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A\
The cobalt(ll) and nicke"l(H_) coordination complexes of three 'poteniially hex-
adentate phthalazine'hydrazon;e liﬁands, obta‘ined by reacting l,4-dih);drazill(1-
p.hthalazine ( 'D}iPH ]. with™ an appropriate aldehyde’br ketone, have been investi-
gated, in which’ the varlable termmal donor substltuents mclude B-methyl pyridine— -~

[PMP) pyrldme (PPA) and N—meth}'l imidazole (PMI) groups. Studlea on ‘the annlyt-

PMPtn-u.n'.--N@I"- p:PA€ﬂ-CH,,R'-'I.H\>—Q>l M ‘"‘“"‘"_{:Jl . ) '_..-

o X
"’" ' . - ¥

ic,al,_'spect.ral,' ‘X-ray, and magnetic data of the complexes reveal that the ligands ja.re '_
able to 'for-m double p-ﬁriﬂged bimetallic complexes, in wliich two pseudo—o-ct-ahedral
metal centers are brought into close proxlmxty: by a. common phtha!szme Q:azme -
‘ bridge ds well as by the second either aniopic | ;muclear 2:1 ( metal: llgand ) specles ) .
. or another dlazme bridge | binuclear 1:1 derwatwes ] In the bmuclear 24 complexes
‘ . three m-plane coordmatlon mtea of the pseqdo-qctahgdrgl metal qente_r are .occupled'i,l'




. ' . T g .,C‘-'-.,l‘- ' -‘ . * T : “'-." /

by llgand mtrogen donors and the rest of the sites mvolve coordu?mted apions and .
ELET water/solvent. molecules., Two binuclear 2:1 chlonde complexes of the hgand PMP,
[Cog(Pl\«ﬂ’]Cl(Hzo).,]Cla 4H,0-and [Nig(PMP)Cl(HEO),,]Cls 4.5H,0, have been charac-

~
7zed by single crystal X-ray diffiraction. For the 1:1 compounds the six, coordina-

A T 10N sites are all occupied ‘by the nitrbé;zn atoms from.two ligands, All the complexes
o : Iy
/7 exhibit very intense metai to-llga.nd charge transfer absorption { ¢ > 9200

-

Lmol” cm’l ) in the visible reg:on ( 18000 - 21000 cm™! ): Vanable-temperature mag-

X netfc sus_ceptiblhty measuremqnts on some complexm indicate ant.zferromag'netlc
. ‘exchange between the metal ion centers. .
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M- CHAPTER 1

GENERAL SIGNIFICANCE AND PURPOSE

[

-

An important new dc:\'elopmont in the field of coordination chemistry i:‘i'lhl'
d'esign and synthesis of ligands capable of/bi{ding two transition metal ions. Such
sy stems include saturated monocyclic! and bicyclic® hexamines and_related
ligands3, cyclic* and acyelic® Schiff bases, ;;olycyclic cry[;tandsﬁ, “earmufls" T

“wishbones’ 8, and “face-to-face” 9, “capped" '°, and “crowned” ''porphyrins.

Of particu_l_ér interest to us is the use of binucleating ligands to fix two interact-

_ing metal atoms within a ligand cavity. The resulting bimetallic center rhay he

' -caghb‘le of binding substrates or-incorporating bridging ligands. Systems of thid -

type ma} have value (a) as models for metalloproteins and (b) as mediators of

multi-electron redox processes.

L]

1. 1. Binuclear Complexes as Models for Metalloproteins

There are many metalloproteins, o;' metalloenzymes, which™ possess fune-
tional centers containing two metal atoms held close together, less than 10 A
apart ‘and often less than 5 A apart!?. The metal atoms often share a bridgixiﬁ
ligand, or ligands;, and the pairing of metals may be homobimetallic or hetero-
bimetallic, The desire to understam,e nature of ih‘ese sites has led to the-u\sg\ pl‘

bimetallic complexes of binucleating ligands as speculative models for the metal

&

" edind



e

ot

environment. With time and the availability of more precise ini\orr‘nat.ion from X-

ray studies these have, in certain cases, approached corroborative status.

A brief description of the sites in selected bimetallobiomolecules is given

below. The molecules under discussion herein are the homobimetallo-systems
hemerythrin, hemocyanin and tyrosinasé',hand the heterobimetallo-species cyto-
chrome ¢ oxidase and superoxide dismutase.

A. Hemerythrin (Fe, Fe)'3

Hemerythrin has been designated an ‘‘alternative dioxygen ‘carrier”. It is .

present in the red blood cells of some marine invertabrate phyla notably siphun- -

cul:d warms. The active center is a pair of iron ato\fns about 3 5 ;EL m::l con-

talned w1thin a single polypeptlde chain. - '

¢

His?? N - G'“s" His54
N \ 40&5/ o,
/ N \
Asp106
His1o1 N . = N His2s

Fig. 1.1 Proposed iron site in oxyhemerythrin.

Ll ,

For the oxy form the structure in Fig. 1.1 has been suggested, in which the

-

b'muc?r iron ccnter contains a p-oxo bridge similar to that in p-oxo duron(III)
hY '
complexes. T

Bl L= =

e



B. Hemocyanin (Cu, Cu)l‘!.:l,b‘c '

Dioxygen, for Lhe’metabolism of arth"ropod‘s and molluscs, is bound and tran-
sported by hemocyanin. The active center is a pair of copper atoms capable of
binding one dioxygen molecnlle. A variety of studies indicate that the Cu(ll) ions
in oxyhemocyanin reside in a ligand environment composed of two or three nitro-
gen donors, a bridging dloxygen hgand and an endogenous protein bndge ﬁm

Cu-Cu distance is 3.55 A and each Cu is square planar or square-pyramidal ( F'lg.

1.2, a ). The bridge (X) is.believed to mediate the very strong (-2J > 1000 em™1)

antiferromagnetic spin exchange interaction between the metals which results in-

an essentially dia.rnlagnefic pair of Cu(Il) atoms!%?,

is393) (His230)
N .

C

Cy-=-2% o Gy

\ 0—O /
3§sa

e

N(Hia3ss) ) (His203)N

/ \ / \ Nower? / - \N . .

{b)

Fig. 1.2 (a) Proposed binuclear site in oxyhemocyanin. (b) The binuclear
site in PaEu}irus interruptus hemocyanin.

" |

Recently, the three-dimensional structure of Panulirus interruptus/ deox-
yhemocyamn, as the first membér of the copper-contammg class of

carrymg protems, has been determined by X—ra.y crystallography“‘. The struc-

. wa




*

N

' pounds will help to identify .the active site geometry and nature of this

endogenous bridge. Even when the structures of the binuclear copper proteins are ’

_k known from X-ray c.rystalldgraphy, however, well designed model compounds will

be useful to probe the fundamental differences in their functions.
- ‘ 5 I - Il’l;
C. Tyrosinase (Cu, Cu)!*-4 i
Tyrosinase is aw‘Cu_icon%.aining mono-oxygenase found in many different

micro—organisms plants, and animals and- is capébfe of catalysing the o-.

hydroxyla.tlon of monophenols and oxxdatlon of o-dlpbeno]s to o—qum . The

' 'bmuclear site contams antlferromagnetlcally coupled Cu(II) pairs. The structure

-representatlve of the metal centers has ‘been proposed as shown in Flg 1 3, a

OH, OH, oW, . -

Hz,
\\T |/ \|/°_° NP e
N/\/\ /\/\

i rnet(rullng] oxy
. {(a) g
H;? ?"z J , IL:‘ ?n,
. I.“"""Cu.-' \Cu/" " wﬁ? -
W BN TN A }ﬁ"’ka/\."‘ﬁ'\
_Ooxy ; ’

o (b' v '

- Fig. 1.3 [a.) Models for the. bicopper-site met(restmg) and oxy- tyrosmase

(b) Proposed mechanism of phenol h)droxylatlon and oxldatlon
to form o-qumones by tyrosinase. -




. : 4 _ .
A detailed study on competitive inhibitor binding to tyrosinase ¢ has led to

a structural mechar;l?:n' for the functions of the coypled binuclear Cu(ll) active

site in monophenol hydroxylation reactions ( Fig. 1.3, b ).
- ) ]

D. Cytochrome ¢ Oxidase (Fe, Cu)'®

Cytochrome c oxidase is a complex enzyme which contains two heme units,
\ low spin heme, and high spin heme, s, and two Cu(ll) atoms. It is located as the
terminal component of the mjtochrondrial respiratory chain and has the impor-

-

tant role of catalysing the rapid, four-electron reduction of molecular oxygen to-
water. ‘ _ . ' \

.
]
1

_ ©In ghg oxidised form heme,3 and Cu, 3 exhibit propertiés which indicate that.
‘ the two metal}:ehi:ers z;re strongly’ antiferromagnetically Icoupleld, Imakling. the'two -
« T tnetals EPR invisible, and reducing their magnetic susceptibilities (the c.x'chaﬁ-gé

g, co;]pling cbns'f.-ant, -2J, of > 400 em™ for the oxidase). The heme;a aﬁd Cu,g '

i T o were therefore assumed to be in close proximity and linked by a ligand which

£ N

. 0 4%

o, ep ‘--103-' N_Q
3?55 ‘e

|

ii_ Heme a3 Cuad
1

1

S(N,0)

S - Fig. 1.4 Proposed active site in cytochrome ¢ oxidase.
| ) =

Sy

\ ~ could medlate any magnetm excbange Several potential links have been proposed

( e.g., imidazolate, carboxylate. and oxo-bridge ), but an oxo—brldge was prPferrcd

‘

<§’

B vy | .

gt 4 . 3 ' LR
P, 25 9 x T
TEUALLITE B LT Sl ) d



’ .
t as a working hypothesis for the site'®, A detailed investigation was concerned,

with both metal centers and led to a proposal for the fully oxidised heterobime- _,

tallic site!” {Fig. 1.4). .

- ..

E. Cu-Zn Superoxide Dismutase [Cutll), Zn(I1)]'®

Superoxide dismutases are metalloenzymes which combat the potentially
toxic eflects of superoxide ions, formed in one-electron oxidation.reactions involv-
ing molecular oxygen, by catz';lyising _thé;dismutation of the anion to dioxygen and

hydrogon pergkide. The-protein cohsi'éis of two identical, non-covalently assocl‘\( :

ated subumts in each of which the~metal binding sntes are near the ends of a

- cyllndrlcal arrangcment The esscntlal features of t.he metal binding region are

shown in Fig. 1.5. -.
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Fig. 1.5 Schematic representation of the bimetal site in Cu-Zn superoxide -
dismutase. .

\
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Tﬁe Zn -aiom plays a structural role in which it helps the protein to preform

the coordination em'lronment. around the copper, and the copper is the act ive Te
catalytic center. Zn can be replaced by Cu to give the active “‘four-copper” form, —~~ .
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CuyCu,SOD, which has also been studied in some detail®.

4

The upshot of “these brief discussions above all is that synthetic binuclear

Tre——

metal complexes act as appropriate modelq for natural binuclear metal centers

when they mimic some chemlcallphysmal property of the biosite, thus improving

our knowledge of it. While it is a truism that synthetic systems are unlikely to

replicate all the properties, physical and chemical, of the metslloproteins, it is

~

-
study of model compounds.

also true that much can be learned about the chemistry of the active sites from a
® i '

A considerable effort has been directed in I":recent years Loward the synthesis
of hgands capable of holding ton metal |0ns,l elther the same or different, at
separations ( typlca.ll) about 2.5- 6 R) which ar9 s‘{lb j ect to- control by appropn-
ate modification of the molecular topology. Although the imitation of the fu ne-
tional roles of the biosites is currently not at a very well-advanced stage, the first

steps "have been taken along the path, especially in the area of homobinuclear

Cu(lI) chemistry.

Ligand rriodiﬁcation‘to alter the properties of the binuclear site, and
preparation of new mixed-metal complexes, are expected to open new areas of
modern chemistry. An. apposite concluding remark can be found in Jean-Marie
Lehn’s review® “how promising the future of the .chemistry of these sys'tems

appear and how much' it gives room to the creative imagination and experimental

skill-of the chemist ”".




1. 2. Binuclear Complexes as Mediators of Multi-electron Redox
Processes

The second area in which binuclear complexes may prove to be useful is the
mediation of redox reactions}in particular multi-electron processes. Regctions
"involving an n-electron reduction or oxidation could be accomplished in theory

using n l-clectron steps or one n-electron step. In practice, substrates such as O,
> _

and N, are difficult to reduce in single-electron steps since the intermediate

f %
species are high in energy. The reactions would be thermodynamically favoEr-

able, however, if the required electrons could -be -transferred in a concerted pro-

-

cess.

-

Eleetroc'hemlcal studies on a dlcopper cryptate have shown that weakly-
, m;erac't‘;ng metals in a binuclear complex can act independpatly to transfer two
electrons at the same pot.entlalﬂo The reducnon of dloxygen by a_binuclear
“l'ace-to-face porphyrin at an electrode surface has been reported®. Particularly,

L]

it is well worth singling out the latter work for recognition.

~ In designing posSible O, reduction catalysts, cherrilists have been looking for
materials capable of delivering 4e, more or less simultaneously, to the O, sub-
strate at as positive a potential as possible. A _[nonqnuélear coﬁplex is highly
unlikely to eﬂ'ect sﬁch a i)mcess, which has thus led to tlhe preparation of binu-
clear llgands, capable ol' holdug two metal centers in a sujtable geometry so that

they may ]omtly bind 02 and, each metal center transferrmg 2e, carry out a.de

»

rocess.
P A

To this end, Collman et.al?! looked to biology and inorganic reaction

mechanisms for their initial catalyst. design. It is well undeérstood that.

- . . P

-
3
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C_\'tochl;;)me ¢ oxidase employs four metals, two at the oxygen-binding site ( a
heme and a copper ) to reduce Qs to H,O. Fyrthermore, iron(Il) porphyrins
decompose Ogl'hrough a mechanism invoh‘ing.two porphyrins aclingl'nn one Oy,
So they prepared a variety of porphyrin di;ners linked so that the planar macro- -

e . T, h - 2 - - . .
cycles and ‘their metals*are held in a “face-to-face’” orientation.

After a series of’%ﬁi’alions of porphyrins bearing functionaly zed a, 4-meso
alf-cyl groups, Collman et al?® in i980, found that when the Co-Co distance is
such ( 4 A ) as to permit formation of an.-O-O- bridge between the Co-Co
centers, the face-t,o-f‘ac'e p.orphyl'in‘ bound on a graphite subst.rat.c catalyzes the 4o
reduction of oxygen in acid electrolytes. Since tﬁen, 3d. transition metal chelates
have been widely studied as electroncatalysts for the cathodic rcductinnin_f Oy, -
Cléar]y, the bridging association of O, requiring the presenée of two Co centers
at the appropriate distance, is a crucial condition for the occurrence of 4¢ reduc-
tion. ' o : N

In principle, this 'c.ondition can also be fulﬁlle:d by planar chelates, containing
two Co-ions. Indeed, 4e reduction of O, in a planar coba‘lt c\cyﬁox ( Fig. 1.6 ),
[Coo(TAPH))(NO3)4, adsorptively attached to graphite in alkaline solution, was
reported by Yeager® iﬁ 1984. Recently, van der Putten et al*® reported that

[Co,(DPT),]Cl, is also able to reduce O, to Hy,O in alkaline solution ( Fig.' 1.7 ))

All these studies demonstrate that concerted multi-electron processes at
binuclear centers are feasible. Notable goals for future work may be the electro-
chemical decomposition of Hy,O to O, ( a terminal step in photosynthesis ), and

the electro-catalytic reduction of Ny to ammonia or-hydrazine,



Fig. 1.6 - Binuclear cation for [Coo(TAPH)](NO;), .
N2+ ‘7 ‘

v . “ Co Co.

[

Fig. 17 Binuclear cation for [Coa(DPT)a] Cly2H,O.

®

1

1. 3. The Objectives of the Project "I L .rl

The principal purposes of this present study are:

[fr' to synthesize coordination complexes of disubstituted hydrazinophthaiazine

ligands invélving Co and Ni salts, since: previous studies on the dicopper

complexes of such iigands have proved to be very interesting from the stand- -

L P%
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3]

point of their struetural, magnetic and electrochemical properties;

-

to characterize the resulting c‘npioxc‘s by X-ray crystallography:
to characterize the complexes by conventional physical methods, including
UV/VIS. Infrared spectroscopy and magnetic measurements ( room u-mporu;

ture );
dl

t?'o,évest.iga(e the spin exchange situation in the binuctear species using vari-

able temperature magnetic measurements and relate the exchange to struec-

tural parameters, e.g., geometry, bridge group etc., and compare such a

“study with similar studies on related copper complexes;

L
g
S
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HISTORICAL BACKGROUND AND LITERATURE SURVEY

In 1970 Rebson introduced the term “binucleating ligands’ 2% to describe a
r { ’ ;
group of compounds whiech were synthesized to be capable of binding and possi-

bly activating molecular nitrogen. The concept was that two metal ions should be

fixed at an appropriate distance, leaving a bridging position, to allow for the

enpry of the dinitrogen (Fig. 2.1). The complexes could then be regarded as

¢ 4
‘ geometrical models for potential nitrogen-fixing systems®,

Fig. 2.t Schematic representation of ‘the dinitrogen trapping by binu-
: cleated metals.

The study of nitrogen fixation, however, has evolved intosa fascinating area
) g o

of chemistry involving studies on multicentred metalloproteins and a plethora of

26

synthetic simulations®. Binucleating ligands and their metal complexes have

w0

therefore developed into an extremely iml')ort.ant research area. Although it is

\ tow dioxygen that is at the focal point, the original thesis of the activation of
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i 4
small molecules persists as a central theme.

The following review will briefly digcuss the evolutfon of binucleating ligands

and some physical/chemical properties of their transition retal complexes.

The term binucleating ligand was defined as “‘a polydentate chelating ligand
capable of simultaneously binding two metal ions” 2. Later, the definition was
refined to present macrocyclic binucleating ligands as macrocyclic ligands capable
of securing two metals ions in close proximity*. Since Robson introduced this
term, there has been a steady increase in the number and type (:I such ligands

synthesized. Their complexes fall, usually, into two general categories?®: ST

<«

(1] The first group consists of those complexes in which the metals share at least
one donor atom in species containing adjacent gjtes, in which the central
donory atom/atoms provide a bridge. The ligands giving these complexes

have been collectively termed ‘;C(')MPARTMEINTAL LIGANDS".

[2] The second class is composed of those complexes in which donor atoms are

not shared and therefore designated as “ISOLATED DONOR SETS".

Selected examples of these two types of ligands will be given below to illus-
trate the number and variety of binucleating ligands. It should be noted here that
the discussion will be restricted to the binucleating Schiff base ligands, both

macrocyclic and acyclic but with emphasis on the latter. 4 '
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~ 2.1. Compartmental Ligands

The ligands in this category ure mainly Schiff bases derived from 2,6- disub-
stituted phenols, B-ketophenols, and 2,6-diacetylpyridine in which the central

phenolic, keto-oxygen or pyridine nitrogen atoms can act as the bridging donor

-

atoms. These ligands chn be divided into two types:

!

[A] a macrocyclic forn), derived from a “‘242" condensation reaction.

—

[B] an acyclic 7 in which one donor bridge is removed. i

Selected examples of each type of the ligands will be given as follows.

Y

2. 1. 1. Macrocyclic Compartmential Ligands

L

A3

Generally, the macrocycles, such as 1%’ and 22°,=and their complexes are

prepared by three different strategies:

[1] A direct complexation reaction between a presynthesized macrocyclic ligand
and _the metal ion in solution. Ad_vantag&s— of this ‘approach—are that the
mv,c'rocyclic ligands may be isolated, p‘urif_ied, and characterized before the
synthesis of the complex, since the ptrification and charhcteri‘zation of an
orgaﬂic ligand is often more easily accomplished than those of a metal c0n.1-

-

. 29, )
plex =% .

2] * in situ " syntheses, i.e., a template reaction involving condensation of the -

‘precursors in the presence of the required metal salt?’;

[3] The synthesis of the macrocyclic complex involves the modification of the

ligand and/of the metal ion in the macrocyclic complex. This third approach
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is appropriate to the synthesis of non-symmetric species, and heterobinuclear

metal complexes.

Certainly, many compounds may be synthesized by procedures from more than

one category.

CHAO
/\/|\

¢ |

For the complex 1 with the counter ions Cl, high-spin behavior.( g = 3.15
BM ) was observed at room temperature but deviations from Curic-Weiss

“_behavior below 120 K were interpreted "as resulting from an ari't"iferromagnellio
X

ginteraction®’. From spectral evidence Robson <! al concluded that the two Ni(Il)
!

ions were square pyramidal with an apical coordinated chloride.

-

Robson’s macrocycle 1 has also been used to generate mixed-valence metal
complexes Co(I}-Co(I1)3°, complexes of metals in low oxidation states Cu(l)-
Cu(I)3!, and a..range of heterobinuclear metal complexes Cu-M, M = Co(ll),
Ni(IT), Fe(Il),and Zn(I1)**33, X-ray crystallographic studies have confirmed the
binuclgar nature of the homobinuclear species derived from 1. Interest in the
potential role of these compiexes in mo.c.lelling biometallosites has led to exten-

sive electrochemical, spectral and magnetic studies being carried out®'-34.

" The binuclear Cu(Il) complex 2 was prepared both by direct reaction of

bydrated Cu(Il) nitrate with the free ligand in ethanol and by an in silu pro-
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cedure involving 2,6-diacetylpridine and o-phenylenediamine in the presence of
Cu(l1) ions?®. Studies of the magnetic properties of this compound indicate a

weak Cu(Il)-Cu(ll) interaction.

2.1.2. Acyclic Compartmental Ligands

The ligands provide only one endogeneous bridging donor and so have a
labile bridging slte available between the metal sites into which a, va,ri’ety of
anions (X°) can be introduced as exogeneous bridges. In principle, this subclass
has the potential to bind molecules such as dioxygen, or dinitrogen, at the exo-
geneous bridging site. The complexes are generaly prepared by template pro-

cedures, or by prior formation of the ligand followed by metal incdrporation.

o

i

L A

| T '
| ) /» 8 I

Mixed valence state Cu(ﬂ);Cu(l) and low oxidation state Cu(I)-Cu(I) com-

plexes of 3 and 4 have been prepared®. The two Cu ions in complex
A 1

[Cus(L5)Bra(MeOH))(CI0,) are five-coordinated but in different environments;

there is a Bridging bromide anion and one-copper has bromide as its fifth ligﬁn_d,'

whereas the other has methanol®®3?. The viability of adding small molecules '

across the eXogeneous bridging site has been del;{onstfated'by,_using pyrazole as
ligand, which has been confirmed by X-ray crystal"s“urupi.ure analysis of the bis-

“r"’\



Cu(Iy complex 6%,

a AT
0O N
H("N)
. NN
Ha H,
5 6 N

2. 2. Isolated Donor Sets

A

There now exists a wide variety of ligands in thi;—; class. In contrast to the ~
compartmental ligands the-isolated donor sets are variations not only on a single . ' »
theme but also on different structural f rameworks. Similarly, there are two types

of these ligands: [A] Macrocyglic Systems, and [B] Aéyclig Systems.

Selected exam“f)ies of each fype of ligand wil.l be illustrated as follows.

2. 2. 1. Macrocyclic Systems

(
Rosen®® synthesized the Ni(Il) complex'iojl, 7, as a fluoroborate derivative,

from the reaction of 1,4-dihydrazinophthalqzine with 2,2-dimethoxypropane in
the presenée of 'Ni(BF.,)z-ﬁHzO‘i.n met._b.anol containing a few dlrops of concen- -
trated HBF, . The 2,2-d-imethoxypi;gpane is used as a dehy;lrating ageni a‘nd ‘is,
in fact, the: source of acetone for the acid-eataly'z‘eld condensation _reaclioﬁ w.ith

* the hydrazine group.
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The ﬂuoroborfne complex is par#magnetic with a maghetjc moment :slightly
beiow the usual v:;lues for six-coordinate Ni(Il) ions. This lowering of thé mag-
‘netic moment is attributed to a weak antiferromagnetic interaction between the
".Ni(]I) ions. The six-coordination of the fluoroborate derivative is explained by
sLacking the macrocyclic complexes in a staggered conﬁguratio-n such that

uncoordinated hydrazine nitrogen atoms of adjacent molecules occupy the fifth

and sixth positions of Ni(Il) ions within the macrocyclic ligand.

ek

4+

. _ | . 'y _ ) s

Macrocy_clic tet.m.—‘imines',‘ or "2;!-2"-Scl_:-|iﬂ' bases,_ 8, hav'e'bt_zei: isolai:‘.ed and
studied bs; Nelson®. The studies showed that the trans -etallation route could be
used to _syﬁi;hesize the otherwise inaccés;;'i,b’]e dicqpper(lﬁ\species._By utilizing this
‘technique- with Srz*'_ and Ba®*, as the large radius templates, a wide range of

. ® o ) -
macrocycles have been constructed®®.

A
2. 2. 2. Acycifc Syste:ﬁa ¢

L4 - .

This subclass covers a somew}:at\miscéllanec;us group of compounds, some of
which indicate that- even the simplest of systems.should not .be discounted as

potential binucleating ligands. ' ’ -

i . . e »

(o8 5
e i inom o a wa
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Binucleating ligands containing just nitrogen donor atoms have received 7"

increasing attention in recent years and have been based largely- on substituted

“DIAZINE" ( =N-N= ) type units. The transition metal complexes of polyfunc-~

tional diazine ligands, derived from (1) Hj(drazine‘o‘“, [2] Triazole®34548 (3] '

Pyrazole!’| (4] Pyridazine!’"®!, and [5] Phthalazine3747:48.62-74 %,5v¢ binuclear =

centers, in which the metals are brought into close gr'oximity due to the presence

of the diazine fragments in these systems (S;ae Fig. 2.2) and the metal atoms are

almost invariably antiferromagnetically coupled via a superexchange mechanism.

Dla:ine. Hydrazine - Pyrazole : :
" y
; . g\
Q ; N—N ¥ 4 ; )
. - ’- .
Triazole _ Pyridazine Phthalazine

Fig. 2.2  Diazine unit and its derivatives.

-

Pyridine-2-aldazine(PAA), derived from the condensation of pyridine-2-

aldehyde and hydrazine, has been shown to produce metal complexes with a
: g ‘

variety of different stereochemistries®-#2, which arise largely as a result of free

“rotation about the N-N bond. Stratton and Busch*® reported the systems
: ¢

[My(L);]* (where M =" Fe(ll), Co(Il), Ni(ll); L = PAA, PMK, i.. 2-pyridyl-

methyl-ketazine) where the ligand was predicted to adopt configuration 9..
" i . . — AW

43,44

Late'r:, studies on binuclear Cu(Il) complex of PMK have conﬂi’mcd some

.

of the earlier predictions concerning the bridging tetradentate coordination of

T
Pt e
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P%/I]( and PAA. However, theIX—ray crystall structure further shows that the

“ligand PMK, 10, in tl;e binuclear complex Cu,(PMK)CI, has a trans-trans confor-

mat.io;l. Though the ligand is conjugated, it is not planar due to a rotation about

the N-N bond. The bridge connecting the two metal centers consists of an diazine

st | linkage. The complex exhibits éntiferromagnétic ex(;hange ( -2J .= 52 em™! ),
which is assumed to occur sol;zly \'fi:lrthis bridging N-l’.& linkage. - , . o

The compounds’ of both 3,5;disubstitutt;1d -1,'2,-4—triaznoles 11, [ ABPT = 4-

- o amino—3,5-bis.(pyridin-2-}'lj-1,2,4-11"ia’zole ]*°, and 12, | BP’i‘H-': 3;5-bis(pyridiﬁe-

. 2-yl)-1H-triazole }*, are interesting binucléating clh'c’:lnt-ing'l‘igands and suitable for

studying magnetic exchange between transition-metal ions.
» . &

The binuclear . complexes [Nig(ABPT),Cly(H;0),]Cly4H,O  (13)  and
[Cu(BPT)(CF4SOg)(H;0)]; (14) were identified by X-ray analysis*4%( See Table
2.1 ). The binuclear unit [MsLo] is nearly planar. The metal atoms in the dimer

%




Table 2.1  The major parameters of some binuclear complexes.
)
Complex Tx“]‘ "(‘;‘:’;_’;’ g (ci’ ) "( [; | e
-~ .
[Nig{ ABPT),Cl,(H;0),|Cl-4H,0 4.135 . 2.15 12.5 - 45
[Cu(BPT)(CF4SO,4)(H.0))2 4.085 - 219 | 118 - | 46
[Cu(DPPN)(OH)Cly(H,0)] 3376 | 126.5 . - - | 50
[Cus(PPDMe)(OH)(NO4)o(H:0)JNOs H0 | 3.338 | 1193 | 2.07 | 770 0.55 | 54
[Cug'(PPDMe](OH)CIg][CuCls(HQO)]HQO 3.384 | 126.0 - - 1.03 | 54
[Nig(PPD)y(H,0),]Cl-2H,0 3.920 . 2.11 20.6 265 | 55
[Cuz(PPD)(OH)Cly(H.0)j0.8H0 3454 | 1164 | 2.6 | 808 - | 67
[Cuz(P(PI_))(OH)Br_._'(HQO)]O.ﬁ.I-IZO 3413 | 1189 | 2,08 | 1304 ~diamag. | 67
[Cug(MIP)(OH)Brs(H;0)|H,0 3420 | 1249 | 217 | 902 035 | 57
|Cug(PTP)CLJELOH 3.108 - 203 | 131 161 | 69
ICuz(PTP')zl(ClOJg 3.422 - - - diamag. | 60
[Cu,(EtBITP)(Or}ﬂQIJDm-‘ 3017 [ 1047 | 201 [ 260 1.38 | 61
INi{DHPHP Y )CI(H,0),| Cls-2H,0 1(.%;3 - ] - 294 | 66
[Cug(mlf)(on)cun,onn,,o 3.425 N 1263 | 2.00 | 800 062 | 76
[Cuy(PPA-H)(OH)(H,0),)(€10,),-H,0 4325 | 1173 | 211 | 990 034 | 83
)
‘ 4

L1

3=
w2
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are bridged by two triazole rings. The structure may be compared to that of #

[Ni(DHPH)(H,0),),Cl,-2H,0%, DHPH = 1,4-dihydrazinophthalazine, which has a

similar framework 16.

13

Cl
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I\ /|\
N N— N
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NH2

NH2

N—N

/ N\

—«"»—G-?@ '

/
Ni

2+

OHy 0S0,CF3 -

©Orilo

or?

¢

The essential difference between the two structures,.however, is that the cen-

tral part is a five-membered ring in the triazole compound and a six-membered

ring in the phthalazine one. Maghetic susceptibility,measuremjnts on 13 and 14

revealed that a relatively weak - antiferromagnetic - exchange is_p’resent in the

1

* former complex and a quite large antiferromagnetic interaction between the

Cu(Il) centers in the latter one.

- -~ 4+
Ne ot He
OHN’ \,‘l/' “NH
‘\N/"\N/
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The Ni(Il) complexes of 3,5-di(pyrid-2-yl)pyrazole (DPPH) and 3,6-di(pyrid- -

2-vl)pyridazine

(DPPN)

ligands, - [Ni(DPP)(NOg)(H,0)),

and -

[Ni(DPPN)(NO,)o],"4H,0, were synthesized and the strictures Jere proposed as

o

‘binuclear complexes ( 18 and 17 respectively ) as a consequence of their magnetic



properties?? i.e., analogous to the crystal structure 15, but fio further reports of

r

the X-ray structures confirm them. Nevertheless, Ball and Blake's other struc-
tural suggestion 18 has been confirmed by later X-ray studies on the complexes,

formed with Cu(ll) halides®0-53,
0%02 ONO2
AT

N\ N—N\ N

\
i

ONO2 ONO2 177 18 R= CHz (MeDPPN)
The trystal structures of the isolated complexes [Cuy(DPPN)Cl5(OH)(11,0)],
[Cug(DPPN)CI(H,O)] and [Cuy(DPPN)Cl,(OH)(NQ,)(I1,0)] verify the presence
of the binuclear complexes, in which' the twc: C‘u(ll] atoms, bridged by the

hydroxyl group ( or chlorine atom ) and the pair of nitrogen atom: of pyridazine

moiety, are in different coordination environments, 19 ( Sce Table 2.1 ).

Recently, Thompson et al reported the crystal structures of binuclear com-
plexes [Niy(PPD),(H;0),|Cly-2H,0, 20, | PPD = 3,6-bis(1-pyrazolyl)pyridazine |
‘and [Cuo{PPDMe)(OH)(NO;)o(H0),](NO3) 1,0, 21, | PPDM(: = 3,6-bis(3,5:
dimethyl- 1-pyrazolyl)pyridazine ]55. Structurally, these two complexes are very
close to the compounds 17 and 18 respectively, Lilus supporting Ball and Blake's
predictions. Variablé«temperature magnetic measurements on both (‘(II.II]}I(.'X(*H
indicate signiﬁcant-antiferromagnetic exchagge between the metal centers.

Analogous Cu(Il) complexes, [Cuy(PPD)(OH)X3(H;Q)lnl1,0 ( X ='Cl, n =
0.8; X = Br, n = 0.6 ), 22?\h§1ve also been determined by single-crystal X-ray

diffractometry, and characterized by exhibiting positive redox potentials ( 0.41 ~
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0.47 V vs. SCE ) associated with two-electron reduction as well as very strong
spin exchange ( -2J = 898, and 915 cm™! respectively. )57‘.'These two binuclear,
spin coupled Cu(ll) complexes have square-pyramidal, hydroxide-bridged Cu(II)
centers separated by 3.4 ~ 3.5 A, with Cu-O-‘.Cu angles of 116 - 125 °, and are

considered to be useful models for oxyhemocyanin!#4:6.¢ .58,

; = v '
[~ e Me . - OHz . X

N OO | DO
& \cu/"‘/\cu/' - N\
T N, 7NN

- - 21 22 . X=Cl, Br

Binuclear Cu(ll) and Cu(I) complexes of a series of quadridentate pyridazine

thioether ligands involving nitrogen donor groups (derived fron; pyridine, b,er;-
zimidazole ) [23') have been described by Thompson eé al °559-81 A 6f
copper{ll) complexes exhibit positive redox potentials ( 0.4 ~ 0.6 V vs. SCE )
associated with,,two-’eiectron reduction and moderate antiferromagnetic eﬁchange
( #eyy = 11 ~ L7 BM at room temper;ture ). The complexes

[Cua(PTP)CI,|C,H;OH, 24, [Cus(PTP),)(CIO,)., 25, and
[Cug(ELBITP)[OH]CI:,]DMF, 28, have been characterized by the X-ray crystallog-

-
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_In the complex 25, the binuclear cation consists of t.w;; pseudo-tetrahedral
Cu(]) centers',‘ separated. by 3.422 ﬂ\and.bridged by tWwo pyridazine groups with
terminal pyridine donors completing the four-coordination. The compound 24, in
'which the two square pyramidal Cu(ll) centers are triply bridged by two éfl
atoms and the pyridazine nitrogen pair with a Cu-Cu separation of 3.108 A
reacts rapidly with appropriate reducing agents ( e.g., I, SOF ) to produce
derivatives containing the very stable b‘inuclear Cu(l) cation | ua(PTP)y|**,

- \
which is identical to the cation found in 255

The five-coordinate Cu(Il) centtrs in 26, which contains a triply ‘bridged

r

binuclear structure involving hydroxo- and chloro- bridges in addition to the

diazine, have stéteochemistries that can best be described ds distorted trigonal

bipyramidal. This feature distinguishes this system from other analogous five-

ceordinate derivatives where the five-coordination most closely approached that

" “of asquare pyramid®! { See Table 2.1 ).

The high, positive redox potentials for these systems, which parallel those of

some copper oxidase/oxygenase enzymes, suggest their possible catalytic acidvity
ek | g - ‘4. .
in oxidase and oxygenase function. Preliminary initial velocity kinetic studies on

the Irydroxo-bridged ;omplex [Cu(PTP)(OH)CLJEtOH indicate significant’
Y ,

20



27,

catecholase activity involving the aerobic oxidation of 3,5-diFt-butylbenzene-1,2-
diol, in which a Michaelis-Menten kinetic treatment gave the binding constant
K, = 3.4 X 107 mol dm™3 and a value of k, = 2.1 X 10°2 S! for the dissocia-

tion of the catechol-complex intermediate®®

[~ ) 2¢

[Cwasscifosgveee
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25 26

Another representative group of binucleating ligands of this subclass are
27‘53‘55'37}73'75'77'”. Two decades ago-the ligand PAP was prepared by Thomp:
son®!. Since then, a series of studies on the coordination chemistry of this ligand

have been carried out, ;}nd extended to its derivatized analogues < well. X-ray

'.

structural studies on the systems rleveal that the ligands 27 ‘are cap..ble of form-
o ing p-bridged bimetﬁllic complexes involving a' variety of exogeneous bridge
groups, e.g., [Cug(PAP‘)(OH)(SO‘,)Cl]2H20,‘ 28, and [Cuy(PAP46Me)Cly], 29 ( See
Table 2.2). - |

A common structural feature in this series includes the hydroxide bridge and
the phthalazine diazine bridge, and a systematic structural variation is developed
by varying the third anionic bridge. The order of increasing oxygen bridge angle (
Cl ~ E?r‘ <105 € NOg < SO/ ) is matched by the trend in increasing anti-
ferromagnetic exchange. A linear relatioqs:hip is; demonstrated between the
exchange and the oxygen bridge angle foi-. systetms iﬁ-\:!hich the Cu(Il) centérs.

have d_s_,¢ ground states™ ( Table 2.2).



i

Table 2.2  Magnetic and key structural pasameters for the binuclear p-bridged Cu(ll)
complexes of the ligands 27.

L

h"}‘f
/ - L
i
’ Cu-Cu | Cu-0-Cu -2J I
Comple: o1 f.
PO &) | weg) | 7 | qemn | mny | R
[CulPAP)(OH)CI41.5H,0 - 3.001 101.8 2.28 | 201 1.60 63
{Cug(PAP)(OH)Bry]1.5H,0 \‘K 3.010 100.1 2.20 | 191 1.66 63
[Cug(PAP)(OH)(IO4)s4H;0 | s.68 113.8 215 | 233 | 1.3 72
[Cux(PAP){ORH)(SO,)CI}211,0 3211 | 1155 2.20 | 532 1.01 75
. . b oy 4
[Cuy(PAP4Me)(OH)(NO4)o(H,0)]NOy | 3.138 115.3 2,10 | 497 1.02 75
[Cuo(PAP6Me)(OH)Cl4J311,0 3.137 112.2 2.11 | 432 1°0 78
[Cu,(PAP6Me)(OH)(NOj)s[0.5H,0 3:134 114.1 2.04 | =501 80
[Cu,(PAP46Me)(QH)(NO,){H,O)|NO, [ 3.156 1137 | 205 | 597 0.9. 79
. .
|Cu,(PAP46Me)Cl ] ‘| 3.251 . 205 | 552 1.73 50
’
N \
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. | Ligands 27
)| PAP R=H
N PaAPAMe R=4Me

PAPEMe R=G6Me

"R PAP4GMe  R=4.6DiMe

Structurally, all of the hy_droxo—bridged complexes involve ‘‘magnetically
symmetric’’ binuclear centers with distorted, five-coordinate copper ion stereo-
chemistries. In most cases the distortion approxima\f.es a square 'ﬁyramidal situa-
tion with nominally d,2 ;2 ground state copper centers. In these cases each Cu
atom is bo‘und via an equatorial interaction to both the hydroxide bridge and the
diazine bridge, which results in a situation where magnetic i’ﬁtt.eractions'via these
grdup are the most r}levan“t,‘ while any axial bridge interaction will be regarded
as  “non-magnetic”. Two complexes, [Cug(PTP)Cl4]EtOH, 24, aﬁd
[CuﬂPAP-’lGMeJCL,], 29, have been shown to have triple bridged structures
involving two chlorine bridges, in an asymmetric binuclear center®®5%, The essen-
tially square-pyramidal Cu centers are each bound via an axial and an equatorial
interaction to each C bridge, thus creating an eflectively ‘‘non-magnetic”
superexchange pathway via these bridge groups. An equatorial interaction fr(;m
each Cu atom to the diazine biridge, in each case, genei-ates a viable superex-
change pathway.

The complex [Cuy(PAP)(OH)Cly]1.56H,0 has been used in studies on catecho-
lase activity®2. The preliminary kinetic data for the catalytic oxidation of 3,5-di-
.tert-butylcatechol (‘‘catechol”) to 3,5-di-tert-butylquinone reveal that the reac-

tion shows a first order dependence on the initial copper complex, but no

. -"-d-'t

ety i
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dependence upon ‘‘catechol’’, when the latter is in reasonable excess. In excess
. L]

temperature in 70% ( v/v ) acetonitrile/water.

oxvgen and catechol the rate constant, k, is ca. 5 X 107 atmls‘c" at room

[4

Another phthalazine derivative l,?-bis( l-metbyl-Q-imidazolyl)pBthnlnzine
(MIP) and its binuclear Cu(Il) com;;l'exes 30, [Cuz(MfPi{OH)Xa(HzQ]]H:,O ( X =
Cl, and Br ), are also described by Thompson et al 51,78 The crystal ;md molecu-
lar structures show that the square-pyramidal Cu(Il) centers are.bridged by two
groups; phthalazine and hydroxide. The complexés exhibit very low room-
temperature magnetic moments mdlcatwe of strong spin exchange. Large Cu- Cu
separations ( 3.420 and 3.425 R) and Cu-O{H)-Cu bridge angles (- 125 and 126 * ) ‘
are considered to be.a dominant factor responsible for this very large antifer-

romagnetic exchang\e ( Table 2.1). ‘/ -

- . =2+

ke ke
| |

40—
W \i

Cu Cu
Na””
R

Xs= Cl,Br 30

Recently, Thompson et al® reported an interesting binucleating hexaden-

a1 "



31
"

tate ligand(PPA), synthesized by condensation pf?-acetylpyridine and DHPH,
and the corresponding p-hydroxo-bridgad Cu(ll) complex,(31), [Cu,(PPA-
H)(OHJ(I{26)2](0104)2H20, which exhibits very strong antiferromragnetic exchange
(-2) = 990 &+ g(] em~! ) as well-as very intense visible absorption ( 610 nm, ¢ =
18400 Imol~!em™! ) and undergoes, unlike comparat;le ( N; ) diazine complexes,
oxidation in.a single two-electron step at 0.50 \"(. vs. SCE ) to form a stable

binuclear Cu(Ill) species ( Table 2.1 ).

The molecular s:truc_l,ure of 31 consists of an almdst_ planar ligand binding
two ﬁ-ve-cpordinat.e ( distorted square-pyramidal ) Cu(ll) ions s;eparated by 3.285
A and bridged by a hydroxide with a Cu-O-Cu bridge angle of 117.3 Two axi-
ally bound water molecules complete the square byl‘amjgal coordination. The
unusual stoichiom.etry-of the complex indicates that the ligand h_as loslt a proton.
The  only oti:er structurally = documented, related co:ﬁﬁlex is
[Niy(DHPHPY)CI(H,0),]Cl32H,0(82), formed by the re.a(ftion of pyridinecarbox-
gldehyde with DHPH in the presence of the Ni‘(H] ion, in \_vhich the Ni(Il) centers
are remarkably planar with a p-chloro-bridging angle of 98.4 ° and a Ni-Ni

13

se'parat.ion of 3.603 A% ( Table 2.1).

‘—
—



CHAPTER 3

ELECTRONIC SPECTRA AND MAGNETIC PROPERTIES_,

'

OF COBALT COMPLEXES

¥

The spectral and magnetic properties of high spin cobalt(ll) complexes are
briefly reviewed with the aim of showing 'th it is possible to relate the experi-
mental data to the electronic structure and the coordination gcomctr}; of the
complexes. It is hoped that this may be of help to chﬁrnclte;ize.'Co(I]} complexes
or use Co(II) as a spectroscopic probe. The h;gh spin Co(Il) ion, which has three
. unpaired electrons, is the only common d” ion and its spectra have been widely
studieds"ef. It shows a variety’ of coordination numbers and coordination
geometries, and is able to bind to a large number of different ligands. It is also
largely used as a tool for determining the coordination environment of the metal
site in metallo—enzyrﬁes a;ld metallbptoteinsa5'85. In fact, Co(fl) is often able to
substitute Zn(Il) which is present in naturally occurring zin;:: enzymes, and several
cases are known where cobalt enzymes remain active. It Iis t_hercl'ore nccessary to
have a clear knowledge of the spe:;tral properties of Co(Il) in various cqor‘dinatiorj

_environments so as to be able to obtain the required structural information.

Every attempt to understand the spectral and magnetic p'r.operties of Co({l)
complexes must' start from the ligand field energy levels. High spi_n C ions

have the ground level characterized by the s = 3/2 quantum number. The Tree
ol . _
ion terms of interest are the 47 and 4P terms, they undergo splitting upon metal

]

o+

.
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coordination depending on the symmetry of the coordination ]:n::l}'hedron"ib Fig.
" 3.1). 1tis useful to refer.,to octahedral symmeiry ( O, point group ) if thﬁ ion is
six coordinate, tb square pyramidal ( C,, ) or to trigonal bipyramidal ( Dy, ), if
the ion is five coordinate and, if th.-e ion is four coordinate, to tetrahedral sym-
metry ( T, ). It should be m;:tod that octahedral symmetry provides an orbita]l(y
triply-degen?rate ground level ( 47 jg ). Five-coordinate chromophores have
either orbitally non-degenerate ( tirigonal bipyramidal ) or doubly degenerate (°
square pyramidal ) ground levels. In the case of tétrahedral symmetry the ground
level is orbitally non-degenerate ( 4A, ). These properties wi!l account for the
magnetic.'s,usceptibiliity valﬁes of high spin Co(ll) complexes in the various coordi-

nation geometries.

" o G e 0 T e
Ll * Tig. 3.1 Sphttmg of the *F and *P free ion terms of high spin Co(Il) in

. ( s ' various coordmatlon geometries.

PRI,
LA
s " SN
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3. 1. High-Spin Octahedral and Tetrahedral Complexes of Co(II)¥

In an octahedral crystal field, three spin-allowed transitions are anticipated
because of the spli_tt'ing of the free-ion, ground *F term, and the accompanying
1P term. The spectra, which can be interpreted by using the Tanabe-Sugano
diagram ( Fig. 3.2 ), usually consist of a band in the near infrared, which may be

— assigned as

vy =1T4, (F) 4T ,(F) (7000 ~ 9000 cm)

1
and another in the visible ( 3 ), often with a shoulder.( v, ) on the low_energy
side. Since the transition A, (F )« 4T, 1F) is essentially a 2-clectron ‘transi-

tion from t259 -.‘3‘,2 to 2239 e; it is expected to be weak, and theaisual assignment is

a

. vy == 4A29 (F)«~ 4TIF(F) (shoulder, weak)12 000 ~ 14 000 cm!)
vy = 4T“Jr (P) ~ 47_‘19(F)- " (main 17 000 e 20 000 cm')

Indeed, in some cases it is probable that vy is not observed at all, but that the
fine structure arises from term splitting due to spin-orbit coupling or ‘distortion

+ from regular octahedral symmetry.

A,

For d’ ions in tetrahedral crystal fields, the spl}tting'of the free-ion, ground
F term is the revel;se of ﬂ'gat in oé,tahedra! ficlds so that 4 o F) lies lowest. In
fact, the‘ol‘)served spectra usuélly consist of a broad, intense band in the visible
region ( re;ponsible for the colour and often about 10 times as intense as in

octahedral compounds ) with a weaker one in the infrared. The only satisfactory

interpretation is to assign these, respectively, as

t

.
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Fig. 3.2 Simplified Tanabe-Sugano diagram for d’, Co(ll) ion in an oc-
. tahedral crystal field ‘and possible spin- allowed transitions. ( B
represents the mtereiectromc,repuls_ion ‘or Racah parameter.’)

Vo

-

AT (F) «—*44(F) (5000~ 8 000 cm-!)

in which case vy = ‘T(F) ~ *A o(F) should be in the region 3000 ~ 5000 cm.

Examinatjon of this part ‘of the infrared has sometimes indicated the presence of

a. band, though overlying vibrational bands make interpretation difficult. The
ability. to assign the absorption bands reasonably in this manner, keeping in mind
the greater intcnsity expected in the tetrahedral‘casta,'is a more reliable guide to

‘ .‘ stereochcmlstry than snmp]e colour. The most obvious distinction bemeen the

octahedral and tetmhedral compounds is that in general the former are pink to

violet in-colour whereas the latter are green or blue. Certainly, this is 'n‘ot an

- ini‘nllib]e distinction but is 3 useful empirical guide whose réliability is irr'lprove'd

by ‘a more careful analysis of the electronic «:pectra mentloned above.

-

N -
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¢3. 2. Magnetic Properties of High-Spin Co(II) Complexes

Magnetic properties provide a complementary means of distinguishing

%toreocﬁemistr)t “The T ground term of the octahedral ion is expected to give rise

to a temperature-dependent orbital contribution to the magnetic *moment

whereas the A ground term of the tetrahedral ion is not. As a matter of fact. in

-

a tetrahedral field the excited *7To(F ) term is “mixed into" the ground *A, term

because of spin-orbit coupling and tetrahedral complexes of Co(ll)-are expected to

-

" liave magnetic momenjs’given by
°, ]
=gt o (1= 42} h (3-1)
”’e =1 spin -only 10[)'! J

- where A = -170 em™! and Hepin-onty = nVn+2 = 3.87 BM for the high spiri

t‘-p(l!). Deviations are caused by unquenched orbital contributions ( See Chapter
5 ). Thus the magnetic moments of the tetrahedral complexes lie in the range 4.0

~ 4.6 BM; whercas those of octahédral complexes are around 4.8 ~ 5.2 BM at

room temperature, falling off appreciably as the temperature is reduced.

Square planar complexes are also well authenticated. They are pri-mar‘ily of
interest because of their oxygen-carrying properties, and are invariably low-gpin
with magnetic moments at room temperature in the range 2.1 ~ 2.9 BM, indicat~

ing 1 un‘paired electron,

Typical values of the magnetic moments of Co(ll) complexes at room tem-
perature ‘are shown in Table 3.1. Certainly, there is no definite eriterion for
assigning the coordination number. The highest values are observed for

octahedral and square pyramidal complexes, in ggzsﬁment with the { quasi )
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degenerate nahture of the ground state. However, relatively large orbital contribu-
tions are observed also for trigonal bipyramidal and tetrahedral complexes. For
the ( quasi ) degenerate ground states the values of the magnetic.moments
depend la.E‘ge'ly on the splitting of the 4T, g level, a larger spllitt‘ing yielding lower’

p values. The sign of the splitting ‘determines the sign of the magnetic aniso-

tropy. ) <—-'

Table 3.1  Typical values of room temperature effective magnetic moments -
of Co(II) and Ni(ll) complexes in'various coordination environ-

ments. \
-
. v y ] . ‘ . : ﬂz'L! (BM) ) ’ i . . .'n
: F}oordnnatlgn [ Colll) Ni(TT) .
. ~ ||Octahedral ’ 48-52 | 20-33
Sql;;'u’e pyramidal 43-50 |- -
Trigonal Bipyramidal | 4.2 - 4.9 -
Tetrahedral 4.0- 48 32-4.1
\ Square planar 2.1-29 diamag.

| The tempcrat-ur&depegd_ence of the mégnetic moment iq' magneticalfy dilute -
complexes can be used as a tm;l for identifying the stereochemistry of the com-
plexes sincg‘for sqﬁare pyramidal and octahedral complexes, the thermal popula-
tion ol'\jlié excited lévels decreases markedly with tempgraturé and generally a,
decrease of the magnetic moment is observed in the range 5 - 300 K. It seems to
be a general rule that a large temperature-dependence is observed for those coﬁl-
pounds which have t,hg highest room terﬁper_atur? moménts'.

4
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3. 3. Low-Spin Octahedral Complexes of Co(IIl) ,~ )

Most octahedral complexes of Co(Ill) are low-spin and_hence diamaguetic.
Their magnetic properties are therefore of little interest but their electronic spec-

tra have received a lot of attention.

It is possible to observe spin-allowed, d-d bands in the visible region of the -
spectra of low-spin Co(Ill) complexes, which have large values of 10Dq, the
crystal-field splitting, required to induce spin-pairing in the Co(lll) ion. This

means that tHe low-spin configuration occurs in complexes with ligands that do

!

not cause the low-energy charge transfer bands which so often dominate the spee-
tra of other low-spin complexes. In practice, two bands are generally observed

and assigned to the transition:

vy =T, «'A,, (19000~ 22 000 cm™') -
vo="Ty, «'4,, (28000~ 30000 cm™')

These transitions correspond to the electronic promotion !259 — 12”9 egl with the

promoted electron maintaining its spin unaltered. The orbital mullip!icity of the

ts,e,' configuration is 6 and so corresponds to two orbital triplet terms W 1

1
and " Ty, .
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CHAPTER 4
ELECTRONIC SPECTRA AND MA GNETLC PROPERTIES
. ‘OF NICKEL (II) COMPLEXES®

{

The nickel (II) ion is 8 common di_l ion and its spectroscopic and magnetic
properties have been extensively studied. The coordinaltion number of Ni(II)
rarely exceeds 6 fmd‘ its principal stereochemistries are octahedral and square
planar ( 4-coordinate ) with \rather fewer examples of square pyramida:!rti"i/gonal
bipyramidal, and tetrahedral. The square-planar compduﬁds are diamagnetic and
commonly red to yellow, whereas the octahedral and t'E\‘J"Féhedr:al are paramag-
netic because of the two wunpaired electrons in the tzsg e, and e'ty!

-
configurations respectively ( See Fig. 4.1 ), and are generally green to blue.

a

In the absence of an X-ray analysis, satisfactory assignment of the electronic
spectrum and_%onﬁrmation of the expected magnetie properties may be used as a

means of distinguishing these stereochemigtries.

4.1. Electronic Spectra 0%(11) in an Octahedral Field
)
In an octahedral crystal field three spin-allowed transitions are expected

owing to the splitting of the free-ioh, ground *# term and the presence of the 3P

term ( Fig. 4.2 ). These bands are accordingly assigned as:



10

Tetrahedral ~ “Free ion" Octahedral  Tetragonal Square
distortion planar

‘Fig. 4.1 The splitting of d orbitals in fields of different symmetries, and
the resulting electronic configurations of d8 Ni(Il), ion.

vy =3T (F)«34,(F) = 10Dg (8000 ~ 12 000 em ')

vo==3T,(F ) «3A,(F) (13000 ~ 17 000 em' ') ©

vy = 3T, (P) = %A (F) * (24 000 ~ 20 000 em 3

@ r
-]

where 1, gives the value of [0Dq directly. Often there is also evidence of weak
spin-forbidden ( i.e., spin triplet — singlet ) transitions and the vy absorption has

a strong shoulder on it. This has been ascribed to the influence of spin-orbit cou-

plinguin “mixing’’ a spin singlet ( 'E, ) with the spin triplet, 7 (F), thereby

allowing the spin-forbidden transition to gain intensity from the spin-allowed

transition.
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¢ Fig. 4.2 Simplified Tanabe-Sugano diagram ‘for d8®, Ni(Il), ion in an oc-
tahedral erystal field and possible spin-allowed transitions.

8 -

4. 2. Electronic Spectra of Ni(II) in the Tetrahedral Field

’ ’ [
/ .
* For d® ions in tetrahedral fields the splitting of the free-ion ground term is

the reverse of its splitting in an octahedral field, so that 3T () lies low’é;t. The
; J oS &

_* spectra of the ﬁetrahodral Ni(II) include three bands arising fromthe transitions:
o 3 .

&

hY
vy =3Ty(F) 3T (F)

Vo= 3A4(F) 3T1(F‘“)_ 7 060 ~ 10000 cm-")

Laa =3T(P)«3T(F) (13000 ~ 16 006 cm™!)

~ In practice the spclcti"a are much more intense than those of octahedral com-
plexes and bands are often ;plit by spin-orbit coupling to an extent which can
LY ’ ' ' - -
" " make unambiguous assignments difficarlt. The broad band around 15000 cm™ is

normally assumed to represent one ( vy ) rather than two transitions, with the

>

- "



corollary that v, must often be assumed to be beyond the lowest energies scanned

in the spectrum.

4. 3. Magnetic Properties of Ni(II) Complexes

The T ground term of the tetrahedral ion is 'oxpoct‘od to lead to a
temperature-dependent orbital contribution to the magnetic moment, whereas the
A gro;md term of the octahedral ion is not, though “mixing’ of the excited
3T2‘,(F) term into the 3IA 2y (F) ground term is oxpect;*d to raise its moment

according to Eq. ( 3-1 ), where A = -315 em™" and p = 2.83 BM ( This is

epin -only
the cxacfreverse of the situations found for Co(ll) ). The upshot is that the mag-

‘netic moments of octahedral compounds are found to lie in the range 2.9 ~ 3.3
. f . ’ GP
BM, whereas those of tetrahedral compounds lie in the range 3.2 ~ 4.1 BM and

“

are de;ﬁenglent on temperature and, in addition, are reduced towards p spsi~anly BY

_clectron delocalization on to the ligands as well as by distortions from ideal

tetrahedral symmetry ( See Table 3.1 ).

Although_ a square-planar d® complex could be, in principle, high-spin with

unpaired electrons in the d,2_ 2 and d,y orbitals this is not found to be the case.

v
The separation of.these two orbitals evidently always being sufficient to force
spin-pairing and consequent diamagnetism. 'I‘hci‘r spectra are usually character-
'‘ized b;r a fairly strong band in the yellow to blue ( 17000 ~ 22000 em™! ) region
which is; responsible for th‘c reddish. color, and another band near the ultraviolet.

The likelihood of m-bonding and attendant charge transfer makes simple crystal-

field treatment inappropriate, and unambiguous- assignments are difficult.

o=
1



CHAPTER 5 -

MAGNETIC PROPERTIES OF BINUCLEAR CENTERS

P(')Iydcntal,e ligands which incorporate two metal atoms are valuable to

study the physical properties of model compounds. In order for “‘model” com-

pounds to be considered as realistic mimics of protein active sites they should

combine as many of the relevant physical properties ( e.g., magnetic susceptibili-
ties, spectral parameters, redox properties, ete. ) as possible. The bimetallo-
biosi;es in hemerythrin, cytochrome ¢ oxidase, oxyhemocyanin, tyrosinase and the
blue oxidase Type Il all contain strongly antiferromagnetically coupled pairs of
metal ions. The reproduction of such coupling has stimulated a large number of
studies on the magnetic properties of a varietyqof binuclear .compounds. The
greater proportion of the work has centred on Cu(IT) because the diamagnetism of
the last three biosites has given an especial challenge. This chapter will brielly

discuss the magnetic properties of the binuclear centers so as to interpret the

significance of studying them in the binuclear model compounds.

6. 1. -‘Antiferromagnetic Behaviour

There is a large number,of systems which are said to be magnetically con-
centrated, where the electron spins on adjacent paramagnetic centers are strongly

coupled to each other.\Tbis coupling between the electron spins leads to

s



antiferromagnetism when the spins are aligned anti-parallel and to ferromagne-
tism when the spins are aligned parallel. Broadly speaking, antiferromagnetic sys-
tems may be divided into two maintypes: those in which the magnetic exchange
nceurs between centers in the same molecules ( intramolecular antifeérromagnets ),
and those‘ in which the exchange interacti6n extends over a large number of
centers throughout a crystal lattice ( in@folecular antiferromagnets ). Binuclear

transition metal complexes generally fall into the first group.

An intermolecular antiferromagnetic system normally exhibits the charac:

teristic variation of magnetic susceptibility( x ) with temperature ( T ) shown in

Fig. 5.1. Starting at high temperatu"re, the magnetic susceptibility increases as
~oal :

the temperature is lowered. This variation of the X™With T often leads to a

Curie-Weiss law [ x == C/(T - 8) | behaviour with appreciable positive values of 0

"( Weiss constant ). However, if the temperature is lowered sufficiently, a firly

sharp m:aximum in the magnetic susceptibility is reached at a temperature, Ty
(the Néel point), below which the susceptibility decreases rapidly with tempera-
ture, and will be dependent on the stréngth of the appliecd magnetic field.
Intramolecular antiferromagnetic systems exhibit many of the general features of
intermolecular antiferromagnetics, the major differences between them are that
the maximum in thé':susceptibility is normally much broader, and the susceptibil-

ities are not usually dependent on the strength of the applied field.

~—

L)

6. 2. Mechanisms of Antiferromagnetic Exchange Interaction

The antiferromagnetism involves the interaction between electronic spin on



Fig. 5.1 A comparison of the characteristic variation of susceptibility

with_temperature for normal paramagnetic (1), antiferromagnetic
(2) and ferromagnetjc (3) materials.

neighbouring metal atoms. The following two mechanisms are usually used to

account for antiferromagnetic exchange: (a) direct interaction, and (b) superex-

change;

[a]

(b]

Direct Interaction  This mechanism involves direct overlap between the
orbitals contninihg the unpaired electrons, leading to mutual pairing in the

ground state.

Superexchange  This mechanism for antiferromagnetism involves the
interaction of electrons with opposite sping on the two interacting ions wvia
an intermediate diamagnetic anion. The mechanism ‘again involves orbital ‘
ov-erlap, but instead of only the metal d-orbitals being involved, the partici-
pation of filled orbitals on the intervening anion must also be considered,
e.g., inl a linear oxide sygtem M,0 the interaction may oc'cui- in -two ways,
either via a o-bonding or a 7n-bonding mechanism ( See Fig. 5.2 ). The

-~
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superexchange mechanism may be extended to systems in which more than

one anion intervenes between the paramagnetic ions.

(a)

i LY M1 (0] M2

-’ :
Fig. 5.2  Supérexchange in a linear M-O-M system. An example of su-.
perexchange via (2) o-bonding, and (b) 7-bonding,.

-

6. 3. sAntiferromagnetism in Binuclear Transition Metal Complexes

\ =
The magnetic susceptibilities of binuclear transition metal complexes are

generally interpreted by the dipolar conpling approach.of Van Vieck®® which can
quantitatively treat ther spin-spin interaction. The magnetic exchange between
two metal ions of a binuclear complex may be represented by the isolrbpic spin-

coupling Hamiltonian ¢

-

H =-2J5, - & (5-1)

where 8, and 8, are the spins of the ions and J, which is given the energy units K

( Kelvin's ) or em™!, is the exchange integral between two centers and measures
. X )

the strength of the intradimer interaction. A negative value of J represents

Y

4 s

Y L]
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antiferromagnetic exchange and a positive value refers to ferromagnetic exchange.
Assuming each interacting ion to be identical with spin s, the possible new spin

quantum numbers S for the dimer are:

L

S 28, 28-1,...... 0 (5-2)

The energy of each-of these states is given by

£ (S)=-J[S(S+1) - 28 (s +1)] (5-3).

The state with the ;smalles“lue of S lies lowest, as has been shown in Fig. 5.3.

l .
Energy - Multiplicity Value of S
[207] - L | 4
[127] ‘ ' 7 3
[6J| y 5 2

124 3
Y _1 0.

Fig. 5.3  The relative energies and multiplicities of the possible spin state 5 *
of a binuclear complex, )

The simplest example is an antiferromagnetic interaction between two s =
1/2 ions [ e.g.,.Cu(Il) . There are two possible values of §, i.e, 1 and 0, with the
spin-t.ripiet (S =1)at ;2.} above the sp‘in-singlet. ground state. The magnetic
s sceptibility per mole of dimers for an 8 = 1/2 pair is given by the modiﬁed

Van ‘\Qeck equation®®:

*

Teb—
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The strong antiferromagnetic interactions in the bimetallobiomolecules con-
taining two Cu(I]) ions are most likely the conscquence of a superexchange
mechanism operating through bridging ligands'®. One or more bridges may be
present at the site, and, for example in oxyhemocyanin'¥, a bound peroxide pro-
_ vides an exogeneous brid\ge and thgre is support for the presence of a u-hydroxy,
or pu-phenoxy, endogeneous bridge. Also it has, fr<;m the Chapter 2, been clear
that hydroxide and phenoxide bridges provide very eﬂicient"superoxc!mnge path-

ways in binuclear Cu(Il) complexes, with the oxygen br’i}lge angle playing a dom-

inant role with respect to the sign and magnitude of the exchange.

5. 4. l\"lagnetic Exchange in Binuclear Ni(II) Complexes

The electronic structure of Ni(Il), d® has ‘been dealt with at length in
Chapter 4. The reasons for this should be clear: Ni(ll) forms complexes with a
variety of ligands, as well as theYct that several sterecochemistries are common.
The spin of this ion is large enough to make it a sensitive probe of a variety of
phenomenﬁ. Spin-orbit coupling is also important enough to cause the g values
to deviate measurably from the free ion valhues, to values typically in-the neigh-
bourhood of 2.25. Yet, the g values are commonly found to be isotropic or near
so. The lowest-lying excited states are far enough away ( usually at least 800
em™ ) so as to be unimportant magnetically. Furtherr;xdre, Ni(ll}) is a .non-

Kramers ion, and the resolution of degeneracies thereby allowed is occasionally

~ observed. Thus,- the zero-field splitting is large enough so that paramagnetic
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resonance absorption is prevented at X-band.

The dominant feature of the magﬁetochemistry of octahedral Ni(H) is _t'tg?
zero-field splitting of the ground state ( A, ), as is shown in Fig. 5.4. The name
‘““zero-field splitting”’ ( ZFS ) arises from the fact that the snlitt.ing occurs in the
absence of a magnetie field, and it can be ascribed to the electrostatic field of the
ligands. The ZFSs are often responsible for deviations from Curie [av;' behaviour,

and give rise to a characteristic specific heat behaviour.”Furthermore, the ZFSs
“'-.‘4- .

1

cause a single-ion anisotropy which is impdrtant in chafalcterizing anisotropic
exchange, and are one of the most important sources of param?gnetic anisotro-
pies, that is, of susceptibilities that differ as the external ( measuring ) magnetic

field is rotated with respect to the principal ( ||, I ) axis of the molecule.

D+g;B8H;
——\‘ ,——<
L I ;' D '
D 0-q, BH,
—0

4
: o
-g: B’ H;ID

external  oxiol cubic oxial external
tield Hy field tieia tleld field H,

Deoxp? Hi/D

o

Fig. 5.4 Ni(II) with an internal axial field and an external magnetic field.

'

If the effect of an external magnetic field H along the z direction is con-
sidered and an interdimer interaction in the molecular field approximation is also

allowed fordb, the Hamiltonian (5-1) becomes

H = -2J8, " 8,- g fHS, -22'J'S, <8, > _ (5-5)

where §, is the operator for the :z component of total dimer spin, J' is the’

’
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effective interdimer exchange integral, and Z’ is the dimer lattice coordination
number. Let s be the eigenvalues of §,-or 8,5, S the eigenvalues of 8,+8,, and A,

the eigenvalues of Q; . The eigenvalues of (5-5) may be written as g

E (SM,)=E,(S.M,) - g fBM, - 2Z'J'M, <8.> , (5-8)
fe -

[
where EO(S,M;‘].-_- ~J{S(S + 1) - 2s(s + 1)]. For divalent nickel Ni(Il), it has

two unpain;d“% per atom, so that 3 = 1 and § = 2, 1, 0. The energy levels
EoS.M,) are therefore E40,0) = +4J, Eo1,M,) = +2J and
Eo2,M,) = -2J, where M, = §,5-1,...-S and each level is (2S5 + 1)-fold
degenérate when H is zero. The magnetic susceptibility, X, per gram-atom of

Ni(II) is given by equation (5-7)

_ Ng*@F(J.T) . )
X=T%r-azir,1] T N® I3<0)
where
4J /kT
F(J,T)= L & S (5-8)

and Na is the temperature-independent paramagnetism ( TIP ), and is calculated

N f

—— " Since Ni(Il) can have a large ZFS parameter
10Dq

by using the expressionl

(D =&~ 10@‘), it is necessary to evaluate the effect of single-ion ZFS on the
dimer susceptibility. Let the system 'be quantized along the :z direction and
assume a;cial symmetry. In the absence of a magnetic field and neglecting interdi-
) n';er interaction, the Hamiltonian is

L

Hy = -2J8; 8- D(8,,2 + i, 2) | - (59)



51

where D is the parameter measuring the ZFS of the ground state. Let an exter-
nal magnetic field H be applied along the z,y, or 2 direction, the Hamiltonian

becomes

H = HU ' ﬁ:ﬂé‘ g (5'10)

where =1 ,y, or 2. When the external field is along the z direction, the eigen-
values E, of ( 5-10 ) are given exactly by first-order perturbation theory since the
Wy, are'eigenfunctions of S,, therefore

" E, =Ey, - g;BH<Y,, | S, | ¥, >. (5-11)

When the external field ik along the z direction, the first-order perturbation _
enctgy is zero because S, hhd no- diagonal elements with Vo . Therefore the
sccond-order perturbatipperm must be calculated. With the help of the energy
level diagram of Ni(II) in a weak tetragonal field, Fig. 5.4, in which H, and H,
are equal to one another, and the treatment of Van Vleck’s approach, the field-

independent susceptibilities can be expressed as®!

A

2Ng 2 2

X = X: =TF1(J1D;T3 (5-12)
and 5 i
X_L=X: = Xy
' oG, LD T) 4+ S s D T)
= Zivg, D AV, 3.}-6 o L Y
' ' 86y F(J,D,T 5-13
t37 s «{J,D,T)) (5-13)



(=3 ]
(3]

where

FO(J,D,T)=2+CD“T +2e‘|1/kT + e J /KT o - §/kT
+chkTe6}'kT +2£‘JlkTCD/kT ‘r)_l”

e MIKT o 4o 4 /KT o DT |

F(J,D.T)= Fod.D.T) (H15)
J] e DIKT | 9 4J/kT (D/KT _ 9 4J/kT _ o
Fol/\D,T) = FoJ D.T) . : (5-16)
e A IKT _ o 1/kT o 8/kT o
Fs(J|D,T}— FO(J‘D‘T) (\)"ll)
e VKT _ g JIkT , - §/kT
= 518
F‘(J,D,T) FO(J,D,T) ( 1 ’
6=1|8J + D)*-8JD|'V? | (5-19)
C,=2V3D((9J - D + 36) + 8D/ (5-20)
Cy=(9J - D + 36)[(8J -~ D + 36)% + 8D /2 (5-21)

The magnetic suscéptibility which can be calculated through (5-12) z:nzl'(ﬁ'-
13) .is the molecular susceptibility while the one which can be experimentally
measured is the crysté]\sﬁsceptibility, the two are identical only whﬁen the site
symmetry of the metal ion is equal to the point symmetry of the crystal space
group. In general, however, only measurements on powdered samples are per-
fbrmed, which yield the average magnetic susceptibility, Y_. In this case there is
no way of obtaining the principal molecular values and directions. The quantity

X is defined as

Y
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# — _(x I + ‘)X-L) (5-2‘.’]

<
Taking g, = 9y, = g, = ¢ ( avery good approximation for Ni(Il) ) and express-

ing J and D in unitsof k, the powder susceptibility per gram-atom of Ni(Il} is

[—-F,(JD T)+—-F Up.F) =

KX = 3

+ FqJ,D,T) + FJ,D,T) + N a(5-23)

o

. d

3J -6 3 + 6
To derive a susceptibility equation including the effect of both ZFS and

interdimer interaction the term -22'J'S; <8, > is added to the Hamiltonian (5-

10). Proceeding as above Eq. (5-24) is obtained
®

' Yﬂ Nggﬁz[ Fl(J"DtT) -
:f’.‘, 3 k/;:\izufp,u,p,m
' 9F"(J.D,T)
*TazuFup Ty TNe e
where
F(J,D,T) = FaoJ,D,T) + Fy(J,D,T)

. T
N .

"‘\ 3C,2

+ wyrp Pl ) (5-25)

An important feature of the magnetic susceptibility is that it is temperature

s dependent. The effective magnetic moment

Perp = | ﬁglx Na)Tl‘” 6 (5-26)
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is usually much less so, and it is used for a quick characterization of the magnetic

properties of the ions.

5. 6. Magnetic Exchange in Binuclear Co(Il) Complexes
L

.

Cobalt (II) with three unpaired electrons exhibits an important orbital con-

" tribution ( esp. at high temperatures )., In interpreting the magnetic data to

obtain estimates’ of the:-exchange parameters, there is a mu.ch more-difficult. prob-
lem than in the Nl(ll) case. For exar;‘lple lf both Co([l] and Ni(Il) are in approxl-
mately octahedral coordmauon w1th a tetragonal distortion, the %A 2, ground
term of Nl(ll) is split ( to first order ) only by exchange, whereas the ! Ty,
ground term of Co(ll) is split by both spin-orbit coﬁpling_ and tl‘m—lnw-symmctr}"
fiel®even in the absence of exct‘la'nnge. A further complication which arises in the
Co(Il) case i's' that the three Mg, " orbitals contain only one unpaired spin, and
since in the symmetry of a binuclear complexes these three orbitals cannot be
equivalent, the strength of the exchange will depend on leiich one is occupied on
each ‘ion.' This not only contributes substantially to the magneti; anisotropy of

the complex, but alse means that more than one exchange parameter is required

to describe its magnetic properties.

Clearly,{h'e magnetic behaviour of a binuclear Co(II) complexes can be inter- ¢
preted at several levels of api:-roximatiorr. For example, a relatively simple
method to treat the varying-temperature magnetic data for the binuclear Co(Il)

complexes is to ignore the effects of the orbital degeneracy, which is equivalent ‘to

assuming that there is-a distortion from octahedral symrr;etry large enough to

"
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split the *T,/ terms by an energy >? kT, with the orbital singlet levels lowest
[Co(11) ion in a tetrahedral environment has a spin of 3/2 and is orbitally nonde-
generate ( A, ground term )]; the spin states are assumed to be coupled by an
isotropic Heisenberg exchange interaction. As in the Ni(Il) case, the observea
d(-croas; in the magnetic moment with deér‘casing temperature is ascribed mainly

to an exchange term -2J 8,8, in the Hamiltonian. The susceptibility of a pair of

Co(Il) ions is given by?®®

_ Ng?'liz 14 + 5¢78% 4 3¢-10¢
Xm = kT 7 4 565 4 3¢107 4 1%

| + X7p- (5-27)

where . z=J/kT, Xpp is. the so-called Temperature-]ndépendent
P aramagnetism' caused by the magnetic field ( second-order Zeeman effect of

ground term )%, In principle, X rp can be calculated theoretically*®, however, it

Iis usually calculated by some empirical expressions, sometimes even guessing a
W .

value is used in making the TIP correction. \
Certainly, this mo{fgl, in whigh the temperat}ure dependence of the magnetic

L

momentts assumed to be due largely to exchange ( J ), is obviously inappropri-
| ’ . .
ate. The e{[ectivc moment of an octahedral Co(Il) complex normally decreases

with temperaturé, as a result of the splitting of the ‘Tlg ‘ground term by spin-

orbit coupling and distortion, and both of thése effects are larger than the

x4 : N\
_exchange interaction J, which is only of the order of a few wave numbers. There-
. v‘ % N ~
l fore, any further treatment should take these two effects into account. Here only

the modification of the spin-orbit coupling will be briefly discussed below. Unfor-

tunately, in doing so-it has to introduce two new parameters, both of rather unc- -

- ertain value, so that the accuracy of the results will not be high.
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The lowest orbital states of the free Co(‘I'I) are *F and *P ( Sce Fig. 3.1 ). In
the presence of the cubic field, the lowest *F state splits into two orbital triplets
( symmetry ‘T, and *T, ) and a singlet ( A, ) with the ‘T, triple} lowest. The
1P term is not split by the cubic field and remains an orbital tripict. with sym-
metry *T,. Since the *P and ground-orbital triplet i 4 T; ‘) have the same sym-
metry, the cubic field mixes a little *P character into the ground ‘T (F) state.
However, the matrix elements of L, within the state of 4T, are exactly the same

as the matrix elements of -[3/2)]: between the a,ssoci{ated P functions®®. In group

theoretical language one refers to the structural igomorphism of ‘T, and- 4P

r J—

Since free-ion spin~orbit coupling is expressed as AL-8 [ where k‘%w—180cm" for
| Co(Il) |, the effect of this couplin% in the field can be represented by the operator
H,, =-\ML;4 + L,8,) acting on product functions derived from pseudo-*P
stlvates of the ions 1 and 2 in a binuclear Co(ll) con{plcxg‘. This operdtor must,
however, be modified to take account of (1) mixing 61' metal agd ligand wavelunc-
tions as a result of covalency ( which causes the true matrix elements of L to be-
smalldr than those ob_tﬂained using pure d wavcfuncti;ns ) and, .(2) mixing of the
strong-field determinantal wavefunctions "due to _interelectronic repulsion. The
first can be allowed for by introducing an orbital reduction factor & as an empiri-
.cal parameter®®, and the second by multiplying L by another numerical factor A ,
whose value can, in principle, bé ~e.stimated independently from spectroscopic

data®®. The free-ion coupling constant X is thus replaced by kA ), and the com-

plete perturbation is represented by the Hamiltonian (5-28),
: ]

¢« ok
H = kA NL,8, + Ly#,) - 2J5,8, - (5-28)
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and the quantities to be determined by curve fitting to the experimental data are
kK, A and J. Since the dependence of X, on k, A and J can not be expressed
analytically, the usual method of least squares is not applicable, and a trial-and-
error fit is necessary. kK, A and J are therefore varied by small amounts, and
contours of the mean’ squared deviation are plotted until a minimum is located

for each binuclear Co(Il) complex*®.

R

L0
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CHAPTER 6

SOME BINUCLEATING, SEXADENTATE
PHTHALAZINE HYDRAZONE LIGANDS

Tetradentate pyridylaminophthalazine (.PAP ) ligahds ( 27 ) have generated
many  binuclear con(plexes with  Cu(ll), Cofll), Coflll) - and  Ni(ll)
salts63-65.67-73,75,77-80, Significantly, the Cu(Il) complexes have been shown to be
uscful models for the active sites of copper metalloproteins containing binuclear
copper centers, especially from the standpoint of magnetic, structural, and elec-

4
L

trochemical properties.

In an attempt to expand this group of compounds to include other polyl‘uné:
tional ]igands which might show similar properties, this project has involved the
synthesis and study of the coordination chemistry of three other li;;unds derived
from 1,4-dihydrazinophthalazine (}{PH }, which is a reactive intermediate and
acts as a tetradentate binucleating ligands in its own right® ( See Fig. 6.1 ).
Theo’reticélly, the reaction of DHIPH with appropriate aldehydes/ketones should
yield Schifl-base adducts ( hydrazones ) with six donor atoms arranged in a
manner which would favour the formation o[bbinuclcar complexes, whose exo-
genous bridging site would be:able to be varied. Besides, the well-known deproto-
nation reactions of hydrazones suggest i:hat both neutral and anionic ligands
could be present. Finally, many extensions of the system could be envisioned by

using a variety of aldehydes and ketones. Therefore the three DHPH derivatives

a
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PMP, PPA and PMI shown in Fig. 8.1 were prepared with ease.

The ligands PMP, PPA and PMI were chosen for study here because they
should form fivemembered chelate rings, thus having the potential for the forma-
tion of systems with large metal-metal separations, and also because they present”
alternatives to the other model ligands already studied ( N4 donors ) by offering

each metal three potential donor sites.

DHPH

Ligand R

Rt
PAP(3) n D
PPA(34) CH, N:O>

PMI(35) H | {J

r

Fig.' 8.1 The intermediate DHPH and its derivatives; binucleating

phthalazine ligands PMP, PPA, and PMIL : \/ ;
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6. 1. The Binucleating Ligand PMP

The synthesis of this ligal;d was carried out according to the literature pro-
cedure®®. The ligand 1,4-dihydrazinophthalazine-bis(6-methyl-2-pyridinecarboxal-
dimine), 33, henceforth referred to as PMP, was directly prepared by the reaction
of the DHPH with 6-methyl-2-pyridinecarboxaldehyde, in which both reactants,
in the ratio of 1:2, were mixed in hot methanol and refluxed for three hours.
Reddish-orange crystals formed upon cooling which were filtered and recrystal-

lized from ethanol ( Mp ~ 130 "C ) ( See Experimental Section ).

PMP has two N-H protons, at least one of which seems to be replaceable, as

will be shown in some cases. The ligand can coordinate two transition metals -

with its six nitrogen ddnors to form a binuclear structure by reacting readily with

the salt in the ratio of 1:2, both in water and/or organic solvents. In particular, -

f’MP is found to be ﬁuite reactive toward the transition metal ions Co(ll) and
Ni(Il). The resulting complexes are adducts hvith ’ the formula
[Mﬁ(PMP)X]Xs-nﬁgo, .in which the two fnct#ls are bound to a single PMP ligand
in a doubly-bridged .structural arrangement | a binuclear 2:1 (metal : l‘igfxnd)
structure |, and with the formula [Mz(PMP)g]Y(anO,. in which the two metal
centers are sa‘ndwiched between the two adjacent PMP ligands ( a binuclear 1:1

mode )| where M = Co(ll) and Ni(Il); X = Cl and Br; Y = CIO, and BF, |.

" Both species exhibit reduced magnctic moments in many cases, which is believed

to be the result of a spin-spin magnetic coupling between the two metal centers
due to a superexchange interaction via the -N-N- bond in the phihalazinc ring

and/or the bridging group X®°.
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6. 2. The Binucleating Ligand PPA

This ligand was prepared in terms of the published procedure®®. The ligand
1,4-dihydraginophthlazine-bis(2-pyridineacetaldoxime), 34, h‘enceforl.h PPA, was
directly synthesized by reaction of the DHPH ( 1 equiv.) and 2-acetyl-pyridine ( 2
equiv.) in refluxiug methanol and obtained as orange crystals ( Mp. 185 - 187/'6'

) ( See Experimental Section ). _

Structurally, this ligand is an analogue 6f PMP, but the methyl group is
bound to the azomethine carbon atom. It should have analogous
physical/chemical properties to the ligand PMP and form similar Co(II)/Ni(ll)

complexes to those of PMP as well. Indeed, in this study the ligand PPA not only

~ behaves as a hexadentate chelating ligand to form p-bridged binuclear

A :
Co(II)/Ni(Il) complexes with the 2:1 mode, as it did in the copper compound 31,

but also acts as a binucleating ligand with six nitrogen donors to two adjacent

transition metals in the 1:1 fashion, as its PMP analogue does.

6. 3. The Bipucleating Ligand PMI

'I‘h;e ligand 1,4-dihydrazinophthalazine-bis(N-methyl-2-imidazolecarboxaldi-
mine), 35, henceforward PMI, was produce.d b)%eported procedure’™, in which
PMI was dirc‘ct.ly synthesized by the condensation of the precursors, DHPH ( 1
equiv.) and N-mel!\ylimidnzole carboxaldehyde ( 2 equiv.), in refluxing methanol

for 3 hours, and collected as yellow crystals (‘Mp. 238 - 241 *C ). Further details

‘on its synthesis will be given in the Experimental Section.
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The ligand PMI, which involves N-m'ethylimidazole peripheral donor groups,
reacts readily with Co(I1)/Ni(ll) salts to give highly coloured producfs which
include both binuclear 2:1 and 1:1 derivatives. The ;eucl ions of Co(II)/Ni(Il) per-
chlorate and tetrafluoroborate with PMI parallel the same reactions involving
- PMP and PPA, in‘ both cases binuclear 1:1 species are obtained. The binuclear
PMI complexes formed are expected to have the similar' physical/chemical proper-
ties to their PMP and PPA counterparts, since they .mntain similar donor groups

in an equivalent geometric arrangement.
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CHAPTER 7

BINUCLEAR COBALT(II)/NICKEL(II) COMPLEXES
OF THE LIGANDS PMP, PPA AND PMI

The ligands PMP, Pﬁﬁ and PMI react readily with aleoholic and aqueous
solutions of Co(Il)/Ni(Il) salts to form two series of binuclear complexes with gen-
eral forrulae [MoLX]X; (2:1), or [MaLa]Y, (1:1) where M = Co(ll.i and Ni(Il); L
= PMP, PPA,‘ and PM[; X = C], Br, and NO;; Y = -N03, ClO,, and BF;. The
majority of the complexes have been obtained as(*ﬁne crystalline products. How-
ever, only a I!'ew of these crystals collected are suitable for X-ray analysis. The
rest. of the compounds have been isolated ip the form of powders, The clemental

analyses are quoted in Tables 7.1.and 7.2, in which some metal z{nalyses are not

"very satisfactory but they still -do support the formulae suggested. The

microanaliftical data for these complexes also indicate that in some cases the sol-

vent molecules in the compounds are still present after being dried under

vacuum, suggesting their coordinating behaviour. Generally, these complexes are -

intensely coloured, and very soluble in water as well as soluble in most common

organic solvents. !
i

The binuclear chloride complexes of the ligand PMP were prepared by react-

s
N o

ing a methanol solution of PMP and an aqueous solution of the related metal salt

”
in-a molar ratio of 1:2 under reflux. The so_lut:ions were filtered hot and allowed

to stand at room temperature for crystallization. The crystals formed and were
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Table 7.1 Analytical data for the binuclear Co(ll) complexes of the ligands PMP, PPA
and PMI.
" ° Eoms] Mol. Wt Found/(Caled) (%) Pl
o PSR 3 Colour* C H N Co
, . 799.80 | 32.81 | 4.64 | 1379 | 15.20
36 | [Co{PMP)CH(H;0)|Cly-4H:0 Red | (33.01) | (4.50) | (14.00) | (14.74)
—- 059.57 | 27.55 | 3.67 | 11.5¢ | 11.08
37 | |Co(PMP)Br(H;0),|Brs-3H,0 D.brown | (27.52) | (3.75) | (11.67) | (12.28)
1341.88 | 48.49 | 377 | 2154 | 800
38 | [CooPMP)|(NOy)¢4ELOH Black | (46.50) | (4.77) | (20.87) | (8.78)| -
, 135367 | 4163 | 3.64 | 1672 | 7.80
: 30 | {Co(PMP),(CIO,), ELOH Ruviolet | (40.78) | (3.40) | (16.55) | (8.71)
1153.54 | 46.11 | 4.04 | 1917 | 6.17
10+ 1C°2_‘P_MP "H):|(BF ,);4H0 Black | (45.78) | (3.99) | (19.42) | (10.22)
- : 687.68 | 40.31 | 3.24 | 16.36 | 13.40
41 [C(lg(PPA)Cl(MEOH)C]sI,ﬂ R.violet | (40.13) | (3.49) | (16.29) | (17.14)
- . 811.60 | 34.17 | 2.83 | 13.76 | 11.80
i L] i - n' n CALR Y W
g 42 |'|Co(PPA-H)Br(H,0):BraJ0SELOH | oo\ | (54 00) | (3.33) | (13.80) | (14.52) '
o ! 1353.67 | 41.55 | 3.30 | 16.85 8.44
43 | [Coo(PPA))(C1O,),EtOH D.violot | (40.77) | (3.40) | (16.55) | (8.71)
1181.52 | 46.52 | 3.41 | 1860 | 7.84
44 | |Cog(PPA-H)|(BF } EtOH-3H,0 D.brown | (46.72) | (4.23) | (18.96) | (9.96) |
73278 | 20.40 | 4.00 | 18.87 | 16.13
45 | |Cog(PMICI(H;0)ICly"1.5H,0 R.brown | (20.48) | (3.82) | (19.10) | (16.08) |
- 892.50 | 24.10 | 3.03 | 15.53 | 10.92
6 y n = 'f '
46 | [Coy(PMI)Br(H.0)Bry0.5H,0 Brown | (24.20) | (3.03) | (15.69) | (13.21)
\ | 81291 | 2038 | 297 | 2468 | 13.39
17 | [Col(PMINOH)NOSWELOHOSH0 | g (1 | (a9 s0) | (3.32) | (24.11) | (14.50)
. . 130066 | 35.00 | 3.35 | 21.27 | 7.60
48 | [Coo(PMI}J(CI0,)s ELOH Rublack | (31.82) | (3.21) | (21.38) | (9.00)
130508 | 37.10 | 3.56 | 21.45 | 836 -
49 | |Cos(PMI).)(BF,),-2Et
~ [Coo(PMI),|(BF ) 2EtOH Black | (36.78) | (3.68) | (21.45) | (9.03)

a :ﬂD.bmwn means Dark brown, R.violet Reddish violet, and R.black Reddish black, ete.




r

Table 7.2 Analytical data for the binuclear Ni(:l) compleves of . the higands PMP, PPA
" and PMI

T I
o [mmemoncnino | e | o [ Tn T ow
51 | [NiPMP)Br(H,0),|Bry0.5MeOH 1,0 gf’;‘:fn éi';g} {2:::’:' Mg (:‘,r:;)
52 | INPMP)OH11:0)(NOs)MeOH Beors | itk | 1251 | st | 10
o [ rrwcoans AR
54 | [NifPMP)(PMP-H)(BF)s5.5H,0 «l';zfn:f (Z.'}Zﬁij, (gigg) (:;:g;) (;‘::;)
o [ rarmomncne o am Tan e i
56 | [Nig(PPA-H)Br(ELOH)(,0)Bro]ELOH-0.5H,0 i’r:; {3‘;;;) (g:;:) ‘::j‘;g} 't:;:‘;g)
R A AR A
58 | [NigPPA)J(CIO,),6H.0 g;:ein ,3?[2?, (:::;-4:; (:,;3; (2:;;)
50 | [N(PPA)|(BF) 4H,0 ‘Rbemen | @074) | 1) | o) | e
60 | [NigfPMI)CI{H;0),]Cly2H,0 ;4,:,:3:; (23:?:.) (i:gil [::22, ;::::;
o e AR
62 | [NPMI)(OH,(NOS)JELOI1 15110 e Feell P P P
63 | INiPMIM(CIO,),4H,0 \iﬁi::e [222;,:,; (ggg)‘ (gg:gg) ('22{;;)
64 | [Nip(PMI)e}(BF,):-6Hz0 1;;.’:\;4 (ggfr?) '(g:g) 'éfﬁgﬁ, (gﬁ;

5

a: O.green represents Olive green, G.brown Greenish brown, R.brown Reddish brown, Y.green Yellowish
green, and L.green Lime green, etc.

R .
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isolated by decanting the mother liquor and washing with a methanol/ether mix-
¢ . »

ture. The crystal structures of the reddish-brown Co(ll) complex and the green

Ni(II) c:ompound have been determined ( See Chapter 8 ). The bromifl/e/ nitrate,
perchlorate and tetrafluoroborate complexes were prepared in a similar manner.

Introducing a small amount of water into the preparation seems quite helpful for

the formation of crystalline solids. However, this is not appropriate for the -

preparation of binuclear PMI complexes, in which the fine crystalline powders of
the i’M] compounds formed in (3001 absolute ( or 95%% ) ethanol solution that was

filtered immediately after refluxing.
For the PPA complexes, both solvent systems mentioned above were
employed in their preparations so as to obtain the satisfactory products. Broadly,

the PPA compounds are more soluble than PMP ones, which makes it more

difficult to form crystalline solids. Crystalline- products were only obtained in

some cases, but they were not found to be suitable for the oX-ray structure study.

According to the elemental analyses, the binuclear PPA bromide complexes con-

tain just three bromide groups. The charge deficiency associated with these

bromides can be rationalized by the presence of a deprotonated PPA ligand, like
the ligand in 31. Such a feature has also shown up 1" the Co(II) tetrafluoroborate
compounds of PMP and PPA (40 and 44), in which both ligands in these 1:1

species have lost one proton.

Another interesting phenomenon deserving to be mentioned is that in some
cases the complex is able to possess totally different colours when a different sol-

vent is used in its preparation. This significant chainge in colour may suggest: 2

change in the chromophore around the metal centers and/or possibly an involve-

»



ment of the solvent in the coordination sphere of the center. The latter situation

is supported by the-fact that the colour of DMF solutions of the PMI compounds

fe

" changes gradually. This change can be followed by UV/VIS speetroscopy, in

which the charge transfer absorption of the compound shifts and/or splits up into
two bandls, which probably implies that the DMF molecule has coordinated to the

metal center by replacing a small molecule/anion coordinated or even the nitro-

- u
gen donor of the ligand, since DMF itsell is a very strong donor.

A
Generally, the preparations of the binuclear cobalt complexes are more

difficult than those of their nickel counterparts. Sometimes a careful choice of sol-

s

vents or special treatmépt is required. No precaution was taken to exclude air

’

during their preparation. However, the magnetic data on some cobalt complexes

suggest that the Co(Il) compounds may be partially oxidized by air during their
syntheses, and so further preparation of these compounds should be carried out.

in a nitrogen atmosphere. r

4 .

The perchlorate and tetrafluoroborate complexes were originally expected to

have the binuclear 2:1 molecular formulac, like their halide counterparts. How-

.ever, ti:e elemental analyses indicate that their empirical forﬁulav are just
IML]Y,mSnH,0 (M = Co and Ni; L = PMP, PPA and PMI; Y = CI0, and
BF,; and S = solvent ). According to the studies of l.im ligand DHPIf and its
complex 156 as well as other related ligands and their corresponding complexes,
the molecular formulae of the (1:104 and BF, complexes should be twice their

empirical formulae and be written as [MyLo]Y 2mS-2nH,0, i.e., they have thg

binuclear 1:1 structure, as will 1. supported by their spectral and magnetic data,

L
Their magnetic properties are definitely consistent with a structure containing



‘ J ' . e N

pairs of M(II) ions with a weak antiferrromagnetic exchange interaction ( See
Chapter 10 ). The mtrate complexes appear less well defined. Both 1I: 1(38} and

2 1(47) nitrate specics are possible in temﬁ of thelr elemental analyses and spec-

‘|

tral data. This coordination behaviour~that normally coordinating anions‘( su'éh._.

88 CI" and Br~ ) associate with the binuclear 2:1 species wlmle poorly coordiﬁatix;ﬁg .

donor groups ( e.g., ClO; and BF;".) result in the 1:1 derivatives sigﬂiﬁes that

s

the metal centers in these systems need a relatively strong ]igand-ﬁeld enwron-

. _

inent nnd the three llgands PMP, PPA and PMI in the 1:1 complexes can pro-
vide the centers -with strongelircogrdmatmg -donors than the perchlorate and
tetrafluoroborate groups.

¥



N CHAPTER 8
+ CRYSTAL AND MOLECULAR STRUCTURES OF THE
BINUCLEAR H‘ALIDE' COMPLEXES OF THE LIGAND PMP

e
i

'i"he binuclear chloridt;_‘complexes of the ligand PMP, (u-PMP)(s-chloro)-

> tetraaquo-dicobalt;(ll)-tr_ichloride-4.qﬂ20(30f and (;t-l‘ﬂ-lP'](;t-cllloro)-tot.ra;}]lm—-

dinickgl(ﬂ)-tri.chloridt:-fl.5H._,0(50), have been characterized by an X-ray crystal

structural study, The crystallographic data collection and reﬁnm;wnl. of the struc-
tures are given'as follows.

| 4

8. 1. Crystql structure of [Coz(PMf)Cl(H20)4]Cla-4.0H20(30)

A. Collection of X-ray Intensity Da‘ta
A reddish-brown single crystal ('approximately 0.20 x 0.20 x 0.20 mm‘) of
the title compound 36 was used for tf::' structural determination. Diffraction data
were mcasured at room tcmperaturcﬁ (22 'C‘ ) by employing a Picker fuur-c?rc]u
diffractometer with graphite#monochrqmatilied MoKa radiation [ A Moi\'n,) ==
0‘.70930 A]. The 0 - 20 scan technique was used, and individual reflection profiles
avere analysed” to 20, = 49.9 '. The measured reflections numbered 5337 in
all,. of which 3097 were independent and 2204 rcﬂe‘ctions with
I(intensity),,, > 2.50(l,, ) were considered significant, and used in tlie’ an;ml‘y.sis.

; o & : \
" The measured intensities were corrected for Lorentz and polarization effects, but

J A
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absorption corrections were not made ( because of the relatively small value of
u, ). No extinction correction was needed. The cell parameters were obtained by
the least-squares reﬁne;nent of the diffractometer setting angles of 62 well centred
reflections with‘29 hetween 45 - 50 *. The pertineni crystal data are outlined in

Table 8.1. »

L

B. Solution and Refinement of the structure

lee"structure of 38 -'qu solved by direct methods with $he program MUL-
TANE“‘ The atomic positions were refined with full-matrix least- squares tech-
niques by minimizing the function SJw(AF)? ( the weighting scheme was
wl=o0p2] Al non#h);drogeu atoms were refined anisotropically, whereas all

hydrogen atoms were refined with isotropic temperature factors ( the calculated.

.H-atoms were fixed at their calculated thermal parameter yalues because one was

°
refined to a negative value ). The hydrogen atoms of the water molecules and the

methyl groups were found by Fourier difference maps. The final values of the
discrepancy indices were R == 0.040 and R, = 0.043 for the .sigr__xiﬁqc;ant,
ren'e_c'tions while R = 0.075 and R, = 0.086 for all data with @mit weights based
on counting statistics (o 2). Final atomic positions of the atoms and equivalez-u.
isotropic tc.;m'peratu're factors are given in Table 8.2. All calculatio%\vere carried

out with the NRCVAX system of programmes®®. The source of atomic scattering

l::..s

I'nctors is specified in ref. 100 Amsotroptc thermal parameters for the nofi-
hydrogen atoms, further bond dlstances and ang]es, and related structural data

are available in the Appohdix and/or the Supplemeﬁtary Material. 2
\ :



Table §.1 Summary of Crystal Data' and Difiraction Data Collection.

*
= < - .
formula | CoyCagHogClNg0 , 4.0H,0(38)  NigCopoHygCl,NgO,.4.5H,0(50)
! ‘ ‘ '
' mol. wt 790.80. 808.30 £
cryst. size, mm> 0.20x0.20x0.20 0.15x0.15x0.20
cryst syst trigonal trigonal
. | .
space group ‘ ‘ P3121 J P3,21 . g ¥,
a, & & 17.1624(14) - 17.1237(4)
e, 10.2358(7) 10.21360(20)
v, K3 - 2611.01 ' 250301 ,
Z " 3 * a [
3 ‘ , .
plcaled), g em™ 1.53 1.50 x P
‘ u mm’! | » 31 4.73 g S
, R ’ } ) . — ,
radiation; x,‘R MoKul; 0.70030 CuKa; 1.54050 '
20,0y, do. : 49.9 110.0 I
no. of indep. reflecns ) 3007 ' L2124 -
. .
no. of signif. reflecns : 2204 : 1992
final R(R, )t . 0.040{0.043) 0.040(0.054)
] . ) ——
temp for data collen, * C 22 22 |
_hm
t R=N(IF |- FRIF | Re=|Suw(|F |- [P/ TwlF |2
L\ . :
| ’ .
¢ ll c G I '
\ .
\ 4 g i ’ ¢
R | :
. iy "




Table 8.2  Atomic parameters X, Y, Z and BISO for 3e. E’S.Ds. refer to the last digit printed”.

[

o

L]

ATOM X Y Z BISO!
co 0.62300( 6) | 0.74759( 5) | 0.98773( 8) | 2.41(4)
cL1 | 0.77515(12) | 077615 1 2.99( 9)
CL 2 0.56512(11) | 0.22334(11) | 0.99536(18) | 3.86( 9)
CLO 0.8031(3) | 0.7867(3) | 0.6370(4) | 6.88(24)
o1 0.6363(3) | 07568 (4) | 0.7877(4) | 4.4(3)
02 0.6225.43) | 07486 (3) | 1.1919(4) |-3.65(25)
03 0.4934 (4) | 0.2370(4) | 0.7132(6) | 5.3(3)
N1 0.5574 (3) | 0.6034 (3) | 0.9937(5) | 2.34(24)
N2 0.4205(3) | 06115(3) | 0.9733(5) |[27(3)
[N 3. 0.4856 (3) | 0.7016 (3) | 0.9787( 5) | 2.5(3)
1IN 4 0.6131(3) |08719(3) | 0.9926(5) | 2.943)
Cc1 0.2775( 4) | 0.3232(4) | 0.9953(7) | 3.2(~3)
c2 0.3217( 4). | 04140 (4% | 0.9895(6) | 2.7 *3)
Cc3 0.4157 (4) | 0.4624 (4) | 0.9938(6) | 2.2(3)
C4 0.4697 ( 4) | 0.5593 (4) | 0.9804 ( 5) " | 2.1 (3)
(off ] 0.4577(5) | 0.7571(5) | 0.9797(7) | 3.2(4)
co 0.5270 ( 5) | 0.8521(4) | 0.9863(6) | 2.8(3)
c7 0.5023 } 5) | 09178(5) | 09886(7) |3.7(4)
C8 .0.5707 ( 6) | 1.0084 (5) | 0.9996(7) | 4.6(5)
co 0.6573( 5) | 1.0261(5) ‘| 1.0065(7) | 3.67(14)
C10 0.6769 (5) | 0.0583(4) .| 1.0028(7) | 3.5(4)
c11 0.7721( 6) | 0.9778(5) | 1.0116(9) | 53(5)
04 0.0341 (17) | 0.03412 0 0.1 ( 6)
05 0.9475 (18) | 0.9388 (19) | 0.765 (3) | 4.7 (6)
H1 0.227 (4) | 0301 (4) | 0998 (6) |36
H2 0.205 (4) ‘| 0.441 (4) 0.982 (6) | 3.7
H5 0.387 (5) | 0720 (5) ] 0970 (6) | 4.2
H7 0.460 (5) | 0906 (5) | 0991 (6) |50
8 0.561 (5) | 1.039 (5) | 0.99 (7) 58
Ho 0.712 (4) | 1.096 (4) 1.024 (7) | 46
H N2 0.388 (4) | 0590 (4) | 0.98 (6) | 3.5
Hita | o8ty (5) | 1046 (5) | 1005 (7) |6.2(3)
HIIB" | 0.783 (4) | 0.960 (4) 0.949 (6) | 4.2(4)
HMC | 0788 (6) | 0964 (6) | 1.082 (8) | 7.8(3)
H101 0.605 (4) - |0760 (4) [ 0737 (5) | 29(5)
H201. | 0.684 (7). |0783 (6) | 0740 (9) | 9.97(22
H102 0.606 (5).- | 0.754 ( 5) 1.254 (7) .| 5.6(3)
||H202 0.583 (3) | 0.720 (4) 1.242 ( 5) 2.0 ( 5)
H103 0.528 (4) 0206 (5) | 0687 (7) ;| 4.2(4)
H203 0.505 (5) | 0230 (5) | 0783 (7) | 6.0(3)

1l

p &
! o
* E.S.Ds are the equivalent isotropic Debye-Waller temperatire l’nﬁtora.

+ BISO,is the.mean of the principal axes of the thérmal ellipsoid. \
. _ \

’
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to the juxtaposition of the two five-membered chelate rings.

. a 74
ra '

C. Description of the Structure of 38

The crystal structure 88 consists of a binuclear [Coo(PMP)CI{H,0) 3+
cation, three chloride anions and four lattice water molecules. A structural
representation of this binuclear species is presenl.:ed in Fig. 8.1, together with the

listed in Tabie 8.3 and 8

atomic numbering s’j?stem used. Relevant interatomic distances and angles are
. There is essentlally a two-fold axis in the molecule,

which passes tl:rough the chlorine bridge and the cent_.ral-]ioint of the phthalazine -
group. The [Coz(Phﬂ’)Ql[ﬁQO),]"”' system is nearly planar, with the two coba]th
atoms and the bridging Cl atom co-.pl:nar with the ligand. The two cobalt(Il)
ions are linked by a chlorine bridge and a pht alazine via its diazine nitrogen
pair [ N(1)-N(1A) ]. The equatorial coordination of each octahedral metal center
is completed by the hydrazone and pyridine nitrogen donors, and the two axial

coordination sites of the center are occupied by two water molecules, which are

_ tightly bound to the cobalt atom | Co-O(1) 2.057 A and Co-O(2) 2.090 A ]. The

two cobalt octahedra are quite distorted and separated by a distance of 3.712 A

w1th \a chlorine bndge angle of 100.56 ° Ma]or in-plane deformations occur due

o>

8. 2. Crystal Structure of [Ni,(PMP)CI(H,0),]Cl,4.6H,0(50)

4

A. Collection of X-ray Intensity Data .

L]

A green single crystal ( approximately 0.15 x_0.15 x 0.20 mm ) of the title
compound 50 was collected which appeared to be suitable for a detailed structure

determination. The diﬁ?ctionl data were measured at roor\n temperature (22 °C)

..m; L

¢ ﬂ.“;\] L @ _ 3 .- ;



Fig. 8.1

Structural gepresentation of [Con(PMP)CI(H,0),**, .

36, with hydrogen atoms omitted ( 40% probability
‘thermal ellipsoids ).

Sé
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Table 8.3 Interatomic Distances (K) and Angles (deg.) Relevant to the Cobalt Coordination Spheres in

[ConPMPICI(H,0) |l 4.0H,0(38).

Co-CoA - ' 3.7121(16) . * O(1}Co-0(2) 174.37(20)

Co-Cl(1) 2.413106) - - - O(1FCo-N(1)  95.20(20)

Co-0(1) 2.057(4) o 0(1)-Co-N(3) | 92.66(20)

Co-0{2) 2;090(;} .  O(1}Co-N(1) 90.44(20)

Co-N(1) 2.147(4) - O(2)}-Co-N(1) 88.83(19)

Co-N(3) 2 082(5) O(2)-Co-N(3) 92.24(19)

’ Co-N(4) 2.203(5) ) Of21-Co-N(4) . 88.10(19)

‘ o Cn‘,l(l)-Co-O(-l) 88.'.’.1(1:1) | N(1)-Co-N(3) 73.01(18)

L CI(1+Co-0(2) 87.41(13) N(1}Co-N(1)  149.05(18)
K Cl(l']-Co-N(]} 96.71(13) ~ N(3)-Co-N(4) 75.45(19) ,

CI(1}Co-N(3)  170.62(14)  CoCIIRCoAT  100.56(8)

" CI(1)-Co-N(4) 113.90(14)

P R



Table 8.4

S

N(3)-N(2)-C(4)
Co-N(3)-N(2)
Co-N(3)-C(5)
N(2}N(3)}-C(5).
C{6)-N(4}-C(10)
C)A-C(1)-C(2)
C(1)-C(2)-C(3)
C(2)-C(3)-C(3)A
C(2}C(3)-C(4)
C(3)A-C(3}C(4)

N(1)-C(4)-N(2)

/
&

+ 115.7(5)

117.3(3)
119.9(5)
122.8(5)
118,2(5)
121.0(5)
119.9(5) |
119.1(5)
124.6(5)
116.3(5)

115.6(5)

and Angles

Interatomic Distances (&)
[Co,(PMPCI(11,0),|Cly 4.0H,0(36).
N(1)}-N(1)A 1.374(9)
N(1}-C{4) 1 305(7)
N(2)-N(3) 1.354(7)
NEZFCH) f1.386(8) '
N(3)-C(5) 1.261(8)

* N(4)-C(6) 1.343(9)
N(4)C{10) 1.336(8)
C(1}-C(1)A ¢ 1.361(13) \
Cl1}C(2) 1.352(9)
N(DA-N(1)-C(4)  119.9(5)

v

relevant to

C(2)-C(3)
C(;}-C(3)A
C(3)-C(4) -
C(5)-C(6)

C(6)-C(7)

c(7)c(8)

C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
N(1)-C(4)-C(3)
N(2}-C(4}-C(3)
N(3)-C(5)-C(6)
N(4)-C(6)-C(5)
N({4)-C{6)-C(7)
C(5)-C(6)-C(7)
C(6)-C(7)-C(8)
cmcis)-cw)
C(8)-C(9)-C(10)
N(4}-C(10}-C(9)
N(;l)-C(IO)-C(ll)

C(9)-C{10}-C(11)

the

1.308(8)
1.394(11)
1.445(8)
1.461(9)
1.389(8)
1.409(11)

1.362(12)

1.363(10)

1.498(11)
123.8(5)
120.5(5)
116.0(6)
117.6(5)
122.5(6)
119.9(6)
118.3(7)
117.6(6)
121.(7)
122.3(7)
116.7(6)

121.0(6)

ligand

77

in
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by employing a Nenius CAD4 automatic {ogr-circle diffractometer with graphite
monochromated CuKe radiation | A(CuKa) = 1.54056 A ]. The 6 - 26 scan tech-
nique was used and. individual reflection profiles were analysed® to
20max = 110.0 °¢ The measured reflections totalled 2288, of which 2124 were

independent and, 1092 reflections with I,,, > 2.50(I,,, ) were considered reliable

and used in the analysis. The measured intensities were corrected for Lorentz and

; polaf‘ization effects, but the absorption corrections were not made. No extinction

correction was needed. The cell parameters were obtained by the least-squares
fitting of the setting angles of 45 well centred reflections with 20 in the range 00.0

- 86.0 °. Txe pertinent crystal data are outlined in Table 8.1.

B. Solution and Refinement of the structure

The structure of 50 was determmed by direct methods using the program
MUL.TAN"‘8 The atomic pomtlons were refined with full-matrix least-squares
techmques by mmlmlzmg the function Y w(AF )2 All the non-hydrogen atoms
were refined w:th .anisotropic temperature factors, whereas all the hydrogen
atoms were refined isotropically. The H-atoms of the methyl groups were located
from the usual Fourier diﬂ'el-ence syntheses, bu.t éttcmpt& to determine the H-
atoms of the water molecules were not successful. The final values -of the
discrepancy indices were R¢'= 0.049 and R, = 0.054 [or the significant
reflections while R = 0.054 and R, = 0.070 for all data with unit weights based
on counting statistics. The final atomic positional parameters and equivalent iso-
tropic temperature factors-sre given in Table 8.5. All the calculations werc per-
formed with the NRCVAX system of programs“ The atomic scattermg factors

were taken from the usual source!®. The anisotropic thermal parameters for the



Table 8.5

ATOM X Y z BISO!
NI 0.37939( 9) | 0.26555(10) | 0.00072(12) | 2.52(7)
CL 1 0.22083(17) | 0.22983 0 .| 2.96(12)
CL?2 0.43231(15) | 0.77582(15) | 0.00470(22 3.83(12)
CLO 0.1087 ( 3) 0.2148 (3) | 0.3606 ( 5) 6.8(3)
01 0.3690 (4) | 0.2500 (5) | 0.2121 (5) 4.3 ( 4)
02 0.3812 (4) | 0.2536 (4) -| -0.1947 ( §) 3.3(3)
03 0.5044 (5) | 0.7652(5) | 0.2885(7) | 5.7(4)
N1 0.4418 (4) | 03962 (4) | 0.0042 ( 6) 2.4 ( 4)
N 2 0.5696 (5) | 0.3870(5) | 0.0225(8) 2.9(5)
N3 0.5133 (5) | 0.2071(5) | 0.0200 ( 6) 2.4 ( 4)
N4 0.3814 (5) | 0.1284(5) | 0.0086 ( 7) 3.1(5)
Cl1 0.7228 ( 6) 0.6761 ( 7) 0.0026 (10) | 3.4 (5)
c2 0.6780 ( 5) | 0.5839(6) | 0.0096 ( 8) 2.6 (5)
ca 0.5835(6) | 0.5371(6) | 0.0055 (7) 2.3(4)
C4 0.5293 ( 6) 0.4399 ( 6) 0.0110 ( 7) 2.3(4)
o 0.5388 ( 7) 0.2406 (6) | 0.0185( 9) 3.1(9%)
C6 0.4670 ( 6), | 0.1449(5) | 0.0146 (7) 28(9%)
c? 04883 (8) | 00770(7) | 0.0086 (10) | -3.8(6)
Cc8 0.4105 (9) | -0.0111(7) 0.0019 {10) 43(7)
(of 0.3325(9) | -0.0282(7) | -0.0060 (10) | 4.4(7)
C10 0.3158 ( 7) 0.0427 (6) | -0.0004 ( 9) 3.7( 6)
C1l 0.2213 (9) | 0.0255(10) | -0.0106 (16) | 5.4(8)
04 0.9665 (24) | 0.96648 1 14.3 (12)
05 0.910 ( 3) 0.991 ( 3) 0.900 ( 4) 19.4 (13)
H1 0.766 (7) |. 0.693 (7) 0.025 (10) 4.1
H2 0.717 ( 6) 0.656 { 6) 0.019 (7) 33
H5 0.611 ('7) 0.258 (7) 0.023 ( 8) 40
H7 0.554 (7) 0.095 (7) 0.010 (9) 4.9
s 0.426 (8) | -0.055 (8) | -0.019 (11) 5.6
H9 0.273 (7) | -0.08 (7) | -0.019 (9) 4.9
H N2 0.613 (7) 0.406 (7) 0.022 (10) 3.8
HI11A 0.106 (9) | -0.038 (10) 0011 (12) | 8.0(37)
H11B 0.207 ( 8) 0.050 (7) 0.065 (10) 6.1 (28)
H11C 0.214 (8) 0.037 ( 8) -0.088 (12) 7.7 (38)
e ===

\

+ E.S.Ds are the equivalent isotropic' Debye-Waller temperature factors.

t BISO is the mean of the principal axes of the thermal ellipsoid.

Atomic parameters X, Y, Z, and BISO for 60. E,S.Ds. refer to the last digit printed’ .
>
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non-hydrogen atoms and the related structural data are given in the Appendix

and/or the Supplementary Material.

, - €
C. Description of the Structure of 50

Ti:e gaystal structure 50 is composed of !; binuclear- [Niy(PMP)CI(H,0),J3*
cation, three chloride anions and 4.5 lattige water molecules. A structural .

/ . 4 .
representation of this binuclear cation, together with the atomi:: labelling system
used, is shown in Fig. #.2. Selected bond lengths and .bond angles are listed in
Table 8.6 and 8.7. The structure 50.is essentially the sa?mc as its cobalt ¢ounter-
part 36, and there appear no sigﬁihcant differences between their bond Ipamn_w«
ters ( length and angle ). The binuclear cat_ion isvalmost planar, and lies on a
two-fold axis which passes through the central-point of the phthalazine group and
the chlorine.bridge. The equatorial coordination of the two Ni(II) centers is made
up of a chlorine group and six nitrogen donors of a PMP ligand, in which the
Ni(II) ions are doubly bridged by this chlorine and the diazine group, with two
water molecules completing a distorted octahedral arrangement about each metal
center. The Ni-Ni distance is 3.678 A and the Ni-Cl-Ni bridge angle 101.6 °,
Again the major in-plane deformations occur as a result of the juxtaposion of the
two ﬁve—rﬁembered chelate rings. By contrast with the complexes \'k:i'l‘...and 32,
much larger metal-metal separatior;é are found in 36 and 50, and they are attri-
buted to the presence of the 6-methyl substituent on the pyfidine rings of the
ligand PMP, in which the bul!()' methyl groups are in a position to force the two
metal centers apart by virtue of tileir proximity to the binuclear center them-

A

selves,



.......

]

Fig. 8.2 Structural representation of [Niy(PMP)CI(I1,0),3*,
. 50, with hydrogen atoms omitted ( 40% probability
< g . thermal ellipsoids ).

= . ;
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[Nio(PMP)CI(H,0) ,|Cl5.4.5H,0(50).

Table 8.6 Interatomic Distances (R) :u]d Angles {deg.) Relevant to the Nickel Coordination Spheres in

Ni-NiA

‘Ni—Cl(l]

Ni-O(1)
Ni-0(2)
Ni-N(1)
Ni-N(3)
Ni‘-N(tI)
CI(1)-Ni-O(1)
CI(1FNi-0(2)
CI(1)-Ni-N(1)

CI(1}-Ni-N(3)

C1(1)}-Ni-N(4)

3.678%(27)
2.3738(23)
2.072(5)
2.088(5)

' 2.091(7)
2,036(7) -
2.194(8)

‘88.45( 16)
88.76(15)
95 45(19)

171.57(21)

111.48(22

O(1)-Ni-O(2)

O(1}Ni-N(1)

<

O(1)Ni-N(@3)

O(1)-Ni-N(4)

Of2)-Ni-N(1)

O(2)-Ni-N(3)

O(2)-Ni-N(4)

&y

N(1)-Ni-N(3)

N(1)-Ni-N(4)
N(3)-Ni-N(4)

Ni-C'I(1)-Ni

176.15(24)

| 93.6(3)

3

00.04(25)
00.2(3)
89.35{23)
92.21(24)
88.36(23)
76.2(3)
152.0(3) -

76.9(3)

101 57(12)

]

[

¥
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Table 8.7

Interatomic  Distances \(R)

—,

———

and -—Xngies

[Ni,y(PMP)CI(H,0) ,|Cl5.4.5H,0(50}

N(l}-N(l]‘A
N(1)-C(4)
Nm@) .
N(2)}-Cl4)

N(3)-C(5)

- N()-C(6)
 N{4)-C(10)

C(1)-C(1)A

c(ii.c(fz)

" | Ni-N(1)-N(1)A

Ni-N(1)-C(4)

N(iiA-N(;)-C(»;) :

" N(3)-N(2)-C(4)

Ni-N(3)-N(2)
Ni-N(3}-C(5)
N(2)-N(3}-C(5)
C(6)-N(4}-C{10)

C(1)A-C(1)-C(2)

' 0(1)}:‘“’(“2):6(3)

© C(2}-C(31-C(3)A

c2rcrel)

C(3)A-C(3)}-C(4)

1.354(13)
1.300(11)
1.347(10)
1.391(11)
1.245(11)
1.349(12)
1.333(12)
1.386(20)

T370(13)

" 123%8(5)

116.1(5)

120.20) "

116.0(7)
11.5.'9(5)'
119.9(6)
124.0(8)
117.6(8)
121.0(8)

118.5(8)

A120.4{8)' -

'123.4(8)

116.2(8)

(deg.). glevant

=
. N

Cl2)C)

CAFCIA

T C@B3RCH)

C(5)-C(6)
C(6)-C{7)
CT1C(8)
c(8)-c(0)

(:(9;-('( 10)

. C(10)-C(11)

N(1)-C(4)-N(2)

N(1)-C(4)-C(3)

| N2RC(HC)

NBFC(5-C(6)
NI GO (5)
N(4)-C(6}-C(7)
CL5)E(61C(T)
C(6)-C(7)-C(8)
C(7)-C(8FC(9)
C[s)-C{‘G}-(:( 10)
N(4)-C{10}-C(9)

N(4)-C(10)-C(11)

‘co}t(opc(n)

to .. the

-

Ligand . in

L4
1.402012)
1.382(16)
1445(12)
1.478(12)
1.383(12)

b .
1.375(10)
1.3G9(18)

1.381(15)

1.495(17).

T Ty
U877 .

123.048)

120.71';') ~

116.2(9)

116.6(7)
122.6(8)
120.7(9)
118.8(10)
118.8(9)
119.4(10)
122.7(10)
117.1(10)

120.2(10)
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CHAPTER 0

i

SPECTROSCOPY AND STRUCTURES OF THE BINUCLEAR
PMP, PPA AND PMI COMPLEXES

-

L

o

9. 1. The Infrared Specii!-a. Of The Binuclear Complexes

A. The Characteristic Absorption of the Pyridine.Ring

The infrared spectra of the ligands PMP and PPA exhibit bands at 99:'; and

090 em! respectively, which can be‘ass;ocieited with pyridine ring.breathing

modes- of vibration. A(cordmg to a pre\nous report®®, it is “evident that the pyri- .

dine rihg Ias_coordinated to the metal center M’lﬁ characteristic absorptlon

shifts to higher energy ( above 1000 ¢m! ). The absorptlons in the range 1002 -

1020 cm~! ( Tables 9.1 and 9.2 )-for the complexes 36 - 44 and 60 - 58, typically

shifted to higher energy by 10 - 30 ecm™, indicate the involvement of the pyridine
ri&\in_ coordination and suggest—tliat PMP and PPA behave as hexadentate
lighnds in all these compounds. The strong aI;sorption at 1050 cm™! for 59, asso-

ciated with ionic BFy groups, masks this characteristic band of the pyridine resi
Kl;\

“due. The coordination of the p)'ridine.ring has been verified by an X-ray analysi

of the compounds 38 and 60, in which bé!.h pyridine nitrogen donorg of the

ligand PMP coordinate to twe metals of the complexes to complete the equatorial

coordination of the binuclear center ( See Fig. 8.1 and 8.2 ). It is reason:s;ble to

assume that this situation prevails for all the 2:1 species. For the 1:1 derivatives o

~
i




2

~ “ - & v Ry
“Table 9.1  Infrared spectral data for ke Blatienr Co(l1) complexes. ' =
No. .Complex Amighement ("“—I)n’ }
H,0/ROH Pyridine | .Ligand/Anion
: NN e sl e i il
36 [Coz{l:fI\*IP)C!(HQO)‘]CI,;-ngO. - zﬁﬂfg-;*?"m(“-br) 1(2;;.1 ggg:gzgll}l:h)
R o e I =
38. | [CofPMP);|(NOy)4ELOH ol . (ﬁ]:;w)
39 | [CodPMP),](CIO,)EOH ‘ /’fgfg(:)) _10_04 (lg:sg.iaom:a(n.um
10| [CoPME-H)BF 4,0 & FalimEA ke )
.41 | [Co{PPA)CI(MeOH)CI) ) ?:;cﬂéjll‘;)' I(E:;J :‘:&gtg:}:
82 | [Co{PPA-H)B{(H,0)BrJO.5ELOH | ?lf::ggfgg,}m) l(fl:? ‘ g:i(?i(é:;;mh
K {é'ﬂdPPAH(md;);'EtOHI , ‘[’Ef’fgfl‘;f)) 100, (lgslig.ﬁag,nz‘z(s.sn)
44 | [CofPPA-M)(BF JyELOH-3H,0 ffﬁ?fﬁiém- 10, fm“"’").
15 (CoPMI)CI(H,0)|Cly 1.5H,0 ﬁ‘;‘:g;*“"(“-"') - 3;;:2::;8'))(:1\)
. 16 {Cog(Phﬂ)Br!l:lgo).]Br3-0.5H20 - ?}igg$420(vs,br} ggﬁ({g:gr);s:h)
“| g [(_Jo,_{PMI](OHg)(Nb,)4]ELOH-O.5H,O 13;??(3:231!) o :éffé;agswu.)
) 18 | [CofPMI);|(CI0,)(EtOH | {'c‘é:lg(:)l : :g?é.330.ﬂ2(ﬂu,sh)
| 49 ICodejzl(BFﬁ-zisaon ?éfgf[‘;’)l :. :g;:o‘is,m}

6 : 8 means strong, vs very strong, ms medium strong, w weak, slw slightly weak, rw relatively weak, br
broad, sh sharp, t terminal, and b bridging, etc. '

.ll-
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A
Takils 08 - Infeased specira dats for tie binuclear Ni(H) cgmplexes.
’ 2 = : -1ya
o I w_hpl“ v 'Ht?;l/gr:gr:nt {cn;’y}ridine Ligand/Anion I
) 50 .| [Nif PMP)CI(11;0),]Cl;4.5H,0 .(33’23-}3330(vs.br) 1(:;;3 2;;}::2:}(:*1)
p 51 | [Niz(PMP)Br(H.0),|Bry0.5McOH-H;0 ?}5{2,3'?340("“” 1(::}7 gig:ﬁ:g}ﬁh} |
52 ‘,.!NiufpMPl(m-té)('u;ohl{Naah-Meon fgfgﬁfg}‘;ir) : 1(22;—" (I;%J:)rw)'
- ) o [ s
53 | [Ni(PMP)J(CIO)411;0 z;‘:g(;“s’ | o ;3?3'330’65’”(5-5“)
: 54 | [Ni PMP)(PMP-H)|(BF J)5'5.5H0 ?;:g()ms) -1"‘;’_04 - (lgg.tfgsf"’)
" 55 | NiPPA)CIHO)JC 21,0 . - — ‘314163,()" f‘.’b'l) }:g? _ gﬂgﬁjgl’,‘jh’ s
[ rermmonmommonoso | st T e | e,
57 | INPPA)I(NOs)y4H0 . g™ | W sy
. 08 | INLAPPANI(CIO ) SHL0;" '?328-?420( ms) e (13?3,335,522{5.51:)
50 [Ni:{PPﬁ’LhI@F‘k“‘HaO " ?}E;:g'f Ackiina) 4 - ! :g?‘:gs'b”
60 | [Nig PMI)CI(H;0),]Cly 2H;0 (33:3,]3400(vs.br) - g;;}:::gllﬁshl _
61 I[Nidpﬁl)_ﬂr(ﬂ:oh-lBr;"S..ﬁH:D ?;gg-;“%(vs.bﬂ - gggg)gsh)
62 ‘[Nig(PMI)(ougltNt_:la}.lEtOH-lfau-..o fory S N R b
63 | INi{PMIKI(CIOL) AHO o - | usoemmagiieiiy |
64 | INWPMII(BF),OHO o0 | oootes
‘ | -3

. @i s means strong, vs very strong, ms medium strong, sh sharp, br broad, slw slightly weak, t terminal,
and b bridging, etc. - : ‘

. /.'
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" water and the appearance of a strong absorption at 295 em™', assigned to a 9‘6-()1

M e

87

- -
the pyridine-nitrogen coordination still appears to exist but in_a rather different

structural arrangement, as will be discussed later.

B. The Absorptions of Wat.er/S_olyent molecules

i e

A_l'l complexes prepéred exhibit a broad multiple absorption in the high
energy region ( in the range 3300 - 3600 cm-! ) -of their infrared spectra. By com-
parison with the spectra of the ‘iiga.nds, this broad absorption is nssigned to the
coordinated and/or lattice water/alcoholic solvent ‘molecules, although it is
diﬂ"ncult't.o'r;lake specific assjignments in this area. The very strong broad absorp-

tions in this range displayed by most.of .the binuclear halide complexes and o

nickel nitrate compound. of PMP (52) indicate the presence”of the coordinated

water and/or alcoholic mplecules, as can be supported by a sharp strong. absbrp- . .

tion in the low energy. region ( 300 - 346 cm™! ) of their inl‘mred{ spectra,-,Wh-ich is N

associated with a Co-O or Ni-O stretch ( See Tat;les,ﬂ.l and 9.2 ). "lv‘lfle'_is:lightl)u'__
weak bands around 3400 -3420 cm™! in“the spectra of the PMI nitrate complexes,

47 and 62, are assigned to the O-H §tretph of a bridging water.

-

C. The IR Spectra of the Binuclear Halide Complexes

A very rich infrared absorption is observed for all the binuclear halide com-
plexes in the low energy region (_'200 - 350 em™!’). The chfiracteristic bands
between 230 -- 255 ¢em™! of tﬁ_e spectra for all the chloride cemplexes are associ-

‘ated with the M-Cl vibration of a brlidgfpg chlorine. The spectfuf‘n of 41 differs,”

somewhat from the other chloridec.complexes, showing no bands associated w_i!.fh_

’ /

‘stretch of a terminal ‘chlorine, which is absent in the other compoun/d!;. The

oVt T e e
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' ‘ ‘ eha‘iac‘teristic absorption in the range 204 - 223 em™! is observed in.all the spectra ' /
I ‘ i of Ehc bromide compounds which is assigned to the M-Br stretch ol' a bndgmg
| bromme whereas- the strong band between 230 - 275’ mhown by 42 and. 58 is .'
associated with a M-Br stretch of a terminal bromine, which is also absent in the
other compounds ( Tables 9’1 and 9.2 )- The infrared spectra of PMP complexes

: -
36, 37, 650 and 51, PPA complefcés,_ﬂ and 56, and PMI complexes 45, 46, 60

Ly

and 61 are almost ‘identical respectively, with respect to band positions and rela- . O -

tive intelnsities, indicating very similar _sl.r,uctures between them respect'ively; All |

the complexes of these three groups, together with PPA chloride compounds 41 " )
‘_ ._andIBE, are suggested having tlle same basic s.tructuf'al unit as the PMP chloride |
compounds 36 an(-lhl"() ( whose structures have been determmed by. the X—ray : Y :'_ “1
’.* ‘ _I .- Jcr}stallography ), i.e., the two pseudo—octahedral metal centers are doubly-a' F
bndged, fixed in .the molecular Plan'e -by va: s:pgle hexadentate llgand as _well_ as a
“halogen elonor, and alcielly eoordinated by 'hfloéen'atoms and/or water/solvent

i . ot : 5 [

molecules, ‘as will be al_so supported by the electronic spectra and magnetic data. o
\ S . '

]

D.. The IR Spectra of the bintclear perchlorate complexes ‘' . . __ " __

All the cobalt perchlorate complexes- exhibit a relatively weak absorpﬂtion
around 3500 em™! in the high energy reglon of thelr IR spectra ( Table 91 ), - .S -,
whlch is asmgned to the latlﬁce ethanol molecule of these compounds This weak °
a_bsorpt-:on is also consistent w:th thelr elemental analyses: a single’ ethanol
molecule par eomplex molecule. Their nickel counter}?arts, on the.other han'gl,
reveal a re]atieelf strong and b.road high energy a.bsorption' between 3420 - 3600
: - cm" in their IR spectra ( Table 0.2 ), ndlcatlng the.presence of water molecules

However, by contrast w1th the very strong and broad high energy bands in-the -

L]




centers

* - ' 80

spectra of 50 - B2, these water molecules: of the CIO, complexes are only con-

sidered as the water of crystallization; in other words, they do not exist in the

r

-coordination sbh’ere of the metal center. All the pErchIorate compounds show a

\

- rather broad absorption in the range 1080 - 1100 ¢cm™! [vsj, a weak band around

030 cm™ (v,) and a sharp absorption between 620 - 625 em™! (1,)'%) definitely
/ . £

indicating Ehe presence of tetrahedral ionic perchlorate. Since both the per-

chlorate groups and water/ethanol molecules do not behave as the coordinating

o

ligands in ti]ese.biriuclear 1:1 species, all the coordination siteg of the' two metal

qust- be completely occupied by the nitrogen ab‘\r)n doffors from the two
. ul . . L
ligands. This is- of sighificance

concerning the proposed binuclear structitre of the
e . . \ - i o &

1:1 derivatives, as will be discussed later.

. E. The IR spectra of the Tetraflioroborate Comple:::es‘ : 7

" The tetrafluoroborate anion, with the same point group symmetry as the

perchlorate ion,hhas‘ the same fundamental vibrations as the perchlorate. There-. --

fore the IR spectra of the tetrafluoroborate complexes are supposed to be very

Fl

similar to those of the perchlorate counterparts. Indeed; the IR spectra of the BF,

compounds exhibft a broad and intense band between 1050 - 1070 em™, which is

102

assigned -to .the vy vibration of a ionic tetrafluoroborate!®?, signifying that

tetrafluoroborate group remains ionic. in these compotinds.' Relatively weak,
“absorptions in .the ranée 3460 -, 3600 ¢cm™! are observed for all these BF jecom-
pounds, and again they are assigned to the lattice waiEﬁnWolic so!vglft' .

r;olect‘sles,'.( Tables 9.1 anq 9.2 ). The spectral similafity between the BF; and

L

ClO, complexgs,suggesltﬁ their molecular .similgrit:}r and that the same I:1 struc-‘

tural unit is present in these derivatives.

-

L e
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F. The IR Spectra of the Nitrate Complexes . y

’ .

. The nitrate complexes seem to be somewhat varied.-Five complexes may fall 4
; " into two groups: on the one hand, they are divisible ihto.the binuclear 2:1 species
.‘ “( 47, 62 and 62 ) and !,he 1:1 derivatives ( 38 and 67 ) according to their ele
mental .analyses, on the other hand, they are _classiﬁabfe under two heading_;s,
complexes with ionic nitrate group ( 38, 62 and 67 ) or thbse with coordinated
nitrate ( ;17 and 62 ) in ghe light of their infré;rled spectra. Usually, the v, + vy
. combination band betwee‘n -1700 - 1800 cm™! in the IR spectra _ol' the nitrete com- - :
plexes reveals some strhctural itiformetion“’-3 The presence of only one nitrat,el .
comblnatlon hand in the range 1740 - I755 cm™! for 38, 52 and 67 is assxgned to-
) | . the v1brstlon of an ionic mtrate group, whereas two absorptlons at/around 1730
A and 1750 cm! in the spectra of 47 and 82 can be assoclated with monodentate”

'mt.rate} Tables 9.1 and 9.2 ). "The absence of a high- energy nitrate comblnatlon

’ -
band in the 2: 1 mtrat,e compounds indicative of the presence of a mtrate brldge,

- suggests that some group, rather than the nltrate,‘serves as the second bridge
besides the diazine group of the ligand. This group is proposed. to be a water
moleculle due to the fact that a moderate_end clear abgofption between 3320 -
3420 cm™! shosvs up in the IR _spec'tra ol: these complexes',- \‘vhieh is assigned-to O- ‘

' H stretch of bridgieg"wat.er The three binucléar 2:1 nitrate-eo;npounds are pro-
posed to possess the snmllsr structursl unlt to those of the hallde compounds (See
' Chapter ll.) As forﬂt.he binuclear 1: l mtrate complexes, they are assumed to have
“the same basic strugture as the perehlors\te compounds. The feature that the
nitrate :eompounds 'poss_ess bohh the binuclear 2:1 and 1:1 'stsuetura! modes is also
is sg:iee'_meiii \sith hhe fact that the nitrate group is s Iligz‘mdlying between - the

strong coo-rdinating;donor ( e.g., Cl and Br) and the p(;or donor ( e.g., ClO, and
. * - r v "

i : = - . ", . ‘




9. 2. The Electronic Spectra Of The Binuclear Complexes

. l o
The soiution electronic spectra of all the complexes prepared are recorded
. a ’ . 2 ‘
and displayed in Tables 9.3 and 9.4. All the electronic spectra are characterized
: & by the appearance of absorptions below 16700 ¢m~!, which ¢an be assigned to d-d

- transition of the Co(II) and Ni(ll)- ions, and very intense ( € = 0800 - 40000

—
.

%" . Imol” l‘r:m ] V1sxb1e absorptlons in the range 16000 - 23000 om! s Which are obvi-

- ‘ ously_charge tr?.nsfer -\}D origin. According to these elcct.romc spectrf}‘, Fogethgr p :
‘with‘ the.resg‘lts; from i\.pe IR spectra, two importgnt conclusions on the sterco- .

A . ch\emistr;:'l.of th;:e; metal center and the coordination geometry of the 1:1 spcci&s:

| ' ‘ &

can be drawn. . % #

A. The Sfereochemistry of the Metal Center

: ’/ ‘ The Co(IT) complexes exhibit near infrared b‘lands between 6290 - 7400 cm-!

(e=1-66 lmgl“cmil,_‘){hich are assigned to the vy( 4T, « T ) transition

of the octahedrﬁlﬂ Co(IT) metal centers ( See Chapter 3 ). No bands can be associ- -

ated with the v? transition since the transition to 1A % 'is, as usual, too weak to k "t
" ~ be observed . However, a fairly mtense{ € = -2000 '8000 Imol-'em-! ) shoulder ir %"
the range 15400 - 16100 cm‘l‘for these Co(Il) compounds could perhaps be
assigned u; the lv; transition in the pseudo-octahedral Co(Il) center, although its
high intensity is, not ;,yp\ica‘tl of such bands. This may‘\ilave z}ris_en through “inten-
y sity af;ealih.g'.', in which t'lhe cry.stal field states generall?r increase in intensity as
" | they mc‘w'e into éhe blue, where they can couple with higher em:rg}r wavefunc-

N
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‘Table 9.3 H!lectrqnic spectral data for the binuclear Co(II) complexes’.

" i Assignement O,, (cm™'}/(eplmol~'em™) -
o. omplex oo » s MLCT . i
: . 6900 15400 " 19000
|36 | [Coy(PMP)CI(H,0),|Cly4H,0 (494) (; 100) (13700) _“
: 6290 15400 19000 "
37 | [CosPMP)Br(H;0)Bry3H,0 (437) (2500) - (13800) N
_ - 7100 16000 20400 ' —
‘ . = 15400 20000
- |30 | [Cox(PMP),)(CIO,),ELOH . (4100) (24800)
: ' - [ 7100 by 19000
10 | [Cop(PMP-H)c|(BF )y 4H,0 1 = (19000 |
: | 6780. 15600 - 20000 g &
41x| [Coy(PPA)CI(MeOH)CI,) (38.9) (3300} (9800)
. i 6350 ¢ 16100 19600 )
a2, - Skt P ’ i
7400 15400 | 20400
43 | [Coy(PPA)|(C10,)¢EtOH X (42) @000 N (25400)
N : 7400 | 15400 20200 ,
. 44 | |Coy(PPA-H)o)(BF,)ELOH-3H,0 31) (3000) _(20800)
. 6900 15400 21300
! ; /
45 | [Coy(PMI)CI(H.0),|Cls'1.5H,0 ol |« o) (8550)
6580 15700 20800
. 46 [Cog(PMI)Br(lizo)JBr,-o._sngo (56.4) (7500) (9200)
\ ' 7400 A5700 21500
47 | [Coq(PMI)(OH;)(NOs) JELtOH-0.5H,0 (7.76) .k(ﬁm] . i
& ' ' 7400 "~ 15400 " 20800 _
. 18 | [CoPMI)J(CIO,) ELOH (254 (7500) (20360) o
. X 7400 15750 21700
Nt g

t The spectra recorded here are solution spectra in DMF.

N .
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l Table 9.4  Electronic spectral data for the biguclear Ni(1l} complexes'.
Ll : ,
o, . Complex ‘ ] R@:‘g-nomen . ,.p (em ™) /(e n;::: (t:l;\ )
’ . 1 2 .
. e 9900 15400 10600
, 50 | [NigPMP)CI(Hz0)y Cly-4.5H.0 *136.0) (30.0) (13600)
. ‘ _ 9600 15400 19600
51 | [NigPMP)Br(H,0),|Bry0.5MeOH 11,0 . (11.0) (330) (22600)
. ) 12500 15750 20000
0 J -
52 | [NigdPMP)(OH,)(H;0),|(NO;)-MeOH e 5) (3450) (21500)
) . 3 ) 12800 15600 - 10600
% a3 [Nldphﬂj )-_\](CIO4).‘ 4“50 (51 »8) -'"(—38” ('15(‘!00]
. ' ] 12700 . . 20000
54 [le(Pl\{P){Pl\{P;;ﬂ)llBF"),5.‘;‘}{20 (44.7) ) (35000)
- I
: ; 11800 . 22700
. W L4 s .
_ 85 [NIQ{PPA)CI[};J;O]:]CI,_ H,0 (34.4) . (1860)
\ | C 11400* 15400 20800
56 {ng(PPA}I;IjBr(EtOH)(}{zo)!?:rQ]ELOH-O.SI{gO (41.0) o) e
' . = 125 15400 20200 .
T m -‘N'Q(PP,M“"“O"‘]‘.“H“O (515) (820) (33100)
ol ’ 12500 15600 20000
) & IN"‘@#PM’-’"C'O‘)*'GH”O : y (66.3) (9480) -~ (40200)
' ' | 12500 . {20000
: : 10900° 16700 21700
60 [NiPMI)CI(H,0),|Cl3-2H,0 (26.2) (22.9] <11000)
- . 10700 1600 " 01500
61 | [NigPMI)Br(H,0)|Bry3.5H,0 5] ~'(' L5 e
- | 11800 15400 20100°
2 1 n & n b i i
/ 62 [N.?{PMI)(OH_)(NOS)‘]E:,OH 1.5H,0 (24%) (3000) (17000)
. e ; 11900 16700 20800
‘ / " [.N i PMIJ](CIO,)y-4H,0 (45.0) (7000) - (40100)
. ‘ 11900 {16700 20800
+ The spectra recorded in the Table are solution*spectra in DMF'. ’ .
*  Solution spectra in methanol. 7 (\ ’
. . ' , ¢
' . r
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' species in the 1:1 derivatives.

94
tions, usually charge transfer states..On the other hand, the v, absorptions of the
binuclear 1:1 dprivz;tives show much lower intensities (See Table 9.3) than those
of the binuclear Falide compfbx’@;_'especial]y in the two tetrafluoroborate ¢om-
This may suggest that only a’small amount of the octahedral

t

Col[l) specnes exists in these 1:1 derivatives, whereas the rest of the cobalt ions
<

pcn.mds 40 and 44.

are probably present in the Co(IIl). oxidation state with octahedral stereochemis-

. try. Octahedral Co(I[I)X's}pecies can generate two bands in their electron_ié spectra
N =

2 . ‘. ),
( See § 3.3 ), but, unfortunately these two bands cannot be observed in the spec-
» -
tra of the 1:1 derivatives as they both fall within the region ofshe charge transfer “-
absorption and are masked by the-.very intense CT bands. However, the lgs‘u'lts

from the magn:et‘ic data ( See § 10.1 ) seem to support the presenee of the Co(Il)

T

The Ni(II) compounds dispiay two visible bands around 11000 em™! (¢ = 22
- 66 l.rrm:)l‘l.crn'i ) and 16000 em™! ( ¢ = 30 - 9500 Imol-Tem™! ), which can be asso-
ciated with the v 3T2, 1—"'3A29 ) and —;2( 3T19 - 3A29 ') transitions.in a
pseudo—octahedral Ni(I) centel' Again the unusually hlgh intensities of the:v, |
transition, which are shown by all the nickel mtrate complexes and -the 1:1
derivatives, are still ascribed to the intensity ‘stealln‘g. No major _splittings of _
these bands ocecur, which r‘!{ect low symmetry ofl the six-coordinate Ni(IF) 6en\ters
in these Ni(II) complexes, and so all these assignments are made on the basis of
octahedral symm—etry. | l ,"

The_b.i/nuérear 2:1 halide compounds exhibit the obvious ‘difference in energy

of their v transitions, reflecting the varying chromophores involved, in which the

major structural difference between them would be the halogen bridge. Otherwise
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@hey.are assumed to be isostructural. The 1:1 compoundxof each ligand cihibil. -

the.y, transitions at essentially the same energy, implying that the same basic

. 3 X
structural unit of the binuclear 1:1 speciés exists in these derivatives.

=

B.* The Coordination Geometry of the 1:1 Species

: -
According to Tables 9.3 and 9.4, the perchlorale and tetraﬂuoroborato com-

plexes ( the binuclear 1:1 mode ) clearly differ from the halogen brlrfgcd com- -

pounds Their v, transitions occur in the $ame energy reglon but at.much hlgher

-

-energy than those equivalent tranmtlons for the halide compounds .This reflects_a

]

stronger ]igand-ﬁeld environment around each metal center of the 1:1 specics, and

is also consistent with the fact Ehat more nitrogen donor groups are surrounding
each center of this species by contrast with the 2:1 halide compl,(yges. The very
intense charge transfer (CT)},bsorptions exhibited by thesé two kinds of species

also support this result: the intensities of the CT bands in the 1:1 derivatives ar¢
S 3

almost twice as intense as those of the 2:1 complexes, suggesting the involvement

r

of more ligands per metal in the 1:1 compounds.
T

. ' o . .
The intense CT albfsorption in the range 19000 -*23000 cm™' observed for all

the complexes seems to be a characteristic feature- associated with the ligands of
i e ’

\ .
low energy 7 anti-bonding orbitals, the electronic origin of these intense bands in

this relatively low-energy region would rea:%onably be assumed tosbe ‘“‘Metal tb
.

Ligand Charge Transfer (MLCT)" in nature. Whereas the internal #° « = tran-

sitions of the ligands themselves are supposed to lie at higher energies than those

of the MLCT.
5

this sort. As the ligands are unsaturated derivatives with empty and/or relativél)"

9

i
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" X-ray analysis.

It is also of int;ercst to note the striking difference in the MLCT intex;sitifs
be;.ween the 2:1 and I:1 nitrate del:ivatives. The nitrate compounds 47, 62 and
62, three 2:1 sperbps are similar in the MLCT intensity to their halide counter-
parts, suggostmg Lhat they are the Same sort of species. thle those 1:1 nitrate
complexes 38 and 67, like the perchlorate analogues, have much more intense
(moi'e than twice) absorptions than those 2:1 complexes, indicating that they do
belong to' a diﬂ'ere‘nt:_group. Besides, the low-energy v, transitions of the 2:1
nitrate ;:omplexes occur at higher energy than those of the corresponding halide

compounds, even close to those of the 1:1 species. This may be attributed to an

oxygen bridge, a stronger ligand than halogen.

C. The Conclusion

All the’studies of these IR and electronic ispect.ra. come to the major conclu-
sions that (i) the binucldar 1:1 derivatives also contain two OCTAHEDRAL‘ met.al
" centers, (ii) both ligands in the 1:1 complexes can coordinate to t.he bmuclear

center in a: I[EXADENTATE fashion and, consequently, (iii) a proposed st,ru')ur‘é-J

for thls species_is illustrated in Flg 0. l in whlch each llgand coordinates the two
oct.ahedr\l centers with the diazine and hydrazone nitrogen-atom donors forming

the equatorlnl coordination and with the two pyndme-rmg nitrogen donors occu-

a ’

pying the axial coordinate s:tes which are arranged trans to one another. Molecu-

lar models reveal that this speculative structure is very stable apart from a slight
strain. However, it must await structural conformation from X-ray crystallogra-

phy. Thus far all the collected crystals of these species have been unsuitatfie for
- ;

!
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. _ Fig. 9.1 Proposed structure for the binuclear catlion [MoL)4*
in the binuclear 1:1 derivatives.
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CHAPTER 10 : .

4

) MAGNETIC PROPERTIES OF THE BINUCLEAR
' PMP, PPA AND PMI COMPLEXES '

_ AN

For the binuclear structures the exchange coupling bet\;reen the metal
centers is ‘u;ually investigated by magnetic susceptibility measurements. The _/-
comparison of the magneﬁtic exchange of different compoun%s may give informa-
tion about the magnitude of thé exchange, the possible exchange mechanism aﬁd,
the go;'relntion between exchangé anzi geometric parameters. The magnetic sus- .
ceptlil;ili‘ty'-data for thc_binuclear ICo(II) aﬁd Ni(II) éomi)!‘ggcw prepared are listed

in Tables 10.1-and 10.2, respectively. They will be discussed. in some detail below.

10. 1. The Room-Temperature Magnetic Moment '

"The room-temperature magnetic moments ( Bers ) for all the binuclear
complexes, which are given in Tables 10.1 and 10.2, are calculate.(_i_ from Eqn. (5-
26), in ‘which Xm‘ is the molx;.r susceptibilityl per metal center corrected for
diamagnetic components, and Na the TIP ( See p.50 ). TIP can normally be -

* estimated from the d-d absorptions ( lOD? )?but could not be calculated for the
Co(IT) compounds here, because only one (v,) transition was observed for these
Co(II) complexes. Therefore, the estimated correction of 190 x 1078 c.g'.s.ru. has

been applied in calculaiing their magnetic moments ( See § 5.5 ). '

- e - . PR ; * ; . ) L o . * 3 Ve 1 A
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Table 18.1 Magnetic data for the binuclear Cofll) complexes. -
| ' A
- .
No. k .Complex - l:BT:‘l’){ g (c:\") “i]' 10°R
36 | [CofPMP)CI(H,0),Cly-4H.0 (30;2; " | 2as(2) | -31800) | 257 | 801
"
37 | [CoPMP)Br(H;0)Bry3H,0 (2@3\??’ 2.31(2) | -3.16010) | <267 | 002 | _ '
38 | [CofPMP)|(NO) 4EOH 2.58 a. : . -
30 | [CofPMP),)(CIO,), ELOH | a6 9 : i ) s
40 | |[Cof(PMP-H),|(BF ), 4H,0 BT B R : )
. ‘ N 3.00° h
11 | [Co{PPAICI(MeOH|CI| W ) ] i . |
42 | [CofPPA-H)Br(H,0).Br)J0.5SEtOH | 3.38 . . - !
43 | [Col(PPA))(C10,),EtOH 204 . . T B ‘.
] 44 | [CoPPA-H),)(BF,), EtOH-3H,0 13 | - : o |- |
45 | [CodPMIICI(H;0)JCly L.5H,0 478 : ; . |7 |
46 | [Coo(PMI)Br(H,0),|Brs-0.5H,0 | 464 ; ) ; )
47 | [CofPMI)(OH,)(NOy)JEtOH-0.5H,0 |  4.45 " " . 3
48 | [CofPMI),](C10,), EtOH am ) i ]
. - (296K)
49 | [Co{PM]),}(BF,)2EtOH 2.71' = | = - . _
:

.
-

]

’ ¥ it
. t; The TIP correction of 190 X 107 c.g.s.u. are applied for the calculations of the g ;.

* ; These data come from the variable-temperture magnetic suscepl;ibility measurements, in which the .
TIP correction was set at 200 x 10™ c.g.s.u. : '
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All of the binuclear octahedral cobalt complexes exhibit room-temperature
magnetic moments generally lower than the value expected for an isolated

octahedral Co(Il) species ( See Tables 10.] _and 3.1 ), for five binuclear 2:1 com-

plexes 38, 37, 45, 46 and 47 these reduced values lie in the range 4.45 - 4.81

BM, suggesting the pégéibility of weak antiferromagnetic exlchange between *
two Co(Il) centersn the complexﬁ. However, the binuclear. 1:1 Co(IlI) derivatives,
togetiler with two CO(llH) halide compounds of PPA ( 41 and 42 ), are character-
ized by having very low room—tem];erature magnetic moments. This unusﬁal mag-

netic behaviour may be attributed to (i) a very strong spin-coupled interaction,

(ii) the existence of low spin Co(ll) centers, or (iii) the presence of the pa'rtié.lly

oxidized Co(II)-Co(IIl) species. P \

X

First of all; it scems unlikely that these bompounds possess a very strong -

a-ntlferromagnetlc couplmg between the CO(H) centers, since the diazine bridge is
not a strong superexchange medlum, cspecmlly upon the consnderatlon of the
sllghtly reduced room-temperat_ure magnetic moment for the Co(II) chlonde com-
piex of PMP (35), which suggests only a weak spin-coupled interaction between
the Awo Co(ll) ions. Setondly, concerning the low-spin Co(II) center, its existence

is still within the bounds of possibility since a low-spin Co(Il) derivative does

i . S . .
occur when the donor atoms are constrainedin a planar arrangement like corrins

and porphyrins. However, the ligands PMP, PPA and PMI are not likely to force
the Co(Il) electrons to be paired- and also the‘e is no evidence from the spectral

data to reveal the presence of squ:;re-planar Co(ll) centers in these compounds.

and, finally, it is’ more likely that these low moments are caused by the partial

oxidation of the complexes during syntheses. If so, then the Qn_esénce of molecular

oxygeli ( 4¢~ + Oy + 2H,0 = 4OH ) could .be'responsible for the oxidation as

4 -

o

T
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well as the deprotonation of 40 and 4.4, and the low moment could be due to the

-

presence of a significant proportion of Co(Ill) in the mixture.

Two cobalt tetrafluoroborate complexes 40 and 44 have unusually low mag-

L}

netic moments. This is again ptobably attributable to the occurrence of partial
oxidation of the complex to a binuclear Co(IIl) derivative. If se, the small

apparent magnetic moments would reﬂect{_thc spin-coupled Co(IT)-Co(Il) content

in the 1:1 derivatives, for diamagne{ic CofI1I) spe'c_ies will not rz.ake any contribu-

i * .
tion towards the spin-exchange interaction. Theoreticnlly, the relative content of
the Co(II) Co(IT) species that a complex contams can be worked out by compar-;'

ing the rnagnetlc suscept]blllt}r X of this complex | which can be caleulated b/y

the equation (5-26 | with that of some “‘standard” binuclear complex with 00— .

percent Co(Il) ions. According to rough estimzit‘es taking the sfructu.rally- hown

Co(]]) chloride compound 36 as such a standard only 60% and TB/o 'spm-

.coupled Co{Il)-Co(ll) species exist in the compopnds-40 and 44 rp_ectwe_ly. In
-

other wordu more than 80% CofIl) ‘ions of the"complex hav‘e- been oxidized to
diamagnetic Co(III), which appears to coincide with the results- from their elec-

tronic spectra ( See § 9.2 ).

“ The PPA halide complexes, 41 and 42, exhibit relatively ml?cp higher g,/

values than those of the 1:1 derivative;:/which may reflect that| the coordinated

hélogen could be helpful to the stabilization of the Co(II) ions. This is based on

alogen bond and

idation ui_go{m)

; # .
the fact that the electronegative halogen can polarize the metal-

make the metal.partially positive, which will cause the Co(Il)

to be less thermodynamically favoured, in-other words, stabilize the Co(Il) Sate.”

-

The absence of a halogeri in the 1:1 compounds may allow th Co(II) oxidation to

R |

: Ty
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occur more. casily . ‘ ' d . ,"
The room-temperature magrctic mon_:nents of all the binuclear nickel com-
plexes, except 654, lie between 2.8 - 3.2 BM, which seem to be within the accepted
range for mononuclear six-coordinate Ni(II) species ( Sée Table 3.1 ). quever,' in
r~ some cases ( See Table 10.2 ) the binuclear nickel cepters of the compounds have
been shown to be spin-coupled. by va:iablg—temper.‘;ture magnetic susceptibility ';--“".
Tneasurements, although their room-temperature moments also fall in the non-
reduced range for octahedral/pseudo-octahedr;-l Ni(I). This indicates that the
determination of the spin exchange for these nickel‘/'c'o}'r}poun.ds must rest upon
the variabl;z-temperature magnetic susceptibility measurements rather than ithe-‘
'room-témperatﬁre magnetic moh‘nent_s. |
A . very low magnetic moment, is also obtained for - the | nickel
teti‘aﬂubfob.(')r_tig‘._é complex of PMi:’, b4, u;;on thej 'assumpti_on' that both niékel ‘i;ns .
‘are paramagnetic ( i:e., two octahedral centers ). This va_lu;e is 'mu‘ch‘lowgr than
could be expected ‘by considering the magﬁet‘ic properties of the other binuclear
ﬂickel compounds, and cannot reasonably be explained on the basis of antifer-
_ romagnetic ‘exchange ( See §.10.2 ). However if one Ni(Il) center is assumed to bé
. diamagneti;:, i.e., one center is square planar ( See § 4.3 ), the ca:lcul‘zxtioh wil
give a normal vé.lue 318 Bl\f for .the other n'ickej center, implying that such an '.l
.l _q.ssumﬁtion seems reasonable. Tt;is suggests thatﬁg:e deprotonated ligan.d .i'n' the '

1:1 complex behaves as a strong -coordinating ligand. and helps to generate the

> low-spin square-planar metal center.
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Table 10.2  Magnetic data for the binuclear Ni(II) complexes'. o
¥, 5 . '.‘:',.
N C 1 f‘”‘ 11 g J D z'J' l'-.ﬁ’ .
0. omplex £ 10°
P BM) [ (o) | (em™) | (cm™) | (em)
e 3.06' | 2.2 ‘ '
50 | [Nig(PMP)CI(H,0){Cly"4.5H,0 (301K) | (0.040 | “12% | 760 | 0040 | 0.9
: | o3a2 | 2.2s ,
51 |N1,(PlfdP)Br(H20)¢]Bra 0.5MeOHH,0 (206K) | (0.0%2) | ~100 | 103 | 00010 | 2.3
52 | [NigPMP){OH,)(H;0),])(NOy)-MeOH 2.86 - - - - -
53 | [NigPMP)3(C10,),4H0 2.81 - . . s -
- . . 4 ' | - 2200
54 | [NigPMP)(PMP-H)|(BF ,)y'5.5H,0 (296K) | 5 - ’ . "
55 | [NiPPA)CI(H;0),|Cl5-2H,0 3.19 - - - - -
! ) " 56 | [NigPPA-H)Br(EtOH)(H,0)Br,]EtOH-0.5H,0 |  2.99 - - . . .
. . | ' 3.04' | 2.148 | o on | o
57 | [Niy(PPA),J(NOs),-4H,O (205K) (0.0) -0.35 | 20.22 | 0.41 0.84
58 | [Nig(PPA),)(C10,):6H.0 3.16 . . ’ . =
‘. . . » - L} \ F
- e . 3.07° | 27
—~— | 59 @ [NiyfPPA),)(BF,),4H,0 (206K) | (0.0) -0.34 | 2060 | 0.30- |- 0.67-
60 | [Ni{PMI)CI(H,0),|Cls-2H,0 3.19 - . - - -
61 | [NigPMI)Br(H;0),|Brs:3.5H,0 2.24 - - . . -
62 | [NiyPMI)(OH,)(NOs)]EtOH-1.5H,0 3.18 . . . x -
63 | [Nig(PMI)g](C10,)4H20 3.17 - - . . .
64 | [NigPMI)](BF)¢6H,0 3.18 - - = L -
e ° L}

4+ ; ESDsofg,J, D and Z'J for compounds 50, 61, 57 and 59 are given in Fig. 10.1 - 10.4, respec- -

© tively.

-

*_; These data come from the variable-temperature magnetic susceptibility measurements.

+
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10. 2 The Variable-Temperature Magnetic Susceptibility .

o ' o e

*  The variable-temperature magretic susceptibilities { ¥ ) have been measured
on dried, powdered san;ples in the temperature range 5 - 300 K. The results are
given in Tables 10.1 and 10.2, illustrated in Fig. 10.1 to 10.8 and detailed as fol-

lows for the compounds under discussion. —_—

A. The Binuclear Nickel Complexes -

-

For the. bmuclear Ni(H) specles, an important feature is the zero-field split-

ting of the. s = ] ground state ( D ), which is oftenr w1th1“\fhe same .order of
/ magnitude as the electron-spin-exchange integrhl (J ) Therefore the r'nagnetic
‘ / “model used must take this effect into account, be51des which, an interdimer

/ exchange ( 2 ’J' ] should be also included. Thus, the spin Hamiltonian (5-10)

becomes as K

H = -2J8; - 8D (8,2 + 8,,%) - 2Z'J’é.-\<é,-> ~'g; fHS;  (10-1)

/ and then the resulting magnetic susceptibility equation (5-24), X(J,D,T,Z'J"), -
.% - ‘ which is applied to fit the magnetic dai:a measured for the Ni(II) compounds, has

been further modified as

p =Y(J,D,T,Z'J')(l—p)+—ﬁ£+ Na’ “ (10-2)

y inorder -t? .account for tﬁe monomeric impurity p, ‘.which represents the fraction .
of a possiblt: magnetically dilﬁte rﬁqngnuelear Ni(II) ifnpurity. The floating
Eiarametgrs (J,D,T,p,2'J") giving the best fit are obtained by minimizing the
‘function

.
a » 2 . /

wpi o 8w 2 O ' LY

—r
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<
E(Xl’ obed _ x'.cdcd)2 ) * &
. | 1/2 ' :
i R= [ E(X;‘“" )2 | | (10-3] ' .

» 1

with use of a non-liﬁeii“least-squares regression analysis. The best’ fit of the
theoretical expression (10-2) to the experimental data is illustrated\} in Fig. 10.1 -
104 for the Ni(Il) complexes 60, 61, 67 and 69 respectively, and the best values
of the fitting parameters ( ¢, J and D etc. ) i’(’)r these compounds gre gathered in
“Table 10.2 as well. The values of the function R are also listed, as a measure of

the discepancy between 'the e;cperimental and calculated cufves.

All ‘the resulis of i:he variéble-teﬁlperatu;e susce'ptibil_ity measurements t;in
these four nickel sainploliti re'veai that‘ an ant..il‘errqmggnetic exghaqge between the ; ' ”
Ni(Il) centers is present iln these compounds. The compiexes 50 and 61 that have
substahtia.l énti}erromagléletic-exchange cent‘ers show very similar ¢ and J values,
when an isotropic model ‘without the ZFS ( D ) or int.erdimer excfmngc ( 2'.!' )
for an s = 1 Ni(ll) dimer fit is employed. Considering the large Ni(II)-Ni(Il)-
separation in the dimer, a superexchange pathway must be responsible for the
signiﬁcan{antiferromagnetic interaction.l Also, the results obviously divide the
complexes-‘discussed into two groups: the compounds 57 and 59 ( the 1:1 deriva-
tives ) having very weak spin couplings with J > -1 em”!, and the compoun&s
50 and 61 ( the 2:1 complexes ) with much larger exchange integrals. A major
difference between these t_u;o groups of complexes is the second bridge, i.e., the
_halogen group for 60 and 61, indicating that the -halogen bridge is a more active
magnetic exchange medium than the diazinehbridging group, and plays a more

important role in the superexchange process. v
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50 .- 100 150 . 200 250 300
TEMP (K)-

Magnetic susceptibility data for the PMP Ni(ll)
chloride complex 50. The .solid line was calculated
frol equation (10-2)° with ¢ = 2:227(3), J = °
-12. 99(5) em™), D= 7.60(2) em™, Z'J! = 0°040(2) -
em™! ( correeted for 4% paramagnetic lmpunty )=
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TEMP (K)

Magnetic susceptibility data for the PMP Ni(ll)

. bromide complex 61. The solid line was calculated

from equation (10-2) with g = 2.248(8) J =
-10.60(1) em™, D = 10.3(1)pem™!, 2" = 5.0010(2) |

“em™! ( corrected for 4.2% pdramagnetic impurity ).
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50 100 450 200 250

: - -
Magnetic susceptibility data for the PPA Ni(ll)
tetraflugroborate complex 69. The solid line was cal-
culated from equation (10-2) with ¢ = 2.127(2), J =

cm .

i

-0.3:11(1) em™!, D = 20.50(1) em™!, Z'J! ‘= 0.30(1)
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The proposvd 1:1 structure for lMomp‘ounhchT and 69, involving ‘two

phthalazine diazine bridges, would-have perhaps been thought to cause stronger

antiferromagnetic exchange between its two metal centers considering the mag-

netic data for the compound 16 ( J = - 22.3 em ! )52. However, these species

exhibit quite weak antiferromagnetic exchange interactions. This unexpectedly
s i '

weak exchange may result partially from the twist of the molecular plane sur-
» .

rounding the binuclear center, which will cause a decrease in the overlap of the =

-

-

molecular ’()rbilals of the bridge system as well as the effective interaction
between the magne_!ic orbitals, thus leading to a decrease of the spin ex'change
interaction. Recent studies also reveal‘ that the phthalazine bridge is, by contrast
with the other:related diazine ligand, just a modest and/or relatively weak

superexchange mediurh®,- It is generally believed “that the major part of the

superexchange takes place vig m-electron delocalization of t,he_ligand, but recent

* observations have shown that ma'gneticﬁchange through o electrons is also very

important!%419% .Other factors including metal-ligand bond lengths and metal-

"

ligand-metal bond angles should also be taken into account in quantitative dis-

cussions about magnetic—&cllange and structure correlations. The variable-
temperature mag.;l_t‘zt-ic—dala measured for compounds 67 and 59 have also been
oxan]in;zd by the mononuclear model to find out which treatment of the data pro-
duces a better fit. The calculating res\ults indicate that the monomer model gives-
much higher 10°R values ( 3.96-and 3.44 respgctively ), which ;neans that the
model does not fit in with the d'x;ta very well, thus further c.onﬁ_rming the pres-‘

ence of the binuclear dimer in the 1:1 species.
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B. The Binuclear Cobalt Complexes

The interpretation of the magnetic data for binuclear Co(ll) complexes is
much more difficult than that associated with comparable Ni(Il) compounds ( See
§ 5.5 ). In the present study it has been assumed that the orbital angular momen-

tum for Co(IlI) has been completely quenched and the decrease ih magnetic sus-

ceptibility of the Co(Il) derivatives, as a function of temperature, results solely

from an exchange- ihteraction defined by an isotropic Hamiltonian ( 5-1 ). The

[

susceptibility of a pair of Co(ll) ions has been given by equation ( 5-27 ), in which
the temperature independent paramagnetism term ( 'x 7ip ) can usually be
estimated from the d-d bands of the Co(ll) ion,' but could not be obtained here
for these Co(Il) complexes, because only one transition ( v, ) was clearly visible in

their electronic gpectra. The X r;p term has been sct at 200 x 10°® ¢.g.s.u., which

-

means a small ( < 2% ) correction, of the data, in the non-linéar least-squares

regression of the theoretical expression ( 5-27 ) to the experimental data.-
¥ : : _
The best data-fit line has been obtained ( See Fig. 10.5 and 10.6 ), and the

-best values of the fitting parameters J and ¢ are gathered in Table 10.1. The

high average ¢ values are, as usual, typical of binuclear Co(l-l.) derivatives® ¥
b.ut the values of t“he exchange integral around -3.2 em ! that denotes a weak
antiferromagnetic exchange interaction are much smaller than those displayed by
the nickel compounds 50 and 61, as is also typical and normal upon the com-
parison oi" the other related analogous Co(Il) and Ni(II ;derivati{rcs. The plots of
By versus temperature ( T ) and X, ! vs. T for 36 apd 37 are illugtrated in
Fig. 10.7 anq 10.8 respectively. Both complexes' obey ti&e Curie-Weiss law above

about 50 K, and give the Weiss constant 0 = -25.7 K (36) and. 0 = -26.7 K (37)
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in the range 50 - 300 K by using a linear regression method to the experimental

. T

-

data points. These negative 8 values and the upward curvature of the the recipro-

cal 'susceptibility plots at low temperature, together with the negative values of
their exchange integral as a whole, undoubtedly indicate the presence of a weak
:intil'erromagnetic spin exchange between the two Co(Il) centers of these cobalt

. .
complexes under discussion.

LI T |
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CHAPTER 11

CONCLUDING ‘REMARKS AND SUMMARY

)

*

The results described in this study have shown that the three phthalazine
hydrazipe derivatives prepared are binucleating, hexadentate chelating ligands,
and are able to form binuclear complexes with spin-coupled pairs of transition-

metal ions. The binuclear transition-metal compounds formed have been charac-

-

terized by microanalytical, spectroscopic and magnetic studies, and they are

? divided into two groups: ‘those in which the two mietal jons are bound in close
‘ 1]

proximity to each bthel: by a single hexadentate ligand ( binuclear 2:1 species );

to

\

ligands ( binuclear 1:1 derivatives ). Both groups of compounds exhibit very

and those in which the two metals are linked close ’t;o'gether by two hexadenta

iptense MLCT transitions, and generally reduced room-temperature magnetic
moments gssociated with the magnetic interaction between the two metal ions.
The metal centers in both types of compounds are assumed to have distorted
octahedral stereochemistries, and are doubly bridged by the ligand diazine

group(s) and/or an anion group.

[
The binuclear 2:1 species include all the halide compounds and three

nitrates. The infrared and electronic spectra of these complexes are very similar
o \ 2

within each subgroup reflecting close similarities between the respective struc-

tures. The basic structural upit for these compounds is embodied in the represen-

tatives of this group, the PMP halide complexes 38 and 56, whose structures
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have been determined by X-ray crystallography. In the three nitrate complexes,
the PMP one, 62, is.proposed to have essentially the same cation structure as the
PMP chloride compound 60, except that the bridging chlorine is replaced & a
water bridge, while the other two PMI nitrates 47 and 82, with the water bridge
and four monodentate nitrate groups coordinating axially, are suggested to pos-

sess the structure given in Fig. 111, in which two metal atoms are symmetrlcally

coordinated by the ligand and other donor groups.

0,NO _Q_onoz
HN={—S, >~ NH -

Fig. 11.1 The proposed binuclear structure for 47 and 62. ﬂ

L 3

Three PPA halide complexes seem to have some differences in their coordina--
tion spheres involving both coordinated halogen and solvent. In the cobalt
chloride complex 41, the two Co(Il) ions are both six-coordinated but in different
coordipatin-g environments: one Co(IlI) center has a chloride group at its sixth
coordination site, while the 6ther has a methanol molecu'le ( See Fig. 11.2 ). .This
situation also possibly happens in the case of the nickel bromide complex 66, in
which an ethanol and a water molecule occupy axial sites of the two centers. Here-
different isomers would be posile, dependmg on whether the bromine atoms

were bound to the same mckel center or one on each nickel jon. The same situa-
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® tion also exists for the cobalt bromide complex 42. It is hard to determine which
configuration actually exists for these two bromide compounds based on the

available information.

Fig. 11.2 The proposed binuclear structure for 41.

"The binuclear 1:1 derivatives include the perchlorate and tetrnﬂuorobofate
complexes as well as two uitrates,'38 and 57. The stoich\i.ometrios of these deriva-
tives indicati&a}. only one metal atom and one ligand are involved in the empir-
ical formulae ( [;dL]Yz-mS'nl-le ). However, by comparing with the binuclear 2:1
species as well as offrer related Iigan; systems and their complexes, the electronic
spectra of tl:e 1:1 derivatives are most simply interpreted by a binuclear structure
with two li\gands, i.e., the molecular formula is twice the em;;irical one, and their
magnetic behaviour at room temperature and between 5 - 300 K also indicate the
presence of pairs of metal ion's with a weak antifcrromégnetic exchange interac-
tion. The similarities between the infrared spectra of these 1:1 derivatives reveal
that these compounds are closely related and probably have the same cation

structural unit. The IR spectra further indisate that the ClO,, BF, and NO,

. - N ' 3 -
groups of these compounds remain in an ionic state and the water/solvent
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molecule are also present but only in the crystai lattice. Therefore the binuclear
cation involves_just two hexadentate ligands bound to the two octahedrsl metai
centers. A structural re’presentatio‘n for the 1:1 binuclear complexes is illustrated
in Fig. 9.1, in which the two pseudo-octahedral metal ions are symmetrically
situated between the two adjacent hexadentate ligands, with the diazine and azo-
methine nitrogen donors coordinating equatorially and the peripheral-ring nitro-

-

gen atoms occupying axial sites.

g
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CHAPTER 12

EXPERIMENTAL

12.1. Elemental Analysis And Phwical Mesdsurements

-

A. Elemental Analysis

The C. H and N analyses were carried out by the Canadian Microanalytical
Service Ltd., N(..‘W Westmins},er, British Colombia, Canada. Cobalt and nickel
analyses were determined by atomic absorption spectroscopy using a Varian
Techtron AA5 instrument on solutions obtained by the digestion of the samples

in concentrated HNOj.

B. Infrared Spectra

All the infrared spectra were run as solid mulls, between sodium chioride (

*4000 - 600 cm ! ) and cesium iodide ( 600 - 200 ecm™! ) plates, using ‘Nujol' as

mulling agent in the region 4000 - 200 e¢m~!, with a Perkin-Elmer Model 283

Spect.rometer‘.

C. Electronic Spectra

Electronic spectra of both solutions and solid mulls were recorded .by a Cary

17 Spectrophotometer. The samples of the solid spectra were prepared as rela-

tively strong mulls in ‘Nujol’ and pasted onto filter paper held between two glass

microscope slides, then the ends of the slides were sealed with adhesive tape. The

L

[ ‘ r
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sample and the blank of ‘Nujol’, which is on filter paper placed between the simi-

lar glass slides, were mounted with adiesive tapes on the solution cell mounts in

A
L

the instrument. The spectra were run in the range 300 - 1200 nm. The solution

spectra were Tun in DMF or methanol solutions from 300 - 1600 nm.

2

D. Magneti'c Measurements \

-

The room-temperature magnetic moments were measured using a Cahn
model 7600 Faraday magnetic susceptibility system. Variable-temperature (-in
the range 5 - 300 K ) magnetic susceptibility data _\Iwerc- obtained by using an
Oxford Instruments Superconducting Faraday Magnetic Susceptibility System
with a Sartorius 4432 microbalance. The measurements were pcrl'm:mc-d using a
main solenoid field of 1.5 Tesla ati'a a gradient field of 10 Tm~!. The susceptibil-
ity data have been corrected for diamagnetism ( Pascal corrections ), temperature
independent paramagnetism, and the presence of monomer impurity ( nickel com-

plexes only ). HgCo(NCS), was used as a calibration standard.
. )

E. X-ray Cfystallography
X-ray diffraction data were collected by Dr. [X. J. Gabe and his co-workers in
the Division of Chemistry, the National Research Coﬁncil of Canada, Ottawa,

. -
Canada. The X-ray data, together with pertinent details on the data collection

and instrumentation have been included in Chapter 8.

12. 2. The Syntheses Of The Ligands

“~

Commercial availablé solvents and starting chemicals were directly used in
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the syntheses without further purification.

A. The Precursor DIIPH

The aqueous solution of hydrazine, which was prepared by mixing 8 ml 50¢

aqueous acedie acid ( dilute glacial 1:1 ) and 20 ml 8% hy ipe monohydrate ,
was added to a solution of phthalonitrile ( 12.8 g ) dissoI'Ved in 25 ml p-dioxane.
The resulting mixture was incubated in oil bath &t 95 "C with stiring for 3 hr.
Upon cooling, yellow crystals formed which were filtered off and recrystallized
from 500 ml water to give pale yellow needle crystals ( Mp. 160 - 192 *C', Yield:
82.2% ). .

B. The Ligand PMP

DHPH ( 3.80 g, 20 mmol ) and 6-methyl-2-pyridine-carboxaldehyde ( 4.85 g,
40 mmol ) were reacted together in hot methanol ( 100 ml ) under reflux over-
night with the formation of a deep reddish-orange solution, whose volume was

reduced to 30 ml after refluxing, On. cooling in the refrigerator for several days,

the resulting feddish_—orangq ligand was obtained by filtration and recrystallized

from ethanol { 500 ml ) [ Mp. 129 = 132 “C', Yield: 2.40 g ( 63.2% ) |.

~ -

*C. The Ligand PPA

/

" DHPH ( 3.80 g, 20mmol ) and 2-acetylpyridine ( 4.85g, 40mmol ) were
reacted in hot methanol ( 80 ml ) under reflux for 4 hr. On cooling in the refri-

gerator overnight, orange crystals formed, which were filtered off, washed with

ethanol and dried in air [ Mp. 185 - 187 °C, Yield: 4.40 g ( 51.0% ) ].

o

® 3

W,

/
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D. The Ligand PMI

i] -n-bulLi ( ]2 ml of 2.5 M snlu@inn in hexane.) was added to dry ( distilled
over sodium.' bo'nh)phounne ketyl ) THI" ( 200 ml ) in an atmnuiih;\r(r of :ir'\- nitro-
gen and the mixture cooled to --75 ‘(" in a dry ice/methanol bath. N-
meth'}'limidazole (16 ml, 0.20-mol ) dissolved in dry THEF { 50 ml ) was added
dropwise to the solution of n-BuLi in THF over a period of 1/2 hr and the mix-
ture was stirred for a further 1/2 hr at - 75 “('. 25 ml DMF mixed in dry THF (
20 ml ) was added dropwise over a period of 1/2 hr and the mixture allowed to
warm up to room temperature overnight. A saturated aqueous solution of NH (']
( 200 ml ) 'was added to the ﬁixture and the solvent volume reduced by us.in&jn
ll'otary evapbra‘tor. The solution was extracted\p times with chloroform and thd
combined chloroform extracts' reduced ir vnlul‘ue: The product, N-
methylimidazole-2-carboxaldehyde, was obtained as colourless crystals after frac-

tionating the combined extracts under vacuum ( 62 -75 ‘C', 1.15 mm Hg ).

Yield: 4.46 g ( 20.7% ).

, ) .

ii]. 'DHPH ( 3.80 g, 20 mmol ) and N-methylimidazole-2-carboxaldehyde (
4.40 g, 40 mmol ) were refuxed together in methanol { 80 ml ) for 3 hr. Yellow
crystals formed on cooling, which were filtered off, washed with pet. ether, and

dried under vacuum | Mp. 238 - 240 “C', Yield: 2.82 g ( 41.9% ) ].

N\
1
12. 3. The Syntheses Of The Complexes

Metal salts were used as commercially available hydrates without further

. \

purification. . '

P
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[Con(PMP)CI(H,0),]Cl5:4.0H,0(38)
TTCoCly 61,0 ( 0.50 g, 2.1 mmol ) was dissolved in hot water ( 5 ml ) and

added to a solution of PMP ( 0.40 g, 1.0 mmol ) dissolved in refluxing methanol (

30 ml ). The mixture was refluxed for 2 hr-with the formation of a dark-brown

s(;]litibn, then filteréd hot; and allowed to stand at room temperature and the
» ) .

volume reduced to 10 - 15 ml by evaporation in air. Reddish-brown crystals

formed, which were collected by decanting the mother liquor, washed with a 1:1

methanol/ether mixture and dried with nitrogen gas.

The other PMP compounds 37, 40 and 50 - 53 were prepared in the same
way. They precipitated as nice cryst'alslcrystallites or powders, which were iso-
lated by filtration, washing and drying under vacuum at room temperature. The
two PMP cobalt complexes 38 and 39 were also synthesized in the.same manner
except that “thanol ( 95% ) was used as the solvent in their preparations to

obtain the satisfactory produets.

. "

[Nio( PMP)(PMP-11)|(BF,);'5.5H,0(54)

Ni(BF4)o'6H,O ( 0.70g, 2.0 mmol ) was dissolved in 5 ml of hot water, and
nddec.i to a solution of PMP ( 0.40 g, 1.0 mmol ) dissolved in refluxing methanol (
30 ml ). The mixture was filtered immediately after boiling on a steam-bath for 5
min, and the filtrate was refluxed for another 30 min with the formation of a
dark greenish-brown solution. The solution was left to stand at ambient tempera-
ture. Orange crystals formed and were i.?plated by filtration, washing with the
methanol/ether mi:!ture and drying under vacuum at room tempMure.

The two PPA nickel compounds B7 and 69 'were prepared in the same




manner. They were isolated as reddis!h-brown crystalline solids. The PPA cobalt
complex 44 was synthesized in the same fashion employing ethanol ( 95% ) as

the solvent in its preparation and obtained as a dark-brown product.

%

|Coo(PPA)CI(MeOH)Cly)(41)

CoCl,'6H,O ( 0.50g, 2.1 mmol ) was completely dissolved in hot methanol (
30 ml ), and added to a solution of PPA ( 0.40 g, 1.0 mmol ) dissolved in
refluxing methanol ( 8 ml ). The mixture was reflyxed for 2 hr with the forma-
tion of an intemse reddish-brown solution. The s n was filtered on cooling,
reduced to 20 ml in volume, and allowed to stand in a stoppered flask placed in
the refrigerator for days. A reddish-violet crystalline powder formed and was
separated by filtration, washing with dry methanol and ether, and drying under

. L
vacuum at room temperature. - .

The twojPPA nickel complexes 56 and 58 were prepared in the same way.

_ ' i
They were ollected as green crystals and olive-green crystallites respectively. The
PPA cobalt compound 43 was produced in the same manner employing absolute

_ethanol as the solvent in its preparation. A dark-violet product was obtained.

A
[Niy(PPA-H)Br(EtOH)(H,0)Br,)EtOH-0.5H,0(58)

NiBr,-3H,O ( 0.48g, 2.0 mmol ) was fully dissolved in hot ethanol { 95%, 15
ml ), and then ad.ded_ to a solution of PPA ( 0.40 g, 1.0 mmol ) dissolved in
\ reﬁuxi;lg ethanol ( 95%, 30 ml ) cont.aininga few drops of 48% hydrobromi; acid.
T};e mixture was refluxed for 2 hr with the formation of a green solution, then
filtered hot, and allowed Ato s¢ind in a ;atoppered flask overnight. Green crystalline

solid formed on the walls of the flask, which was filtered off, washed with the

-t
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ethanol/ether mixture and driedunder vacuum at room temperatur#

The cobalt bromide complex of PPA (42) was prepared in a same manner
without the addition of the hydrobromic acid in the preparation. The product

was obtained as reddish-black erystalline powder.

[Nio(PMI)Cl{H,0),]Cl5-2H,0180)

- NiCly:6H,0 ('0.60g, 2.5 fimol ) was completely dissolved in warm absolute
ethanol ( 20 ml ) by stir;ing. and t_hen added to a solution of PMI ( 0.40 g, 1.1
mmol ) dissolved in refluxing absolute cthaﬁol ( 70 ml ). The mixture was
refluxed for 1 hr with the formation of.an intense greenish-brown solution, then
filtered hot, and left to stand for several days. Upon slow evaporation of the solu-
Lio;l to 20 m! in air, yellowish-green 5Fystals were deposited. Tlie product was -
filtored off, washed with absolute-ethanol/ether mixture, and Idried under vacuum

at room temperature.

The PMI nickel camplexes 81 - 64 and the PMI cobalt complexes 47 - 49
were prepared in the same lashion . They precipitated as .crystalline solids or
powders, and were isolated by filtration, washing with the mixture of absolute
cthanol and ether, and dried under vacuum at roor:1 temperature. The PMI
cobalt compounds 46 and 46 were also produced by the same method but using
05 ethanol as the solvent system in their preparation. They were collected as

brown crystallites.
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N
APPENDIX A

SOME X-RAY DATA FOR COMPLEXES 36 and 60

U(1,JJ or U values ( x100 ) for the complex 50. E.S.D's refer to the last digit printed.

Atom U11{U) U22 U33 u12 uvis U23
NI 3.23(8) | 2.01(8) | 3.58(7) 1.83(7) 007(6) | 0.11(7)
CL 1 3.63(12) | 2.94 4.46(18) | 1.47(14) | -001(7) | 0.01 -
L. 2 4.66(13) | 4.07(13) | 6.41(13) | 2.63(11) { 067(10) | 0.29(11)
CL 0 9.2 (4) 81(3) | 97(3) 54(3) |-03(3) | 08(3)
01 50 ( 4) 8.0 ( 5) 44(3) |.41(4) 0.0(3) -|-0.2(3)
o2 . 44(3) 1.3(3) | 45(3) 2.6 (3) 02(3) |-03(3)
03 5.3(5) 6.4(5 | 81(5) 16(4) |-13(4) |-07(4)
N1 2.7(4) 2.9 (4) 41(4) | 19(4) 0.2 ( 3) 0.0( 3)
N 2 2.6 ( 4) 3.1(59) 59(5) .| 18(4) 03(4) | 0.0(3)
N3 3.0(4) 2.6 { 4) 41(4) | 17(4) 03(3) | 0.0(3)
N4 4.7( 5) 26(5) | 41(4) |. 1.4(4) 0.2 ( 4) 0.5(3)
C1 2.5 (.5) 3.8(6) | 6.2(6) 1.1(3) | -09(5) | 0.1(5)
C2 2.7(5) 2.7 ( 5) 43( 5) 1.1(4) 00(4) | 0.2(4)
o B 3.1(5) 3.1(5) 3.0(4) 2.0 (4) 00(4).| 00(4)
C4 3.2(5) 24 (5 | 33(4) 1.6 ( 5) 03(4) |-0.6(4)
(of 3.8 ( 6) 3.2( 5) 52(6) 2.0 (5) 00(4) | 0.1(4)
Cé 55(6) | 25(5) | 32(4) | 25(5) |-05(4) | 0.0(4)
cr L B7(7) -| 44(6) 4.8 ( 6) 4.0 (6) 00(5) | 0.2(4)
BE - 8.8(9) 4.1(6) 47(6) .| 43(7) 01(6) | 0.7(5)
Cco 7.5(9) 2.8 ( 5) 5.0 ( 6) 1.6 ( 6) 0.7(5) | 0.3(5)
c10 56(7) 2.9 ( 6) 4.5 ( 5) 1.3(5) 04(58) | 0.7(4)
Cil 5.7 (8) 4.4 (8) | 9.1(11) 1.5 (6) 06(7) [0.9(7)
04 18.1 (15)

05 - | 245 (17)

H1 5.1

H?2 4.2
HSs " 5.1

H7 6.2 q

Hs8 71

Ho 6.2

H N2 48

H11A | 10.1 (46)

H11B 7.8 (36)

H11C o.gﬁa)

ANISOTROPIC TEMPERATURE FACTORS ARE OF THE FORM -~
TEMP—-2'P[*PI*(H*H*Ul1'ASTAR*ASTAR+—+2°H*K'Ul2*ASTAR'BSTAR+-—:}




Table A.2 U{LJ) or U values ( x100 ) for the complex 38. E.S.D's refer to the last digit printed.

r

Atom | Ul11(V) U22 U33 uU12 U u23

co 3.00(4) | 2.60(4) | 3.72(3) | 1.61{4) | -0.05(4) | -0.14( 4)
CL1 2.08(8) | 2.99 4.93(14) | 1.14(9) | 0.15(8) | -0.15

CL2 | 458(9) |3.71(9) | 6.89(11) | 2.45(8) | 0.42(8) | 0.29( 9)
CLO | 89(3) |9.0(3) |98(3) | 5.6823) | 0.0622) | 1.15(22)
01 6.6 (3) | 8.5 (4) | 3.52(23) | 5.2(3) | -0.14(24) | 0.5( 3).
02 | 48(3) |53(3) | 4.11(23) | 2.8(3) | 0.6824) | 0.14(24)
03 54(3) |66(4) | 7.4(4) | 23(3) | -1.4(3) 0.0 ( 3)

N1 26(3) |24 (3) | 1£.2(3) | 1.53(23) | -0.04(22) | -0.10(21)
N2 20(3) |23 (3) | 5.9(4) { 1.15(22) | -0.24(24) | 0.10(24)
N3 34(3) |3.1(3) |36(3) | 202024) | -0.12(23) | o0.22(21)
N4 37(3) | 29(3) |42(3) | 1.57(24) | 0.5(3) | 05(3)
cl1 17(3) |34(3) |63(4) |07(3) |-05(3) | 07(3)

(o) 31(3) |38(4) | 40(3) | 22(3) |-04(3 | 01(3)
c3 22(3) |[28(3) [34(3) | 1.4(3) [-0.2124) | -0.2(3)
C4- 24(3) | 1.8(3) | 3.0(3) | 0.50(23) | -0.20(24) | -0.2( 3)
C5 52(4) |[38(4) |43(4) |31(3) | -0.4(3) 0.2( 3)
cé6 56(4) | 24(3) |33(3) |25(3) |-01(3) | -06(3)
c7 6.2(5). |52(4) | 4.5(4) | 4.3(4) | 02(3) 04(3)
c8 103(7) |37 (4) |51(5) | 4.8(5) | -0.8(5) | -0.6(3)

Cco 4.65(17) ,
C10 17(4) | 28(3) | 49(4) { 1.1(3) | -0.2(3) | -02(3)
Cll 52(5) |50(5) [86(7) |1.5(4) | 0.7(5) 0.2( 5) .
04 12.8 (7)
05 186 (7)
H1 46
H2 4.7
Hb5 5.4
H7 6.3
H8 74
H9 5.8
HN2 | 44
HIIA | 7.9(4)
HI'B | 53(5)
H11C | 9.9 (4)
H101 3.7 (6)
H201 | 126 (3) ‘ : ,
H102 | 7.1(4) ,
H202 | 2.5(6)
H103 | 563 (5)
| H203 7.6 (4)

; * J
ANISOTROPIC TEMPERATURE FACTORS ARE OF THE FORM -
TEMP=-2¢PI*Pl*(HeHs U1 1*ASTAR*ASTAR +—+2*H*K*U12*ASTAR*BSTAR+—)

-
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APPENDIX B

']

I

V-T MAGNETIC SUSCEPTIBILITY DATA’
OF SOME COMPLEXES

2

Table B.I  Magnetic data for the complex 50 and 51.
N 50 51
No. T (K) X (egsu) - T (K)
I 1.1413E+001 1.01 37E-002 1. 1134E-002
? 2. 1@3QE+0@1 1.3324E-002 1.2580E- 002
3 7.460Q7E+0@1 1.3796E-002 1.5493E-002
4 2.6342E4001 1.3941E-00Z  |.E6833E-002
5 7.7@5SBE+QD1 1.3988E-007  1.7354E-002
B 2.8143E4+001 1.4@46E-002 | . 7395E-@@2
7 3. 1 GQIE+QD 1.4111E-002 1.7110E-0@2
8 3.6366E+001 1.4038E-002 | . 6B5%E- @2
g 4.0@6E+001 1.3883E-002 |.6133E-002
8¢ 4.4 17764001 1.3610E-002 - 1.5720E-0@2
1 4.9Q31E+001 1.3273-002 1. S169E-0@2
12 5.3790E4001 1.29@4E-002 | . 46 16E- 002
13 5.876QE+00 1| 1.2497E-002 1 .4040E-002Z
i4 6.4023E+001 1.2@61E-002 1.3452E- 002
15 65.9Z 19E+0@1 1. 1640E-0@2 | . 29Q8E-Q@7Z
16 7.4370E+0@ 1 1.12 38E-0@2 1.2403E-002
17 7.3540E+0D 1 |.0862E-007 1.1937E-0@2
18 8.4ZQ4E+0D1 1. @S @EE-0@2 I . 1505E- Q@2
19 9.2642E+001 9.93GIE-0@3 | . @8Z6E-0@2
20 1.@306E4002  9.2994E-003 & 1.QQBIE-0@2
21 14 E+0@2 8.7068E-003 9.4018E-0@3
22 |.2424E+002  B.1938E-003 8. 8205E-2Q3
23 |.3428E+0@2 7.74566-003 8.3181E-0@3
24 1.4452E40@02  7.3444E-003 7.8783E-003
25 1.6257E+0@2 6.6893-0@3 7. 1478E-003
26 l. B__3I4E+002 . B6.@9Z7E-0@3 6.4935E-003
27 1.D326E+002 5.5084!’.—003‘ - 5.9G94E-0@3
28 7.2 347E+002 5. 1851E-0@3 S.5111E-0@3
29 2.443|1E+Q0@2 4.8271E-0@3 5. 1246E-0@3
30 7.6509E+0@2 4.52 36E-0@3 4.7981E-0@3
3 2.8575E+002 4.ZG17E-@@3  4.5173E-0@3
32 3.0074E+002 4.9 40E-003

X (cgsu)

136

o

5.72 4 SE+00Q
8.1140@E+000
1.274@E+001
1.7319E+00 1
2.205 1E+001
2.6945E+001
3.2065ZE+001
3.6933E+001
4.1488E+001
4.504 3E+001
4.9185E+001
5.3868E+001
5.87BQE+001
6.39 36E+001
6.9014E+001
7.408QE+001
7.915QE+001
8.3838E+001
9.2179E+%t
1.024 1E+002
1. 12 87E+002
1.2.3Z 1E+002
1.332 1E+002
1.4314E+002
1.62 1 BE+002
1.807GE+0O2
1.0069E+002
2.2080E+002
2.412(3E+p02
7.6204E+002
2.8176E+002

. 4.337E-003 7.9595E+002



Table B.2 - Magnetic data for the complex 67 and 59.

57
No. T (K) X (cgsu)
b -—
i 5.716Q0E+0@00 1 .A480QE - 00|
z 7.806QE+000 1. 1627E-20)
3 1.2595E+@01  7.BB2OE -007.
4 1.7221E+Q0!  ©.0172E-002
5 Z.1899E+@01 4 .B8537E-Q02
& 7.68SQE+@01 4 .03S0E-007
¥ " 3.1805E+@01  3.4393E-007
8 3.6633E4001 3.02132E-002
g 4.1764E+Q0!  Z .EG3E8BE-002
1@ 4.431BE+00) 2 .4963E-002
1 4.906ZE+@01  Z .2760E - 002
12" 5.3751E+Q001 2 .0885E-007
13 5.864QE+Q01 1 .9234E-002
14 6.38Z1E+@01  1.7725E~002
15 6.8911E+001 1 .G465E-002
16 7.392QE+00! 1 .5333E-007
17 7.8955E +00| 1 .4474E - 202
18 8.3628E+001 1 .3671E-QQ2
19 9.1914E4@01 1 .2490E-002
2 1.021BE+@02 1. )290E - @d?
Z1 1.1258E+0Q02 1 .0I63E -002
22 1.2286E+@02 9.4383E-003
23 1.3281E+@02 8.7555E -003
za |.426BE+007 8. 1815E-203
zZs 1.6178E+@02  7.255BE5003 -
26 1.8052E+@02 6.46B0E-003
ol 4 7.0011E+@07 5.B605E-203
28 2.2047E3002 5. 340BE-003
29 Z.404GE+007 4 .9150E - 003
3@ Z.6378E+002 4 . S627E-003
31 7.8129E+@07 4 .26I5E-@03
32 7.947SE+Q02 - 4 .0756E-003

PR R R R R — = — — — — — W~~~ TN U S &S id NN — —

13

.9595E +007

59
T (K) X (cgsu)

.BOZ GE +000 1.6332E-00!
.1336E+000 1.224QE-001
.I679E+001  8.25Z9E-002
.72BBE+001  6.243BE-002
2QZ9EH@01  S5.00BZE-002
.BI41E+001  4.1435E-002
.2Q7EBE+001 3.5268E-002
676 1E+00] 3.0368E-002
. 1453E+201 Z.758ZE-007
.501Z2E+001  2.555BE-007
.91 @8E+001 2.3344E-002
.392 GE+001 2.1385E-007
.BS9ZE+4001 = 1.377QE-002
.3908E +201 1.8230QE-002
.9151E+001 1.6B4 7E-002
.41 BOE+00] 1.5753E-002
.9198E+00] 1 .47B9E-002
.3890E+001 1. 398FE-002
. 1649E+001 1.2851E-002
.0Z49E +007 1.152 VE-002
. 1307E+002 I.0475E-002
.2332E+002  9.G6292E-003
.3335E+00Z  8.9249E-003
.A314E+007  8.3354E-003
.6Z1BE+Q02  7.3301E-003
.B124E+0@2 6.5878E-003
.Q@ESE+002  5.9636E-003
.108QE+002  S5.4349E-003
.4085E+002  S.003S5E-003
.6248E+Q02  4.6425E-003
.BI76E+002  4.3364E-003

4.1433E-003
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% Unce;tainties*’in the susceptibility data are of the drder of 0.1%

n

3. 0074E +002

»

. Table B.3 Magnetic data for the complex 36 and 37.
- ) * {”
- 36 37
No. T (K) X (cgsu) T (K) X (cgsu)
e ®
) 5.6342E+000 7. 1925E-0@2 5.3G680E+@2Q -6.5825E-002
2 7.6008E+000 7.1517E-002 7.73995+ggo 6.4488E-002
3 1.2177E+001  6.8415F-002 |.2456E+001 6. 1965E-002
4 1.7008E+001 ° 6.5680F-0®2 1.7099E+0@1 5.B8427E-002
: 5 2.1802E+001 6. 1456E-002 7.1760E+@d! 5.4587E-002
" 6 Z.6854E+001 5.7178E-007 2.6705E+001 5.07Q4E-0d2
7 3.20Z7E+001 5. 3150E-002 3.1680E+@8! 4.7076E-0@2
8 3.6761E+001 4.9741E-002 3.6459E+001 4.4040F- 002
g 4.1524E+001 4 .G6635E-002 4.1064E+@01  4.1329E-002
10 4.5012E+001 4.4591E-002 4.4177E+@0@1  3.9435E-002
", 4.9232E+001 , 4.2058E-002 4.89Q7E+Q01  3.7233E-002
12 5.4004E+001  3.9746E-0@Z -, 5.3535E4001  3.52 14E-002
13 G.9024E+001  3.7519E-002°  5.8448E+@0!  3.3329E-002
14 6.4254E4+001  3.547 |E-002 6.3647E+0@1 3. 1464E-002
1 6.9425E4001 3. 3548E-0Q2 6.8705E+@01  Z.9820E-0@2
16 . 7.4520E+001 /5. 1B79E-002 7.3720E+001  2.8357E-@02
17 7.9735E+001- 7 3.03%4E-002 ~ 7.8760E+00) Z.7064E-002
18 B.446GE+001  2.9051E-002 -§;$ﬁ?15+001 2.5872E-202
9 9.2974E+001  2.70QQSE-002 1848E+Q01  2.4Q70E-002
70 1.Q33QE+002 “ 2.4B50QE-002 1.0192E+@02 2.2157E-2@2
‘ 21 1.140SE+002  2.2912E-002 1.1238E4@02 2.0Q4G0E-0Q2
22 1.2447E4002  2.1293E-002 1.2240E+002  1.9Q40E-002
& ' 23 1.3455E+002  1.9922E-002 1.3268E+002  1.7835E-002
24 1.4452E+002 1.8743E-002 " 1.4237E+002 1.6796E-002
L 25 1.6276E+002  1.6820E-002  1.6139E+@02  |.5094E-007
26 1.8362E+002  1.5137E-002 1.8029E+@027 |.3601E-002
27 2.0354E+002  1.3798E-002 1.9970E+@@2 1.2416E-0@2
. 28 2.2413E4+002 I.2662E-002 2.1974E+@02 1.14QQE-002 .
29 2.4431E4002 1.17Q9E-0@2 7.3963E+@02 |.@551E-002
30 2.6291E4002 1.090Q7E-002 2.6248E+002 9.8360E-003
31 2.8575E+002 1.0222E-002 2.8081E+002 9.2223E-003
32 9.7824E-003 2.9425E+002 8.8354F-003

I















