpre are seven

/ ;
\ €10, units about the [Ir(bpy) (bpy')}é cation within

[

/ 3.1-3.3°% of a_ noy hydnogen atom. Six of these ClO ‘ions
g, N

. ‘havq oxygens wedged into thé intra-ligand pockets such that

. . A : ' ’ . . J
[N ’ - ) a
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in the solid state the‘catioq\fnd the anilons ﬁgrm tight ion

pairs [105]. - . } S ’

3 1
'R

[ T - -

@ £

The mean C1-0 distance is 1.37(6) °A and the mean 0-Cl-0

-

‘angle 1i's 109(5)- similar to those previously reported

3

i

[105-1087.

-
-

Ihq' individual pyridyl Jnoups retain péfnarit?.,thg
equations of the least-squares plénes calcul ated, and the

d%viation of the atéﬁs frég\ztheir respective planés ate
. - N

" listed in' table 2.2.. Each pyridyl group is tilted with

iesbegt to the otherr bonded to i;} the dihedral angles vary

from 2.4 to 4.2. . ' =

A steieo packing diagram of the cohple; is shown in

figure 2.5, It contains alternately arranged A and* A-

Y

3 - , ,
i1somers of the cation. The final ataomic coordinates and the

anisotropic therpal parameters are listed in table A.3.
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Lcl=c12)

Boﬁd Disténcesﬂand Angles of [Ir(bpy)z(bpy

.. 8Standard deviation is gi

CIr-CC3)

Ir-m(%)‘

Ir-N(3)

/ir-N(H)

Ir-N(5)

Ir-N(6)

©C(3)-Cc(u) °

C(3)-C(2)
c(uy-c(s)’

C(5)~;%J)

CLc(D-N(D)

N(1)-C(2)

c(2)-C(6)

N(2)-C(6)

Y

Table .2.1

,ven

. Bond Distances in Angstroms.

2.007(10)

2.058(11)

2.046011)

2.084(10)

2.068(10)

-2.,010(10) .
“1.397(18)
1.355(18)

1:418(21)

1.396(24) .

' 1.434(21)

1.396(19)
1.463(19) .

~1.570(18)

N(2)=C(10) ~1.398(17).

’b(s;:c(j)
CCUT)-C(8)
" c(8)-C(9) -
. €(9)-C(10)

' Nc3)-co1y)

N(3)-C(15)

1.345(18)
1.324(23)
1,u37:531"
1.481(20)
1.367(1@)'
1.363(r&)

1.397(22)

0

'3)(c10,),.H,0

32

paranthesis. v

-

)

€(12)-C(13)»  1.363(25)

 €(13)-C(14)

C(14)-C(15)
c(15)-C(16)

N({4)-C(16)

N(H)-C(20)

S C(16)-C(17)

C(17)-C(18)
C(18)-C(19)

' jp(1pf;c(éo>

.

' 'N§5)~0(21)‘

. N(5)-C(25)

C(21)~C(22)

c(22)-c(23)

€(23)-G(24)

cees)-cen)

c(24)-c(25)

c<g51—c(26>
N(6)=C(26)

N(6)-C(30)

c(27)-c(p8)

© T C(28)-C(R9)

1.410(24)
1.378(19)
1.434(21)
5.396(17)_'
1.370(18)
1.442(20)
1,u37(2u)’
1)358(éu)

-‘1.39u(2i)

. 1.éfﬁ(18)
1.361(17)
T.u51(%?3 L
1.370(24) -
1.39§k22f"'.

-~

1.391018)7 |

1.463(19)
1.393(1T) ERRY B
1.37301) | .

1.374(20)
1.401(23)

. 1.398(23)
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A

€(29)-c(30)

R -SYSPEIED)

c1{1)-0(2)
C1(1)‘0(3)_
C1(1)-0(4)
c1(2)-0(sj

C1(2)-0(6)

C(3)=TIr-N(2)

C(3)=Ir=N(3)

T3 =TraN(4)

C(3)=Ir-N(5)

C{(3)}-Ir-N(6)

N(2)=-Ir-N(3) .

N(2)=Tr-N(4)

N(2)-Tr-N(5)
CN(2)-Ir-N(6)
N(3)=Tr-N(4)

CN(3)=Tr-N{5) -

NEB)—Ir_N(ﬁ)
NEH)-Tr=N(5)

N(H)-Ir-N(6)
 N(5)-Ir-N(6)

Ir-C(3)-c(l)

Tr-c(3)-c(2)

Ir-N(2)-c(6).

woe

P

L426(21)
.266(18)
.322(19) .
.290(189)
.287(20)°
L518(11)

L435(13)

€1(2)-0(7)
C1(2)-0(8)

C1(3)-0(9)

* €C1(3)~0(10)
C1(3)-0(11)

C1(3)-0(12)

)

.Bond Angles in Degrees. .

79.7(5)
96.8(4)
176.0(14)
6. 6(4)
af;3(u)
88.6 (1)
97.1&&}
174.5(4)
97.6(4)
sdia(u)

95.9(4) .

173.2(4)
86.8(4)
95 .4 (L)

- 78.2(4)

125.8(9).

115,7(9)

»

Ir-N(2)-C10)
Ir-N(3)-C(11)

Ir-N(3)-C(15):

Ir-N(4)-C(16)

Ir-N(4)-C(20)

Ir-N(5)-C(21)

" Ir=N(5)~-C(25)

C(5)=C1)SN(1)

A

Ir-N(6)-C(26) '
_Ir=N(6)-C(30)

c(4)~Cc(3)-c(2).

c(3)-Cc(u)-c(5)

C(ﬂ)-C(S}—C(1)

C(1)=N(1)=C(2)

N(1)-C(2)-C(3)

N(1)-C(2)-C(6)

N(1)=C(2)=C(6)

- 62 -

1.377(12)
1.396(13)
1.80513)

1.505(13)

1.404(11)

1.4248012)

123(1)
124.4(9)
114 48(9)

110.7(9)

" 120.8(9)

116.2(8)
118.,1(8)

+124,2(8)

S118(1)

121(1)

121¢1) 7

118(1)
118(1)
12401
120(1)

116(1)

i

L 125.4(9) "




€(2)-C(6)-C(7) 125(1) _C(22)-c(23)~cl24)  122(1)

N
C(2)-C(6)-N(2) 113(1) C(23)-C(24)~C(25) 118(1)
T N(2)-c(6)-C(T) 122(1) . N(5)-c(25)-c(24)  12011)
C(6)-N(2)-C(10) 122(1) " N(5)-C(25)-C(26) 115(1)
c(6)-c(7)-C(8) 122(1) c(24)-Cc(25)-C(26) 125(1)
C(7)-C(8)-C(9) 119(1) C(25)-C(26)-C(27) 122(1)

e C(8)-C(9)-C(10)  120(1) N(6)-C(26)-C(25) - 113(1) °
N(2)-CC10)-C(9)  116(1) N(6)=C(26)-C(27)  125(1)
C(11)=N(3)-C(15)  121(1) C(26)-C(27)~C(28) 117(1)

. N(3)-CC11)-CC12)  118(1) ¢(27)-C(28)-C(29) 120(1)

) c(11)—c(12)1c<13) 121(2) C(28)-C(29)-C(30) 120(1)
CE12)-C(13)-CC18)  122(1) - N(6)-C(30)=C(39)  120(1)
C(13)-C(14)-C(15) 115(1) C(26)-N(6Y-C(30)  118(1)

| “ N(3)-C(15)-C(14)  123(1) ' 0(1)-C2(1)-0(2)  115(2)

| B N(3)-C(15)-C(16)  115(1) 0(1)=C1(13-0(3) 17(2)
CO14)=C(15)-C(16) 121(1) 10(1)=C1(1)=0(k) | )@6}1)
NCI-CC16)-CC15)  118(1) . ‘o(2)=c1(1)-0(3)  ou(1)

C15)=Cc(16)-C1T) 12601 0(2)=C1(1)-0(1)  111(2)

- ‘rN(ﬁ)_C(1ﬁ)—C(17) 116(1) . 0(3)-CX(1)-0(4)  '119(2)
CC16)-CE17)-C(18) 120(1) '0(5)-C1(2)-0(6)  109.1(8)
C(17h)\—’C‘t18)-C(19) 11701) 0(5)—01(2)—0(7) 110.0(8)

e C(18)-C(19)-C(20) 124(2) . 0(5)-C1(2)-0(8) \107.9(9;
' ‘~" C T N(H)=C(20)=CC19)  118(1) - 0(6)—01(2)-6(7) 108.1(8)
: CC16)=N(4)=C(20) . 124(1) 0(6)-C1(2)-0(8) .  107.6(9)
‘5 C(21SN(5)-C(25)  123(1) am-c1(2)-08) . 115(1)

| NG5)-C21)-C(22) TITAY L 0(9)-C1(3)-0(10)  106.3(9)

€C(21)-C(22)-C(23)  119(1)  0(9)=C1(3)=0(11)  111.2(9)

i
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Table 2.2

)

"

0.1556% + 0.2605y + 0.9528z = 7.0930

Equation

of the plane

N

Atoms . NG c(D (2 c(3) oy c(s)

»

Deviation from

~-.013 012 .014 . -,012 ,009 .010
the plane "A . R :

Y

s

Equation ; )
‘ 0.1881x + 0.2831y + 0.9405z = 7.6140

. of’the plane

[
o, N
(et

Atoms N(2)  c(6) . c(7) . c(8) c(9) c(10) .

Deviation from

the plane °A

Equation

: , ~0.9837x + 0.0214y + 0.1785z = -2,3960
\of the plane , R . '

. . . N - ~

Atoms N3 c(11) c(12)  c(13) c(18)  C(15)

Deviation from

L ‘ .011.  -.010-° .,006 -.,002 .004 -,008
' the plane A ' , . ' '

~.006 -.003 .011 , -,010 .001 .006

[
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Equatiod‘

. of the plane

’

Atoms

Deﬁiation from

the plane °A

Equation

of the plane
Atoms
Deviation from
tﬁe plane °A
Equation

of the plane

Atoms’
t

: ‘ =~ N
Deviation frdm

‘the plane °“A

S

-0.9722x - 0.0279y + 0.2321z = -2,8930

Al 1

. ' oo
N(E)  c(16) €(17) €(18) "¢(19) c(20)

[ N

.008 -.011 -—-.004 ,024 -.029 .o0n

0.2215x - 0.9254y + 0.3070z = -12.710

-
»

- r
B

N(5) c(21). c(22) c(23) c(24) c(25)

005  ~-.005 ".004 -.002 -.002 Z.003

0.2173x - 0.9128y + 0.3459z = -12.,300
N(6) c(26) c(27) c(28) ¢€(29) <€(30)

N

..012, -.,020 .011° .004 * -.012 ,003

\ . ' P
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2.3 MOLECULAR STRUCTURE OF "ICr(‘terpy)zl(c1gu~)3.Hzo'"

v
o . - -
’ .

.

2.3.1 Introduction

)

. < ) .
~ L ., -
The excited state \rifebmmes of the. polypyridyl °

s . '

complexes of~nchromium(III);v especially those derived from
P bipyfidine./A1,10—phehan%hroline ands their substituted "

derivatives are surprisingly 1ldng in équeous media, ‘when
compared to other amine complexes [109-111]. Because of
& v M / G .

A
these longer excited state 1lifetimes, these polypyridyl.

complexeé “have been extensively’ \gtudied for their

)
<

photochemical _and ’ photophysical behaviour [59,112]. -In
, »ffuid solution, an excited state.hhéch has a lifetime long

\ - .enough to -encounter other speciegi can undergo bihole%ular
s - . 3
' electron and energy transfer processes. As said‘before;such

ji . ' processes hav% potential applicability in soiar energy

) conVe}ting schemes [63,113]. - . ‘ .
i hd - ‘ 4 . ) L
A - , Chromium(ITI) complexes , possess a 43 electronic

configuration, The ‘energy level diagram for a'Cr(III)'

system with octahedral micro§ymmgtry is shown in figure é.6,

. ' '(.‘ .-
The ground state is a quartet ~uAé state, Typical

- absorption spectra of Cr(III) eomplexes, Cwith | 0,
miqrosymmetry have three weak spin allowed absorption'bands

Nquuartet — quartet) in the U,V and visible regions, and two

» : |
. very weak spin forbidden bands (quartet s doublet) in the
. .

]

near J.R region, The quartet —.quarteﬁ bands correspond to
0’ - . s ‘
1t - . f N ,

A -

Y 0
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phenspih'allowed transitions ffom~\uA2 ground state to the

excitéd quartet states 3T2, alfT1 and buT1.

’ polypyridylfcomplexés of Cf(III) do not posses 0h sfmmetry.
. » : .

Even though the

they are often discussed in this context because og the

. ¥
\ +

., approximate octahedral arréngement of N atoms around
Cr(I;I). -

DH .

. Tﬁe energy' level diagram whicH is shown in figure 2.6

has been constructed from the spectral analysis by Konig and

Herzog [114] for [Cr(bpy)3]3+e The 1location of higher
doublet states has been obtained from flash photolysis d?ta
?5}5]. With onl& minor modifications, this diag+am coéld
f also be applied to othéf polypyridy% complexes of Cr(ITI),

[Cr(phen)3]3+.and [Cr(terpy)2]3+.

‘ . - .

- , N L4 . * ’ ’ /
i

' x #j In a typical photolysisy experiment the following

4 .
3 , * ' "
" : i lowest excited quartet state uTz is populated according to

. -

» ,/ l reaction sequence could take place, Updp 1rr%diat£on the

the reaction,

- . . “ .
* BT : f .
+

t ‘A Cr(NN)L —> - T, X

. K T
» ) . . * \

. . , - e
Th%s l"1‘2 Sfaté undergoes reactfons 2.2 to 2.4 with #a 1life

time of 10 ps [116]. Thermally equilibrated °E and 2T,

‘statesgawe designated as 2
. ¥ v

m

E. No fluoroscence emission from
' ' P

T, state has been, observed [1171," Hence depopulation of
¥ - “'\ c . . N . 'y

Fl
v

L= TH -




\

»

T, —> ‘A, " (2.2)
fT} b, —_—» broducts ) (2.3)§
4 : , 2 :

T, —> E | (2.u2“

. -~
'

To account for the photochemistry of Cr(III) complexes,

.

Swo principal paths have been proposed: from the lowest spin
- -
forbidden doublet state [118-121] and the lowest spin

allowed quartet state [122].

: l

In support of reactions originating from the quartet

uTz state, Chen and Porter [123] have noted that " only 50%

of the photolysis reaction' of trans [Cr(NH3)2(NCS)u]-
3 ' ? e 1 -
is quenched by the efficient doublet quencher [Cr(CN)633 .

, . T . a
This was taken as evidence that 50% of the thiocyariate loss

occurs from the quartet excited state before the intersystem

crossing to the doublet °E state. Further, 40% of the

A ]

13* i aqueous solutton originates

photoreaction of - {Cr(en)

3
from the quartet uTZ state prior to 1nter§YStem cr%ssing to

2

. . Cos
the doublet “E state. Balzani and co-workers [124], have,
-

Y

suggested that the quenchable portion of the photoreaction

also ¢omes from the quartet qu state by back intersystem
P 2 2 4 ’
crossing from the doublet E state ( “E —

T,). '

'
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The Hp

2 state is expected to be highly distorted with
respect to the uAZ ground state. The distortion results

from the promotion of an electron from a predominantly

non-bonding d7 orbital to a ¢g*anti-bonding orbital [58],

i

In contrast to the T2 quartet state, the first

zexciteﬁ doublet states 2E\and 2T1 are not expected to be
/ N

'greatly distorted with respect to the qu ground state.

Since ”AZ'* 2T1/2E transition involves no electron

promotion to a ¢* antibonding orbital, rather electr®n spin

1

pairing within the t__ sub level, the bond lengths of this

2¢

state are believed to be essentially the same as hhosg

of the ground state. As a further'éupport,no Stokes shift

has been observed [110] in the absorption Y, — %1 /2

2 1
2 2 L, - .
T1/ E — A2 spectra of ~r(III) amine complexes.

E and

emission

2

The observed lifetime of the, E state, in‘éhe

2

. Tobs”
absence of any quenchers is the reciprocal sum of the rate
constants which depopulate 2E state. This is given by the
equation, .

, o o

- 2

2
Tobs = V/Ukpe + Tk + TKpgg *+ TKpgge)
where, 2knr is the rate constant for the non-radiative
decay
\ j ’ 4
2knr is the rate constant for the reaction (with
‘ ' 4

»
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solvent). L Lo ' v -
~—— \ !

2k g is the rate constant ' for " the

rad . P

phosphorescence decay to the g}0und state.

-
+

zkbisc is the rate constant for back 'intersystem

.

\

crossing to the uTz staté..

The lifetimes =  of (2E)‘1Cr(bgy)3]3+ "and
,?E) [6r(phen)é]3ﬁ in aeareated water at 22 C‘alg 0.068 and
0.25BmS réspégtivel&_[125]. With éespect to other\ZCr(IIIY
;yslems, the lifetime of these two complexesi are.’
surprisingly long. | |

The predominant factor which determines the lifetime of
% state 1is the nonradiative decay of ZE to the 'T

ground state,

A

. -Substituting D20 in - plaée of H,0 causes no change 1n
lifetimes, This inddc’tes the lack of direct vibrational
coupling via H-bonds between the bulk 8olvent and the
~ :
complex [111,126]. The nonradiative decay of 2E state
involves transformation of metal centered electronic energy

inte-the ligand centereq vibrational energy [111]._$§§re the

ligand vibrational modes act ms the energy acceptor as well

- 17 -

2



as the oscillation dipole perturbation that permits the
. energy transfer process to occur: Further. according to
this model when the ligand becomes more vibrationally Figid,

2

the E life time is 1on§er. "Substitution of phenanthroline

'

for bipyridine restricts the vibrational modes involving
stretching, bending or rotation about the inter-ring C-C

/ [
' bond. This is because phenanthroline is a more rigid ligand

than bipyridine. . Since thé restriction imposed on the

.vibrational freedom of the 1ligand affects the energy’

2
knr‘ This being the
predominant factor which determines the lifetime of the 2E

state, 2 T

transfer process, thus reducing

obs ;ncyeases. This model holds . well jfor

[Cr(bpy)3J3+ aﬁd [Cr(phen) ]3+

3 systems. Phenanthroline,
being 4 more rigid ligand than bipyridine, 'should show a
. longer excited state life:time when chelated to Cr(III). In
fac? this fs founé to be true. 'If the proposed model s
\ true:\ then terpyridine complexes which are cqnsideréd as
, more rigid than bipyridine complexes should also have a
1ongef excited state 1lifetime. But the 28 life time of
[Cr(terpy)2]3+ in fact ‘found to be very short, 0.05 S
[112]), about one thousand times shorter than the bipyridine
analogue. Interestingly,' the ﬁeta& to ligand charge
transfer excited state of [Ru(terpy)zlz+ is also shorter

« lived than the bipyridine analogue [127-128].

Even though the terpyridyl 1ligand 1is vibrationally

stiffer than, the bipyridyl analbgue. the shorter life time

- 78 - :
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-planes (by analogy with other '[M(terpy)2
-

is really not ‘inconsistent with the proposed model .

Terpyridine 1is a tridentate ligand. In principle, bis

. complexes of terpyridine could exist in either of two ;ormsﬁ

meridional or facial forms as shown below.

-

facial - meridional
or these two forms meridional form 1is nueh more
thermodynamically stable g£han the facial form: in the

facial form one of the pyridyl groups is forced to adopt a
' !

‘position perpendicular to the planes of the remaining two

pyridyl rings. On the other hand, the meridional form,
which is favourable on energy grounds, should be a highly

distorted , one, ‘with distortions occuring in the terpyridyl

n+ complexes)

[129-132]. -Here the Cr(III) core would be more exposed to
the solvent perturbation so that direcdt vibrational coupling
between the excited state metal core and the bulk solvent

takes place, This will increase the rate of non-radiative

2 2

decay, je, k E

nr which™ 1s a major contributor to the

- 179 -
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)

lifetimes. The more open structure of [Ru(terpy)2]2¥

compared to [Ru(bpy) ]2+ has been postulated as the possible

3
cause for the‘shorter living excited state of the former

[1271.

By studying the soiv?tionuof tris(1,10-phenanthroline)-
Iron(11) céfion, Van Meter 3nd Newmann [133-134] have
pogtulated.the existence of ﬂwo typeslof Interligand pocketé
between the phenanthroline ligands. Three 1large V—shapeé

pockets and tgp smaller pockets have been defined. Approach.

‘tp the central metal atom By a shall molecule such as water,

3

.through +the smaller pockets 1is hindered by the steric

k]

crowding, but approaéh via a larger pocket 1is possible.

} ‘ ) "
' pAccording to Van Meter and Neymann.rémall molecules ‘could

epproach to at least 3°A from the central metal ion.

The nature of tﬁé interligand pockets ‘present ‘4n  the
title complex 1is different to those present in bipyridine -
and phenanthroline l-complexes. A detéiled X-ray
crystallographic study of the title complex was undertaken
to investigate the qualitati;g nature - of the (interligand

pockets present in this complex [105], In addifion Wwe were

interested to verify whether the one water of hydration and

“tiile ) complex form the covalent hydrate

fcr(terpy) (terpy H-OH)3* (1357,



A

2.3.2 Experimental

Slow evaporation of{an aqueous solution of the co%pound
gave orange crystal#{ Preliminary weissenberé and
precession photographs indicated a monoclinic cerystal with
hkl:; h+k odd absent, and h0l; 1 odd absent, thus limiting
the possible space group to be C2/c (No. 15) or Ce (No. 9).
Statistical tests favoured the .non~centrosymmetric space
group, hence the space group Cc was assumed, Subsequent

successful refinement showed this to be correct,

Accurate cell dimensions were obtained by centering 12
reflections for both posigive and _ negative 24.
Appropriately averaged 28, w, X and ¢ values wefe used in a
least-squares calculation to give the cell parameters with
their estimated standard deviations. These cell parameters
were used in subsequent calculations., A unique set of data
were collected for +h+k2l at 4.0< 20 <4 by convenzlonéa

. .
g-260 s:can techniques, using a Picker Nuclear FACS-1
four-cirele diffractogeter coupled to a PDP 8S minicomputer,
Backgrounds were measured at each end of the peak for
20 seconds, Three standards were monitored at every 50
measurements.  They varied in harmony by not more than 3%,
The data were scaled fnd correc'ted for'instrumental drift,
Lorentz, and polarization effects. of ' 2307 reflectibns

collected, 2150 with I > 3¢0(I) were used in the subsequent

calculations., The data reduction was carried out by a



o eto gy

4 . ‘ y)
locally written program PREP3:[{136], on Concordia University

cbC Cyber-170 computer.

The structure was solved byn_direct methods. The Cr

S

atom position was also verified by the Patterson method. An
electron density map phased by 232 reflections of E = 1.5
gave a three-dimensional map on whicg almost all the non
hydrogen atoms could be foﬁsd. The structure was refined by
the full-matrix least-squares technique, with all the nop
hydrogen atoms refined anisotropically. In the last stages
of the refinement, H atoms were included in their calculated
positions 0,98 °A away from the C atom to which they were
attached. Neither the position nor the isotropic thermal
parémeter.‘Lhich was set for 5,0 , of these H ‘atoms were

refined.

The correct enantiomer was chosen by changing the sign
¢ N

of the 1magin9ry term of the anomalous dispersion correctioq

and rerefining the structure. For the chosen enantiomer the

L}

5.7%, and for the

structure converged at R = 5.2% and R"

rejected, enantiomer R = 5.3% and"Rb\= 5.9%. By applying
4

Hamilton's significance test [103], the second -enantiomer

could be rejected at a significance level }ower than 0.5%.

.

.

The following computer programs were employed: Fordap
Y

by Zalkin [138] to ~calculate Patterson, Four Yer and

difference Fourier maps, SFLS by Prewitt [138] to do'least
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o ’ squares and structwre factor calculations, UTILITY by Bird
f139] to calcul'ste bond ’dtsﬁances and angles, ‘and . to
‘ calculate least-squares planes through the selected r-atoms.
\ » Plofs were made using brtep by Johnson ([571.. All the
. computations were done on Concordia University Cyber 170
‘ computer. ‘. Co : o
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2.3.3 Results and Discussion .
» pz

» »

The structure of the [Cr(terpy)2]3+ cigion is depicted s

‘in figure 2.7. The molecular numbering scheme is given in’

figure 2.8, and the unit cell constants are given in

table A.1, As expected, it possesses a highly distorted
]

meridional configuration,/ the distortions occur in the two
terpyridyl planes. The mean Cr-N distance  is 2.03(4) %,

omparable to other known Cr-N distances reported in the
: -

iterature [140-142)]. Intraligand N-Cr-N bond angles vary

from 78.2° to 179.0. This value 1is comparable to those

v

reported for the bis terpyridyl complexes of Co(II) and
Cu(II) ([129-132], bipyridyl complexes of Ru(II), Ni(II) and
Cu(Il) [89,96~97,107) and " the phenanthﬁoljne complex of

Cu(II) [108], but slightly smaller than those reported for
" {

[Co(terpy)(CO3)(dH)] (14313, [Co(bpy) ]3* {98] * and

3

[Fe(phen),13* [144]. The mean N(terminal)-M-N(terminal)

3
angle is 157.3°. comparable to those found in [Go(terpy)2]2+

[129,131] but slightly higher than that reported for
’ .

- [Culterpy),1%* [130,132],

«

In all the known terpyridyl complexes,® the central N

atam forms the shortest bond to the metal, but this N atom

is the poorest donor atom among thg three N atoms. %ris

- A ]
violates the general rule [(145] of "the best donors make the

"shortest ©DYond distances". The .observed shorter bond

ad
distance to the poorest donor atom is purely a steric

*



effect. The two terminal N atoms cannoct be brought closer

to the metal atom without bringing the central N-atom even

closer, thus the observed 'qonfigdration represents a

compromise between steric and electronic effects.

- >
’IX . )

Y ’ T .
) The- least squére planes of the six pyridyl }ﬁngéjand
T the deviation of the atoms from their neSpéctiVe pltanes ané
tabulated in table 2.4, The indiddual . pyridyl érouﬁs’
. retain their planarity. The terminal pyridyl rings . are
. tilted with respect to the central pyridyl group. The

N
dihedral angles are 1.3 and 7.8 for the N(1)-N(2)-N(3)

pyridyl group ~and 1.5 and 4.5 fos the N(4)-N(5)-N(6)

.Qerﬁyridyl group.: Similar dihedral angles are reported for

~X 3 v

other terpyridyl complexes [130)., Individual bond distances

. . and angles are tabulated in table 2,3 with their estimated
< ‘\J - M
stapdg;d deviations.

: ‘ »
“The mean Cl-0 distance and 0-Cl«0 bond angl

+

- : Cl0, anions are 1.40(?) and 109(3) resptctively, com

to those reported in the ‘l1iterature [74,106-1081]..
L . | ,'. . . , A
. ¢ * . . . \

LY

- 85 - Y
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T, H s

e,
o

There are eight perchlorate units within 3.32 °A of a

A

non-hydrogen ‘atom of the cation. [Three of these Clou ions
ha§e oxygens wedged to the pockets described 'by ‘the two
terpyridy{ planés. The water of hydration does ndt occupy a
site in  the fntraligand pockets;  rather\ it  is

he C104 units. (o] c§va1ent

t
hydrate is evident. i\: . c

I ] R o \ T >

~

hydrogen-bonded to two of'

‘
» . o
.

Py !
I3 l

! The dihedreal aqgle between t two terpyridyf planes is

83 , thus two types.of intraligand pockéts can be identified
-]

-

in the structure. This is evident from the stereo dilagram
’ .
shown in 'figure 2.10. Two larger pockets and two slightly

smaller pockets are described by the two terpyridyl .planes.

Each of these pockets could easily hold at least two small

I3

molecules .such as .water. In aqueous solutions, the. cr(III)

metal'iizf may be regarded ‘E;being essentially hydrated.

°

!
\f‘, ! .

A stereo packing, diagram of the complex-is shown in

’
»

figure 2.11, The fynél positional parameters .and the

anisotropic thermal parameters are tabulated in table AL,

-

. ”
5 / .
~ *
4 ~ . {)ﬂ ’ @ﬁ
™
o . "
N 0 [N
1 ®
i
* |
A
N ) , .
. N )
"
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’ ~ Table 2.3 S
- \‘\' B'ond Distanees;anfi\ﬁ.ngles of fér(lterf;‘)y)z‘\]”(CI‘Ou)B’.‘I‘a(.),.
— oo _ standard deviation is given in parenthesis /
A /f - . Bond Distances in Ang.stf’d‘msii. ' /.
: . T |
) ; \cr-neiy 2,049(5), é(13)—6i?ﬂ) 1.371(13)
eroN(2) 1.987(5) - CC14)-C(25) " 1.395(11)
Cr-N(3) . 2.070(5) N(3)-C(11) 1.364(9)
: CCr-N) T 2.052(5) . N(3)-C(15) 1.366(9)
Cr-N(5)  M1.964(5) NCH)-CC16)  1.362(9)
’ , CroN(6) 2.052(5) Wlc(20) 1.359(8)
S N(1)-CC1) 1.382{8)‘ C(16)-CC1T)  1.376(11)
Z N(1)-C(5)  1.358(8) T cam-ctis) | 1:316012)
§; B _cl-c(2) 1.398(10) CC18)-CC19)  1.526(11)"
? - © c(2)-c(3) 1.365(12)‘ . c(19)-c(20) .-1.379(10)
g C(3)-C(4) 1.402(12) €(20)-c(21) 1.561¢10)
A Cc-c(s) 1.399(10) c(21)-c(22)  1.389(10)
E‘ . L Ne(5)-C(6) 1.466(9) . €(32)=c(23) ° 1.1405(12)
5 . Sy ceer-c( 1.416(10) \ -:b(za)-cizu) "1.392(10)
€(7)-C(8) f173a1(1h>’ c&gu)—c(25) 1.364(10)
_ c(8)-¢(9) 1?57%(12{\ N(5)-C(21)  1,343(8)
: TS c(9)-c(10)  1.413(10) . N(5)-c(25) 1.375(9)
I ‘u(zz-ccsf 1,318(8) " c(25)-cl26) A u79(9)
DNM2)-c(10)  1.342(8)  c2ed-clem)  1.383C10)
. c(10)-c(11), 1,480(10) ! c(27)-C(28) 1.413012)
ChnGid) 1.367¢10) c(28)-c(29)  1.318(13)
c(12)-c(13) -1.403(13) c(29)-c(30)  1.456(11)
i | .
; . .-
) P 87 - .

L 4

~

C

\'

W)

</




~
~. - ) ( ! .
9 - * . h LY .
~ \ \ P RN
4 ‘\\?u‘(@\)’-g‘(zs) 1.3&_30(85 LT C1(2)-0(6)  1.398(8)
o N(6)-C(30)  1.331(9) c1(2)-0(1)  1.870(12)
c1l1)-0(1) 1‘.\!;3.7(8') CLs c12)lo8) ¢ 1.u08(9)
T oe1(1y-o(2y. 1.uo“o'(_é). U ex(3)-049) 1.397(12)
C1(1)-0(3) . 1.349(16) ° o c1(3)76(jo) 1.415(7)
‘ “C1(1)-0(4) ~1;32.7(13) - 1(3)-0(11)  1.401(12)
T R . CL(2)-0(5) o 1.4184(8) f €1(3)-0012)  1.399(8)
L . TN
* . . and Angles in Degrees.
\ y ’ \ ' . * - . N
v 'N(;/)-Cr-u"(z) ‘ S v T18.5(2) . CroN(2)-c(6) 11‘8.06(!0
\ ; N —CreN(3) 157.5(2) Cr=N(2)-C(10) 118.078)
| \ | NCD-crN (- T Bo.2(2) - c}-u(a)-c(r1)"_, 143,0(3)
! \ N(1)-Cr-N(5) 104.0(2) Cr'r{(3)—c'<157"/ 122‘.“(,“
R —Erand) o _ 94.8(2) Cr-ﬁ?u)-C(i6? 125.4 (1)
N(2)-Cr-N(3). 79.0(2)  Gr-N(4)-C(20) 116.9(4)
| N(2)-CFrN (1) 103.0(2) Cr-N(5)-G(21) _' 119.700)
e K N(2)-Cr-N(5) _ ‘ 177.3(2) c:~-n(5)-c<25~)g\ . 119.7‘(1;)
N(2)-Cr-N(6) j99.§(é)1 Cr-N(6)-C(26) o 315.1<y)
N(3)=Cr=N (¥) 96.1(2)  Cr-N(6)-C(30)  126.2(5)
N(3)=CriN (5) "98.5(2)  C(1I-N(1I-C(5)*  119.9(6) .
'{\; N(3)=CreN(6) © 88.T(2). NC1)=C(1)=C(2) 119.4(6)
‘ » N(4)-Cr-N(5) K 78.2(2) 'c(1)-c(24)-c(3) | T o121
) N(A)—c;-g(s) 157.1(2) cga;-c(3>-c(u)' "119.3(9)
N(5)-Cr-N(6) 79.0(2) . c(3)=ccH)-c(5) | 118.7(7)
T eomN(-C) 125200 c(0-c(5)-n(1) 121.5(6)
L CeN(-C(5)  1TLOM) | G(N-0(5)-G(6)  124.4(6)
i ‘ k /
- - 88 - n

<)
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3

~k<5)-6(6)-c(7)

(1)-C(5)-C(6)

<5;:E?zvf4tg{i

e

N(2)=C(6)=C(T)
6(6)=C(T)-C(8)
C(7)-C(8)-C(9)
C(8)-C(9)=C(10)
©(9)-C(10)-N(2)
C£6)—N(?)-C(1p)
C(9)-CE10)=C(11)
E(z?;c(10)LC(11)
C10)-C(11)-C(12)

C(10)-C(11)-N(3)

N(3)-C(11)=C(12)"

C(11)-C(12)-C(13)
€(12)-C(13)-C(11)
c(13)-C(14)-C(15)
C(14)-C(15)=N(3)
C(11)=N(3)-C(15)
C(16)-N(4)~C(20)
N(J)-c<16)3c(17)
C(16)=C{17)-£(18)

~

'C(17)-Cc(18)-C(19)

C(18)-C(19)-C(20)

€(19)-C(20)-N(Y)
NV

€(19)=C(20)=C(21)

~

N(4)-C(20)-C(21)

L
118.9(6)

114,1(5)

113.9(5)
127.2(6) -

1

118.6(7)

121.8(8)
117.1C75
.120.2(6)

123.4(6)
125.366)
114.5(6)

124,2(7)

113.5(6) .

122.2(7)
116.9(8)
121.8(8)
119.0(8)
119.5(7)

120.5(6)

119.2(6).
A21.7(7)

119.3(7)
120.0(7)
17.8(7)
122.3(7)
123.8(6)
113.9(6)

- 89 -

€(20)-C(21)-C(R2) . 125.3(6)

€(20)-C(21)=N(5)

\0(21)-g(225—0(23)
C(22)-c(23y-C(24)"

' £(23)-C(24)-C(25)

c(24)-c(25)-N(5)

C(31)-N(5)-C(25)

C/2u1)\-c(25)-C(26)

4(5)— (;%)~C(26)
€c(25)-C(26)-c(27)

N(6)-C(26)2X27)

C(26)-C(27)-C(28)

c( (28)-022?)
c(ﬂzg)-c(so)
€(29)-C(30)=N(6)
c(26)fN(6)—CK3b)
0(1)701(1)-0(2)'
og1)-01(1)—0(3{
0(1)-C1(1)-0(4) -
0(2)-C1(1)-0(3)
0(2)-C1(1)-0(4)
0(3)-C1(1)-0(H4)

0(5)-C1(2)-0(6)

. 0(5)-C1(2)-0(T)

0(5)-€C1(2)-0(8)

C(25)-C(26)-N(6)~

A

112.8(6)

L N{5)-c(21)-C(22), 12178077

116.8(7)
118.48(7)
120,
120.5(6)
.2(6)
.9(6)
.266),
L 106).

123.7(6)

“115.9(7)

.2(8)
11?.1(8)
120.3(7)

©118.6(6)

4(5)
L0(7)
110.6(7)
L1(8)
JHCT)
.5(9)

' 112,1(5)

111.1(6)

111.6(5)

121.5(7)

9;6)‘-

.
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0(6)-C1(2)-0(T) + 106.5(6) - 0(9)-C1(3)-0(12)  110.7(E)" .

*0(6)-C1(2)-0(8)  110.0(6) 0(10)-C1(3)-0(11) * 108.2(7)

0.07)-CL{2)=0(8)  .105.1(6) 0(10)-C1(3)-0(12) 108.7(5)

|, 0(9)-C1(3)-0(10)  106.1(5) ~  0(1TI-CL(3)-0(12) 109.6(6) .
0(9)-€1(3)-0(11)  113.3(8)
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Equation

of the plane

" -Atoms

"Deviation fronm

o

the plane 7.
Equation

of the plane

’

Atéms

beviation fron
2

the plane °A,

1

Eduation

. 1
of the plane

Qtdms

".Deviation from

the .,plane ‘A

s

Table .2.4 . ' ‘
/ N K
. . . * ) "

~0.8815% - 0.3562y* + 0.3099z = ~0.4700

.

NC1) (1) cl2)  e(3) cl)  ¢(5)

& -

-.012 ,005 .005 -.008 .002 .008

-

-0.8873x - 0.3601y + 0.2881z = -0.5623.
>

~

N(2) . C(6) ¢(T7) c(8) c(9) c(10)

-.008 ..006 .001 ~.007 .005  .0602

~

©-0.9329x - 0.2327y + 0.2748z = -0,9481

-

N(3) c(11) c(12) c(13) c(14) c(15)

+ ’ '
~-.007 -,005 ,011 -.005 -,007 .013
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L ]

Equation
of the plane
Ktoms

Devia%ion from

the plane °A

Equation
of the plane

Atoms'
H

i

Deviation from
the plane °A
~f

Equation

-0.3305x + 0.8081y + 0.4875z = 1.4227

- . .

NCE)  C(16) C(iT)

A

1

c(18)

c(19) c(20) ,

-0.3256x + 0.8470y + 0.4202z = 1.4566

N(5).  c(21) c(z2)  c(23)

-.004 ,006 ° -.001

N

~

—0006‘

c(24) c(25)

-

.008 -.003

=0,3498x + 0,8360y + 0 42272 = 1 U376

fo

N ARG

TR gl s ey
o ik

s

B e

of the plane

Atonms

Deviation from

+ the plane °A
L/

‘ﬁa,

+

N(6)  C(26) c(27) c(28) C(29) c(30)

.024 .025

- 92 -
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/ Figure 2.9, Skeletal view of-the [Cr(terpy)213*.

cation 1llustrating the distortions about the

chromium core(
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2.4% MOLECULAR STRUCTURE OF "[Cr(‘t/:pwa(uzo)cu(cmu)zizuzo" : .
1
2.8.1 Introqpction ) / Y. . <
The preparation of kinetically  inert [Cr(NN)3]3+

complexes, where, NN is either bipyridine, phenanthroline or
their substituted derivatives are usually carried out by thgj.

oxidation of a suspension of [Cr~(NN)3]2+ by a suitable

-oxidizing agent in aqueous media [146].

2+ ‘ 24 ’
C'(Hzo)s '+ 3NN —> Cr(NN)& + 6H0 (2.5 |

' -

<Cr(NN)§+ —gﬂ-» CV(NN)T' + e "(2.6)“

L

>
-

The direct reaction of [Cr(H20)6]3+ with NN does not

yield the amine complex, because of hydroxide precipitatiqﬁ
[147]. However instead of the free amine, if the acid salt

of the amine is used, complex formation occurs [148]. _Even
. ,

then the tris(amine)chromium(TIII) complex hgs never been

isolated in this -manner. ' . . SN

-
Q)

. . \
P According to Inskeep and Bjerrum [148), the addition of _ ¢
- B . - . [ ) '
bipyridine to Cr(III) occur in two steps, producing trans
diaquo species. - This trans 4isomer cannot add another

bipyridine without rearrangingl The rate of ¢trans — c¢is

isomerization is a slow process, thus'indicating a large

1
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have an intermolécular‘separation of only 1AL
: ; .

; . 9 2 .
. " b ‘l’ ' ) | .
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stability constant in favour of the trans isomgr.‘hen!e only )
. . 3 . : , . .
A ’ ) E N N - '
- trens isomer can be isolated.. LR .
’ v . . " Al
L} S

bl . . * 0
.

JIt  was pointed out. by McKenzie [149) that 4in an °
. ' R I
idealized trans [M(bpy)2X2]nA+ metal complex, with a metal qu -

N distance of 2.0°%, the H atoms of the C(6) carbon-atoms o

»
b . )
A ! 4 ¢

<
: ' N

o

L

s
. .

This means that the trans configuration must distprtﬂin some
¢ ! - - N ‘
manner so as to relieve this steric strain, One obvioqs-

Y

distortion would be to adopt a cis configuration rather than

. * -~ o

a trans configuratiqn.

~

Not surprisingly, the species which wére assumed to be

" trans bis(diamiﬁe)diaquo species were later shown to --be '

‘Wimeriec  p-dihydroxo ‘species as 1llustrated below (XT)

[150-18%, . - ‘

R



- . ‘ & -—14+

T Kraus has . reported th:* isclation of trans-

~

[Ru(bpy)zpyzl(ClOu)2 [152] and a mixture of cis and trans

ok

' " isomers of (Ru(bpy)zglzl °¥153].‘ The resolution of

t, . [Ru(bpy)2012]V~in to pure cis and trans isomers had not been
‘ " N successful, In 1980 Meyer [154] and co-workers reported the
N N first -crystallographic . charactgrization. of a trans’

. ; "
bis bipyridyl complex, ‘trans [Ru(bpyya(Hzo)(OH)](ClOu) been

fsolated dnd characterized. As suggested by McKenzie L149],

Y

* ) trang bipyridine groups had sho;n distortions to reliese the.
P < sterie strain, Major ligand distortions were twisting of
L
; . pyrr¥dyl groups around C(2)-C(2') axis.' :
‘ , - o '
“f ) v “ - A "
3 , _\\ In contrast to Cr(III)ncomplexes, Cr(ITI) complexes 1in

hd o

'aqueou§ media are o.more 1labile: the former gpecies,ﬂin
octahgdral coordination, is strongly stabilized ‘peéause of

the half filled t,y SUD level, figure 2.12.

[\ + - .
a

. ' - 100 - -
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4

This,lability'of cr{II) species 'is put to wuse in the

‘preparation of tris chelated -amine complexes of C}(III).

Al

» . \ '
. In -a typical preparation, for \exampleZPreparati@
[Cr(bpy)3]3+. a suspension ‘of bipyridine is added to a

Beoxygenated aqueous perchlorié..acid solﬁfion of CrCl2

‘

give a dark greenish. black precipitate of [Cr(bpy) 12+,

to

This is then oxidized to Cr(III) by a suitable oxidizing

ageﬁt. A large number’ -of oxidizing agents ‘have ‘been
employed, eg. Tﬁo(NH3)6]3+, Cla, Br,, 12, K2Cr207 and even
30% H202 [f&GJ. Dependiﬁg upon the experimental conditions,

a pink éroduct has been obtainfd as a side product

*y

% ! «
[155-156). This was then _ taken to. \be

[Cr(bpy)2§H20)2]3*. Eiementél anal&sis has shown a good
approximation for LCﬁ(bpy)z(Hzo)zl(Clou)B. This ;?mpound.
in aqueo;s acid media (0.01M HCl), shows a broad absorption
@g 520 nm 1; the visible absorption spectrum, énd red shifts

Y ,
to 550 nm  in aqueous basic media (0.01 M OH ). The

~—
'

1)

- 101 - ‘ ' "
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)¥ . . . corresponding aﬁsorption; band of cis-er(bpy)z(H20{2]3+
g' . which is oﬁtained by the thermal or photolj&ic hydrolysis.of
? ( ' [Cn(bpy)3]3+, occurs at 492 nm and red shiftts to 518 nm 1in
? aquéous base for cis—[Cr(bpy)z(OH)zl+ [1571.\ " Thus the pink
i 5 . . side product cannot be the cis isomer 'of the diaquo sSpecies.
!} 1 ! ' ' s ~ : )
% N ' An X-ray',erystallograppic study of ‘this compound was
Sel undertaken to.establish its exact nature [146].
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2.4.2 Experimental

i
The coppound was recrystallized from aqueous methanol

"to give dark oravige crystals. ;rglimi%arx Weissenberg and
preceésion photograp?s indiﬁmted only 9 ., symmetry and no

systematic absenées.. hepce the «crystal belongs to the

primitive trieclinic erystal system; space group either é1 or

‘P1. Statistical tests favodrpd the centrosymmetric space

“group, hence the latter space group was assumed. Subsequent

refinements proved this to be correct.
Accurate cell dimensions were obtained on the fourn
ci%b@e diffractometer by ‘centering &fifteen high angle
\ *

A ] .
reflections of 19 < 2@ < 38 and their Friedel equivalents.

A_ unique set of data were collected for th+k +l bétween.

3. < 2 < 45.0 by the conventional 0-2§ scan technique,
The three standards measured showed random variation but not
more than 4%, The data were scaled and corrected for

~

Lorentz and polarization effects, O0f 3319 reflections
‘ ;

* collected 2509 reflections ‘with I > 30 (I) were.used in  the

“

~ subsdquent galculations.

*
w

-
) ~

The Patterson map wqs not easily interpretable,so the
structure.was solved by direct- methods, In the initial
phasing 224 reflections ' of E > 1.8 were used. An electron

density map drawn based oh~t e above model revealed the Cr

and th%ge Cl atom posifgpns. Two cycles of refinement

N
- 103 .~
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followed by a difference Fourier map revealed the remaining . N f

by

non-hydrogen atom ‘positioné? One of)the perchlorate units

- , - : / -
was found to be disorderd, probably with- tyg or more f

NET .
%

£

Prientations._ Resolution of all. four oxygen.atoms was not

possible. Two ‘of the oxygens were resolved and their

partial occupancies were treated as variables and ineluded
- N o
. in the léast-squares refinement. The partial occupancies

“added up to 1 in each case within experimental error. The

a

structure was refined by -the block-diagonal 1least—~squares

e

STe ;-wg%,&;&"‘:f‘ﬁ:&;wu* & om mE

technique - with all the non-hydrogen atoms - re?ined7 

ERRONY
B

anisotropiceally ., and .all the ring\ hydrogens refined ‘

isotropically. Anomalous dispersion ' corrections were R
, , 4
applied. * The structure converged at . R = 5.82¢% and - ?
R = 7.57%. A final difference Fourier map was featureless. g
w e ; ) . . . R ‘ - J;
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© i
. ' > b ’
- . \ ) ;
~ ! .
v
"% . ’ ’
- . ~ *
¢ ! / | .
' §
" ~ . :
\.n ! id
' - - ‘ c. -~ >
: ~ .
~ . : 'D
® i.
' \\ " ;‘~
' ]
> :i )
] , ;_;%
' / %
. i \\\ . :
’t, - ' \ I Iy K
- N :
- - f
‘ )
- 104 -

-



’ : 2.4.3 Results and Discussion

pome Y
—

The structure of the [,(.‘-t';(bpy)Z(H2O)Cl]'2+ catlon is

shown in figure'2.1u. The molecul'ar numbering scheme‘ is
fﬁiiven in figure 2.15, and the unit cell constants are given
in table-A.1. The structur; is not the Ioné éssumed diaquo
species, but it consists of two N-chelated bipyridyl groups,
a Cl~, and-a water molecule attached to the central Cr(III)

in a cis-manner,

* °

The mean Cr-N distance is 2 o42(11) % comparable to
7 o those found in [Cr(té:Z;: ]3 [105 158] The Cr-N bond

trans tg Cl 1is slightly longer than the other Cr-N Bonds.

o _This is probably due to the greater trans influence [90,159]

2

of Cl1 than H,0. Cr-0 and Cr-Cl distances are 1.975(4) °A
and 2.259(2) °A respectively, similar to thos; reported in
- létergture [160-1631. The two HN-Cr-N bond angles are
79.0(2).and 79.6(2), comparable to those found 1in other

known bipyriayl complexes. [164-167) The observed C-H

distances vary from 0.73 to 1.20 4, éypical of C-H dis aﬁces
obtained from ”i-réy diffraction studies [168-169]). Th mean
rlng C-C and C-N disbanceé/are 1. 367(18)°A and" 1.,339(12)°A
respectlvely, comparable to the values reported fpr free
bipyridinel [170]. 'The important bond'distances and/ angles

are tabulatéd in table 2.5.
Thp indiviaual pyridyl éroups retain planarity, the

- 105 -



R

e

LT T

-

equations of the least-squares planes cafculaté@. angd ihe
deviation of the atoﬁs from their respective planes are
11§ted' in table 2.6. FEach pyridyl group is tilSed with
respect to' the other slightly: dihedral apgleﬁ are 3.8. énd
4.9 degrees. The two bipyridyl groups are virtuélly
perpendilular to each otherq, the dihedral anﬁle is 89.6..
/

The " two water molecules weré fovnd to be hydrogen

bonded to the bound water, The respective distagces are

2.64°A and 2.67°A [99]. A stereo packing diagram of

[Cr(bpy)e(HQO)Cl]2+ with its nearest eight neighbours is

~ shown in figure 2.16,. There are six perchlorate units about

the [Cr(bpy)z(HEO)Cll2+ cation within 3.3°% of a

non-hydrogen atom, One of these perchlorates has oxygens

.wedged into the intraligand _pocket defined by the two

'

S

bipyridyl plan?s.

The mean C1-0 distance is 1.38(4) A, comparable to the

values reported in the literature [105-1081].

s

.

The observed single K value of 4.6 is consistent with
the structure [146] (figure 2.13). The difference in the

energies of the visible absorption ébectrum of the

complexes, cis—[Cr(bpy)2(H20)Cl]2+ * and

cis—[Cr(bpy)e(Hzo)ZJ3+ in aqueous media 1s alsd consistent
with the structure. The d-d transitions of the latter

complex occur at higher -energies since H20 affords =

»

: - 106 -
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stronger ligand field than c1 [90]. ' . o

A stereo packing diagram of the complex is shgwn in

r 4

figure 2.17. The final positional and thermal parhmeters

Coee -

are tabulated in table A.S5.
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Table 2.5.
. Bond Distan%gs And. Angles of [Cr(bpy)z(HzO)Cll(Clou)z.2H20,,;

Standard Deviation is Given in Parenthesis,

- 108 -

Bond Distances in Angst}oms. g

Cr-c1(1) 2.259(2) CC1D-C(12)  1.370(10).

Er0(9) 1.975(4) C12)-C(13)  1.358(11)

Cr-N(1) 2.035(5) C(13)-c(18) 1.352(11{

Cr-N(2) 2.059(5) " c(1M)-c(15)  1.359(9)

Cr-N(3)  2.037(5) C(15)-C(16)  1.448(9) |

Cr-N(h) 2.039(5) N(4)-C(16) )‘1.356(%) ,f

N(1)-C(1) 7 1.339(8) ? . N(H)ZC(20)  1.329(8) ‘?
TN(DI-C(5) 1.338(8) L C(16)C1T) 1.381(9) X
C(1-c(2) - 1.399(10) CUITI-C(18) , 1.363(11) ‘;

c(2)-C(3) 1.354(11) ° c(Hs)-§(19x 1.339(11) gr

C(3)-C(4) '1.369L1Q)'3 €(19)-C(20),  1.364(9) {
(W) =C(5) 1.403(9) €1(2)-0(1) .~ *1.381(6)

C(5)~C(6) 1.470(9) C1(2)-0(2),  1.378(8)

N(z)—é(b) 1.332(8) C1(2)-0(3) 1.438(6)

N(2)-C(10)  1.340(8), ’ CL(2)-0(8)  1.392(7)

C6)-C(T) 1.385(10) €1(3)-0(5)- . 1,403(8)

L C(7)-C(8) 1.349(10) C1(3)=0(6)  1.379(11)

c(8)-C(9) 1.363(10) €1(3)-0(7) 1.367(10)

€(9)-C(10Y  1.368(10) C1(3)-0(8) 1.393(11) !

N(3)-C(11)  ,1.335(9) " €1(3)-0(A) 1.266(114) 3

N{3)-C(15) 1.367(8) €1(3)-0(B) 1.354(14) -%

¥ 2




Cl(1)-~Ccr-049)
Cl(1)~Cr-N(1)

€1(1)=Cr-N(2)

C1(1)=Cr-N(3)

T C1C1)=CrN (1)
0(9)~Cr=N(1)
0(9)-Cr-N(2)
0(9)-Cr-N(3)
\0(9)fCr—N£4)
N(1)=Cr-N(2),
N(1);Cr—N(3)
N(1)=Cr-N(4)
'N(2)-Cr-N(3)
N{(2)-Cr-N(4)
N(3)=Cr-N(4)
CraN(1)=C(1)
Cr-h(1i-p(5)

Cr-N(2)-C(6)

/

Cr-N(2)-C(10)

Cr-N(3)~C(11)
- Cr-N(3)-C(15)
Cr-N(4)-C(16)
Cr-N(4)-C(20)
C{1)-N(1)-C(5)

N(1)-Cc(1)=-C(2)

|

|

i
\
\

91.2(2)

95.0(2)
173.7(2)
53 5¢2)
91.7(2)
91.1(2)
86.8(2)
94.2(2)
173.2(2)

79.0(2) '

170.8(2)

. 94.8(2)
193.6(2)

91.0(2)
79.6(2)
126.1(4)
115.6(4)

114,8(4)

126.7(uf

126.6(4)

"115.2(4)

114.6(1)
126.4 (3)
118.2(6)

122,3(6)

Bond An&les in Degrees.

C1)=c(2)~C(3)

c(2)-C(3)=C(h)

C(3)=C(4)=C(5)
N(1)=C(5)-C(H)
N(1)=C(5)-C(6)
C(4)=C(5)-C(6)
C(5)-C(6)~N(2)
€(5)-C(6)~C(T)
N(2)-C(6)=C(7)

C(6)-N(2)-C(10)

. C(6)=C(T)-C(8)

C(7)=-C(8)-C(9)
C(8)-C(9)=C(10)
N(2)-C(10)-C(9)

C(11)-N(3)-C(15)

N(3)-C(11)-c(12)

C(11)ac(12)-c(13)
C(12)=c(13)=c(14)
C(13)-CC14)=C(15)
N(3)=C(15)=C(14)

N(3)-C(15)=C(16)

- CC1L8)-C(15)-C(16)

C(15)=C(16)N(4)
C(15)=C(16)=C(17)
N(4)-C(16)=-CL1TY

- 109 -~

118.3(6)
120.8(6)
117.8(6)
122.4(6)
114.9(5)
122.7(6)
115, 4(6)
123.6(6)
121.0(6)
118.4(5)
"
120,2(7)
118.8(6)
119.2(6)
122.2(6)
118.3(5)
121.4(6)

120.8(7)

117.6(6)
121.7.(6)
120.2(6)
114, 4(5)
125.4(6) .
115.9(5)
123.8(6)
120.1(6)



e

/ c<16);ﬁ<u)-C(20) 119.1(5)
T e(16)-C(17)-C(18) "118.7(6) -
! 0(57)-0(18)-C(19) 121.2(6)
{' ‘c(as)-ct19)-c(20) 122.5(6)
0(1)-C1(2)-0(2) 112.505)
’ 0(1)-C1(2)=-0(3)  109.8(4) °
0(1)-C1(2)=0(4)  110.7()
0(2)-C1(2)-0(%) 104, 2(4)
0€(2)-C1(2)-0(4) . 111.4(5)
0(3)-C1(2)-0(k)  108.0(5)
\ 0(5)-C1(3)-0(6) }2@.0(8)
/ 0(5)-C1(3)=0(7) .. 112.3(7)
f 0(5)-€1(3)-0(8)  106.2(6)
;
po
by . P2
..

A+

0(5)~C1(3)~0(A)

0(5)-C1(3)~-0(B)

046)—c1(3)-q(7)’

.y

0(6)-C1(3)-0(8)
o(ssfzi(3)-o<A>
6(61-c1(§)-o(8)
0(7)-C1(3)-0(8)
0(7)-C1(3)-0(A)
0(7)-C1(3)~0(B)
0(8)-C1(3)-0(A)
0(8)-C1(3)~0(B)

0(A)-C1(3)-0(B)

%

{

- 110 =~

79y [ %

101.1(1)
10201y
105.8(8)
112.6(9) . Lo
64(1) ‘-
57(1)

8o1) e
67(1)
145(1)

14301) [

118(1) - ;

S e i Mot e mean

8
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‘ ‘ . ' Table 2.6 . \ ‘
Equation - ‘ . ' o .
-0.1779% + 0,5963y + 0.7828z = 12,831
of the plane . ,
Atoms N(TY  c(1). c(2)  c(3) ¢  c(5)
¢ LS "-'-‘ ) r/.\.J 3 *
i - Deviat@gpffrom . \ . t
e .008 ".012 -.023 .015 _ .005 -.016
the pland~ °A : '
5. h
%\ Equation ‘ . -
E - -0.1682x + 0.5430y + 0.8227z = 12.834
£ « of the plane ‘
¥ Atoms N(2) c(6) c(7) .c(8) ¢€(9) c(10)

Deviation from

-.006 .002 .006 -.011. .007 .001
the plane °a . . ) T

| . N -

N o Py

0

Eqﬁa;iow - . N - . )
0.2437x - 0.7574y + 0.6057z = ~0,834Y4

of‘the'plahe

Atoms N(3)  c(11)  c(12) c(13). c(14)  c(15) -

!

’

R

Eatecie
\\\\.

[

: "Deviation from

MR ay)

‘ -,006 -.003 .006 001 -.010, .013
the plane °A
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Equation
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Atonms

the 'plane “A

A
.
A}
‘ 4
-
,
.
,
p
.
Al
»
.
o -
.
.
,
N
A\l
i
X
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" 'Deviation from .
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2.5 EPILOGUE ..

&

The study was not limited to the structures Fepor%ed in

this ) section, During this study, several polypyridyl

complexes were atﬁempted, "~ To solve the mystery of the
iridiuﬁ-bipyridine complex [section-2,2], séveral anionie
forms of thefcomplex were yried, chloride, bromide, nitrate
and perchlorate salts. Of thfse, the ¢hloride salt was Qery

poorly d%ystalline, we were\unable to grow a single crystal

‘suitable for diffraction studies. The bromide structure

-

could not be compleied. This compound ecrystallizes 1in
monocliniec crystal form(-8=~90), with probable space groups

C2, Cm or C2/m. 1Iridium atom position was extracted from a

three-dimensional Patterson map. A difference Fourier -map

phased - on the Ir position gave two of the Br positions. Ir’
and both the Br atoms 1lie in 'speEial positions. Fron
subsequent differenqe Fourier maps nothing could be

identified, While this thesis was 1in preparation, the
structure of the NO3 sglt was éttempted; the wofk\ is‘ in
prdkress and seems promising.

g

Along with the [Crlterpy),1(€10,) .H,0 (section-2.3),

the structure of [Cr(3,u,].8—MeuPhen)21(C10u)3.nH20 . was

P o

attempted. A1l attempts to erystallize this failed, hence

it was not continued.

.

]
We were also interested in the structure of

.

-7 -



.the hexagonal forn looses its'crystallinity. Intensity .data
_ - : - ' S

"this and the bromide

I -

[Ru(bpy)é]Clé.nHzo. .This is bec ause most of’ the

photophysical and photochemical studies of Ru(Ii) compl exes

"

are centered = on  this c¢hloride’ salt. This ‘compound

crystallizes in at least two different forms, monoclinic Qnd'

hexagonal, neither form is very stable. The hexagonal grm

"seems to be a little more stable than the monoclinic

The mdnoclrnicn'formAtransforms into the hgxagonal form and

vere collecteé for the hexagonal form, The ruthenium

position was deducé@ “from a. £hre¢rdimensional - Patterson

. . N \
synthesis. As. in the <case of the bromide-salt of the

v

iridium—bi%yridyl complex, the différenqe Fourier maps |were

not interpretable. Due.to the lack of time, further work on

Pl

salt mentioned qarider.~ were not

«continueé. L o ‘ ‘ o
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"”3.1 THE MOLECULAR STRUCTURES OF "[COZLL

’
0y

(OH)ZJBru.9H20" AND
‘ 'fNiZLLz(HZO)ZJBru.Sﬂzo“ j

i

3.1.1 Introduction- d

Binuclear transition metal ycompléxes with unpaired
_electrons are generally categorized into two main éroups
.depending upon the strength of the metal-metal interaction

L1711,
atoqs are in tlose proximity, usualiy with a metal-metal

o

separation of less thén 3.6 A. Here relatively strong
J

metal—metal(£onds do occur, and the‘ molecule as a whole
displays simple diamagnetlc behaviourﬁfor an éven.number of
electrons, all paired. In the nqn—interacting' type, the
mggnetic properties of the molecule are essentially
\bnchgnged from the paramagn;tic_monomer. Here thg two'metal
atoms are fairly far apart, usuélly separated by a‘distance
of greater than 6 °A. Between these 4two extreme éroups
énother. class of‘ compounds can be defined. Here the fwo
metal centers a;é separated by a distance of about 3 - 5 %,
No direct metal-metal bond exists, but weak coupling between
the electrons of the two metal centerF is poésib;e. This
Yeads to low-lying excited states. These states can be
populated by thermal energies. The resulting maéﬁétic
behaviour ' of such a | complex  could be either

anti-ferromagnetic or ferromagnetic, depending upon whether

the spins are paired or parallel in, the ground state, thus

g - 119 -

In the strongly interacting type, the two metal.

rw



these ‘compounds show ﬁdméérature dependent magnetic
properties.” A large number of such complexes have been
studied, especially chromium and copper systems

[(140,172-1791."

The magnetic interactions of this type of dimer have

4

- biological interest. The prosthetie group of  hemocyanin,

which 1is the oxygen carrier of certain animals such as

arthropods and molluscs, incorporates a magnetically coupled

/Cu(II)+-+++Cul(Il) system. Hemerythrin which 1is found in

certain invertebrates, contains weakly interacting
Fe(III).-:---Fe(III) systems. To rneach a_bétter understanding
about the magnetic interaction® present in_ such systems,

similar model compounds.with different magnetic nuclei are

being studied [180].

e - .

The‘magnetic properties of such binuclear transition
metal complexes have also been shown to.be dependent upon
their structures. In the simplést case of Cu(II) complexes

containing two hydroxo bridges the magnetic exchange

parameter, J, has been found to be dependent wupon the-

Cu-0~-Cu bridging angle ¢ (18117, The value of J.varies

linearly w}th ¢ (1821, decreasing with 1increasing ¢ .
Att;mpts have been made to extend ﬁhe above correlatiog
to more complex‘systems, for eg. systems incorporating two
Cr{(III) centres [140,141,172,173]. Hodgson and co-workers

have‘shoqn that in these systems, Instead of a simple linear

- 120 -
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o

relationship, a more complex dependance‘o% J on ¢ exists,

To establish such a relationship a large number of binucglear
Cu(II) and Cr(III) systems have been characterized by x-ray

crystallography.

.

While the detailed magnetic behaviour of many binuclear

’

, Cu{II) and Cr(III) systems have been studied, relatively few

such' studies on Co(II) and Ni(II) systems have been

reported. In these systems also, exchange interactions may

be expectgﬁ to occur. /

: . : | &
Attempts have also been made to design ligands which

have ‘a strong tendency to coordinate to two metal centres
£Y
simultaneously, and to keep them in «close proximity.

v

Qha@ridenéape amines [183] are suitable candidates for .such
work. The ligand 1,4-di(2'-pyridyl)aminophthalazine (I) was

“first reported in- 1969 by Thompson and c&-workers, [184].

\

[ \




~~Fhis -could be conveniently prepared by condensing‘ixiamino

pyridine and iso-indoline in 2:1 molar ratio followed by the

3
"

ring expansion of the resulting 1,3-di(2'-pyridyl)-
iminoisoindoline with aqueous hydrazine. The reaction

sequence is given ig/;@héﬁe 3.1.

o R . )
- N N
) n | I
NH + 2 —> N
NH;3 :
“ A\
: - N _N

Scheme 3.1

The ligand might exist in at least 3 different

tautomeric and 2 ionic forms as shown by figure 3.1,
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An x-ray structural investigation of a binuclear Cu

- \
complex containing I: has revealed that the liganéaexists in

4 "

the tautomeric form (i), with ‘both hydrogen atoms on
exocyclic nitroéen atoms, rather than the tautomeric forms
(ii) and (iii)'[185j. Complexes containing the 'monoanionic
ligand are. not unknown £1847]. In these complexes the

N

adionic form (iv) rather than (v) is ©believed to be

.involved. Neutral and anionie 1ligand residues can be

. 3
identified by their .U,V spectra [184]. The 1lowest energy
peak in the U.V spectrum of the neutral ligand specigs had

been observed between 27 400 and 29 600 cm™ ', whilst ih the

anionic ligand complexes this .occurs between 24 000 ahd

éS 600 cm_1.

-
v

The binuclear complex CoZLBré (IT) was first reported”
by Lever, Thompson and Reiff in 1972 [183]. It consists of

tetrahedrally coordinafed'bighclear Co(II) with: a bridging

\ bromide - i&n. The detajiled magnetic behaviour of' this .

compound *has ' been reported, and consists of
antiferromagnetiically cwled éo(II) ions. When a‘ri aqueous
solution of thig complex upon standing in air for about two
¢éys, the .colo changes from orange ‘to dark brown. Dark

brownish black crystals have been isolated, and show

diamagnetic ,behaviour, FElemental analysis and detailed

spectroscopic investigations have not indicated a definite

structure but an 0ctahedrayly coordinated hydroxo-~bridged

binuclear Co(III) species consisting two 1,4-di(2'-pyridyl)

- 12k - .



‘aminophthalazine (L) ligands has been proposed (III).

1

/I\/N_N\ @ ‘ h .
"N N CL .
\/Co\, ' /Co/ ’ o \

Br ~ Br \Br

H
. N\ 8 //""N -
| i . CD \ /_'9\ co -
' . H—0 N N | .
¢ ' ‘0-—- H
. ’ H N + N ’ I .

; Co g _ ITI

-y a

the direct reaction between the ligand and NiBr2 has  been

characterized by spectroscopic methods to consist of two
. > )
:bridging dfazing residu@s. The propq§ed‘structure‘is given

v \

(% N
'

’
t

below (EV).

No . complex ‘consisting two bridging diazine resgidues

‘

"o, - 125 -

T A ,pérémagnetic Binuclear Ni{(II) complex, isolated from

o
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: deniveh rom the iigand L has been characterized by X-ray

erystallography [183-1851, ther efore  the  two erystal
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structure determinations described here wer® undert;ken.
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3.1.1 Experimental

v

The Co Dimer ‘:, ' L :

<

Pﬁeliginary Weissenberg and precession -photographs’

showed orthorhombic symmetry with hkl; h+k = odd absent, and

on 001: 1 odd absent. These data uniquely established ¢the

space group to Dbe C2221. Accurate cell di@ensions'ﬁgre,

obtaiﬁed on the diffractometer by centering 15 high angle
reflections (16 < 20 < 27) and their Fr;edel equivalents in
the detector apertufé. ‘Three sets of ref}ections of hk 1,
h-k-1 .and —h—g-l were collected for 3:5 < 28 < 40.0. Three

standards monitored showed random variation not 'more than

» 3

2%. The “intensities were appropriately averaéed and
corrected for Lorentz and polarization effects. ~Out of 2843
independent reflections, 2029 with I > 20 (I) were used in

!
the subsequent calculations. The structure was solved by

~direct’ methods: 129 reflections with E = 1.60 gave a

Fourier synthesis from which positions of the Co and ' Br

atoms could be determined. The.remaining..non-hydrogen atoms

were subsequently found b§ a series. of 'digference Fourier
. } -

i1

maps. A1l the non-hydrogen atoms were refined
anisotHOpically by block-diagonal least-squares techﬁiques

to a final R = 5.01% and Rw = 6.,10%-, The signs of the

. ‘ ;
anomalous dispersion correction were changed and the
L

refinement continued., This gave a better discrepancy index.

The enantiomer impifed by this sign change was chosen as the

- 127 -
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correct enantiomer on ‘the basis of, the Hamilton's test

{103]. The refinement @' converged at. R = 4.36% “and
. - . z \.

Rw~=”5.u8%. A hydrogen atom on the bridging oxygen 0(1),

was drearly'misible in a final diffeérence Fourier map. " No-

\
a

attempt Qas made: to lpéate the other hydrogen éﬁpms.'L)

N . . a %
The Ni Dimer N ) 3 4 N ‘ ,
' o N T S
) Preliminary photographs indicated ,.monoclinic crystal

_system with; on h0l; 1 =-odd- absent, ané " on 0k0O; "k odds

o

absent. ‘These data uniquely established the space groub_to
be P:?&C. Accurate cell dimeﬁsions were obtained on the

~ r

]

their *Friedél equivelemts (19 < 2§ < 30). Data were

gollqcted' foﬁvﬂﬂk+l.- Three étandér@s\monitored after every

50 reflections showed a random var%gtiqg of not more than
ug. The data  were corrected for Lorentz and gpolarization

<

effects. Of 5674 reflections collected, 2916 with
R - . ) ’ . .
"I >~20’(£§ were used in the subsequent:calculations, The

* structure was solved by the direct method. The £wo Ni and

. b
three Br™, positions were obtained ‘from a Fourier synthesis .,
s
.

; r .
based: on 364 reflections with E >1.85. These positions

’,

were refined by the full-matrix . leasg-quares technique.

Structﬁre factor calculations followed by.difference Fourier

- -
N
s )

syntheses yielded most 'of the non-hydrogen atoms. “The yth

.

Br~ was found to be ,disorderedg between twa »sites, The

, occupancy was refined to a topél of 0;99. Due to mgmory

3 ¢

§

: T~ 128 - . - ¢ "
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‘ four circLig'diffractoheter by centering 15 reflections and . |
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whole

the structure’

PR

could

not

be refined.

anisotropically at the same time, hence the refinement was

done” in parts.
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The refinement convérged

®

at

R

7-28% ‘-and

final difference Fourier map was featureless,
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3.1.3 Results and Discussion . )

o

The structures of the two dimers are depicted in

figures'3.2 and 3.3, and the molecular numbering schemes are
, ‘

given in figures 3.4 and 3.5. The unit cell constants are

tabulated in table A.2. The density measurements of the Co

dimer indicated ,i» molecular formula units per unit celll

Since the general positions in space group C2221 are é

foltd, with. only 4 molecules per unit éell, the dimer is
|

required to lie on a 2-fold axis. The structure donsists of

two <crystallographieally equivalent Co(III) atoms linked by

[

two symmetrically bridging hydroxy groups and by the two

ad jacent nitrogen atoms of a diazine ring. The phthalazine
moiety containing this diazine residue acts iﬁ its fulT
capacity; ie. as a quadridentate liggpd. In addition each
cobalt atom‘is linked to another, phthalazine group which
acts in. a bidentate Tashioh.' The geometry around each
cobalt atom is approximatel& octahedral, the two octahedra
share .a 8ingle face. A closer view of the coordination
around Co atoms is_shswn in figure 3.6.

The bonding in the Ni dimer is virtually identical to
tﬂat of the Co complex, ekcept for the two oxygen bridges,
The two 6xygen bridges‘z;gsent in the Ni compléx caqnot be

clearly identified as either aquo or hydroxo bridges, but a

di—-aquo bridge is more favoured. As in the.case of the Co

complex, the geomeﬁry afoundn each Ni 1is approximately

’ . s . . - 13.0 -
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‘atoms is shown in figure 3.7.

octahedral, A closer view 'of the coordination around Ni

The mean Co-N distance is 1.32(4) A. Assuming =a

covalent radius- of 0.70° for N , covalent radius Co(III)
- .
could be calculated as 1.22°. If - a Co-Co single bond is

' present the Co-..-Co distance should be close to 2.4 A. The

obseryed Co----Co distance oﬂ\ 2.795(3) “A and the
approximately octahedral /geometry v;round each Co atom
suggests no direct bonding interaction between the two metal’
agoms. The mean Ni—-N distance is 2.07(2) "A. By a similar
procedure a covalent radius of 1.37 °A could bé deauced for
Ni(II). If a Ni-Ni sipgle bond 1is present, the Nieeeo N1
distance should be clése to 2.74 °A, but the observed\ Ni----Ni
distance o? 3.15261) °A and ‘tpe approximate octahedral

coordination around eéch Ni atom suggests no direct bonding

interaction between the two Ni atoms.

{

N

The mean Co-N ‘and Ni-N distances observed are
comparable pé the other known Co<N and Ni-N distances found
in similar dimers, which average to 1.93(2) °A and 2.06(3)°% .

{186-191], respectively..

K

.« The mean 'ring C-C, C-N and N-N distances are 1.HO0(4),
1.36(4) and 1.37(4), °A respectively. They show excellent
agreement with the values reported by Morongue and

/
Lingafelter [185] for the same ligand.
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The M-0-M bridging angles are 93.7 for the Co complex
and 94,0° for the Ni complex. These are Elightly smaller
than fhe qther known doubly bridging M-0-M angles, re;orted

in the literature (140,142,173,175,188,192].

/

N

The observed structures are very much different from
those formulated by spectroscopic gnd elemental analysis,
In retrospect, it seems improgable t@at there would be two
pianar ligand residues coordinated io both metal centres, as

-

proposed, because of steric crowding.

V

The 1ligand is markedly non-planar. The least-squares
p1a5és calculated for“the indiv&duall pyridyl groups and
phthalazine residyeS are tabulated in tables 3.3 and 3.4,
The -dihedral angles between the phthalazfnes' and the
adjacent pyridyl groups: vary -from- 7.4 to ~34.1'.‘ The
gregtest devigtion is observed when the pyridyl group takes
part 1in bonding to the metai atom alqng with the adjacent
diazine nitrogen atom. +In such cases the dihedral angles
vary frém 24,6  to 34,17 : in non-bonding cases this show
minor variation from 7.4 to 11.4 .

There 1s an extensive intramolecular H-bonding network
present in both structures. This is depicted in figures 3.8
and 3.9. Non-ligating N atqms of the diazine and pyridyl
residues along with the H atoms of the bridging.oxygens t ake

/

part . in this H-bonding scheme. In the Co  complex,

132 -
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0(1)-++=:N(6) and 0(1)-----N(2) distances are 2.94 and 2.61 °A,

¥

respectively. In the Ni dimer 0(5)~{~N(3c). 0(1 ) "N(TC),

¢ "

0(2)"-~N(2A) and -0(2)----N(6A) distances_ are 2.64,2.78,2.64

and 2,78 °A,respectively. . {

The important bond lengths and angles are tabulated in

tables 3.1 and 3.2. A stereo view of the dimers and stereo

packing diagrams of the molecules are 'ﬁ@pieted in figures

3.10-3.13. Final positioﬁal and thermal parameters are

listed in tables A-6-A-T.

1

“
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Bond Distances and Angles of [Co

1

Table 3.1

”

ZQUE(OH)leru.9H2O,"

standard deviation is given in parenthesis.

Co-0(1)
Co-0(1)
Co-N(3)
Co-N(T)
Co-N(8)
Co-N(10)
C(1)-N(2)
¢(1)-c(10)
C(1)-N(H)
N(2)=N(3)
N(3)=C ()
c(u)-c(9),

c(4)-N(5)

. €(5)-C(9)
€(5)-C(6)

c(6)-C(7)
c(7)-C(8)
C(8)-C(10)
c(9)-c(10)

N(4)-c(11)

c{11)-c(12)

c(12)-c(13)

A

Bond Distances in Angstroms.

1.902(7)
1.929(6)
1.885(9)
1.951(8)

1.880(8)

1.956(7)
1.282(13)
1.447(16)

1.378(14)

1.316(11)

"1.317(13)

1.423(15)
1.345(13)
1.417(16)
1.389(18)
1.369(20)
1.u68(263

1.4508(16)

1.405(17)

1.403(16)
1.4850(17)
1.432019)

c(13)-c(14)
CC18)-C(15)
C(15)-N(6)
N(6)-C(11)
N(5)-C(16)
C(16)-c17)
C(17)-¢c(18)

-c(18)-c(19)

*c(19)-C(20)

T cl{20)-N(T7)

- 134 -

N(8)-N(8')
N(8)-C(21)
c(22)-c(22")
C(22)-C(23)‘

c(23)-c(24)

S c(24)-c(24")

c(21)-Cc(24)
c(21)%u(9)
N(9)-c(25)
c(25)-C(26)
C(26)-C(27)
c(27)-c(28)

)

1.430(22)
1.348(19) .,
1.338(15)
1.318(16)

1.402(13)

-1.373(14)

1.328(15), .
1.435(17)
1.353(15)
1.376(14)
1.377(15) -
1.298(12)
1.428(23)
1.361(15) -
1.820(14)
1.432(19)
1.828013)
1.351(12)
1.419(13)
1.413(15)
1.418(18)
1.434¢18)

A



«
a

N(3)-Co=-N(T)
N(3)-Co-N(8)

N(3)-CoN(10)-

. N(3)-Co-0(1)

N(é)—Co—o(1')
N(7)-Co-N(8)
N(7)-Co-N(10)
‘N(7)-Co-0(T1)

N(7)-Co-0(1")

H(8)=CoN (109

N(8)-Co-0(1)
N(8)-Co-0(1")
N(10)-Co=-0(1)
N(10)-Co=0(1")
0(1)=Co=-0(1")
Co~-N(3)-N(2)
Co-N(3)-Cc(u)
Co-N(8)-N(8")

Co~-N(8)-C(21)

Co~-N(10)-C(25)
Co=N(7)=C(16)

Co~N(7)-C(20)
-

. Co=N(10)-C(29)

C(28)-C(29) | 1.353(19)

t

C(29)-N(C10) .

Bond Angles‘in Degreeé.

90.1(4)
177.4(4)
91.8(14)
93.5(3)
93.1(3)
92.4(4)

S 91.8(1)

172.3(3)
92.4(3)
87.3(3)
B4.1(3)
BT7.6(3)
94.9(3)
173.5(3)
80.6(3)
[12.8(6)

126.1(7)

r s

Co-0(1)~Co

N(2)=C(1)-C(10)

N(2)=C(1)-N(H)
N(4)=C(1)-C(10)"
C(1)=N(2)-N(3)
N(2)=N(3)-C(u)
N(3)-Cc(l)-C(9)
N(5)-C(4)-C(9)
C(4)-c(9)~-Cc(10)
C(5)-C(9)-C(10)
c(95-c<5)-c(g)
C(5)-C(6)-C(7)
C(6)-C(T7)-C(8)
C(7)-Cc(8)-c(10)
C(8)-C(10)-C(9)
C(1)-C(10)-C(9)
C(1)=NCU)~C(11)
N(#)-C(11)=C(12)
N(U)=C(11)=N(6)

N(6)-C(11)-C (12

C(11)-C(12)-C(13)

t

c(12)-c(13)-c(14)

L]

C(13)-Cc(14)-c(15)

93.

121

121

17,
123.

120.

120

117.

118

118.

119

122,
119,
116.
122,
115,

123.

111

123

124
112,

120,

19

-435(14)

7(3)

L1(10)

.3(10)

5(10)
(9)

7(8)

.2(10)

7(10)

.1(10)

7(10)

L8(11)

3(12)
6(11)
9(12)
4¢12)
b(10)

6(10)

.6(11)
L.7C10)
6(12)

8(13)

5(12)

7(12)



CC(14)=C(15)~N(6) 121.0(12)  C(22')-C(22)-C(23) 121,7(10)
CC(H)=N(5)-C( 1) 127.309) 4 c(£2)-c(23)-c(2H) 118.1(10)
N(5)-CC16)=N(7)  117.8(9) c(23)-C(24)-C(24") 120.0(9) /
N(5)-C(16)-C(TT)  119.2(9) C(21)-C(24)=C(24") 116.0(9)

/N(7)—C(16)—C(1T) 122.9(10) ~ €(21)-N(9)-C(25)  122,4(8)
C(16)-C(17)-C(18) 118.4(10) N(9)-C(25)-N(10) .120.7(9)
C(17)-Cc(18)~-C(19) 121.4(10) =~ N(9)-C(25)=C(26) 114.6(9)

S €(18)-C(19)-C(20) 115.7(10) N(10)-C(25)-C(26) 124.6(10)

€(19)-C(20)-N(T)  123.0(10) C(25)-C(26)-C(27) 114.4(11)
0 ’ ‘ - -
« C€(16)-N(T7)-C(20) 117.5(9)  ° c€(26)~Cc(27)-C(28) 121.4(10)
N(8)-C(21)~C(24) 123.3(9) c(27)-c(28)-C(29) 120.1(11)
NAB)-C(21)~N(9)  118.8(9) C(28)-C(29) _N(10) 118.2(11)
§ C(2U)=C(21)-N(9)  117.8(9) C(25)-N(10Y-C(29) 121.0(8)
L) - ‘C(21&—N(8)~N(8') 119.8(8) N
§
§4 ¢ k»
N i}
»




Bond Distances and‘Angles of (NizLUZ(HZO)leE

Table'3.2,

standard deviation Li given in parenthesis,

Ni(l)—O(T&

C(6)-C(T)

" Bond Disfanceg in Angstroms.

2.139(10)
NL(1)-0(2)  2.166(11)
Ni¢1)-N(3B)  2.075(13)
Ni(1)=N(7B)  2.070(15)
Ni(1)-N(2C)  2.056(14)
Ni(1)-N(6C) ‘2.119(13).
Ni(2)-0(1) 2.373(11)
Ni(2)-0(2) 2.143(10)
N1(2)-N(3A)  2.014(14)
Ni(2)-N(TA)  2.084(13)
Ni(2)-N(2B)  2.085(14)
Ni(2)-N(6B) 2.082(14) .

Molecule A

C(1)-N(2) $1.294(23)
N(2)-N(3) 1:&20(19)
N(3)-C(4). 1.331<z25
CCu)-N(5) {.38é<g§)
c(u)-c(9) 1.416(26)
€(9)-C(10) 1.450(27)
c(5)-C(9) 1.375(26)
c(5)~-C(6) 1.390(27)

”

1.478(33)

4.532
C(7)-C(8) 1.444(30)
C(8)-CC10)  1.458(27)
C(1)-CC10)  1.405(26)
ck1)—N(9) 1.392(23)
N(B)-CC11) . 1.417(25)

Cc(11)-c(12) 7 1,828(28)

c(12)-c(13) 1.413(33)

S GQI3)-CCTH) 4 1.346(31)
CO14)-C(15)  1.444(29)
C(15)-N&6) 1.337¢24)
N(6)-C(11) 1.288(25)
C(4)-N(5)" 1.382(23)
N(5)-C(16)  1.359(24)
c(16)-c(17) 1.4880(27)
C(17)-C(18)  1.360(30)

S C(18)-C(19)  1.488(30)
c(19)-c(20) 1.395(26)
C20-N(T)  1.392(24)
N(T)-C(16) 1.372(24)

Molecule B
C(1)-N(2) 1.303(22)
ﬁ(z)-N(3) 1.408(19)

*
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N(3)-c(4)
» CCH)4N(5)
cluy-c(9)

C(9)-c(10)
, ¢(5)-c(9)
| ‘ C(5)-C(6)
C(6)-C(T)

C(7)-c(8)

C(8)-c(10)"

ct1)-c(10)

CC1)-N(u)

X )
NCU)~Cc(17)

CC11)-C(12)
' , €(12)-C(13)
C(13)-C(14)

c(14)-c(15)

f€(15)-N(65
N(63=C(11)
COBY=N(5)
N(5)=C(16)

C(20)-N(T7)

" N(7)~C(16)

tax

R

c(16)-c(17)
L( €(T7)=C(18)
c(18)-Cc(19)

1 €(19)-c(20)

1.285(20)
1.388(22)
1.423(23)

1.499(25)

1.451(26)

1.444(27)
1.367(28)
1.408(26)
1.436(24)
1.454(25)
1.377(23)
1.436(24)
1.4839(26)
1.425(29)
L arucze
1.380(27)
1.357(24)
1.3?0(23)

1.388(22)

1.4849(24)

h.uus(gﬁ)

1.358(28)

1.412(28).

N

1.402(28)

©1.360(24)

- 1.338(24)

- 138 -

‘Molecule c
C(1)=N(2) . 1.318(20) .
N(2)-N(3) 1.3u6(18)
N(3)-C(4) 1.319(22)
C(d)—NES) 1.371(21)
ch)y-c(9) 1.847(23) .
€(9)-c(10) * 1.406(25)
c(5)-c(9) 1.465(26)
c(5)-c(6) '1.379(30)
C(6)-C(7) 1.482(31)
C(7)—C£8) 1.400(28)
ce8)-Cc(10) 1.416(26)
c(1)-c(10) 1.401(23)
CC1)=N(}) 1.371(21)
NCHY=C(11) 1.377(24)
c(11)-c(12) 1.416(24)
c(12)-c(13)  1.383(26)
C(13)-C(14)  1°417(28)
COTHY-CC15)  1.377(26)
CL15)=N(6)  1.331(21)
N(6)-C(11) 1.370(21)
C(4)=N(5) 1.371(21)

~N(5)—C(16) 1.410(24)
C(16)=C(1T7)  1.411(26)
C(12)-C(18)  1.410(28)
©(18)-c(19)  1.308(32)
€(19)-Cc(20)  1.369(30)



haa WS

C(20)-N(T)

001)=Ni(1)-0(2)
0(1)=Ni(1)-N(3B)
0(1)=Ni(1)=N(6C)

0(1)=Ni(1)-N(7B)

0(1)-Ni(1)-N(2C) °

0(2)-Ni(1)-N(3B)
0(2)-Ni(1)=-N(6C)

0(2)=Ni(1)=N(TB)

¢+ 0(2)-Ni(1)-N(2C)

"N(3B)=Ni(1)=N(6C)

ﬂk3B)—Ni(1?—N(7B)
A (3B)=Ni(1)=N(2C)
B(6C)=Ni(1)=N(TB)
N(6C)=Ni(1)=N(2C)
N(7B)-=Ni(1)=N(2C)
0(1)=Ni(2)-0(2)

0(1)-Ni(2)-N(2B)

L0(1)=Ni(2)-N(6B)

0(1)=Ni(2)=N(74)

0(2)-Ni(2)-N(2B)

*0(2)=Ni(2)=N(T4)

0(2)-Ni(2)=N(3A)
]

N(2B) -Ni(2)-N(7A)

Bond

79
82
70
93
90
87
92

170

90.
99.
85.

172

)

95.
87.
96.
78.
87.
171,
91,
81.

169

90.
99.

1.385(24)

N(T)-C(16)

-

Angles in Degrees.

.0()
.T(5)
.8(5)
. 4(5)
.3(5)
!

L7(5)
. 1(5)
L 1(H)
2(5)
1(5)
2(5)
.9(5)
7(6)
8(5)

146)

5(5)
1(5)
0(5)
2(4)
.6(5)
8(5)

7(4)

6(6)

N(2B)=Ni(2)-N(3A)
N(6B)-Ni(2)-N(7A)
N(6B)-Ni(2)-N(3AY
N(TA)-Ni(2)~-N(3A)
Ni(1)-0(1)=Ni(2)

Ni(1)-0(2)-Ni(2)

Ni(1)-N(2€)-C(1¢C)
Ni(1)-N(2C)-N(3C)
NECT)=N (7B)=C(16B)
Ni(1)-N(7B)~C(20B)
NiC1)=N(6C)-C(11C)
Ni(1)-N(6C)-C(15C)
Ni(1)-N(3B)-C(4B)

Ni(1)-N(3B)-N(2B)

Ni(2)-N(3A)-N(2A)

Ni(2)-N(3A)-C(H4A)
Ni(2)-N(T7TA)-C(16R)

Ni(2)-N(TA)-C(20A)

Ni(2)-N(6B)-C(15B)
"Ni(2)-N(6B)-C(11B)

CNi(2)-N(2B)-N(3B)

Ni(2)-N(2B)-C(1B)

Molecule A

- 139 - .

172.
96.
95.
88.

gl,

94

129

108,

122

109

132.

123

115

120,

122.

114

126

1.380(27)

A

0(5)
5(6)
2(6)
0(6)

o(4)

00

6(11)

1(10)

.9(12)

.8(12)

9011)

L1011)

6011)
.7(9)
.5(10)
6(12)N
2(12)
8(11)
4(12)
0(12)
.0(9)

.2(12)



NC2)-CC1)=N(H)
CC10)-C(1)-N(1)
€(10)-C(1)=N(2)
SO -N(2D=N(3)
N(2)-N(3)~-C(h)
N(3)=ClB)=C(9)
N(3>-c(u>jﬁ<5>
N(5)-C(4)=C(9)
C(4)~C(9)-C(10)
C(5)-C(9)-C(10)
C(9)-C(5)-C(6)
C(5)~C(6)~C(T)
C(6)-C(7)~C(8)
C(7)-C(8)~-C(10)

Cl1)-c(10)~C(9)-

C(8)-C(10)=C(9)

CCt)=N(ud~c(11)

N(BY-C(11)~C(12)

NCYH)=C(11)=N(6)

N(6S-c(rry-c(12)
CC11)-C(12)=C(13)
CC12)=C(13)=C(14)

C(13)=C(14)=C(15)

117.6(16) -

119,4(16)
122.9017)
120.5(14)
117.8(14)

125.3017)

118.3(16)

116.4(16)

113.8(16)

\122.5(17)

117.2(19)

124.7(18&

117.3(20)
{17.3(20)
118.8(16)
120.7(17)
127.2(15)
113.6(18)
123.5(16)
122.8(19)
116.14(20)
121.9(21)

116.3(20)

C(14)=C(15)-N(6) 122.4(¢19)

CC11)-N(6)-C(15)

CCY)-N(5)-C(16)

N(5)-C(16)=N(T7)

120.2(16)
129.5(15)
125.4(16)

i

ﬁ(s)—c<1ﬁ)-ci17)
N(T)=-CC16)-C(17)
C(16)-C(17)-C(18
C(17)-Cc(18)-cL19
c(18)-c(19)-c(20)
C(19)-C(20)-N(T)

C(16)-N(T)=C(20)

S115.4¢16)

119.1(17)
119.0(18)

121.8(18)

1“5.7(19)

1§3.2(18)

121.0(14)

Molecule B \

N(2)=CC1)-N(H)
CC10)-C(1Y=N(U)
c(1o)-c(1)}y(2)\

C(1)=N(2)=N(3) \

N(2)—N(3)—C(H) \

N(3)-C(4)=C(9)
N(3)=C(H)=N(5)

- N(5)-C(H4)-C(9)

CUl)=C(9)=C(10)

'c(5>-c(9);c(10)

C(9)-C(5)-C(6)
€(5)-C(6)-C(T)

C(6)-Cc(T7)-C(B)

C(7)-C(8)-C(10)
C(1)-CC10)-C(9)
C(8)-c(10)-C(9)

CC1)-NCU)-Cc(11)

[N(U)-C(11)-C(12)

N(U)-C(11)-N(6)

- 140 -

.

L3

119.7(16)

L116.9(15)

123.4016)

119.5(14)
119.8(13)
123.3(15)
119,3(14)

C117.3(14)
" +118.3(15)

\119.5(155
“1&16(15)
t23.9(18)
22.6(17)
14.5(16)
15.2(15)

124.6(16)

124.,9(15) .

118.8(16)
122.6(16)
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Yo

R a..*;;?q-mg.;?' W T o f

. N(8Y-C(11)-C(12)

CN(5)=C(16)~C(17)

C(11)-CC12)=c(13)
€(12)-C(13)-CC14)
C(13)-C(14)=C(C15)
”c(1u)—c(15)-N(6)
CL11)-N(6)=C(15)
C(4)-N(5)-C(16)

N(5)-C(16)~N(T)

N(7)-C(16)-C(17)
C(16)-Cc(17)-C(18)

U C(17)-c(18)-C(19)
C(18)-C(19)=C(20)
1 C(19)-C(20)-N(T7)

CL16)-N(7)-Ct20)

~ Molecule

CNC2)=C(1) =N (1)

C€10)-C(1)~N (1)

C(10)~-C(1)=N(2)"

‘ I
C(1)=N(2)-N(3)
TN(2)-N(3)-C(H)

N(3)-C(8)=C(9)

N(3)-C(8)=N(5)

N(5)-C(U)=-C(9)

'C(u)=Cc(9)-C(10)

T 122.5(17)

118.2(18)
117.1(18)
121.4(18)
123.1(17)
117.6(15)
124.8(15)

122.0(16)

L 116.2(16)

121.717)
119.2(17)
118.7(18)
120.0(17)
121.1017)
119.3(16)
c
118.3(14)
120.6(14)
121.0(15)

121.5(14)

122.1(14) "

.6 '
119,6(15)

122.1(15)
118.3(15)

117.101%)

.€(5)-C(9)-C(10)

€C(9)-Cc(5)-C(6)

CC(5)-c(6)-C(T)

C(6)-C(7)-C(8)
C(7)-C(8)-C(10)
C(1)-C(10)-C(9)
C(8)-C(10)-C(9)
CC1Y-N(H)-C(11)
N(H)=C(11)-C(12)
N(H)=CC11)-N(6)

NC@)-C(11)-0(12)

119,
131.
118.
122,

119,

.9016)

2(18)

‘.u(19)
.0(19)
.5017)
L4(15)

7615)

3(14) .

§(15) -

3(14)

2(15)

C(11)=C(12)=C(13)% 12.1(17)

C(12)-C(13)-C(14)
C(13)-C(14)=C(15)
C(14)-C(15)=N(6)
CCITI-N(6)~C(15)

C(u)-N(5)-c(16)

N(5)-E{16)=N(T)

N(5)-C(18)=C(17)
N(T)=C(16)-C(17)
€c(16)-Cc(17)-Cc(18)
C(17)-C(18)-C(19)
C(18)-C(19)-C(20)
C(19)-C(20)=N(7)

C(16)—N(7)-C(20)

115.
122
120.
120
127,
119.
116.
124,
115.
121
121
122,

L4

115.

0(18)

.3(18)

8(16)

L6(11)

2¢15)
2(15)
7(18)
0(18)

3(20)

.7€18)
.3(19)

2(39)

0(16) .

Iz
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' ' Equation.
/ 9 .

- of the plane *

Atoms
»

~

Deviation from

the Plgne A

- Equation[‘

of the plane

. Atoms

'

" the Plane A

Equation

Atoms

sPpeviation from

- " the Plang A

. Deviation from:™ ’

of the plane

-.048 -.072 .083 .075 -.098 -.014 ,070

.
*

-.072 ~-.007 .098

CiA

C1B

C1cC

0

N2A

* N2B

Table 3.4

. ~0:0380x - 0.9966y + 0.0734z

>

- CcuA CTA

’

'N3A C5A" C6A .

s

-0.6290% + 0.5703y + 0.5284z

Lo

.N3B C4B C5B C6B

-.037 -,011 .089 -.004 -,042 ,033 925

A

[l

-0.0371x + 0.999éy + 0.0061z

i

N2C s/ N3C CMC C5C ‘C6C  CTC |
AN
.034 -.080 .001 .097
' 1
- Y -

CTR

= -6.0399
- C8A €94’ G104

.033 ~.028 .001

“

= '12.006

N

C8B 'C9B C10B

-

.033 ~.047 -.037
= 2.857°

c8c c9C C10C-

.028 —.042 ~,057

'
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Equation . ' ' :
0.0475x -'0,9845y + 0.1688z = 4,422,
of the plane ' . :
Atoms C11A Cl2A . C13A°  C14A .  C15A.  N6A
- , . Ay , -
" Deviation from ' : e . .
o . 012 .=.007 -.007 015 | ~,011 -.002
. * the plane A - ’ ' R : .
»o Lo e
NI l.
Equation - - . . Lo
o= R - §.8756x.+ 0.0410y + 0.4812z = 11,420
.8 - ©  of the plane . ' )
g Atoms ~ C11B ' C12B C13B '~ C1UB c15B N6B
i~ ST ~ Deviation_ from, .
R ‘ . =006  .012 . -.019 .008 0127 -.018
S 4 the plane A ' —
.":\ * Equation, . . :
B o ~0.1696x + 0.9014y + 0.3984z = 3.260
N - of the plane - !
& ‘ ‘ .
L
;. Atoms ' G11c c12C C13C C1iC “C15C " N6C
# Deviation from R . ‘
' ' 009 | 019 -.023 -.001 -.013 .009
the plane A : ' ' : .
\
y ! I 3y
y 2 ' ’
¥ . ' ‘
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Equation

of the plane

Atoms

Deviation from

the plane A

Equation

-of the plane

Atoms
-

i

Peviation from

the plane A
Equation '

of the plane
Atoms

Deviation from

the plane A

C16A

025

-C16B.

.003

c16C .

7020

-0.1271x - 0.8940y ;"0.4297z = =4,925

C17A  C18A

~.026 . .003

-

C19A C20A

.024 -.027

0.7610x + 0.0605y + 0.6459z = 13.05

Y

~ N

C17B C18B

-.009 .002

¢19B C20B*
oy .
oq10 ".016
. '

Vo

-0.0230x — 0.9830y + 0.1824z = -1.976

‘.34

¢c17c - c18C

013

¢

L -=.028

- 146 -

c19¢C

C20C

.007 .027

N7A a

.002

NTB

.009

CI

-.040



~

B L 2 L uh it DAL S . R I S U LR et n i e
ey S

44+

2

i
‘t~
&
-—
t

n

‘¢‘Figure 3.2, Beoﬁétry.of‘t%e [CoZLU

‘cation

a U N v\ e RoRe T ins
e e e S e s I S e 3




?

e
4
&
1 d
?\

L SR R

_Figune

catiof

\Na ’

3.3, Gesmetry of ¢t

A}

! l I
ne Ni_zugcu-nzo)z]

5

e dﬁﬁé@méghﬁw-.v

-
o e

kS



-]
|
~[ 8 c2
’ o o1 clzs ca28
I | " c2s c28 :
c16 c20 :

W WY N|9 No \
* | c2 i .
: s % c4 .
N o7 N N\ Tfﬁf ﬁ? NN g
B l Il " 8
i: N2 c “u, 624‘ /N
: C1, /C‘lo\ . 4 zk,c ¢
P cs cl1 . 1
3 ) N9, N
N4 6 NN
! ~ \En/ﬂ Jets c s
()] 1!
5 ct cu N N
e ;
£ N

" Figure 3.4 Molecular. numbering scheme' of the

- | [Co,LUy(m-0H),1"* cation

]

] \‘ - 149 -

e [ L N

T e
e AT




j .
) . !
L v
! - 3
‘ C18
7~ N ' '
. c17 c19 :
= C!GO I - -
' ‘ c20
/ N5 \N'I/ . ‘
2 C5 C|4
~ -

; c6 ~ \cg/ \\Ns -

i‘&;' CI'I I l Nl2 |

! . c10

éf S NN 7

% - , c8 c1 )
. N4 6

¥ | A

gﬁ . - c1 C13
{{ o C14

% \ C12\‘ e .

$ e - C13

4 ‘ .

; :

‘ ' -F\igurle 35 Molecular numbering ‘sch‘eme of the ‘
. .‘ o '[N12LL'2(M—H20)2;J*”+ cation ¢ ,
j ~ 150 =

Selmores v B b St i R =

R



R
H e

N | N o
-~ & g
T AT S I PRI R ST e
,
B

-
S

o e

I4

- . . q ' ’ 4+
Figure 3.6. Skeletal view of the [C02LL2(#—OH)2J_

‘ cation illustrating the geometry around S~
the two Co(III) atoms
i
/

- 151 - , ' <



BESTEIPYT 70

o R

TIPSR, SR

Figuré 3.7. Skeletal view of-the/[NizLﬂé(#—H20)2]u+
cation illustrating the geometry around” .

the two Ni(II) atoms




B e R PP

It et

et Y

i

S g BT N T s T

e

/

<+ i

EigUH§,338.'Iﬂ%QLﬂZOL—QH)zlu cation,

{1lustrating the intra-ligand H~bonds(dashed lines)



A

o
T

.

- ) . ' , '
Figure ‘3.9. .LN‘ilejz(rp-H\ZO)ZJ

illustrating the intra-ligand H-bo

L J

N

o

v

U4

.
‘-
A
*
»
+
.’ -
S
¥
‘o Y &
I\
¢
(o4
¢
~
L
L 3
»
]

.cation,

nds(dashed lines)

T

D'

ot e

SEL e

[
]




v h ’ ’ ’
. : N . s .
. . . ' A ;
\j L . o
- . P boMt te g - 4‘.“.,:‘:,‘,' N .t - ' - - - . «
a ’ ~N
. ‘. b
) ! . ' c e
‘. v . ¥ N
. DY : . ¢ . ' ~
- N ; . ) ' !
. .
¥
i . ! o o ' a .
R . . . , NN
. . [ ' v -~
i ) co L B
o B T a . ¢, R \ -
: i - N N ' !
L ’ v M - © ° .
NCN 0y v "’ N
3 o .
1 R P v hd
" o, . ~ -
. . . ' . .
. . - "
» . . . . ' .
. . \ ' - - .
. . . » | oo \ *
i - * ‘ * ' f P
; . ..
\]' s . ‘ L. -
», . * » W : N ‘ ‘
\ . o, 1
g " ' © ‘. '
E 3 . . IR .
\ ?: ¥ . o o . ' \
el . v . . .
¥ : - F . ‘ ‘ oy
“ , T , . . ~ ' - i\
i L . . R
oy : . - . . . . L _ .
S ' .. .
I . . . M * Mﬂ - ® ' )
i;: N - ‘8w g . v .
y o . * " c ' - '
¢ o
> . . N " ~ . '
# , c - ) ‘ ' : ' -
5 [ . . . o : i 7
¥ - . i '
‘. . . o, - L .
. Lo
* o S . R ' ¢
t - ! : 0
\ .
. P . . . '5‘,_, .
. «
[ . ' ‘
. i . . M
. oy
. .
. . . .
0 ' ’ ’
.
. . L} _—
. . . ’
- n -
, . oo . . -
hd * ) ’ v ‘ ® P !
N . C .
PY - -
i S : - -
IR - ‘ ’ )
\ N . LY ‘h
- ' e
- P . .
- o
v n ! .
’ | , ot ) . . - y ¢ - o
- . . .Y i " - o .
, = .
. Figure 3.10. Stereoscopic-view of the . ‘
' U+ -
[COZLLZ(ﬂ-OH)'zl cation o ‘ :
, K R . PP - .
- - R ' . .
. . " ' . A .
. - " Y . , ﬁ; " v o . .
' . » P
. [ . " R ! . N
. N ‘ . ~ . M ® .
B . N . *
. 3 N . o .
s + . . . o . N
. a ) . \ B v . . . : AR
. - 1 ‘ : . . .
( . , R T Bt ¥ ) .
. R ' . .- . . .
h . . o . .
Ay N . . » ’ » - A
3 A Lo . . . o - ‘
. R o . v ~ .
N . . « o - *
, . v . ' 2 N i
1 v S ° ' ' *
C ) " . .
'\‘V ¥ Y Al \ 'Y * . ' !
. . . ~ v . - -’
' - ' ‘l * N ' '
. - . 3 5
. . « L . P : "‘ki
. o
R . T A - R
. ' HAN .
. ) , . o,
N . " .
"‘f" . t ) . ) ‘ ' . o
- N - . . |
? . - 5 (A '
) / 155 -~ . , ,
) . . ! * ' , ‘l ' “
v . N . . . i *




Yoes ta

i . » 3

4 e e »
LT g - L) .
M. . o
P . . e , . o . e - . WG e -, - R . - - . Nor TRELD P R AR NN ¢ i by .
- ~ N - o 4
< . i ) e
[ ' &* . - , N
- . - -
* -
- - - ' -~ - -
. \\ e - - o L
- \ ) - i p e °
- . 4 . . N
" -
. a . s . - s .
° N « . .
s . . A .
. ! Y . . . ' . B Y
- ~L 0 . - X - T .
G . * ~ - . f R L
! b - s - . . s * 2 i
. - L)
\\ - » - - C ~ N '
a . - . . P -
o~ - ‘ . ~ - -
- - -5, . L. L TR T 7 , . . - AN
B - - v . « . 7
. . B _ . » . N .
M . - . . P \
* i . 3 ' . N L
N . ¢ . . - i . -
. X ) N o - ) s, - - B
. . L. . N
- . o . < . ~ LT
. = . . N
, ‘@
. - - [ , . . - L . ’
.
. -
, T, o - - e ‘ :
- , ) )
M R . - pe _ . N - .
.
- . .
) .o .- . o ’ : : 7 . . i
y c . . . [ N 1
. © ) . 3 a - :
N . - ° - : - Paal
S _ - Lo = » . o i
- . « - . , ord O - . . ., .—.uf,\.ruV
AN . PR =~ N pary ’ . \ L
. . [ e - -
’ - . 4 0 [+ ] . N 7 ]
R o . 2 0 o . - B -
- -~ -0 Te— T - .
{ : - e ., - , o
. \ .
‘ ° . . . = N ~ . . B
> N -
: . \ Q ~ - e N
Tz~ o o~ ¥ : .
o+ ; o . /2] ~— e - . ot
& y o . : N = X . A <
7 . * o : t -
bl - L . - . ’ i - X
' - ~3 . - 2
) . e t ' - - \1\
5 . -
. r - e ul L
£l <
: v - 7 " - ”m g D : . - . .
% & 2 ) R -
3 ¢ . - .
CI J ) @ ¢ - « e .
m ) .~ . ‘. B Y ol - Lo .
) . .
i 4 - . 3 ] . ’
- i »® . . L |- J— + .-
- . \ - -
o1 - o=t .
* N ° ) - = w 4 s
A - , o - v - . e T -
¥ - . .
» , ° » ) . N ? , . , .
B ) R y $ - Y S
v . . ~ , e e - k- .
» I Pl N . . -
m » oy . : e . 2
- D W t N M
. . N - ) , M .
A - . y B N h w LR - -
- . 4 - . -
ra - - . . - o - .
- v - - . .
. ) _ i R [N . -
> . . - A - \ W % » - -
« . . » . 4 - ‘ N = .y . ~
80 . . - - . . -
M " - e R { .
» L) A\] .
: , \ - - , . . ST - .
H v < - - - . . i
H ¥ - . - . s, ° » : 4
. . . - ‘ . PR, .
- . h . . - R
? [ M
- e ; “ “ s ) . .ot - L
- & N R R .
. L + . . - s .
\a - . -
-




f
. . R
.
« .
¥ -
4, .
S —— .
. -
£l * < V/})
s ¢ N N .-
2 AY -~
.
: '\
= .
l“ - »
\ ’
14
1
P
. .
! ?
- i
.
3t '
1. o A}
R g
W . .
A
; N
e} s '
"> vy T ) .
.
‘ ?
.
\
N N
. .
)
.
. H
1
A N N
- R
L
o ' ‘<.
* .
3 ~
v
I
? . ) M
i " :
.,
3 .
2
* -
X o ]
T . H
i_' - ‘.

S5 HE
N
-
N

“g

.
v,,w,}wmwm e
.
»

.
b 1]
b
\ |5

X

i <

{

3
AS
! -
“a
M :

-~ -
b 3 \ b
, .
|
o . N d N
1 f
- ,
-
N N
- *
- - ¢
A l
s .
|
‘
. .
) o
-
| ! 4
- -~ T
. < ;
.
M .

~ o]
Q 2
%
0
o ‘0

. S .
"Figure 3.12. Unit celd packing diagram of’

[‘Colel:z{)L-OH)leij9H20 '\{iewed

approximately along the crystallograph“:‘\ s
' . ‘ ] .

c axis ' T

. " o
. 4 »
hd -
t N '
N . * '
N +
N . .
N
4 « - . .
'
s . N )
. . . t W ~
; v - i . N
\ ) i
- . .
le

4 " N ' '

® \ . v

v
N . -
P
L ' , ) .
v, el ¢
* N " v
I - /
. ‘ ')
* N " .
’
A}
- 157 - 0
i '1 b ’
N 1
“4 \' N
% ' .
' ’

o




T

! - .
.
. ~ . )
g . ,
i § -
: ! - i \
.
Ay 1
. - ' .
' . Y .
: ; ,
. o & i ‘
! . L4
v
. .
* 5 + Y
. ,
. ) P \
. . .
. '
.
x
.
’ i s H
L 4 N N a

o T
DA . -
~—

ek

ETN
-
>

<
fu Byt -
<
i

.y '

.- . CFigure 3.13. Unit cell packing ‘disgram of .
' ’ . . “ . 3 o ’ -

. ' AT ’ . ' E \
T Ff'_ieff.z(l‘“ﬂ;-gO)e]Bru.Sﬂfgo viewed

.
i

_— .a,ppiroximate_l-'y-alp\hg_the érysta‘llographic‘
I

h ’
- - , . )
PR \ . . . )
’
' . ) o
f . .
v ’ - . ' - . .
( ~ 3 N -
= ! i - -
4
' , ;
1 M ' . "
! PR , \
. . o
. - ¢ I}
7 1 § .
' - ) ot , A l\§i
4 . ; l ' » » ‘
7 N
' ' - 5y
' . ' M
. fe i ;
' .
’ s . § .“ A
‘. .3 . ' ’ . i 4 .
. s ’vl < 0 v
' - - n 1 8 \ '
s - : - - 5 "y .
vy .
1 ~ N 5,
e . N 1




TR T e

237 L B wny e

()

(2)

3)

(1)

(5)
(6)

)
“ (8)
(9)

(105
(1)

(12)

(13)

(1%)

(15)
(16)

a7
’ . (18)
(19)

. (20)

(21)

" A.J.C.Wilson, Nature, 150, 152 (1942)

Ll

REFERENCES -
E.S.Fedorov, Imperial St. Petefsburg Mineralogical Soc., 23, 99
(1887)

E.S.Fedorov, Imperial St. Petersburg Mineralogical ‘Soc., 26, 345
(1890) ‘ '

A.Schoenflies, Krystallsysteme und Krystallstructur, B.G.Teubner,
Leipzig, 1891

E.S.Fedorow, Z.Krist,, 21,679 (1893)

W.Barlow, Z.Krist., 23, 1 2389“)

E. Von Fedorow, Z. Krist., 24, 209 (1895)

W.Barlow, Z. Krist., 25, 86 (1896) '
E. von Feaorow, Z. Krist.. 25, 3}3(1896)

N \?\\
w.ﬂgilow, Mineral, Mag., 11, 119 (1896) !

——

W.Barlow, Z. Krist., 29, 433 (1898) T *
. f |

Max Von Laue, Physic. Z., 14, 1075 .(1913)

W.L.Bragg, Proc. Cambridge Phil. Soc., 17, 43 (1913)

W.H.Bragg and }.L.Bragg Proc. Roy. Soc,., (ﬁon@on) (a), 89, 248

(1913) .

W.L.Bragg, Proc. Roy. Soc., (London) (A),~89. h68 (1914)

Modern X-ray Analysis on Single Crystals, P.Luger, Walter de
Gruyter, 1979 i '

Structure Determination . by X<ray Crystallography,~M F.C.Ladd -and
R.A. Palmer Plenum Press. 1977

Crystals, X—rays and Proteins, D.Sherwood, Longman 1972
D.T.Crémer ande.T.WaBer,‘Acta. Cryst., 18, 104 (1965)

International Tables for X-ray Crystallography, Vol.III, The
Kynoch Press, Birmingham, England, 1962

Crystal ‘Structure ‘Analysis, M.J.Buerger, JphnIWiley, 1960

o

X;ray Structure betermination, A Practical Guide, G,H.Stout and ’

L,H.Jensen, The Macmillan, 1968

t

\ 1

-~ 159 -

A

A

y

*



o gpn A e ¢ b gt S

(23)
(24)
(25)
(26)
1
(28)

29)

(30)
(31)
(32)

(33)
(34)

(35)
(36)
€18
(38)

(39
(40)
(41

(42)

(43)

(uy)

" (Us5)

(46)

M.J.Burger and G.E.Klein, J. AppI:~.Phys., 16, 408 (1945)
M.J.Burger and G.E.Klein, J. Appl. Phys., 17, 285 (1946)

C.W.Burnam, Am. Mineral., 51, 159 (1966) .

Introduction to Crystallography, D.E:Sands,’w.A.Benjamin. 1965
Elements of X-ray Crystallography, L.V.Azaroff, Mc-Growhill, 1968

Principles of Crystal Structure Determination,\ G.B.Carpenter,
W.A.Benjamin, 1969 . :

Crystal Structure Analysis, J.P.Glusker and K.N,Trueblood, Oxford
Univ, Press, 1972 ) - :

r

A/L.Patterson, Phys. Rev,, 46, 372 (1934?
A.L.Patterson, Z. Krysst., 390, 517 (1935)

Theory and Practice of Direct Methods in, CryQPallography,
M.F.C,Ladd and R.A.Palmer, Plenum Press, 1980 - = - i

N . .
Direct Methods in Crystallography, M,M.Woolfson, Oxford Univ.
Press, 1961 - .

o !

Fourier Methods in Crystallography, G.N.Ramachandran  and

R.Srinivasan, Wiley-Interscience, 1970

D.Sayre, Acta. Cryst., 5, 60 (1952) oo

Il
.

D.Harker and J.S.Kasper, Acta. Cryst., 3, 374 (1948)

.

J.Karle and 1.Karle, Acta. Cryst., 21, 849 (1966)

E.W.Hughes, Acta. Cryst., 6, 871 (1953) -

J.Karle and ﬁ.Hauptman. Acta. Cryst:. 9, 635 (1956$

G.Germain, P.Main and M.M.Woolfson, Acta. Cryst.; 826, 274 (1970)
M.ﬁ.Woolf§on; Acta. Cryst., 7, 61 (1954) ‘
W.Cochran and M.M.Wod;f§on, Acta. Cryst., 8, 1'(1955)

G.Germain, P.Main and M.M.Woolfson, Acta.” Cryst., A27, 368 (1971)
X-ray Crysﬁal}ography. M.M.Woolfson, University Press, 1970
K.Weissenberg, Z. Physik., 23,‘229,(192u) \ |

X-ray Diffraction Methods, E.W.Nuffield, Wiley, 1966

, * P

- 160 - y e



. S P A
o g s e

1

B e L

:.,;a

~%

(47)
(48)
(49)
(50)
(51)
(52)
(53)
(54)

(55)
(56)
(57)
(58)

(59)

- (60)
;661)
-(62)
.(63)
(64)
(65)

' (66)

(67)
(68)
(69)

X-ray Crystallography, M.J.Buerger, Wiley, 1942

The Précession Method, M.J.Bueréer. Wiley, 1964

NRC Program "DIFFRAC", Written at NRC by E.J.Gabe etal.

D.F.Grant and E.J.Gabe, J:V Appl. Cryst., 11, 114 (1978)

NRC Program "DATRD2", Written at NRC by E.J.Gabe etal.

NRC Program "FOURR" , Written at’NRC by E.J.Gabe etal.

"MULTAN" Written by}}Main, M.M.Woolfson and G.Germain . .

International Tables for x-ray Crystallography, Vol.IV, The Kynoch
Press, Birmingham, England, 1974

NRC Program "LSTSQ", Written at NRC by E.J.Gabe etal.’
NRC Program "DISPOW" ,Written at NRC by E.J.Gabe etal.

"ORTEP" Written by Johnson

¥

M.A.Jamieson"N.Serpone and M.Z.Hoffman, Coord. Chem, Rev., 1in
‘press o,
N.Serpone, M.A.Jamieson, M.S.Henry, M.Z.Hoffman, F.Bolletta and
M.Maestri, J. Am. Chem. Soc., 101, 2907 (1979) °

N.Sutin and C.Creutz, Adv.” Chem. Ser., 168, 1 (1978)
W.D.A.Clark and N.Sutin, J. Am. Chem. -Soc., 99, 4676 (1977)

P.J.Delaive, J-T.Lee, H.Abruna, H.W.Sprintschnik, T.J.Meyer and
D.G.Whitten, Adv. Chem. Ser., 168, 28 (1978)

V.Balzani, F.Bolletta, M.T.Gandolifi and M.Maestri, Topies Curr.
Chem., 75, 1 (1978) : ‘
 V.Balzani, L.Moggi, M.F.Manfrin and F.Bolletfa, Coord. Chem.
Rev. 15, 321 (1975) oo -
C.M.Flynn, Jr., and J.N.Depas, J. Am, Chem. Soc,, 96, 1959
(1974) , .
C.M.Flynn, Jr., and J.N.Demas, J. Am. Chem. Socc., 57. 1988
(1975)/ : - \ 5 .

B.Martin and G.Waind, J. Chem. Soc., 4284 (1958)
R.E.Desimone and R.S.Drago,-Inorg., Chem., 8, 2517 (1969)  °

S.Castellano, H.Gunther and S.Ebersole, J. Phys. Chem;, 69, U166
(1965) R ’ ' |

~ 161 -



" (70)

(71)
(72)

(73)
(74)

(75)

(76
7
(78)

(79)
(80)

(81)
(82)

(83)

(84)

(85)

(86)°

(87)
(88)

(89)

.
»

D.H.W.Carstens and G.A.Crosby, J. Mol. Spect.; 34, 113 (1970)

R.J.Watts, J.S.Harrington and J. Van Houten, J. Am. Chem.
Soc., 99, 2179 (1977) )

R.D.Gillard, R.J.Lancashire and P.A.Williams, J.C.S. Dalton, 190
(1979) ‘

P.J.Spellane and R.J.Watts, Inorg. Chem., 20, 3561 (1981)

W.A.Wickramasinghe, P.H.Bird and N.Serpone, J.C.S. Chen, Comm, ,
1284 (1981)

R.F.Childers, Jr., K.G.Vander Zyl, Jr., D.A.House, R.G,Hughes and,
C.S.Garner, Inorg. Chem., 7, 749 (1968)

M.J.Carter and J.K.Beattic, Inorg. Chem., 9, 1233 (1970)

M.D.Alexander and C.A.Spillert, Inorf. Chem.,-9, 2344 (1970)

6.W.Bushnell, K.R.Dixon and M.A.Khan, Can, J. Chem., 52, 1367

. (19748)

R.D.Gillard, Coord. Chem. Rev.,\16, 67 (1975)

W.S.Walters, R.D.Gillard and P,A.Williams, Aust. J. Chem., 31,
1959 (1978) ' .

*

R.D.Gillard and R.J.Wademan, J.C.S. Chem. Comm., 448 (1981)

J.L.Khal, K.Hanck and K. De Armond, J. Inorg. Nucl. Chem,, U1,
495 (1979) .

U.Ewers; H.Gunther and L.Jaenicke, Angew. Chem,, Int. Ed. Eng.,
1%. 354 (1975) -

J.P.Geerts, A.Nagel and Van der Plas, Org. Mag. Res., 8, 607
(1976) ’ :

Standard Deviation Calculation, ’ 7 3
¢ = B - (EX)?/n
n-1

P.Diversi and G.Ingrosso, J. Org. Met. Chem., 125, 253 (1977)

M.J.Nolte, E.Singleton and E. Van der Stock, J.C.S. Chem.
comm., 973 (1978) ) o

T.A.B.M.Bolsman and J.A. Van Doorn, J. Org. 'Met, Chem,, 178,"

8
381 (1979) /

P.Rillema and D.S.Jones, J.C.S. Chem. Comm,, 849 (1979)

I\'

- 162 -



.

g % AT

Ry v
.

R R it i LR el
A ’

(90)

(91)
(92)
(93)
(94)
(95)

(96)
97)

(98)

(99)

(100)

(101)

(102)
(103)
(104)

(105)

(106)

(107)
(108)
(109)

(110)

Inorganic Chemistry, K.F.Purcell’and J.C.Koltz, W.B.Saunders, 1977

J.Mueller, H.Menig, G.Huttner and A.Frank, J. Org. Met. Chen,,
185, 251 (1980) h

$.A.Bezman, P.H.Bird, A.R.Fraser and J.A.Osborn, Inorg. « Chem.,
19, 3755 (1980) :

.y .
G.R.Clark, " M.A,Mazid, D.R.Russell, P.W.Clark and A.J.Jones, J.
Oorg, Met. Chem., 166, 109 (1979) .

L4

P.F.Heveldt, B.F.G.Johnson, J.Lewis, P.R.Raithby and
G.M.Sheldrick, J.C.S. Chem, Comm,, 340 (1978) '

G.Bombieri, F.Faraone, G.Bruno and G.Faraone, ,J. Org. Met,
Chem., 188, 379 (1980)

A.Wada, N.Sakabe and J.Tanaka, Acta. Cryst., B32, 1121 (1976)
A.Wada, C.Katayama’ and J,Tanaka, Acta, Cryst., B32, 3194 (1976)

Y.Ohashi, K.Yanagi, Y.Mitsuhashi, K.Nagata, Y.Kaizu, Y.Sasada and
H.Kobayashi, J. Am., Chem. Soc., 101, 4739 (1979)

Hydrogen Bonding, S.N.Vinogradov and R.H.Linnell, Van Nostrand
Reinhold, 1971

M.Nonayama, Bull. Chem. Soc. Jap., 47, 767 .(1974)

B.N.Cockhurn, D.V.Howe, ‘T.Keating, B.F.G.Johnson and J.Lewis,
J.C.S. '

N.
€.S.” Dalton, Lo4 (1973) °

M.Nonayama and K.Yamasaki, Inorg. Nucl. Chem., 7, 943 (1971)
W.C.Hamilton, Acta, Cryst., 18, 502 {(1965) o

R.J.Watts and S.F.Bergeron, J.Phys. Chem., 1979

i

W.A.Wickramasinghe, P.H.Bird, M.A.Jamieson and N,.Serpone, J.C.S.
Chem. Comm., 798 (1979)-

\

Tables of Interatomic Distances and Configurations in Molecules
and Ions, Chem. Soc., Special Publ., No.18, 1965 :

'

0.P.Anderson, J.C.S. -‘Dalton, 2597 (1972)
0.P.Anderson, J.C.S. Dalton, 1237 (1973)
A.W.Adamson, A.R.Gutierrez, R.E.Wright and R.T.Walters, Informal
Conf. Photochem, , 122 National Bureau of “Standards,
Washington, D.C., June, 1976 :

D.Sandrini, M.T.Gandolfi, L.Moggi and V,Balzani, J. Am. Chem,
Soc,, 100, 1463 (1978) ° ’

i

- 163. - , _ e



. 3
AR TS S e
T R permi T

NGRSO VT TR

(111
(112)
(13
(118)

(115)

(116)

(117

(118)

(119

(120)

121y

(122)
(123)

(124)

(125)

t

M.S.Henry and M.Z.Hoffman, Adv. Chem. Ser., 168, 91 (1978)
B.Brunschwig and N.Sutin, J.Am. Chem, Soc., 100, 7568 (1978)
N.Sutin, J. Photochem., 10, 19 (1979) "

E.Konig and S. Herzog, J. Inorg. Nucl. Chem., 32, 585 (1970)

:

M.Maestri, F.Bolletta, L.Moggi, V.Balzani, M.S.Henry and
%iz .Hoffman,-J. Am. Chem. Soc., 100, 2694 (1978)

D. Nlcollln P.Bertels and J.A.Koniugstein, Can. J. 'Chem., 58,
1334 (1980)

M.Mae;%ri. F.Bolletta, L.Moggi, V.Balzani, M.S.Henry and
M.Z.Hoffman, J,C.S. Chem, Comm,, 491 (1977) «

‘H.L.Schlafer, J. Phys. Chem., 69, 2201 (1965)

R.A.Plane and J.P.Hunt, J.  Am. Chem, Soc., 79, 3343 (1957)
R.L.Plane and M.R.Edelson, J. Phys.‘ Chem., 63, 327 (1959)
M.R.Edelson and R.A.Plane, Inorg. Chem,, 3, 231 (1964)
A.W.Adomson, J. Phys. Chem., T1, 798 (1967)

S.Chen and G.B.Porter, Chem, Phys. Lett., 6, 41 (1971)

R.Ballardini, C.Varani. F.Wasgestian, L.Moggi and V.Balzani, J.
Phys. Chem., 77, 2947 (1973)

R.Sriram, M.7.Hoffman, M.A.Jamieson and N.éerpone, J. Am, Chem,

. Soc., 102, 1754 (1980)

(126)

(127)
(128)

(129)
(130)
(131)
(132)
(133)

M.S.Henry, J. Am.- Chem, Soc., 99, 6138 (1977)

R.C.Young, J.K.Nagle, T.J,Meyer and D.G.Whitten, J. Am,
Chem, Soc., 100, 4773 (1978) '

C. T Lin, W.Battcher , M.€hou, C.Creutz and N. Sutln J. Am, Chem,
Soc.. 98 6536 (1976) .. .

C.R.Raston amd:A.H.White, J.C.S. Dalton, 7 (1976)

M.Mathew and G.J.Palenik, J. Coord, Chem;, 1, 243 (1971)
E.N,MaslenfiC.L.ﬁaston and A.H.White, J.C,S, Dalton, 1803 (197“)
R.Allmann, W.Henke and D.Reinen, Inorg. Chem., 17, 348 (1978)

F.M.  Van Meter and H.M.Neumann, J. Am, Chem. Soc,, 98, 1388
(1976) ’ '

. : v

- 164 - &



i ad

T 2 s Taunin
AR S R

PPN TR

e

(134)

(135)
(136)

(137)

(138)
(139)

(140)
(141)

(142)

(143)
(144)

(145)
(146)

4

(147)
(148)
(149)

.:(150)

(151)
(152)
(153)

(154)

€155)
(156)

‘s

F.M. Van Meter and H.M.Neumann, J. Am, Chem. Soc., 98, 1382
(1976) '

See Page 47 of ‘this Thesis
"PREP3" Written by P.H.Bird '
v
"FORDAP" Written by A.L.Zalk;n

"SFLS" Written by C.T.Prewitt

"UTILITY" Written by P.H,.Bird

S.J.Cline, R.P.Scaringe, W.E.Hatfield and D,J,Hddgson, J.C.S. .
Dalton, 1662 (1977) '

R.P.Scaringe, P.Singh, R.P.EcKberg, W.E. Hatfleld and D.J.Hodgson,
Inorg. Chem,, 14 1127 (1975)

[ R ——

K.Kass, Acta. Cryst., B32, 2021 (1976)

E.S.Kucharski, - B.W.Skelton and A,H.White, Aust, J., Chem,, 31,
47 (1978) -

J.Baker, L.M.Engelhardt, B.N.Figgis and A.H.White, J.C.S. Dalton,
530 (1975)

M.Bartlett and G.J.Palenik, J.C.S. Chem, Comm,, 416 (1970)

W.A.Wickramasinghe, P.H.Bird, " M.A.Jameison, N.Serpone ’ and
M.Maestri, Inorg., "Chim., Acta. Lett., in press

P.Pfeiffer and B.Werdelmann, Z, Anorg. Chem.,, 263, 31 (1950)
R.C.Inskeep and J.Bjerrum, Acta. Chem. Scand., 15, 62 (1961)
E.D.McKenzie; Coord. Chem. Rev., 6,187 (19715

R.G.Inskeep and M,Benson, J, 1Inorg. Nucl, ;Chem.. 20, 290 (1961)
D.Wolcott, sr.. and J.B.Hunt, Tnorg. Chem.. 7, 755 (1968) K
R.A.Krause, Inorg. Chim. Acta., 22, 209 (1977)
R.A.Krause, Inorg. Chim, Acta.7,31. 2“1.(1978%

B.Durham, S.R.Wilson, D.J.Hodgson and T.J.Meyer, J. Am, ‘Chem.
Soc., 102,-600 (1980) .

B.R.Baker and B.D.Mehda, Inorg., Chem., 4, 848 (1965) "

M.Maestri and N.Serpone, Unpublished Observations, 1975/

¢

- 165 -




5, TP T R EHTITY - DS AT T

e T R

pe

/

(157) M.Maestri, F.Bolletta, N.Serpone; L.Moggi and V.Balzani, Tnorg.

Chem., 15, 2048, (1976)

(158) W.A.Wickramasinghe, P.H,Bird and N.Serpone, Inorg. Chem., (1982)

(159)
(160)
(161)

(162)

(163)
(164)
(165)

(166)
(167)

(168)

in press r

N.Serpone, P.H.Bird, D.G.Bickley and D.W.Thompson, J.C.S. Chem.
Comm,, 217 (1972)

F.A.Cotton, W.H.Ilsley and W.Kaim, J. Am. Chem. Soc., 102, 346%
(1980) -

T.J.Greenhough, B.W.S.Kolthammer, P.Legdzins and J.Trotter, Acta.
Cryst., 36B, 795 (1980)

B.M.Foxman, Inorg. Chem., 17, 1932 (1978)

M.H.Chisholm, F.A.Cotton, M.W.Extine and D.C.Rideout, 1Inorg.

‘e Chem., 17, 3536 (1978)

A.Walsh, B.Walsh, B.Murphy and B.J.Hathaway, Acta. Cryst., B37,
1512 (1981) ,

R.J.Fereday, P.Hodgson, S,Tyagi and B.J.Hathaway, J.C.S. Dalton,
2070 (198%)

W.Fitzgerald and G.J.Hathaway, J.C.S. Dalton, 567 (1981)

M.V.Veidis, B.Dockum, F,F.Charron, \Jr., and W.M.Reiff, Inorg. .
Chim, Acta., 53, L197 (1981) '

1

I.D.Brown, M.C.Brown and F.C.Hawthorne, BIDICS-1980

(169) *R.G.Teller and R.Bau, Structure and Bonding, 4, 1 (1981)

(170)
a1

(172)

(173)
(174)
(175)

(176).

‘L.L.Merritt, Jr., and E.D.Schroeder, Acta. Cryst., 9, 801 (1956)

P.J.Hay, J.C.Thibeault and R.Hoffman, J. Am. Chenm, Soc., 97,
4884 (1975)

J.Josephsen and E.Pedersen, Inorg. Chem., 16, 2534 (1977)
R.P.Scaringe, W.E.Hatfield and D.J.Hodgson, Inorg. Chem., 16,
1600 (1977) g

E.D.Estes, R.P.Scaringe, W.E.Hatfield and D.J.Hodgson, Inorg,
Chem,, 16, 1605 (1977)

v

M.R.Churchill, G.M.Harris, R.A.Lashewycz, .T.P.,Dasgupta and
K.Koshy, Inorg. Chem., 18, 2290 (1979) .

S.J.Cline, S.Kallesoq. E.Pederson and D,J.Hodgson, Inorg. Chem,,
18, 79? (1979)

' | - 166 -



£

(186) J.E.Andrew and A.B.Blake, J.Chem. Soc. (A), 1408 (1969)

(]77),M.F.Charlot, S.Jeannin, Y,Jeannin, 0.Khan, J. Lucrece-Abaul and
J.Martin-Frere, Inorg. Chem., 18, 1675 (1979)

. (178) D.J.Hodgson and E.Pederson, Inorg. Chem., 19, 3116 (1980)

(179) M.S.Haddad, S.R.Wilson, D.J.Hodgson and D.N.Hendrickson, J. Am. )
Chem., Soc., 103, 384 (1981) /

AY

(180) Bioinorganic Chemistry, Ei-Ichiro Ochiai, Allyn and Bacon Inc.,
1977 : X
}
(181) D.J.Hodgson, Inorg. Chem., 19, 173 (1975)

(182) V.H.Crayford, H.W.Richardson; J.R.Watson, D.J.Hodgson and
_ W.E.Hatfield, Inorg. Chem,, 15, 2107 (1976)
A,
(1

(183) P.Lever, L.K.Thompson and W.M.Reiff, Inorg. Chem., 11, 104

2 ) “ ' 5

B.

197

(184) L.K. Thompson, V.T.Chacko, J.A.E.Elvidge, A.B.P.Lever and
R.V,Parish, Can. J. Chem., 47, 4141 (1969)

(185) G.Marongiu and E.C.Lingafelter, A Preprint

(187) R.J.Butcher, J.Jasinski, G.M.Mockler and E.Sinn, J.C.S. Daltbn,

1099 (1976) -t

(188) G.S. Mandel R.E.Marsh, W.P.Schaefor, N.S.Mandel and B.C.Wang, ﬁhﬁ
Acta. Cryst., B33, 3185 (1977) ' SR

(189) G.S.Mandel. N.S.Mandel, R.E.Marsh and W.P.Schaefer, Acta. Cryst.,
B33, 700 (1977). e

,€190) M.G.Kurilla and W.P.Schaefer, Act. Cryst., B35, 3008 (1979)

- (191) E.D.McKenzie and F s. Stephens. Inorg. Chim. Acta.,. 32, 253

(1979) = - X ,

€192) Chia-Chin Ou, W.J.Bomowski,. J.A.Potenza and H.J.Schugar, Acta.
Cryst B33, 3246, (1977) : . . ’

<

(193) NRC program Delny

- 167 -



ar

T .

PR

FEEb. o L e
-

NS

APPENDIX

<

)
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Table A. 4
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Table A.6

Table A.T
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Parameters

0

Parameters .

4

M "
Parameters

-

H20

Parameters

r

AT

Parameters

The Estimated Standard Deviations in Paranthesis are

ight Justified to the Least Significant Digit.

. Anisgtropic Thermal Pafameters were Applied as

AN

exp[—ZWZ(U]]h

R

2 2

2
22k

2 2
~+U331

a*24l, Kb+

+2Uy ghla*c*+2U, Jk1b*c*)]

-

- 168 -

c* +2U]2hka*b*



S L2
cﬁ\ ) PPN, - o
\ R Table A. T . N . . 'f
' ' - A - | L _ . ) -
S O 111
p . : | .
aa. \T6.619(10) 42.’937(135- & . ,8".723(5) ' 16.4!0*;
b .. 16.200(6) . 13.606(20) | 1.3 11,37
_c% 13.55046) £19.441(22) C13.876(7) - 13.876 '
o Deg. 90 90 - ' 84.58(4)  * 95.53
B Deg.! 108.74(H)  ~100.63(7) B30 AT o
Y Deg. 90 90, ) 108.28(3)  116.60
vl 3456.6 3257 C 12170
Space Group o‘P2°>1/c . Ce PT P
Mol. Wt. 017.0 e— B39 . 6507 ’
2 oy ‘7 3 ‘2 ‘
£, & cM 1.88 1.67 _ 1.69 . -
P & on> (flotation) 1 .86 . 1.65 BRI .
Crystal Dimensions mm 0.3X0.2X0.2  0.6X0.4X0.3 0.5X0.4X0,.3 ° ;'/
Radiation - ‘ Mo K (0.7907 Angg.)‘ |
Monochromator Highly\Oriegtgd Graphit; 20662 =-1é.1

Crystal-Detector
Distance .

Detector

Attenuators

Take off Angle Deg. .

Detector Aperture

Scan Type

"« Scan Base Width Deg.
I l

, °25.0 cm ‘ . - .

Seintillatién Counter and Pulse Height ° :
. Analyzer 'set for 100% Mo Ka L

' Ni foil for intensities’ 10“ cps
3.0 ’
4 X 4 mm ’
Coupled O(C%ystal)—ze(netector)'2:3 deg. min~!
L] v ©

1.8 2.5 2.0

| pivae, s ma L o

.
el et e



- W e 3. -
P P AR A e oL
.

Loy

. - : , : .
o . o : /
| | L &
j Scan Length (base width + 0.692 tan ) deg. . R
N " [ -
. Rotation Axis a . c . a
*y Reflectians-Measured ‘thek+l +hek#l . sheksl
. . v . F o . .
T __ Min. Max., 20 3.5-uo.[ .0-15.0 3.5-45.0
. .
Standards | . ¥ every 50 cycles
- ’ ! )
Va;:'l.ation gf Standards 2% 3% yg .
. . ) 1 |
' Linear Abs. Coef. cm. 6.8 . un .1 i, 8.5
. - \ ' # . . (
No.# of Reflectigns - . .
Collected ) 3218 2307 3319 —
Reflections with , SR L
I>30 | - 2376 2150 2509
RO .. w39t 520 530" 5.02 ‘
\‘ Lot \ ‘
R, S e 5.09 5.70 5.90 @ 7.57
. GOF e 3.30° 2.19 % 2.28 2.79
= AR T ' .
_ \ . I= [Ir(bpy)z(_bpy )](Clou)3.H20
- ? ' ) i
. . - II = ECr(terpy)zl(Clou)3.H20 . .
e ‘ - [criby ; | .
L HI= [c:-(.bpy)z(uzo)cu(c1ou)2.2ﬂzo 5
. N ' ' r ., * . . ) »
: N L v i \‘\ ’ \ 1
- : # .= Reduced Cell [193] § - \
R 8 i .~ T D :
v » o b ‘ "‘: i Vo '
Fad ' %% = Rejected Enantionier * Y . Y
-~ " » - « o
~ § » ! ‘ -
. ’ . ‘
. r
f S 4 * ) . [
¢ ' f
e * ( [}
1 . - , ) Fr
‘9’ ¥ ) i * 4
i ’

-



rer

1 s \
i
[ i /
\ - N I ’ -
. y Table 4.2~ o ‘,
, .
’ ) ‘ ' ',
) .k, , I . II ,
4 ‘ v ! .
v i ‘ ‘ . . ' R Y -
a’n . . 24.667(5)° . 16.056(6) \ )
b - . 15.435(5) , 12.757(5)
c%A - ~s 16.029(3) . '29.820(13)
@ Deg. 0 - & g
. s L4 ' . a - v
B Deg. . 90 S 95.18M)
Y bpeg. - ¢ 9% - 90
< ! -
veoa3 " - 6102.8 . 6083.2
N ‘.,
Space‘Group " 222, . P2,/c
Mol. Wt. | 1576.9 1506 .2 i
z ' - ( 4 y
Peay & cm > 1.72 K
- . Lt ° . - -
Pobs & em™3 1.73 - \ . 1.6'!§ )
\ Crystal Dimensions 0.15X0.1X0. 15 - 0:3X0.,25%0,2 mm
\ ) . ‘~ , ‘J -
Radiation . ) Lo Mo k&‘ (0.7107 Angs.)
Monochromator . Highly Oriented Graphite 28002 = 12,1
. Cr’yStal-Detector .‘, % \ . ' '
BDistance , v 25,0 om - r
betector - | Seintillation Counter and. Pulse Height
’ Analyzer set for 100% Mo K,
Attenuators ‘ , M foil for intensities 10" cps
'/ Take off Angle Deg. s . 3.0 U ’ / -
‘. < ‘ .
Detector Aperture " 4X 4 mm
-, e . B )
" Sdan Type _"Coupled §(crystal)=2((Detector) 2.0 deg. min~?
. 4 . ] l) . ¥ . N , ' ) r
* Sdan Base Width Deg. . 1.8 . 1.36 - )
‘l\ ., " ' .‘ } P . »
* * " . s ‘ *
. - —-171" a4
. . N A

e

o

e T L

e

4Tt it AESRE A 225 )
* ) L2 ST o T -

Rt




, N . }\\ “ 3 I( ' ‘ - .' ' N ! * ) . . - S
Scan Length (base width + 0.692 tan § ). deg \

LN

’ Rotation Axis ; b ) " b ‘ o
’ ‘Reflections Measured '+h+k+i; +h-k-l;;h—k~l gh+k+l . _ o - ’

Min. Max.' 2§ 3.5-40.0 - 3.5-80.0 . ' o~ ' g

S 14

.. . . Standards : A Every 50 Cyples . ] J R K

‘ ' ' Linear Abs. Coef. em™! 32.1 ’ 32.9 . . i

~, ‘
™~ o . N N .
' ' i N \ ’ . . + i ' ﬁ

No, of ‘Reflections Collected 4703 : 5674 Y

Reflections with I > 20 2029 . . 2916

oo e w3 . s 7.28

@ i

A AT

R, ®T 0 58, 6.10 9,42
o GOF_ 3 1.10 .19 2.25

— , . T|= [CopLL',(OH) 1By, .9H,0 Lo |

. * ', ) ’
| S IX =’[N12LL2(H20‘)2]qu.5H20
. ‘ . ! ‘ ‘n , . S . ) ' \ - "‘ - L
") : ." # = Rejected Enantiomer N
' T -

.
!
»
-
.
et @M&?&%xgwﬁiﬁmiﬁﬁ&f;mm;}&@ﬁ&#’u R A
~ - SRR Bk e g

' ’
; “ A . ‘

?"t ) Aol T . ’\ .f
%‘ { s ' 3

- : v e d ‘. !’ )
N < :
\ .- E
h \‘ a

- A7

-



~

(6)800°-

) (6)020°0

(21)€00°~ "= (2L)960°0

(92)61LL0°= (G2)GeE0’0

(nl)eL0°0 (OL)YLL0"O.
(01)000°0  (2L)€La°0.
(OIELO"-  (8)010°0
T (8)900°=  (®)nlo"-

(L2YL000°- (52)9920°0

. (8l)0%0°0  (B2)wlo"-

th2)6€0°=  (81)80L"0

. (§yze'- (5105200

(L1)L90°= . (G2)9Le’~

(n)gLo-o (11)920° 0"

(MOR00*~  (£)6220°0
€2 T

(6)610°~

(LL)nso°0
(52)6900°~
(SsL)9gto--
(01)950°0
(6)nL0"-
(8)L£0"-
(£)820°~
(h2) 651 -
(52)054 °=
(Ern0°-
(h2)SnL 0

(71)820°0

" (molooT-

(2)9gL 0 "
(L1)LEZ"O
(£)001°0.
(11320170
(91)822°0
(zLyont o
(LL)ZEL*0
(£)980°0
(£)2€°0
(22)€€2°0

(61)89L°0

(¢e)gne o

- (9)hEL"D

(496900

’

(219210
(rL)LSLTO
(E)£60°0
(52YL9E"0
(L1)860°0
Amﬁvompwo
Aﬂwwopp.o
(€)960°0
Awwwomp.o
(n)9n°0

(1)56°0

-(02)&8L"0

($)szL°0

(£)6250°0

(21)8EL°0
(2L)ERL 0
(82)81L0%0
(2LyLet-o
(EL)LSL°0
" (6196070
" (0L)R0L"0

(€)980°0

(tNes o

feeron2 o

(8LYLLL O

(mES 0

(S)EEL"O

*

(€)9Lr0°0

-

(0L)LN6E"O
Nmpvmorm.m
(£)al9L"0
(0LIROZE" 0

(2L)élen"o

“(oL)o6LE0

(oiL)9.l0o0°~

(€)1S60°0
Ampvummmuo
(9L)Snon"0
(91)865K°0
(LL)n682°o

N:vmowp.o

(8)E95Lg 0-

(8)lln 0
wwwspmm.o
(L2)06€80°~
(EL)LO9L"0
(8resge o
(6)hOL "0
(8)L2LE°0
(E)oint -
(EL)n90L°0
(9166020
($2)2902°0
(2L)egrero
(£)95LE°-

(h)E0ES0 "~

(8165170 (0L)0
(6)98LE*0  (6)0
homummmom.u ()10
(6)98n0°0 (830
(8)£800°- (L0
(8)14916°0 (910
«>U~Nwm”MM|/¢nmvo
(£)6L10°= (2)TD

(gLieies o (10

(EL)LLLG9°0

S

(21)2615°0 __(2)0

(91)0487°0  (1)0
(E)LS91°0 (L)1
(£)662n2°0 41

¥ HOLY

(£)0

-173-

at



(L)5L0°0
(67200

(EL)0S0°C

A__Vwmoul

(6)LL0"~

(8)0L0°~
(6)010°~

(8)8L0°0C
(gLyLio-o

mo_vhpo.o

hnoﬁv_oo.o

‘(Lyozo"o
(9)200°0
nONVOOOfI
movumo.o

(L1)L90°0

Wmm

(9)820°0
(8)020°0
(6)820°0
(21)910°0

(8)620°0

(8)LL0°0
(8)0E0°0

(6)220°0 +

(£1)8E0°0

© (11)21r07°0

(01)1€0°0
(LIreo0°0
(L)£10°0

(0£)£92°0
(8)£00°0

(6)1L0°0

£l

(9)2lo’o

(8)220°-
(Li)geo®o
(2L)nto"-

(8)810°-

(6)£10°-

(6)L00°-

(8)€00° -
(¢L)loo*o
(01)520°0

(6)9t0°0
(LEL0°0.

(L)i0070

-(9¢)961L°0
(oL)oto"-

(01)900°~
S

(6)260°0,
(cl)ngo"o
(21)060°0

(#1)860°0

/
(0L)ELO'O

(6)9%0°0
(01295070
(1)080°0
(8L)6EL 0
Azrvorﬁ.m
Nmrvﬁov.o

(6)£g0°0

(8)€90°0
(8)21£70

(6).80°0

e
(SL)EHL"0

mmm\

(8)090°0
(2L)nbo" 0
(81)99L°0
(gL)stLo
(€1)160°0

(6)2s0°0
(21)680°0
(01)050°0
(eL)890°0
(11)590°0
(11)190°0
(01)680°0

(8)050°0
(12)6L2° 0
(hL)BLL"O

(9L)n0e"0

(L)SRO"O
(6)910°0
(01)8r0"0
(11)E0L"0
(6)050°0
(0L)080°0
(01)9%0°0
(LL)igo°o
(91152170
(7l1)901°0
(41310070
(8)L50°0
€6)880°0
(R)95°0
(8)911°0

{(oL)9tL’0

(6)80ER°0
(L)6oLe-o
(eL)eeqeo
(€1)s22L°0
(L1)602L°0
(oL)osyLro
(0L)99ni"0
(LL)9SLL 0

(h1)951L"0

(EL)genL 0

(21)LELL70
Amvow—m.w
(6)9E41°0

Awpvwbpm.o
(6)56£2°0

(0L)0L6E°0

(L)0B6E"0  (9)2.08°0
(OL)6ELRT0" (B)BEBS"O
(21)9Lnn 0 nmvzmrmuo
(L1)6720°0 Agwummmm.o

(6)29L0°0  (8)652n"0

(8)£250°0  (6)985€'0
(0L)990L°0: (8)2882 0
(8)198L°0  (6)tn82°0
(o1)2m€z 0 (Li)osie o

(6)8L61°0 (OL)ZLHLO

(B)npll 0 (6)giSL"0

(L)62L4°0  (LIELN9 O

(9)6990°0  (L)kE2Z"0
(1 WM9LSZ 0 (6L)LIEE"0
T(8)EESRTO  (8)gOLE O

(6)808£°0 - (8)8912°0

L ) X \
~ .

-174-




"(L1)900°0

(0LyL00°0
(01)100°0
(9)Li0°-
(Lyoio -
(tt)guo'-
(L1)510°=
(LL)teo-
(oL)t20°0
(6)L20°0
(8)S500°0
(0L)LE0"-
mwpwmpo.l
(LL)sL0° -
{(01)910°0

i
(9)010°0

(0L)oro"0

_(oLyggoro
(6)920°0
(9)2a0°o0

~(L)9k0%0

(0L)eeo"o
(11)090°0
(11)820°0

_(21)€90°0
(6)1E0°0
nwvwmm.o

ontzoto

(oL)s€o’o
(01)eeo-*o
(8)810°0

4
(L)9t0°0

(6800~
(6)200° -
(8)400°0
(9)800"-

(9)200°0

(01)2e0 -

(6)ni0°-
(0L)L00"—
(6)eLo°0

vamropo
(8)800"0
(6)910°~
(21)800°-
(11)600°~
(01)200°0

(9)000°0

~

(gL)inL o

(gL)GeL o

CITEARN B

(L)Ls00

(ountL®o

(ri)oLL*o

(SLIMELTO
(ri)LOL*0
(81)65L°0

(21)660°0

(LL)o9lo*o

(£1)660°0
(EL)L60°0
(EL)L60°0
(L)1lo 0

,(11yozL o

(LL)0l0"0
(2178900
(01)290°0

(8)920°0

(8)210°0
(2131800
(L1)$90°0
(£1)880°0
(L1)650° 0
(01)%50°0
(LL)RLO"O
(42900
(LL)2EL D
(h1)60L"0
(£1)00L°9

(L)8E0"0

(71)0SLL°0

(L1)190°0
Arrvzoﬁmo (E1)1622°0
(6)0K0°D (21)602LE°0
(9)LE0%0  (8)LSEL"O
(L)nno'o  (6)€2n2°0
(LL)B90°0 (2iicist o
Amﬁvmmo.o. (EL)9LRLTO
(21)880°0 (£1)0022°0
(21)980°0 (4L)OLE"0
(01)€90°0 (2L)E9EE"0
(6)ES0°0 (Ll)LEER"O
(21)080°0 (2L)1h20°0
(21)€80°0 (E1)6HLLO
(20)6L0°0 (£1)8LLL"0
(0L)L90°0 (L1)S8L0°0
Amgomd.o (6)28n2°o

!
rr: z.

¢

[

(OL)LLLh0
(6)L68E" 0
(6)100n"0
(97098130
(9)LLER"O

(01)6162°0
(6)£902°0

(0190251 °0
(6)158L°0
(8)akle*0
(6)9ELE"0
(6)66e2°0

(LL)E2BL O

(LL)ngs0"0

(0L)R980°0

(9)€zet o

(6)LEOO"L
(6)90lL0°¢t
(8)68£6°0
CIRTAVAL

(9)9598°0
(6)1889°0.

(0L)06.9°0
(0L)s851L°0
(0L)009L°0

(6)989.°0

(8)0608°0
(6)2L48°0

(oL)1288°0

(oL)gélg°o

(6)eon8"0

(9)tLeeEL o

(€2)0
(z2)yy -
(12)d
(N -
(9N .
(0210
(6110
(81)2

(L1)2

-175~

(9133

(GL)d

(nt)d

(EL)D

.

(2112
(LL)D

(N

HOLV

e 12 A,



(8)600°~  (6)610°0

(11)400°0  (01)420°0

{01)n00°~ . (01)L20°0
\ B i _
f - (L0~  (6)SL0°0

t

@

- (8)S00°0  (8)R00°O
(8)600°=. . (8)R0“0

.

(6)GL0°= - (6)S50°0
- kg , BT

(8)£00° -
(01)100°0
(L1)910°~
(0L)L10°-

(L)800°~

(6)620°—

(6)5L0°~

“~

,AFFVON0.0
(hL)HOL"O
(£1)060°0
" (615070
(21)560°0
. (6)650°0

(eLyoti°o

(0L)190°0
(21)LL0°0
(£1)180°0
© (019900
(6)210°0
(6)810"0

© (6)050°0

Amrvnpo.o (LIHEL"O .(6)9L10°0
(21)680°0 (£1)0L10°0 (oL)rego
(£1)860°0 (21)r0L0"0  (OL)HSGE O
(£1)08 0 (01)8610°0  (6)nLgw"0O

(6)in0°0 (LI)ELBO'D  (8)898R"0
mFrvwmowo (0L)92nL"0  (8)6ESK"0
(01)240°0 (21)n90L°0  (B)LERE"O

g 2 z - A

(6)919€°0
(01)g28E"0
(ot)ngeE"o

(0L)ELRZ0
(8)nSLL"0
Aowmmmm.o
(6)£L26°0-

=176~

(0€)d
(620,
(8232

(L2)d
(9212
(82)

(#2)0

+

+




-

(E)L1070  (£)020°0  (MBLO'O  (h)LS0°0 7 (R)890°0  (S)60L°0  (E)200E'— (S)LEEL"-  (9)80S0°0 (OL)O
onmwo.J = (9)Eo00°0 (LLYLSL o n:vmmo.m (2L)S12°0  (EL)942°0  (m)tiim—  (6)088L"~ (L1)n620°0 Amyo

) Aquoc.o (L)LS0°0 A»vmmo.o - (9)e60°0 (9)LLOT0  (21)Sh2°0  (1)8920°= (9)2£00°L- O00L)L89N°~ (8)0
(8)990°~  (L)tn0°0  (L)L90°- no,vwbr.o. (6)rst70 (8392170  (9)1910°- .Amvmommu-, (8)nE6E*-  (L)O .

- -

($)010°0 (1)S6e0°0 (S)LEOTO  ~ (9)00L°0 (L)9EL0 (8)LL0O°0  (t)GH90°—  (LIEL9B"~ (9)1BIS'- (9)0

(DLI070 (MRE0TO  (M)220°0  (S)Z60°0  {mG0'0 . (SH)I0L°0  (WL6Z-  (9)2'~  (9zMmi= ()0
(ELL™=  (6)LOL'=  (8)260°0  (6)8LL°0  (8)Sni°0  (2L)n02'0  (L)9EL2"- Nmymmbm.n (0L0ig0"= (WO 4
(ZL)20L°0  (6)E60°0  (0L)2qd*= (En622°0  (REE2'0  (6)2ni'0  (B)LLL2'~ (21)aleb'~ (LL6ROL'- (£0 =
- {w)oco°- A:vmmo.|\ ($)os0°0 (5)690°0 (9)h2L°0 (9)02Lt°0  (m)pELE - mmv%m:c.l (L)yigeL*-  (2)o )
Amvnmo.l hmvmoo.o (1)eLo°o (9)660°0 (9)28L°0 (71)090°0 (mygne€-~  (L)Sn69°—  (9)2L€0°0 mpvo .

(ZL)ROSO"U  (L1)8820°0 (21)0S20°0 (#l)LL90°0 (H1)9690°0- (R1)2€90°0 (21)690ZE°= (91)1n920L "= (61)50000°0 (£)1D
(0L)L900°0 (OL)S0LOT0 (01)8600°0 (EL)2290°0 (11)2050°0 (ZL)IEES0°0 mvapprmo.| Amvuarwrm,: (LL)ESOLE - (2)1D
(0L)0900°— (0L)9200°0 (LL)HL00 = (LL1)1280°0 (EL)BLGO"0 (EL)8090°0 (oL)6€80E° - nmCNwwmo.l (BL)LROLO™— (L)TD

(R)L200°0  (R)nZ00°0 (w)Lco0’0 AmvnMNQ.o (9)hhe0°0  (S)6t20°0 09L°~ (9)e8yn0°- hGl = 40

mP: ,N—: . mm: - mN: F—= T2 m ox WOLY

2

N .




" (€)600°0
(1)21L0°0
(#)l20°0
(10200
(€)E00°0
(€)200°0
(n)€20"~
(t1)820°~
(t1)XS00°~
vamoo.l
(2)100°~
(2)500°0
(2)900°-
(£)5L0°~
(n)LEo0

(gL)yone"o

€2

(€)r00°0 .
(tr)800°~ ‘
(t)go0°~
(E)ELO"-
(£)20070
Amvmro.o
(7)900°0
nnvFN@.o
(h)LE0"O
(€)6L0°0
(2)500°0
(2)000°0
(2)L00° -
(£)0L0"=
(t)2E0"0

(6)880°0

.

£t

(€)800°0
(1)0L0°0
(6)500°—
(1)200° -
(£)600°-
(€)100° -
(f)GL0°-

(1)900° -
(7)R00°0
(€)200°0
vapoo.mf
(2)t00°-
(e)Lo0°-
Amw:mo.o
(h)e€oo

(8)8E0°0

(1)LE0"0
(S)En0-0
(Q)ERO"0
(M)LE00
(€)520°0
(7)6E0°0
(h)05070

C

(5)650°0

(£)690°0

(7)2s0°0
(£)££0°0
(£)950°0
(£)6£0°0
(h)290°0

(g)loL 0

(6L)GHE"O

(1)620°0
(1)2S0°0
(930L0°0
(9)L90°0
(1)840°0
(f1)SH0°0
(5)650°0
(9)L80°0
(1)2h0"0
(h)820°0
€E)LED O
(£)1£0°0
(E)EE0-0
(1)€80°0
(6)060°0
($L)Gh2 0

“en

anpmo.o
($)6€0°0
(9)8n0°0
(S)trG°0
(R)€€0°0
(£)820°0
nmw»mo.o
(4)090°0
(5)£90°0

(r)Lw00

(h)anwe -
(h)enot -
(n)hegE -
(n)es9e -
(€)9¢€0€ "~
(E)tn6e -
(n)E9nE -
(n)EoLE"~
(h)2s92°~

(h)6ELEZ -

(8)Le0°0 (L2)92s2L"-

(€)920°0 (92)649H2"-

(€)0€0°0 (Le)stéee -

(t)nl0°0

(7)2L0"0

(eyigsn°-

(h)oLgE "~

-

(§)220L°0
(9)EnnL 0
(1)2180°0
(L)6900°-
($)05480°-
(S)Lent -
(9)lnie -
(9)€50€ -
($)861€ -
(5)G9n2" -
(8)6260°0
(7)2010°0
(h)0ggL "~
(S)8L9h -

(S) Lh0"~

(LIE60°0  (B)SLLE'= (OL)OLEO"—

14

(6)99.2°-
(9) H6EE "=
(L)909¢ "~
(9)L12e -
(S)0852°~
(8)€goe- -
(9)2612°=
(9)689L°~
(L)660L°~
(9)E00L =
(t)9061 "~
(h)oon2"-
(ByLLGL =
(5)6LGL =
(9)0050° -
(8)682L°0

(01)2

(632

(8)2
(L)2
(9)2 )
(92
(1)2

(€)0

-178~

(2>
(L)
(EIN
(2N
(LN
(11)0
(zLyo

(Lo

HOLV

Sl S e R RN ' Y



(£€)L00°0
(£)010°0:
(£)000°0
~ (€)n00°-
(h)01L0°=
(h)900 "~
(h)h00" =
(€)900°~
(2)€00°0

(¢)t00°0

(h9€00°~
(€)€00° -
(£)000°0
(€).Loo0°0
(1)8L0"0
nmvNNo.o
(7)020"0
(1)100°-
(2)600°0

(2)eo00°0

(&)200°0 AMMVeoo.o

(n)810°-
(f)yieo-~
(8)oL0"-
(1)900° 0

(£)L00°0

(k)2L0°0
(f)0e0°0
(9)910°0
(1)220°0

(£)E00°0

el

(1)910°0
(7)600°0
(€£)100°0
(£)5p0"-
(1)0L0"-
(meLo-
(1) L00°~
(£)200°0

(2)900°0

mmvmoo.-_

(g)eo0°~
(r)900°~
(tt)too"-
(?)500°0
(m)&io’o

(£)5007°0

Nr:

(f)ego'o
(1)2€0°0
(1)i20°0
(#)0€0°0°
(5)950°0
($)250°0
()090°0
(1)8€0°0
(£)120°0
(£)h20°0
(£)120°0
(r)9t0°0
(9)150"0
(1)5L0°0
(9)650°0

(#)S€0"0

%3

d

(1)8E0*0
szmzo.o‘v
(f)L20'0
(£)g820°0
(n)9€0°0
(S)6r0°0
(f)LEO"O
(f1)9€0°0
(£)geo- o
(£)920°0
(£)820°0
(n)Lho*o
(S$)090°0
(4)gE0°0
vammo.o
(t)9€0°0

>

NN:

(S)Ln0"0
(9)Ly0°0
(1)950°0
(71)0on0-0
(n)g€o-o
($)250°0
($)010°0
()L20"0
(E)LEQ"O
(€)920°Q
(£)2€0°0
(R)EHO"0
(S)tn0 "0
(6)950°0
(6)LS0°0

(rn)weso-o

(7)L250°0
(1)69€0°0
(£)9L20°-
(7)SES0°~
(1)0610°~
(7)2050°~
(mogLL -
(1) Lshl =
(£)h69L "~

(€)9¢L0°~

(£)8s6LL "~

(7)£650° -
(S)8un0 "=
(S)EL6O"~
(9)9n9L -

()9l - -

<

(S)néhtL =
(9)e9lt =
()09t *~
(S9)L69L°—
($)LEee -
(9)9€€2" -
(5)8681L -
(S)LEEL -
(##)S800°0
(1)0£60°-
(mytieLs-
(5)6L2L*0
(9)9922°0
(9)4582°0
(9)%642°0

(S)egest o

(9)5050°0

(9)1950°

(9)ezit -

(9)geege"-.

(9)€582 " -
(L)nE6E -
(9)9LEn"~
(SS9t "~
(1)8800°-
(n)9L90" -
(n)eegé--
(9)8hG1L "~
(L)20oLt "=
(Lgiez -
(Ltige -

(S)6EHS

(£2)9
(ce)d
(t2)o
(02)2
(61)9
(8L)3
(L1)D
(91)0
(9N
(SN
(h)N
(51)2
(hi)d
(EL)D
(2L)d

(L1110

WOLV

-179-




<

~ (£)800°0
(nyLioo
(n)200°0

(t)200°~

- (£)£00°-

H806 "~

./ (£)000°0.

(£)800°0
(9)Le0°0
(7)0L0°0
(1)800°0
(£)L00°0

(£)200°0

‘ﬂme—o.J

P

el

P S MRk

g

ot PR
AT VoAt oy L S w0 4 A

1 7

(£)500°0
(R)LLo"=
(m9Lo-
(€£)e00°-
(£)£00°0
(€)100°0

(1)6.10°0

cl

rs)

(%)0E0°0
(9)tL0°0
(9)€90°0

(8)950°0

(f)0r0°0
(R)L20"0

(n)S€o00

(h)SK0°0
(5)650°0
($)970°0 -
(h)7E0°0
(£)420°0°
(£)0£0°0

(1)080°0

(f)ER0°0 -

(S)NE0"0
(5)6€0°0
(1)8€0°0
(1)420°0
(MEL0°0

(1)€EQ°0

R e I

e RRY R

(nygzez’ -
(s)s612°-
" (s9n9L°-
- () L190L "=
Amummpp.-
yanwomoﬁ-

(1) 95607 0

(5)8090°0
(9)8L0L°0
(9)9280°0
(516200
(5)2L00°-

(S)LLgo"-

(5)69§0°~

(9)S£10°0
(9)28L1°0
onwﬁmr.o
(9)90LL0
(8)L690°0
(S)0LED"O
"(9)sl60°0

(0£)2
(62)2
(82)
(129
(92)9
(s2)2

(4230

HOLV




. . .
Amvmoo.llv qmvmow.o (€)230°0 - (n)6t0°0 (r)2s0°0 {(r)oh0" 0 (n)Sneg - Acvwmmm.L (8)6%20°—~ Aomw - .
(g)eto’ - - Amvoco.m (€)gt0°0 | (t)6E0°0 (n)Lno°0 ()20 0 (S)028L°= (9)6LL5°— (8)6ELL'0  (9)D
(1)900° - (#)200°0 - (#).L00°0 (S)rs0°0 (h)650°0 (f)940°0  (S)L66L'— (9)eesn"- Amumpmw.o nawu /

y (W220*= (1900~ T (m)010°0  (S)€4070 M (S)€90°0  (WILEO'O  (9)LhGL'= (L)120G"— (#TsL8E"0 pﬂmvo .
(h)020°~" (1)600°- (71)610°0 ﬁmvao.o S (9)918%0 (1)8E0°0  (9)E269°-  (L)L609°-  (B)LLSE"O  (2)D
(11)200°0 (£)€00" - (#)220°0 Amvwoo.o (s)190°0 (R)EHO" O\ - (S)LLB9 0  (L)EEOL'O  (B)EwO2'= (L)D

(92)0100°~ (9&¥LL00" - (62)8nl0°0 (€)6n0°0 (£)880%0+ (£)2£0°0  (M)NEBS'O  (G)089L°O (95820 (H)N _W

Aowvmmoo.n (92)hE00°— (92)ESLD°O (%)050°0 (€).L€0%0 (£)6£0°0  (n)SBOL°0  (S)8E26°0 (9)808E°0  (E)N 0

(52)6L00°~ Ammvmmoo.|~ (2)st0°0 (£)2no" o (€)6£0°0 (E)RE0°0  (H)REOB'O  (h)9999°0 (LISL"0 (2IK

(92)1200°~ (G2)ELO0°— (92)9510°0 (€)9r0°0 (€)tr0°0 (£)2£0°0 (R)BhEZL'0  (S)2L89°0 (9)Ln80°~ ﬁrvz

(LL)GEL0*= (LL)8l2o = (LL)Lw20°0 Amﬂvwcmo.o (h1)1690°0 (EL)ERY0T0 (91)S99L00°0 (61)28461°0 (S2)nl6LE 0 (E)TD
(oL)€Leo"= (oL)snio = noﬁvaomo.mv (EL)L690°0 W(2L)hE90°0 (ZL)LL90°0 ﬁmﬁvooanw.o (81)98E9€°0 (E2)nLLLLTO (2)TD
\ (6)E€00°0 - (6)0000°0  (6)6120°0- (2L)6£90°0 (11)5250°0 (0L)09KO0°O0 (w1)E9L29°0 (LL)ENLLE"O (12)91680°0 (L)TD

(S)n900°=  (9)8000°~  (9)29L0°0  (9IEIN0°0  (9nLnO"0  (9)61E0°0 (8ICELLLTO (0L)26918°0 (2L)EELINL O 43 :

£z £ 2L € 22

n by Tz § X WOLV

.o GV 914q8lL , ’

-~ -~ - »



Y

i -~ -

(tyLio°- (S)8€0°~ (R)0L0°0 (9)8LL°0 (Hvlo°o (9)82L°0  (9)29S99°0 hovummz.o.hafavmnow.o (&0
(s)990°~ (k)820°~ (9)180°0 (r)Llo"0 (L)s8L"o (9)82L°0  (M89NS'0  (LISRRE'O  (6)L06L°0  (L)O- -
(R)EL0"— (m)wlo"— (M)6L0°0  ° (S)LEO"O (h)SHO"0 (M0S0°0  (9)9989°0  (9)h269°0 (8)nill*0 (02)2
(n)820° - (h)oLo"= (n)s€o°0 \Amvmmo.o .nmuwwo”o ($)490°0  (S)6SSh°0  (L)B099°0  (6)SE52°0 Ampvo:
(h)nc0"- (h)100"- (h)hh0°0 (8)LS0°0 (9)080°'0 (6)690°0 (S)19Eh°0  (L)9LOL®O (ot)ogin-o Awﬁwu ~
(f)rQ0 "~ (n)500°0 (71)0€0°0 (5)850°0 hmymoouo (1)LR0° 0 nmvw_mz.o (L)L68L°0  (8)2205°0 (L1)D .
(£)000°0 (£)200°~ (£)s20°0 (#)E€RO°O (1)ERD°O (f)2h0°0  (S)6LLG"0 . (9)9LLR°O mwvomrawo (o)* )
(£JL007=  (©)mOOT=  (£)020°0  (M)9MO'0  (MBHO'O  (MNEOTO  (S)92E9°0  (9)L806°0  (L)26Br70 (S1)D &
(n)Lo0°- (€)100°0 (f)520°0 (518500 (5290° 0y (1)8€0°0 (8)RP29°0  (L)2EL6O nmwamwo.o. (h1)0 mw.
(19007~ (mM600*=  (MOL0'0  (8)5L070- (5)290°0  (M9E0°0  (9)9089°~ (L)09S0"L=  (8)2eLL'- (EL)D
(mtee - (1)0€0 "~ (#)210°0 (9)€80°0 (S)9%0°0 ($)290°0  (9)2MEL = (L)62L0°1=  (6)NE09 "~ (21)D -
(mio°~ (h)600°~ (161070 (§)650°0 (9)950°0  (1)250°0  (S)0L9L°~ (L)G900°L-  (8)68ER"- (L1)D
(MrLo"=  (£)010°- (f)£20°0 (5)$50°0 (1)2%0°0 (r)9R0°0  (S5)66€8°—  (9)8L99°— "~ (8)i1€62°~ (01)D i
(h)Lio™= (t)Lio*- Af,A:v=mm.o (S)rG0'0 (6)990°0 ($)950°0  (S)LL6B™=  (L)LLGS'—  (6)S€62°~  (6)D
(ME00™~  (W600°= / (MEEO'0  (MLO'O  (£)8S0°0  TSIL90°0  (SH0LL6'= (L)ZESh'= (6)19sl°= (8)D - \
(h)900°~ (f)2o0°- (%)820°0 (1)680°0 (8)2s0°0 ($)990°0  ($)0288°— (L)i8SH =  (6)L120°= . (L)D -

£z, . €1 ay - 5, 2z, ™ . £« oLy

\ . 7 \ .
. ! ; S . J
R R ) ) k\\\ . JA
B n & . ,



(E£1)700° -

(£1)6£0°—

///////4////{ (9L)9EL°0  (n1)BE0"O

r

5

‘
£

< (£)800°-—

I £2)100°0

°

(oL)e20"-

(al)Lol -

(01)010° -

(9)0h0 "~

(LhLc-

(H)ELO"O

(€)900°-

(E)n00°-

(g)ynoo*o

(8)590°~

(L}In6o°-

(01)S80°0

\ (L)L6O"~

(g)ono"~

(r)800"° -

el

(ELYL6D 0

[

(EL)6E0°0

T (€)ER0"0

(7)ono°o

(2)920°0

Arx\bmpxmx (6)LiL0

(8)1L0°0

mmvr:o.o

)

(9)€00°0
(9)L50°0

(1)990°0

L

) . <
3 - . t
o , (2)L0°0  (9)N0670  (9)8GE°0  (8)LLO™T  (LIH
. .vawowouxxxowvomm.o (9)60m°C  (8)262°— (MH
o @s0to (9950 (Dm0 (-, (b
;- . » (210°0  (5)059°0  (9)0H9"0 mmevmmz.w (DU
_ (2)0°0 (§EE9°0  (DHIL'0 (DL~ (DH
(8L)8HL"0  (SL)0LL°0  (SL)OLL"O mmmwmmmdﬁm,:hwwwwmvr.o/ Azmvmoo:.m (8)0
mmrvmme.o Ah—vbmﬁ.o .Aoﬁuorr.o (9L)h630° - Amrvwmhm.o Awm¢m#MN/l// (v)o
(1)490°0  (1)890°0 Amvmop.m (1)HnS00°0°  (S)2ees 0 Ammwppp 0 (10
(R)8LO*0  (#)L90°0  (S)ESOL°0 /wmwwomm.o amNmmmo.o,..«pvowmo.o (o1)0-
08500 (E)1S0°0  (£)950°0  (£)9LW8*0  (M)OOLETO  (9MMEG'D  (6)0
(6L)L6E°0 (0L)sLl"o T.(8)2oLL"0 \A:vaomp.o (RL)BLSE"O (8)0
(BL)ILE'0  (9)260°0  (0I)LE@0 (21)6220°0 (0L)OOLE'0 (SLINLLE'D  (L)O
(hL)9Le’ o (ou)neL-o . Arru:me.o LMﬂﬂwoOmow aermmMW.o (9L)E0NS°0 novm
(6)L6L°0  (LI6ZL'0  ()6LL'O  (L)BRLO'-" (®)EOTL'0 (ZI6EEZ'0 ()0
(8)2Li 0 (11)182°0  (1)090°0  (9)8589°0 (OL)LEEE'O  (8)2900°0 (MO
(S)L0L°0  (SH9LL"0° ;mewmwp.o txmmvwmm0wo (9)0582°0  (8)18€2°0  (£)0
A ., ‘

€€, 22, .,mmrcwa 2 £ x  woLV

- o ' .

/!

1
m
.
-
1

-

0




~on

y - \\ = -
- ' s . ¢, 4
/o ’
»l . v - . !
. ’ .
L ! -, ) "o ‘ “
7 -
P / M ) . ’ ) )
P o T,
» - - B
, " . .
. 4 . -
/ . : . - . R R N
B
. - : - " *
N - . - ‘
. ¥ i - s "
. M «-v
~ i . ro.
- 1 . -
/ i . . e ’
v [ J
v, .
. - N < . i
\ .
s -~
s .
o . ;" -
. A ’
i s . B
» . , / =
-,
‘¢\ e ’ *
.
- a 7 ‘
s s -
: v - . -
- - -~ v’
~ . P
. -~
. & .

.
1
r . 7 . - s N s
B . - 2 -
. + - Ul
B R -~ & ~
- . . . .
. s .. +
. AN
. . N
7/
i - r
a ¢ - —
. J s -

(2)80°0  (9)€55°0

(2)60°0

(2900

. :) 7 - _ £l
- K LN P '
R ] \ .
. ) - - / - - .\\.
- ) i - - ’ N
« . . 2 - N !
s Ay
; - T ., . :
- N - .
. N N )
y 4 K
) . - R . V4 - N . |
\,/ NN 4 - \ oL
NS o S PR "
U o~ . . . ! ,
PR .t oy
V. L AR ] ' V
: . i~ - -
1 y T \
LY ¢ ' vs/u . “ * [
N e s 4
“ 4
. ! - '
. ' ‘ , * T - ) -
: . P ST (600 (9)LLgT0

(L)929°0

(SIN6ED  (L)689°0

-

(mELh'0 ~ (S)E€8 0

(210°0  (1)085°0— 7 (5)096°0

(@n0%0
(2)90°0
(@200
(2)s0°0

4(2)60°0-

(2Y10°0

(1)699°0
(m98L°0  (9)90L"
(n)E1820
(MOEF0  ()Eq’0
n*v:mm.o
(n)696°0 . {91460

«

(5)856°0

(9)S89°0

Loaien

van«o.r

(8)080°0
(6)90z° @
(6)251°0
ouvmpw.o
A%LE:O

(9)928°0

(L0290
wﬁso%”o
(L)06E" 0
(6799€°0
Ahywo,ua

K2
)

=
e.

=

L]

-

1
'
i
Py
5
H



N - S S : . S .
. (8)620°~ . (1)500°0 " (@900°0. (6)S50°0 (0106070  (8)0S0°G _,Amvowmm.w (6)8502°=  (9)9n0S°= (9D
C (9)800°- - (L0K0°=  (L110°0 . (8)1£0°0  (L)ZEO'0  (01ING00  (LIEBSE'-  (LIMELZ'=  (S)06HE=  (S)D
. ,G.:oa.o (9Ero"= (9320070  (L)G20°0  (L)6E0"O _ (L)LE0T0  (9)098E°- .Atm.mmm.u (n)LELE" -
©(9)620°=  (L)800°0  (9)H00"-" .Apvamowo T (8)LhO"0 (81500 (LyR96E™- (L)L9Sh™- (m)62nn-
(L6070 (L)820°=  (L)L90°=  (8)10°0  (6)6LL°0  (6)02L°0  (9)SLOE"= (Lyzsse - (m)6S60°-
‘Awwmmo.o (8)250°0  (0L)9LL"0  (L)6SOI0  (ZLIELL'O  (LLILSL'O . (9)85687~ (8)nl60"- . (S)650L°-
*, 60070 (L)Szo’- 0000 .u:w,vumm.o.o Scmwm.o - (8265070 052"~ Aw:mmm....u . 000T- (Mo
(9)L207= (20070  (9)xlo3=  (L)SLO'0 (L6010~ (919070  (9)n98L*=  ()ELOS'=  (¥IE0B0"~  (£)0
#(8)100°0°  (6)9£0°=  (L)900°0° (LL)EEL'O  (6)0LL"O  (0L)0ZL'O  (8)L562'- (L)66S9°~ (62627~ ()0
T (mstot- (£)010°0  (£)L00°= . (1)L10"0 (1)6€0°0  (MHOROTO  (m)02mr'~ - ‘(W)OESG '~ (§2)&2n0E*-  (1)0
- %wvmmoo.- (8)8100°~  (8)0500°=  (L)OEHO'0  (8)4650°0 (62£0L070 (8)22902°= (BINEZEL"~ (9)L€2nE"~ (E)4d
- {91)9120°0 " 000°0 000°0 (91)0RLO‘O (61)OELL™O (11)2040°0 000" 006"~ -(BIEGHEL =" (2)4d
an@?.o.o\m 000°0 000°0 8:2:“0 ?.Smooo.m ANDO?O.Q 000°- @,o.m..w, (8)EL96E°~  (L)4d
' hwvmmmo.wm (L)LL00°0 .Apvoooo.o (B)r2e0°o . (8)1620°0  (8)6HEQ"0 nmww:,aa.u “ﬁmvwwwmz.w Aow,@mmw.w , 00
€2, / €L ,,L 2L, g, o w,mmm‘ Ly, z g s - wolv
, ‘ ~ | - ». o ' ? y. - ' ’ o ,' s . .. \\\\ i
) - ] o . cé.mzmw ‘. R e . T - o ...:. .
. L . .




. . >

AL (L2000 (9)r00-

I T (6)600°= = (58000
. (@eeoto  (Lmoc-
(LYh20°0 . * (1320070

. Rty
(1)600°0  (9)#00"~

>~ (@olot- (9)100°-
(6007~ (900070

, (L)2to"- - (8)100°0

T (wg00'-  (6)500°-

o e ’ (6)009°0  (01)200°0
T (e)g00°- (680070
(ot (®1io%o

: (LL0*= - (9)2L0%0
o ) mwvuwmhn .Ahw@qowo
- Amvmpo.w:.h‘mwym_o.o

© e ALt (L)910%0
A

N n.. /. &y
e .
B i - .

(9)500°-
(9)c00°0
(93700° 0
(9)800° -
Ahvm,o.m.
(9)L00">
onmoowW
(L)000°0
(6)600°0

(6)0£0°"~-

(8)9z0°-
(Lygeo"-

(Lo -

(9)100°0

(8)000°0
/

(Ly100°%0

&

Q2
-(6)090°0
(9)120:0
(9)020°0

(8)270°0
g

€)9£0°0.

(9)0£0°0

(L)8e0"0

(6)990°0-

(6)910°0

(L1)080°0

(01)540
(L)EE0"0
(8)hh0°0
(6950°0
(6650

o

vaW:o.o
Amvao.o.
(8 2fo-o
(L)GE0°0
vammo.o‘
£9)0£0°0
(9)fi€0"0
(9)910°0
(6)250° 0
7(6)L50"0
(8)11m0°0
(8)6£0°0
(6)£L0°0
ASOSJO
(01)980°0
(L1)L60°0 -

NN: |

(9)on0°0

(L)2£00

-

(L)BrO0

(8)9%0°

ﬁhvwmo.o
vam:o.o
(018000
(E1)L2L"0
(zL)yLoL o
nmuv@wo.@
(6)690°0
(L)2£0%0
(L)6£0°0
(69650°0
(L)920° 0

(Lynesn°~

S (9l6enT- (9)926hT= (MmLLLT= (12)0

(L)9LoG ™~

7
G

(8)608% "~

(L)sn6z ~

\ v
(h)gee0’-

(m9gze- -

 (8)9LLG"= "(L)ogiz = . ()Q6L"-

(LSESET-  (8)SESLT-—  (S)sglet-
(9)8601°=  (9)EG9L "= .szwmow.u
COIBELR'=  (L)GShZ'=  (n)SLE2"-
(8)660n°=  (L)E6LL™~  (S)6E6E"-
(8)9€2n°~  (6)818L°~  (9)0LER"~

(OL)S62n~  (8)009L°=  (9YLLgn =

Aoﬁv:mmz.m >.hwuﬁ@bo.n .Ammﬁaom.a.

. (6)LSOR»  (8)6219°~  (S)L6Gh -

(LYOSLE'= _ (BYHELE®~ _(h)6SOK"~-

(g)eele -
(8)919E°~

(8)2goe -

AOPWm—om;w

(S)682n° -
(51816~

(8)26hE"~ " (6)L2kat=  (n)60RS* -

* e iR T

Tenn < b T

T (220

(020
(6170
(8L~ - -

S
(91)2
(51)3
(n1)D
(E1)2
(21190
(1t)D .
(oL)d .

(60
(830 :
(L)D



(S)nio°-
(ny00"~
.\N:vwoo.o .
(m010°0
Wanumoovu
(s)€00°~
T (9)LL0°-
Tr)noo*o
- (9)E10°-
7(9)200° -
(8)100°-
(Lyg10°-
(9)610°-

(S)00" =
(20070

(9710°0

¥

(nylio°-
(S)800°0
(71)S00°0
(7)L00°~
(9)6L0°0
($)100°0
(9)L10°0 -
(9)010°0
(1)020°0
{9)920°0
(9)900°0°
(L)600° =
(L)h00°0
(9)100° -
(9)210°0
(9)610°-

\ﬂ. ’ .
(9).L00°'0
($)400°-
(1)6L0" -

" (9)e200°~
(9)900° -

(S)no0°-

(S)910° -

(h)}gLo°~

1)£00°0

(L)E20°0

(8)200°0

ﬁwvﬁpo.w

(L)rto*o

($2800°~

(S)S00°0 .

(9)900° -

Y

.

(S)L0°0 (9)290°0 (9)Er0"0 ,nqummm.-, (91908 (t)Sn92 -
(S)nlo°0 (9)ERO"O (9)180°0  (S9)HO9E"- .wovmmmz.u | (ny6eli -
(S)LL0"0 (9)410°0 (S)2£0°0  (W)0L9n"—  (S)SLLp - hmemrm.i
(9)8L0°0  (S)eno-o onnqo.m \mwvw@m:.- (S)LLIE - (£)8992°~
(L)eg00 (LYng0°o  (L)2%0°0 .Amvppoz.- (L)e9s9 =  (m)ngon°-
n@vnquo‘ (9)7n0°0  (9)820°0  (S)92LE'~  (9)n8S2'=  (E)2LEE"-
(8028070 (L)2S0°0  (L)9SO'0  (LIO6GE'~  (9)8925°- (nynLln-
(9)560°0  (9)9E0°0  (9)2m0’0 (S1L€in = (9)2666-  (n)1gEE =
(9)250°0  (938%0°0  ¢S)BLO"0 onow_nn- ’ vaozw:.- T (€)Le6E -
(9)2L0°0 . -(6)N%0°0 ﬁopvnwo.o AmwdzmeI (8)L0Sh°~  (S)950€°~-

(L)SE0"0 Ao_vawo.o; (8)150°0 ~ (L)€28L -

(L)0EQ O
(L)810°0
(9)620°0

(L)0£0°0

(L)940°0

(01)480°0
(6)690"0
(9)910%0

(9)L10°0

(8)HG0°0

(0L)8L0°0 CLYLLSL >

(6)8L0°0  (L)ille '~
(LYES0'0 * (9)2LOE"~
(9)6€0°0, - (9)219n"-

(9)€20°0  .(L)661h"-

—F: . - 2 M

(6)66ER°=~ (G)9€62°-

(6)EnLn =
(8)8h6€ "~

(9)980K "~

(9)69.lr*~

(L) h65h =

s R S T L T T,

(9Y00n2 "=
(5)5661 "~
(h)9sL2"~
.A:unmP,.w

-(h)L690°~

-

(OLIN .-
(6)N
w8)N
(LN
(9)N
(SN

(RIN

(2N
AWNVU
(82)9
(12)9
(92)0-
(52)0
(#2)0,

(£2)0 -

HOLV

e e T Wt " Srsne D T



-

(22)6£0° -
(L1)010°0
©(61)510°0
'(02)6L0%0
(6)120°-
(9)900°-
.ANVoho.o
(£)010°0
(1)500°0
(SLI)REQOO
Abmdmmﬁo.w
(81)0620°0
(111)5000'0
(£1)9200°0

€2,

[
{(h1)GL0" =
prymoo.q
(81)490" -
(04)200°~-
(9)800°~
(9)020°-
(L2)£900° -
. Amv:mo.o
(LL)L000°0
(6L)ERED O
(EL)2yo0° -
(21)6900°~

(2r)E000° -

L.

(n2)E60°0
(at)éLo‘o
(02)990°0

Ammvmwowu

(oLyito =

.ANV:_o,o

" (1)200°0

(£)920°0  (£)0L0°0

(1)2€0'0

.. t

.

(€2)LLL°0 (£)6L2°0

(L2)ELL°0  (02)19L°0
(0c)gnt "0 (62)Lhe°0
(02)HEL™ 0 (0E)LS270

(LL)BLO'0 (21)9L0°0

(9)110°0  (8)250°0
(8)6£0°0  (8)150°0
(meLio

(7)090°0 . (9LEL"0

($2)8661 0
NmPVNPFPQ
(£2)6LL"0
(L2yone-o
(E)9LlLto

(L)210"0

- (L)2€0°0

(£)8L0°0

(§)80L°0

(EL)0LL0°0 (£1)99H0°0 (SL)SSS0'0 (S1)0LLIO"O

(8L)9510°0 -(91)US50°0" (LE)6LEL "0

(SC)ELEDT0 (h2)2L0L°0  (n)SEZ"0 (22)6060°0

(412209070

(R1)CLO0"0 (S1)29L0°0 (LLIKG6HO"O (GL)28£0°0

(%1)6000°= (R1)0ZEG°0 (9L)BERD 0 (SI99LEO" O

13 ce

<3

.

—~—

lgyss20°0
(L)OEER"D
(L)0R8Z".0
7~vw>mu.o
(sjiLi070
(£)909i *0
(n€eEL 0
(31)26820° 0

(gLylLeesn o

(22)6L40°0

(LLyoLon o

(12)nsz o
(12)80EL°0
(1186010
(6)Lhnfi* 0

(6)nLle-o

(S1)SL6E*0
(LL)L6aR"0
(hi)L1ga 0
(91)0892°0
(01)96L9°0
(97,0080
(9)160L7p

(R)EBLO'O (62)96L60°0

(5)0G65°0

(1)9LlLL®0

(h)4g

(L)EBERE 0 (LLIBLSEL0 (HL)B26LOTO (E)g

(L1)290SE°0 (EE)EENGZ™0 (61)H6EQH"0

(8)CSR8Q 0 (92)6E46570 ($1)10292°0

(8)8890t0 (02)S0LER"O (H1)B2EQOL"O

,Awuw_wm_“o_nmpvzm_wm.o (11)S88ER" 0

_ a. _ -

(2)4d

EPEE

(SN

- ([)IN




(51)100°0
(SL)noo° -

ANPVMNo.n

(EL)i00°0

(€1)800°0
(9L)sL070
(51)800°=
(LL)®OO"O

(11)600°0

(gnyelo-
{EL)L00°0
(21)700° -

(z21)910° -

(hL)610°0

(51)500°0

(t11)800°0
(2LyLio*-

(21)120°0

(EL)900°0 - (2L)L20°0

(at)eoo~ -
© g

(Li1)210°0

S

(S1)420°0

v ‘ <¢ -
(gL)wio™-

(eL)so0°0

(21)200° =

(sL)61070

(L1)120°0

(rL)eLoo-

(€1)92070
(eL)900°0

(2L)010°0

£t

(h1)600°-

(S1)000°0

(frL)L00°~
A:PV§N0.|.
(LL)eno -
Aopvmznun
Anhvmmm.u
(etyglo“-

(2L)n00°0

’

(81)8L0°0

(913080°0

(h1)150°0
(91)590°0
(LL)LLO"O
(91)290°0
(£1)2€0°0
(h1)RhO"0

(91)gdlo*o

(§1)200°0 -(L2)L0L"0

(91)200°0

(eL)nLo’=

-

(€2)eeir o

(02yLoLt 0

(6L)180°0

(Le)oLL*o

(21)000°0  (§1)S50°0 (91)950°0

(8L).LL0°0

-(9LY€90°0

(L2)260°0

(et o

. (6185070

(hL)ERD"O

(91)850°0

(L1)250°0

(61)€90°0

(91)Ln0"0

(EL)RLO—"481)180°0  (L1)290°0

(gL)go0°0

Awpy%oo.o

2l

(711)550°0

(SL)nS0”0

(S1)9r0°0

(gL)gno°o

NNP

(91)250°0
(LLYE90" 0
(51)950°0
(51)190°0
(6L)E0L"0
(02)90L°0
(81)680°0
(81)160°0
(51)990°0
(hL)ERD O
(L1)190%0
(61)180°0
(91)650"0
(5L)LRO"0”

ﬁ:ﬁvzmo.h..

(61)850°0

i
. A |
|
|
a
(1)8600°~
(L)1L20°0
onﬁzoo.o
(L)L8€2 0
(102610
(8)919t°0
(L)SELL®O
(9)%2022°0
(9)€€22°0
(LyL8LL"0
(8)€€92°0
(8)1952°0
(899060°0
(L)9LLL 0

(9)8eHL~0

(9)wlee*o

(LL)6EEE"D
(8L)HEGE DO
(51)660°0

(L1)BELO'O

(9i)sLe0°0

(61)LLH0"0

(02)LLE0"Q

(91).i010°0

(h1)6684°0

(91)€98k "0
(9189610
(8L)6964°0
Aopvomoo.w
(9L)9t6k "0
(SLYywb9n 0

(h1)E061° 0

(2L)o0e8tw°0
(2L)L6an" 0
(2L)EE2s8°0
(etyreer-o
Aa_wﬁmwouo
ﬁmvvwmm».o
(n1)62€2°0-
(£1)6952°0
(21)5h25°0
A_ﬁvzomm.@
(21)98L"0
(hL)hBBE O
-(21)8619°0
(L1)8h6E0
A_vammw.o

(LL)n2Le-o-

(¥81)2

A<>+~U

Awoﬁvu, X

(velL)d
(Vi 1)D
(VEL)D

(veL)o .

1
(viL)o &

(Vo))
(V6)D
(v8)d
(VL)3
(V930
(¥6)0

(vr)d

(V13



(01)800°~

- {er)ator-

—~

[

ﬁoﬁwmoo.o

: (01)S00°0

(21)200°0  (11)h00"0

¢2L)€00°0  (Li)roQ"oO

Enlot - (21)h00° e

(21)500°-  (21)800°0°
. Aorworo.o (6)500°0

(21)600°0 ' (L1)nLo*~

. (0L)€00°0 . (8)ELO"-

(6)S00°0  (8)110°0
(0L)910°=  (6)n00°0
Y 101)800°-  (6)600°0

(6)S00°0  (8)600°-

nmv:ODWO (6)r00°0
(E1)600°=  (LL)9L0"~
(51).00°0 (RL)ELO" -

(0L)200°0
(L1)500" -
(cL)elo’ -
(Li)olo*o
(€LyLE0"-
(£1)800°0
Aorv:oﬂ.o
(21)010°—

(01)100°0
(6)900°0
(01)800°0
(01) 100" -
(6)500" -
(01)L00°~
(E1)900°~

(91L)610°0

~

.

(21)Ll20°0  (nL)uwo°0 ° (£1)2h0°0
(EL)OKD"0  (91)290°0 (2L)0£0°0
\ .

(n1)4€0°0 (91)190°0

A:Fbmnﬁ.o
(r1)950°0  (hL)LHD'0  (#l)SHO'O
(h1)2n0"0  (LL)8LO"O0  (S1)850°0
(R1)670°0  (91)ES0°0  (51)290°0
(2L)LE0°0  (21)2€0°0  (L1)L20'0
(RL)LKD®O - (41)2rO°0  (EL)SHO®O
{Li)yeno 0 . (EL)890-0 M—FVP:OJO
(0L)ERD®0  ~(41)160°0  (LL)LS0"0
(0L)1€050  (£1)2L0°0  (L1)SH0"0Q
(LL)6£070  (£1)690°07  (21)290°0
(0L)6€0°0 .Amﬁvszo.c ,Aonwmowm
(21361070 (2L)8r0°0 (11)250°d
(HL)EROTO - (LL)2LO°0  (h1)250°(
(9L)LH0*0  (22)LLL'0  (8L)L80"Q

£€,, , NN:, g
. - b

(9)0L00°0

(9)L£20%0

(€1)186E°0

(rl)igoe"o

(9)22£0°=  (51)LSSh"0

"¢9)6450°

(hl)1600°0

(9IREE0"= (9LISLZE0
(9)2000°~ (GL)LEgE 0
(9)1690°0 (€1)8592°0
(9Y9E€0°0  (h1)LLER"O
(S)0650°0 (2L)606€°0
(6)00852°0 (2L)HE00°0

(n)LLol"o0 (e2L)essn’o

X

(S)nofe°0  (2L)LE0D°O

(m)26RL°0  (11)859n°0

(9)0E61L°0 (eLyeesn°o

«(9)661L0°0 (9L)euwE* 0

(L)OS8h°0 (61)0061L°0
z &

(01)2888°0
(01)2626°0
.hw_vmwomfo
Arﬂhﬁaa
(2hyosiot
(21105660
(01)1906°0
(L1)nE28°0
(6)6509°0
(6)6£02°0
(8)0n6%"0

(6)9h1E"0

(8)H919°0.

(6)0959°0
.{21)9629°0

(n1)E2LS* 0.

(401)D
(d6)3
(€8>0
(gL)o
(€9)2
(89)0
(dh)0

(a1

(VLN

(VOIN

(VSN

(VRN

(VEIN

(VZIN

(voe)d

(¥61)9

WOLY - -

-190-

LN il




lnmvzco.l (6)0£0°0 nwpvwoo.o AonNmouo (dL)N

oL IR S e s

4 ~

~

(8)rl0"- ~ (6)700°0 (S)9LwL "0 (2L)992L°0 .ﬁmvrmmm.o
v (8)800°- = (L)E00T=  (8)200°-  (0L)NMOI0  (OL)GHOO  (6IEE0T0  (S)OSLHTO (LL)SHBO'®  (8)9282°0 @
Amvwro.o - (6)R1L0°— = (OL)XH0O0°— Aorvn:o.b Amrvmmo.w (LL)0%0°0 | hmvmmho.o (cLyézlL*o (6)6nn6°0 (89)N
(6)L00°~  (6)100°=  (6)8L0°~ (11)650°0  £11)0S0°0 (11)8S0°0 " (S)Llgn’o :Am_yopmo.o (6)€812°0 (gnIN
‘ 8:8..0. (4L)E00"0 (8)900°0  (6)920°0  (0L)2h0"0 (6)LH0"0 - (#)9880°0 (LL)KBOE*0 Qca.mmw.o (9E)N
,:;.Nmo.n (LY)RO0™= *  (8)000°0  (6)£20°0 (0L)ERO"0 ~ (01)250°0  (®)LLLO"O (LL)hh6E "0 (6)1508°0 Amm; :
y (21)800°0  (21)€00°- hﬁmﬁymmo.- (91)L50°0 ~(9L)1S0°0  (51)650°0  (9)2L9L°0 (S1)6L50°0 (21)6828°0 (802)d 1
(€1)800°0 (2l)900°- ﬁmrvmoo.l. Aorvsmo.o Awpvono.o (Gl)ego"o (9)eL9t°0 Amrvwzmo.l~ (2L)0948°0 (€61)0 mw
. Amﬁvo_o.ow (£1)100°0 «wpv:oo.o (91)250°0  (§1)6n0°0  (LL)E80°0.°(9)692L°0 (SL)n98Q" = (£1)9S68°0 (881)0
AmrvoFo.w .AN—vroo.l nermooho (GL)EGD"O (9L)0S0° 0. mA:pvmmo.o (9)900L°0 Amrwhwrowl, (LL)g8926°0 nwwrww
(21)900°0, (11)HE0°=  (L1)900°=  (nL)8HOQ (91)850°0 %mfvmmo.o < (9)160L°0 Azﬁvzwmo.o (01)2606°0 (891)0
(21)200°0  (21)200°=  (21)600°0  (51)BS0°0 G:ia.,,oA sz.mo.o 7(9)968E°0  (G1)€99L°0 (LL)LSOE"0 Bmmvo
(€1)90070°  (€L)n00"- (£1)500°~ (LL)SLOT0  (SL)6RO'D  (m)iS0°0  (L)S206°0 (G1)9692°0 nmﬁvmwmm.a (gnt)2
Amﬁvoyo.c (2L)L00"=  (#L)ROO™=. (91)850°0. (8LY6LO'0 = (G1)250°0  (L)S2hh 0 (LL)0S62°0 (21)2L92°0 (8EL)D
. A,m:?wo..., (2L)6L0°=  (Z21)20070  (91)EL0T0  (91)0S0°0  (HLILKO'O  (9)069"0 (GL)E2LZ°0 - (Z1)E6E2" 0 Amm:u,
(2€10°- (00)800°=  (117500°0 (FL)9ROT0  (9L)LS0°0  (£1)90°0  (9IMESHO (SL)990L°0 (11)06hE 0 (8L1)D
€2 - .,.m; ) gLy £E, ee, by T g e S %+ WOV
,. - L : ’ ’ . ! n., < -
- : , . o ¢ - ] a , \, , .



¥ aad

(£L)L00"0
Amhvooo.o
€ELIE0O -
(el)gLo’-

(ri)910°0

(LL)L00°0
H1)0D0"0
(L1700~

(11)200°0

(1i)s00°-
(£1)610°0
(91)200°-
(91)800° -
(9L)nlo"~
{11)800 -

(oL)tto-o

€2,

o

(21)100°0

(21)000°0 -

(SL)L00°0 .

(0r)600°0
(E1)€00°0
Aoﬁumpm.o
(EL)LL0"0
(0L)t00°0
(01)600°0
(olL)Lo0°-
(Li)ntoo
(71)L00°0

{(71)L00°0

(§1)Lz20°0°

(0L)000°0

(6)H00"—

nmfvzpo.l
(11)010°0
SL)nlo°0°
(11)200°0
(51)600° -
\Arwvmoo.l
Ampvwﬁm.l
(11)900°0
(2L)110°0
(2L)ro0°0
. (£1)900°0
(8L)HE0"0
(9i)co0°-
(9L)R10°D

(L1)100°0,

(olL)goe‘o

(81)260°0
NomvPNP.o
(6t)80L°0
(EL)9170°0
(91)§50°0
(711)550°0
(§1)250°0
(E1)8€0°0
(21)220°0
(21)£20%0

/
(hL)9n0°0

(91)8r0°0 "

(81)0L0°0
(812190°0
(E1)270°0

(L1)520°0

(51)850°0
(91)850°0
(rt)0R0°0
(G1)ES0° 6
(81)280°0
(71)6£0"0
(81)180°0
(h1)SH0"0
(91)690°0
(91)790°0
(81)260°0
(€2)911°0 .
(22)0LL°0
(eyeLio
(61).Lr0°0

(h1)840°0

AmevmmOed
(LL)t2oro
(EL)6E0°O
(EL)GE0°0
(L1)elo"o
(2L)1E0°0
(91)690°0
(2L)L€0°0

(EL)9n0"0

(r)0so°0

(E1)080°0
(02)160°0
(91)190°0

(gt)elo o

(2LIHEO" 0

(11)820°0

(L)806L°0
(8)2622°0
(LyzLzz o

(9)h9€2°0

(L)2802°0
[

(9)hnSL*0
(9)699L°0
(9)hn2e 0
(G)LO0E "D

(9)910€°0

1

(9L)90€2°0

- (L) hehe 0

(51)85€2°0
(&l)egge o
(Ll)coEe 0
(nly99st -0

(LL)tl9E*o

(h1)e082°0

(51)9182°0

1 (51)9882°0

(9)9tnE"Q .(£1)8652°0
m\ 8

(L)ozgge" o

-(L)ZHEE" 0

(LyrRRE 0

(9)L8S2°0

(g)gese o

(0e)9c9e 0
(61)8052°0

(6L)0ERC"0

(nL)eese o

(n1)6252°0

(ct)zceon o
(11)G65H"0
(LL)9nns°0
(01)€180" 1
(EL)GSEL"L
(01)6210° L
(E1)2L60°L
(0L) L6570
(11)1928°0
(LL)88EL" O
(LL)6LL8" O
(fiL)00HB" 0
(EL)LISL O
(EL)Llool:o
(01)6889"0

(0L)L6S8°0

.

(281)2
(91112
(991)9
(951)2
(OnL)o
(D€1)5
(22130
(oL1)D
(901)9
(96)2
(08)0
(913
(09)2
(95)0
(o1

(2L)2

-192-



(11)21070

(8)500°0
(6)€00°-
(631070,
*(62100°0
(6)100°0
(71140070

(91)610°0

’

)
.
.

(6)220°-  (11)200°0  (21)950°0
.vamoo.n va,oo.u (oL)g€0°0
(8)200°=  (6)000°0  (L1)Ln0"0

ﬁmvmoo.o.‘ (01)600°0 - (0L)n€0"0

(8)800°0  (6)200°~  (01)8£0°0

(8)200°~ (6)600°= . (LL)LHO"O

(61)€20°=  (EL)LLO"- (91)690°0

(£1)910°~. ¥(S1)610&~  (LL)6LO"O

.

(#L)160°0
(LL)th0"0
(11)210°0
(€1)2L0°0
(21)050°0
(E1)650°0
ﬁwpvswc.o

(023801 °0

ce

(LL)€G0"0
(01)820°0
,(0L)LED"0
(L1)0S0%0
.ﬁorvmmo.o
(01282070
(S1)€90°0

(41185070

($)Z6LL°0.

(h)LEBL"O
(5)9852°0
(5)0952°0

(h)cleero

(5)0122°0

(L)shhl "0

(L)eisl"o

(hl)Hl22°0
(1L)89LE"0
(11)9052°0
(2L)6£02°0
(11)6092°0

(2L)59s270

(91)6202°0 .

(61)8602°0

(01)62L5°0
A9¢Sma
(8)5£09°0
(6)9E06°0
(8)€92L°0
(8)9608"0

(2L)E0LS 0

(EL)Llen-o

X

ﬁuw«z,.
(09N
(09N
(91N
(€N
(92)N

(00¢2)9

(061)0 :



