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Abstract:
Metallo-supramolecular [n xn] Mn2 transition metal grid arrays (with n = 2, 3 and
4) were synthesized by self-assembly reactions with new ditopic imidazole hydrazone,
tritopic picolinic dihydrazone and tetratopic pyridazine bis(hydrazone) ligands. Mono-.
di-, trinuclcar, [2 x2J M4 grid and trigonal-bipyramidal clusters formed by self-assembly
reactions between the ditopic ligands and metal salts. Their structural characterizations
suggest a possible route to the se lf-assembly of[2x2] M4 grid and trigonal -bipyramidal
architectures. Homometallic [3d] M9 (M

~

Mn(ll), Co(! I), Cu(ll) and Zn(ll)) and

heterobimetallie [3x3] Mn(ll)sCu(ll)4, Mn(ll)sZn(ll)4 and Mn(II)Cu(II)s grids, based on
a [M9-(j1-0)12J core framework were synthesized. Their structural characterizations, in
particular the identification of the Jahn-Teller axes, leading to strict orbital orthogonality
and ferromagnetism in the Cu(II) containing complexes, formed the basi s for magnetic
interpretation and modeling. [3 x3 ] Mn(ll)q, Cu(II)q and Co( II) 5Co(111)4 grids synthesized
by self-assembly reactions between metal salts and tritopic ligands with quinoline-ty pe
endpieces, leading to extended structural motifs through intermolecular face-to-face and
edge-to-face

7t-1t

interactions are also reported. 4x[2 x2] M16 (M

=

Mn(ll), Co(! I), Cu(ll)

and Cu(II)12Cu(I) 4) grids were synthesized, and their magnetic properties modeled as
compartmental [2x2] M4-(j1-0hydnu..onc)4 squares for the Mn(ll)16 and Co(ll)1 6 complexes.
The structural characterization of the Jahn-Teller axes leading to a combination of
orthogonal and non-orthogonal orbital connections fOr both of the Cu 16 grids allowed for
fairly simple magnetic models to be devised.
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Chapter I: General introduction
I. I: Supra molecular chemistry and self-assemb ly:
In 1894 Hermann Emil Fischer unknowingly laid the roots of modem
supramolecul ar chemistry when he described enzyme-substrate interactions in terms of a
" lock and key" mechan ism [1]. He was later awarded the 1902 Nobel Pri ze in chemi stry
" in recognition of the extraordinary services he has rendered by hi s work on sugar and
purine syntheses" [2]. 85 years a fter this award and 91 years after Fi scher' s initial
description of what is now called mo lecular recognition and host-guest chemistry, Donal d

J. Cram, Jean-Marie Lehn and Charl es J. Pedersen were awarded the 1987 Nobel Prize in
chemi stry for " for their development and use of molecules with structure-specific
interacti ons of hi gh selecti vity" [3]. In his subsequent Nobel lect ure, Lchn defin ed
supramolecul ar chemi stry as "chemi stry beyond the molecule" [4]. Thi s area of study
deals with assembli es held together not by covalent fo rces, but rather by hydrogen
bonding, metal coordination, hydrophobic forces, van dcr Waals forces, n-n interactions
and/or electrostatic effects [5,6].
An im portant concept in supnunolecular chemi stry is molecular self-asse mbly.
In general terms, self-assembly descri bes the means by whi ch a disordered system of
simple mo lecular components fo rms a complex organi zed architecture as a result of locaL
non-covalent interactions, without external direction. The clusters presented in thi s thes is
were specificall y produced by metal-mediated self-assembly methods, and in this contex t,
Stang has defined four components common to all such entiti es [7]. These arc:
1. Components of the architecture are held together by coordinative bonds.

2. The se lf-assembled entity is the most stabl e for the optimal combinati on of its
components, and therefore exhibits thermodynami c selectivity.
3. The assembl y can be characteri zed as a distinct entity separate from the
individual components.
4. Discrete assemblies, rather than infinite structures, result.
Within the realm of self-assembly, scienti sts are synthesizing large architectures
by both a "serendipitous' approach and by using rational design. Serendipitous se lfassembly is characteri zed by the use of ligands that can exhibit varying coordination
modes, with metal s that have flexible coordination geometries [8]. Results are often
achieved by creating a mi smatch between the coordinating ability of a li gand and the
available sites on a metal, or by creating elements of unsaturation about a metal centre by
removing li gands from a compl ex [8] . Win penny has observed that " You can predict
there will be an effect, but cannot pred ict how that effect will be mani fested."(Da/lon
Trans., 2002, 2) He also li sts three critical factors for the selection of ligands for
serendipitous assembl y, summarized as follows:
I. Since the use fuln ess of any one ligand cannot be predicted, syntheticall y
compli cated ligands should be avoided. Often, simple molecul es avail able fo r
commercial purchase, that exhibit a variety of bonding modes, are entirely
suitable as candidates for serendipitous assembly.
2. Related li gands should be explored as minor changes can lead to large
differences in the resulting complex.

3. It is helpful if the ligands are soluble in a range of solvents, as many solvents
must be examined for their influence on the formation of complexes.
Serendipitous self-assembl y has produced a wide variety of beautiful and complex
structures, including the first reported molecular magnet, a mi xed ox idation state M4 0 4
butterfly surrounded by an Mn8 ring [9] , a magneticall y anisotropic Fe(lll) !&cluster with
an S' = 33/2 ground state [I OJ and a Mn(IJI) 12 Mn(llh aggregate with a very high S' = 83/2
ground state [II]. Serendipity is the faculty of making fortunat e discoveries by accident,
and while it is impossibl e to deny that many metal architectures of current interest have
been generated 'accidentall y' , systemati c studies of such assemblies may lead to a greater
understanding of relationships between reaction components, solvent conditi ons, bonding
forces and other factors in volved in self-assembly processes.
Work from the Winpenny group demonstrates how such a systematic
investigation can lead to rational product outcomes, however, this comes on ly after a
great deal of experimental effort. While this group has published several comprehensive
studies on the effects of varying the base used in the synthesis ofNi(II) cages [12] , and
mixed oxidation state Mn(Jil)/ Mn(IV) cages [ 13], their investigation of the synthesis of
self-assembled heterometallie wheel compounds bears particular attention.
l-leterometallic wheels of various sizes and compositions were synthesized based upon
the anti ferromagnetic, homometallic rcr8 F8 (piv) 16] ring (see Figures 1.\a for the li gand
Hpi v and l.lb for a sketch of the resulting ring) [14,15]. [RNH 2] [Cr 7MF 8(piv) 16] wheels
(where R = Me, Et, nPr, NBu, N-octyl and M = Ni, Co, Mn, Fe or Cd) resulted from the
addition of excess M(ll) salt to a mi xture of CrF3, pivalic acid, and a secondary amine

template [ 16]. Changing the template from secondary to tertiary amines and imidazo le
subsequently lead to the formation of octa-, nona- and decanucl car rings [17].

(a)

(b)

Figure 1.1: a) The ligand Hpiv (pival ic acid) which leads to the formation of b)

[MsFs(piv) 16] and [M 7 M' Fs(piv)16] rings (R ~ IBu).
In contrast to serendipitous self-assembly, other researchers are designing rigid
multidcntate ligands suitable for the achievement of specific synthetic targets, such as
racks, ladders, and grids [18]. Such ligands arc generall y synthetically challenging,
incorporate a coordination capacity that matches the requirements of speci fic metal ions
and have donor groups (oxygen or nitrogen atoms for example) built into the backbone in
positions suitable for the formation of stable five- or six-membered chelate rings upon
interaction with a metal ion. Many such ligands are also planar due to the presence of
de localized n-systems, and mo ieties such as pyrimidine and pyridine. In the context of
thi s thesis, the design principles behind li gands suitable for the formation of square [nxn]

grids bear a closer exam ination. Jean-Marie Lehn and his collaborators laid the
groundwork in thi s area by considering the 'coordination algorithm ' of a particular metal
ion. In the strict sense of the word, an algorithm is a set of rules that specify how to so lve
a problem. 1-!crc, the ' rules' entajl designing a li gand that considers not only the metal
ion's pre ferred geometry (for example, four-coordinate tetrahedral or six-coord inate
octahedral), but also, the donor capacity of the ligand, and the metal ion's preference for
particular donors.
These principles are best illustrated by a specifi c example. Fi gure 1.2a shows a
ditopic li gand (Ll ) which self-asse mbles in a 1:1 ratio with four li gands and four Cu( II)
ions to fonn a [2 x2] (LI )4 Cu(II)4 square grid complex (Figure 1.2c) [19]. The li gand
donor groups are positioned to adopt a mer confi gurat ion about each metal centre, which
encourages coordi nation by a second li gand molecule, oriented perpendicular to the first.
(Figure 1.2b). There is an exact match between the donor capacity of fo ur li gands and
the coordination requirements of four six-coordinate, octahedrall y-bound Cu(ll) ions.
The li gands are therefore aligned in two roughly parallel groups above and below the
metaJ pseudo-plane (F igure 1.2c; one group shown in blue, oriented perpendicular to the
other group, shown in magenta), and the bridging phenoxide moiety allows for weak
anti ferromagnetic exchange between neighboring copper ions.

(a)

(b)

figure 1.2: a) The ditopic li gand Ll , with tridentate coordination pockets that adopt b)
meridional positions on an octahedral metal ion leading to the formation of c) [2 x2]
square grids (R

=

tBu).

Similar design principles have lead to the synthesis of other ditopic (L2. Figure
1.3a) [20] , tritopic (L3, Figure 1.3 b) [21] and tetratopic (L4, Figure 1.4a) [22]ligands.
Note that in L2 , each pocket is tridentate, which again leads to the formation of a [2 x2]
(L2)4M 4 square grid, in this case with octahedral M = Co(IJ) ions [20].

(b)

(a)

(c)

Figure 1.3: a) The ditopic ligand l2. b) The tritopic ligand L3 which leads to the
formation of c) a 13 x3 1 M(lh grid (M

~

Ag).

Each of the coordination pockets in the tritopic ligand L3, however, is bidcntate.
Here, a congruence exists between the available donor sites, their positions, and the

coordination capacity of metals with a tetrahedral geometric preference. Consequently, a
[3 x3 ] Ag(l)9 grid was produced (Figure 1.3c, M o;o; Ag(l)), with an exact match between

the number of available donor atoms from six ligands, and the coordination requirements
of nine tetrahedral Ag(l) ions [21].

A Pb(ll) 16 grid was synthesized via a self-assembly reaction between 16 metal
ions and eight L4 ligands [22] (F igure 1.4b) with 16 triflate an ions and eight water
molecules filling additional si tes on the seven-, eight- or nine-coord inate lead ions
[22 ,23 ].

<7 1

""

N

(a)

+
8L

16M
(b)

Figure 1.4: a) The tetratopie ligand L4 which lead to the fom1ation of b) a (L4)g Pb(ll) 16
grid.

1.2: Metallo-supramolecular arrays and nanotechnology:
A 'bottom-up' approach to the construction of nanoscale materials su itab le for
applicati on as electronic or computer components is be ing fue led by the apparent
doubling of transistor density every 18 months [24]. Current computer memory dev ices,
such as magnetic disks and CO-ROMs store approx imate ly 108 bits/cm 2 , whi le it has
been theorized that DNA could store approximately 10 10 bits/cm2 [25,26]. In hi s review
of the potential for using grid type molecules as quantum dot cellul ar automata, Lehn
theorizes that based on surface studies of third row trans ition metal supramo lecular arrays
with dimensions of25x25

A, a self-assembled monolayer consisting of tightly packed

two-dimensional arrays of[2x2] grids that stored one bit of data for every grid molecul e.
could possibly hold up to 10 12 bits/cm2 ofdata{25].
Metallo-supramolecular arrays are suitable fo r considemt ion towards th is end as
they posses magnetic properties, redox properties and spin-state transitions that serve as
independent states within a single molecule, in addition to forming two-dimensional
arrangements that bear a striking resemblance to cross-bar structures used for
conventional information storage and computer processing [27]. Finall y, such arrays can
be deposited upon surfaces in an o rdered manner and metal centres can be addressed
uniquely [25 , 28]. For example, a so lution of the [3x3l grid complex (Mn(II)9(CI2poap2H)6](Cl04)6 was deposited on highly oriented pyrolitic graphite (HOPG), and was
probed by scanning tunneling microscopy (STM) and current imaging tunneling
spectroscopy (CITS) (Figure ! .Sa, c-e) [28].

(b)

(a)

(d)

(c)

Figure 1.5: a) The li gand 2poap (R

~ H)

(e)

o r C l2poap (R ~ Cl) which leads to the

form ation of b) [3 x3 ] M(ll)9 grids, that subsequently becom e heterovalent (green circl es
=

Mn( lll ), orange circles = Mn(ll)) upon chemical or electrochemical ox idati on [28,29].

Surface studi es on [Mn9(C I2poap)6] 6+ on HOPG gives c) a topographic image, d) a C ITS
image, and e) a 3D current isopol plot [28] .
The mi xed-ox idation state [3x3] grid complex [Mn(IJ ).sMn( lll )4(2poap-2 H)6 J
(C I0 4) 1o (see Fi gure I .Sa for 2poap [30]) was produced by bulk electro lysis of the
Mn( ll)9 complex [28], with Mn( lll ) centres present in the comer sites, and Mn( ll)

elsewhere ( Figure l .Sb). It ex hibited an S = Y2 magneti c ground state [28,29] whi ch was
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in agreement with the presence of the Mn(lll) centres (S = 2) at the comer sites, coupled
anti fe rromagneticall y with the Mn(ll ) (S = 5/2) ce ntres to produce an overall

ferrimagnetic effect (S =(4 x 2)+5 / 2 - (4 x 5/ 2) =112).
Waldmann considered thi s molec ule to be an actual experimental exampl e of a
mesoscopic S = Y2 cluster suitabl e for con sideration as an anti ferromagnetic qubit [3 1]. In
general, anti ferromagnetic, transition metal rings have potential in the area of
nanocomputing, where quantum effects, such as tunnel ing are very important. For
exampl e, such a system would have computing applications were it poss ible to tunnel
between a spin .. up" and a spin ..down" state without energy

tran s fe r~

thi s is known as

tunneling coherence [32]. Interactions with nuclear spins, lattice vibrati ons and with
other paramagnetic molecul es in the lattice however, can lead to incoherent tunneling
between two states. It is predi cted, however, that for an anti ferromagnetic ring with an
odd number of spin centres, tunne ling will take pl ace coherentl y, in part due to the
presence of at least one uncompensated spin in the ground state. That is, at a suffic ientl y
low temperature, for the one uncompensated spin to flip via a tunneling mechani sm, all
other spins must similarly reverse their spins in order to maintain the antiferromagnet ic
interaction. It should also be possible to observe quantum effects for rings with an even
number of spin centres provided that there is an excited state that lies suffi cient ly close to
the S = 0 ground state so that upon application of a sufficiently hi gh magnetic fi eld at low
temperatures the S = 0 ground state and the low-l ying excited state will become reversed
in energy via quantum tunneling.

II

Further investigations of this Mn(ll)sMn(III) 4 system, to analyze for possible
anisotropy, are required before the ability of the ground state unpaired spin to tunnel from
a ' spin up' configumtion to a 'spin down ' configurat ion can be assessed. If it is possible
for this tunneling to take place without an energy transfer, the system would exhibit
tunneling coherence and would be suitable for considerati on as a qubit {33 j.

1.3: Magnetic interactions in para magnetic clu sters:
Many excellent general introductions to the magnetic properties of materials have
been written [34] , and are presented in most senior undergraduate inorganic chemi stry
textbooks [35]. Therefore, this discussion wi ll begin with a description of diamagnetism
and paramagnetism.
Diamagnetic substances contain no unpaired electrons and arc weak ly repelled by
an external magnetic field. Diamagnetic suscept ibility values generall y range between - I
and - 100 x 10-6 e.m.u. and are independent of field strength and temperature. All
substances that contain paired electrons have an assoc iated diamagnetic component
wh ich must be corrected for when assessing the paramagnetic properties of a material.
Paramagnetic substances contain unpaired electrons and arc attracted into an
ex ternal magnetic fi eld . Paramagnetic susceptibility values generall y range between 100
and I 00, 000 x I 0-6 e.m.u. Paramagnetism is independent of field strength, but ex hibits
an inverse dependence of susceptibility upon temperature. This relationship can be
expressed as:
( I. I )
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Where N is Avogadro's number = 6.023x 1023 , p is the Bohr magneton =
0.9273x i 0-20 erg gauss· 1, k is Boltzmann 's constant = 1.38 1x 10"16 erg deg"1 and T is the
temperature expressed in Kelvin. 14 is the "effecti ve magnet ic moment" and can
consequentl y be expressed in units of Bohr magnetons as:
)J,

~ 2.828.fZT

( 1.2)

When paramagnetic centres are directl y bonded or are bridged by a suitabl e
intervening atom or molecule, the resulting s pin ~spin interacti ons may be either
ferromagneti c or anti ferromagnetic. In ferromagnetic systems, the spi n magnetic di poles
of the individual paramagnetic centres align in the same direction below a certain
temperature (the Curie temperature). Increasing the thermal energy of the system leads to
the random ization of the spins, and above the Curi e temperature the system will behave
like a simple paramagnetic, in agreement with the Curie- Weiss law (equation 1.3).
(1.3)

Where C is the Curie temperature, and 8is the Weiss correction, which is positive
for ferromagnetic systems. Note that ferromagnet ic e fTects are both

fi e ld~

and

temperature-dependent.
In anti ferroma gnetic systems, the spin magneti c dipoles on adjacent paramagnetic
centres align antiparallel below a certain temperature (the NeC I temperature). Thi s results
in a decrease in the observed susceptibility. Increasing the thermal energy of the system
leads to the

rand omi :~..a tion

of the spins, and above the Nee! temperature the system will

behave like a simple paramagnetic, in agreement with the Curi e-Weiss law (eq uati on
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1.3). The Weiss correcti on is negative for anti ferromagnetic systems. Note that
anti ferromagnetic effects are temperature-dependent, but field-independent.
A third paramagnetic possibility exists if the unpaired electrons on one centre are
opposed to those on another, but the magnitude of the opposing moments is unequal.
This resu lts in a ferrimagnetic material where spontaneous magnetization is possible.
Finally, if the crystal structure is of low symmetry, the unpaired spins may not line up in
either a stri ct ly anti parallel or parallel manner, but instead may be canted. This leads to
canted ferro- or anti ferromagnet ism.
1.4: Superexchange:
The following discussion of magnetic interactions and supcrexchange is limited to
the types of orbital alignment that are referenced in later chapters of this thesis, and is
therefore not comprehensive. A mathematical discussion of the wavefunctions that arc
involved is also omitted. These topics, which make up the Goodenough-KanamoriAndcrson rules, arc rev iewed in detail elsewhere [36-4 1].
When metals in paramagnetic clusters are separated by d istances that far exceed
their covalent radii , with interven ing diamagnetic atoms, anions or molecules, they may
exhibit magnetic interactions via superexchange ('ki netic' exchange). Consider the very
simple illustrated example in Figure 1.6. Here, two metal centres, each with one unpaired
d electron (Cu(II ) for example) residi ng in the d"-2 orbital, arc bridged by an intervening
oxide (0 2") ion.
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M,

0

M,

Figure 1.6: Simple illustration ofsuperexchange via a-bonding in a linear M-0-M
system.
If we assume the unpaired electron on M 1 to be 'spin up' then when the dz2 orbital

admixes with an orbital of suitable symmetry (p7.} on the intervening ion, leading to crbonding, a Pz electron wi ll pair and become 'spin down '. The other electron in the p,

orbital wi ll then be 'spin up', pairing with the unpaired electron on M2, wh ich will then

be spi n down (42]. The overall effect is anti ferromagnetic exchange.
Ant iferromagnetic exchange in linear M-0-M systems can take place by the
adm ixing of various metal d orbitals and bridging orbitals of appropriate symmetry. Two

other examples arc shown in Figure 1.7.

P,

d,,

P,

- ~~- :
M,

0

M,

M,

(a)

0

M,

(b)

Figure I. 7: Other modes of superexchange via cr-bonding in a linear M-0-M system.
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In Figure 1.7a, the unpaired metal electron agai n resides in a dz2 orbital, but these
orbitals are now oriented in an orthogonal manner (90°) to the intervening oxygen orbital.
Anti ferromagnet ic exchange is still possible via the dz2 lobe in the xy plane, and the
unpaired electrons pair in a 'spin up' and ' spin down ' manner as in the first example. In
Figure I. 7b, anti ferromagnetic exchange also results from the overlap of a magnetic
ground state d~ 2-y2 metal orbital with a d,2 orbital via the intervening p orbital.
In the case of strict orbital orthogonality, the coupling is via direct exchange
('potentiai'!Heisenberg exchange), and the coupling constant, J, is always positive since
it results from the repulsive potential energy involved in the electron exchange over the
distance separati ng the two magnet ic centres [43]. Figure 1.8 illustrates the orthogona l
orientation of two magnetic ground state dx2-y2 orbitals to the intervening Pz orbital.

M,

M,

0

Figure 1.8: A linear M-0-M system exhibiting stri ct magnetic orbital orthogonality

result ing in ferromagnetism.
While the potential tennis present in all exchange couplings, it is normall y very
small in the presence ofsuperexchange. The examp les presented here illustrated
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superexchange by a single atom bridge, however, multiple atom bridges are possible. For
example, diazine Cu-NN-Cu systems, with dx2-y2 metal magnetic ground states, exhibit
both anti ferromagnetism (by supercxchangc) and ferromagnetism (from accidental orbital
orthogo nality) as a linear function of rotation of the copper magnetic planes about theNN bond [44,45]. A similar linear relationship was reported by 1-latfield [46] between the
strength of the exchange coupling (2.1) and the Cu-0-Cu bond angle in a series of di-,uhydroxo-bridged copper( H) complexes. It is only when magnetic orbitals are aligned in
an orthogonal manner (either in a strict or accidental sense) that ferromagnetism
dominates the exchange behaviour between two centres.
1.5: Fitting magnetic data for polynuclear clusters:
The first step in modeling experimental magnetic data is to define a Heisenberg
spin Hamiltonian to describe the exchange situati on and to determine all of the spin states
associated with the system. A general Heisenberg spi n Hamiltonian, which includes spin
coupling between the paramagnetic centres, ligand field effects, and Zeeman splitt ing
tem1s is shown in equation 1.4.

H ~-L:J, 1 -s,-s 1 + L:
, s,-D,-S,+p,L:s,-g,-8

(1.4)

k}

Normall y, the li gand field effects ( ~S 1 • D1 • S 1 ) are ignored and it is assumed
that the Lande splitting factor (g) effects are identical and isotropic. The Hamiltonian is
therefore simplified to give equation 1.5.
H =-LJ 11 ·S1 ·S1
i <j

17

(1.5)

The total spin quantum numbers, S', and their energies,

E(S~,

can now be

determined from the exchange Hamiltonian, and can be substituted into the Van Vlcek
eq uation to calculate the susceptibility as a function of temperature for the system.
Equation 1.6 shows the generali zed form of the Van Vleck equation.

zM

Np'g '

L S'(S'+I)(2S'+I)O(S')e-"'"'' 1' "

3k(T - 0)

L(2S'+J)O(S')e -"'s'""

( 1.6)

Where .0( S~ gives the degeneracy of each state with a particular value of S'. Thi s is
normally corrected to include the fraction of paramagnetic impurity (p), a temperature
independent paramagneti c term (TIP) and a Weiss- like temperature correction, 0. The
modifi ed Van Vleck equation is ex pressed in equation 1.7.
= NP'g'

zM

3k(T - O)

L S'(S'+ J)(2S'+J)O(S')e _,.,,<'(,.T L (2S'+I)O(S')e _..,.,"
(I p)+

(1.7)

Np'g'S(S+J)p + TIP
3kT
The spin states and energi es from the exchange Hamiltonian can be determined by
three mathemati cal methods: vector coupling (VC), irreducible tensor operators (ITO)
and full matri x diagonali zation (FMD) [47). The vector coupling approach was first used
by Kambe [48], and results in closed form susceptibility expressions, that can be
conven ientl y evaluated. This approach is illustrated by consi dering two possible
trinuclear situations, an eq uilateral triangle and a line (Figure 1.9).
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s~
J13S2~
53

(a)
(b)
Figu re 1.9: General scheme for the coupling in a) an equi lateral triangle and b) a linear

triad of spi n centers.
The Ham iltonian to describe either of these cases is:
H u = - 2(J,(S, ·S,)+ J , (S , · S,)+J,(S, ·S, )(

( 1.8)

II ,.= - 2J((S, ·S,)+(S, ·S,)+a(S, ·S,)(

( 1.9)

Two summations are now defined in equations 1.10 and 1.11 :

( 1.10)
and

( 1.11 )
Squaring equation 1.10 leads to:

(S, + S, +S,)'

= (S'·S') = 3S(S + 1) +2(S, ·S,)+ 2(S, ·S,)+ 2(S, ·S,)

(1.12)

Which can be rearranged to give eq uation 1.13.

2(S, · S,)+ 2(S, ·S, ) = (S'·S')-3S(S + 1) - 2(S, · S,)
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( 1.1 3)

Squaring equation 1.11 leads to:

(S, + S,) ' ~ (S * ·S*) ~ 2S(S + 1) + 2(S, · S,)

( 1.1 4)

Which can be rearranged to give equati on 1.1 5.
( \.1 5)
Equations 1.12 and 1. 14 can now be substituted back into equati on 1.9 to give:
H a ~ - J(S'·S') - 3S(S + 1) - (S *·S *) + 2S(S + 1) +a{(S *·S *) - 2S(S + 1)}) ( 1.1 6)

Gathering terms leads to equation 1.1 7, which is a general fonn of a ll amiltoni an
suitabl e for addressing either an equilateral triangle or a linear triad.
Ha

~

- J){(S'·S ' ) - (S *·S *) - S(S + 1))+ a {(S *·S *) - 2S(S + 1)})

~

- J)(S'·S') - (1 - a)(S * ·S*)-(1 + 2a)(S (S + 1)))

( 1.1 7)

Note that S * = (S j + S 1 ) •••1sj - S 11in integer steps, therefore (S * ·S*) will have
JS * (S * + 1)1 eigenvalues and S' = (S * + S) ...IS * - S j in integer steps, there fore (S'·S ' )
wi ll have (S' (S'+l)J eigenvalues.
Finally, fo r an equilateral triangle where J31

= 112 = J23 = J, ·.a = I

the

Hamiltonian (1.1 7) simplifies to:
Ha

~ - J)(S' · S') - 3(S(S + 1)))

( 1.1 8)

with energies:

E

~

- J)S' (S'+ I) - 3S (S + 1))

And fo r a linear triad with a negli gibl e 1-3 interacti on Jl2 = J23 = J ; J 3 1 ~ 0
the Hamiltonian ( 1.17) simplifi es to:
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(1. 19)
·.a~

0 and

H a = - J I(S'·S ' ) - (S * ·S *) - (S(S + 1))1

( 1.20)

E = - JIS'(S'+I )- S *(S *+I) - S(S + 1)1

( 1.21)

with energies:

For either case the e nergies may now be substituted into the modifi ed Van Vleck
expression (equation 1.7) in order to evaluate magnetic suscept ibility as a fun ction of
temperature. Note that the exchange coupling can be expressed by convention as si mply

J, or as in the above example, as 2J. While this can lead to some confusion, especiall y
when comparing exchange couplings from different literature sources, J has been used
excl us ive ly in thi s thesis, except where otherwise expli citly indicated. A closed-form of
the eq uation can be obtai ned by man ually calculating the spin states and energies and

then substi tuting those into the Van Vleck equation, a different approach can also be used
to evaluate thi s problem. A Turbo Basic v. 1.0© ( 1987; Borland Internat ional, Inc.)
routine that evaluates the numerator and denominator of the Van Vleck equation
separately for each possible energy state by a series of nested loops, and then sum s and
recombines these to generate a compl ete susceptibility pro fil e as a functi on of
temperature, can be employed. Figure 1. 10 gives the core of this program for an
eq uilateral triangle expression. Sis an input required from the user, which is then
de fin ed to be equal to S1 , S2 and S3.
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Evaluate:
Espin=O: muo# = 0: muu# = 0
1/ 1.4388
Sstar=Sl + S2
For SK ~ Sstar to abs(S I-S2) step -I
hi ~ SK+S3: lo ~ SK-S3
if lo<O then lo=-lo
ifhi<lo then swap hi,lo
ForST = hi to lo step - I
a ~ ST*(ST+ I)
d~ 1+(2*ST)

JJ ~J

S~S*(S + I)

term 1 ~ J l *(a-3*Sp)
Espin = term 1
Espin = Espinff
top# = (a*d)*(e,.,Espin)
bot# ~ d*(eAEspin)
muo# = muo# +top#
muu# = muu# +bot#
Next ST
next SK
chi = muo#/muu#
chi=chi *const* g*g/(3 *(T -th))
chi=chi *( 1-ro)+TIP+ro*const*g*g* S *(S+ I )/(3 *T)
Ji ~Ji*l.4388

Return
Figure 1.10: The core of a Turbo Basic© routine for evaluating susceptibility as a
function of temperature for an equilateral triangle.
Some other examples of this method arc shown in Appendix 1. A limitation of
this approach is that the system must have symmetry appropriate for the determination of
correct and unique combinations of spin operators [47].
The use of irreducible tensor operators requires the use of fairly complicated
mathematics, however, it results in matrices that are sufficiently small to be dealt with by
most personal computers, with short computation times when compared to the matrices
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generated by FMD. An add itional drawback to this method is that it docs not easily
allow for the inclusion of zero-field splitting or other such cfTects [47].
FinaJiy, full matrix diagonalization allows for the convenient calculation of spin
states and their associated energies for a large variety of systems. Zero-field splitting and
other cfTccts can also be included. The Hamiltonian matrix dimensions, however.
increase rapid ly with the number of paramagnetic centres. For a system with a large
number of unpaired spins the resulting matrix calculation can exceed the capabilities of
personal computer systems. Full matrix diagonalization is the method used by the
software package MAGMUN4.1 f49] for the calculation of spin states and the ir
associated energies.
MAGMUN4. 1 is a powerful Windows© based software package for simulating
and fitti ng magnetic data [49]. It can be used to deal with polynuclear clusters with many
d ifferent nuclearitics and geometries, including three dimensional systems, by way of an
o utput fi le(* .spk) containing total spin state values and their energies. This is generated
from an input file (OWO l .ini) which details the model in question, via an executable
program (OWO I.exe) which utilizes the FMD approach. The first step in generating the
input fi le is to defi ne a magnetic model, normally via a schematic, in which the
paramagnetic centres arc numbered and the exchange pathways identified. Figure 1.11
shows such a model for a general tetranuclear cluster.
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Figure 1.1 1: Magnetic model for an M4 tetrahedron.
The input file, OWO l.ini (Figure 1.12), defines the number of unpaired electrons
per paramagnetic centre on the first line, their connectivities on the second line, and the
relative strength of the magnetic exchange couplings on the third line. The name of the
output file to be generated is given on the fourth line. As an example, it wi ll be assumed
that each spin centre is a Cu(ll) ion (d9, one unpaired electron, S = Y2), though it is not
necessary for the cluster be homometallic. It will also be assumed that there is no crosscoupl ing exchange (J3 = 0), and that the exchange between each adjacent centre is equal
in magnitude and sign (J I

= J2).

Spins: I I I I
~ four ions, each with one unpaired electron
Couplings: 12 23 34 14
~ definition of adjacent, interacting centres
~ couplings equal in sign and magnitude
Strengths: -I -I - I -I
Output: LND-Cu4

Figure 1.12: MAGMUN4.1 input file for Cu(ll) 4 square model.
The coupling strengths in the above example were assigned as - I cm-1 for
mathematical convenience. Once the data arc fitted, and the exchange energy, J, is
detennined by non linear regression of the data, it is simply multiplied by the coupling
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strength as defined in OWOI.ini. For a "strength" of - I cm- 1 , the actual exchange
energy will be a positive multiple of unity for ferromagnetic interactions and a negative
multiple of unity for anti ferromagnetic interactions.
Once the OWO l.ini fil e is defined and saved, it is used by the executable program
OWO I.exe to calculate the energies as a function of spin state for the system, eliminati ng
the necessity to deri ve an exchange eq uat ion in order to treat the data. Two output fi les
are generated, with the extensions *.spk and *.eig, with the required

E(S~

data contained

in the *.spk file. The *.spk file fo r the above example of a Cu(II)4 square with no crosscoupling exchange is shown in Figure 1.13.
MDA 01.00 SPK 00
#PROGRAM:
Program OWOL, (c) Oli ver Waldmann, Version 11 .5.0 1
#HAMILTONIAN:
Heisenberg Hamiltonian
#SYSTEM:
Spins ~

1/2 1/2 1/2 1/2
1-2 2-3 3-4 1-4

Coup lin gs ~

#PARAMETER:
Strengths=- 1-1 - 1 -1
Emi n = -2
#COM MENT:
sorted spcktrum with classification
#DATA:
~ Magnetic ground state
0
I
f.- Next lowest lying energy state
2
2
2

3
Figure 1.13: •.spk file for a Cu( ll)4 square. The first co lumn defines the re lative energy

while the second column defin es 2S'.
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Finally, the experimental data, and the • .spk fil e can be loaded into
MAG MUN4.1, and the data treated by the mod ified van Vleck equat ion (equation 1.7).
Fitted data can then be ex ported into a Microsoft Excel© spreadsheet, as columns o f
"Temperature" and experimental and calculated "x", "xT'' and

" ~l m 0 (.

Appendix 2

contains all the O WOI .ini and • .spk fil es that were used in thi s thesis.
The infonnation contained in the • .spk fil es can be used in combination with
magnetization as a fun ction of fi eld data in order to assess the magneti c ground state o f a
particular system as well as other related infonnation, such as low lying excited states.
For non-zero magneti c ground states, MAG MUN4 .1 can be used to model magnet ization
data using standard Brillouin fun ctions (Bs(y)) [50] , which descri be the depende nce of
the molar magnetization (M) on an external fi eld (H) (equations 1.22- 1.24).

( 1.22)

M = Ng{JSB, (y )
where
Bs(y) =2S
--+I coth (2S
- -+I y ) - - I coth ( - I y )

2S

2S

2S

2S

(1.23)

wi th
(1.24)
When the term HlkT becomes very large (that is, at high fi elds and low
temperature), the Brillouin fun ction (Bs(y)) approaches unity and the magneti zation, M.
approaches its saturation value, Ms (equation 1.25).

Ms = Ng{Js
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( 1.25)

Expressing the saturation magneti zation in units o f NfJ, means that its value is
simply given by gS. While th is ho lds for a coll ection of grouped spins in the ground
state, when the ground state of a pol ynucl ear system results in isolated residual spins, the
Ms can be calcu lated from the sum o f the ind ividual contributions.
Magneti zation pro fil es can be simu lated by MAG MUN4.1 and compared to
ex perimental data loaded from an input with magneti zation (in

NP units) and field data.

Magneti zation as a fun ction of fi eld profi les for both grouped and ungroupcd ground
magnetic spin states, with g = 2 and T

= 2 K, are shown

in Figure 1.14.
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Figure 1.14: Magnetizati on as a fun ction of fi eld fOr g = 2, T
~

= 2 K and S = Y2 (black). S

3/2 (solid red), S ~ 3 x Y, (dashed red), S ~ 5/2 (so lid blue), S ~ 5 x Y, (dashed blue), S

= 7/2 (so lid green) S =

7 x Yz (dashed green) generated with MAG MUN4. 1.
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1.6: Conclusions:
Metallo-supramolecular [nxn] arrays synthesized by self-assembly reactions have
been introduced and some switchable properties discussed in tenns of possible
nanotechnological device applications. In the following chapters new classes of [n xn]
M 112 transition metal grid arrays (with n = 2, 3 and 4) will be presented. These arc based
on new ditopic imidazole hydrazone, tritopic picolinic dihydrazonc and tctratopic
pyridazinc bis(hydrazonc) ligands. Their structures and magnetic properties wi ll be
described and discussed in detail.
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Chapter 2: Ligand synthesis and physical measurements
2.1: General comments on ligand design and synthesis:
Rigid multidcntate li gands suitabl e for the targeted synthesis of specific [n xn)
grids upon self-assembl y with metal ions are generally syntheticall y challengi ng and
incorporate a coordinati on capacity that matches the coordination req uirements of a
spec ific metal ion (the metal's "coordination algorithm") [2 1]. Such li gands have donor
groups (oxygen or nitrogen atoms for exampl e) built into the backbone in positions
suitable for the formati on of stabl e li ve- or six-membered chelate rings upon interaction
with a metal ion. Many such ligands also have planar confo rmations d ue to the presence
of de localized n-systems, and moieties such as pyrimidine, pyridi ne and pyri dazine with
examples of self-assembl ed [2,2] [51-53], [J , J] [2 1], [4, 4] [22,55-57] and [5, 5] [56]
grids reported.
Ditopic ligands with one bidentate and one tridentate pocket (Figure 2. 1), formed
by condensation between an iminoester and a hydrazide, and capable of formi ng 5membered chelate rings upon coordination with fi rst-row transiti on metals, have proven
to be sui table for the di rected approach to the formation of [2x2] gri ds [58-64).
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poap: R~ H , x ~ v~c H , R ' ~N I-1 1 ;
pzoap: R~ H , X ~N, Y ~C H , R '~ NI-l, ;
pzoapz: R ~ H , X ~ Y~N, R '~ NH, ;

pomp: R~ H , X ~ Y~C H , R ' ~C H ,;
poapz: R ~ H , X ~ C H , Y~ N , R ' ~ NH, ;
mpoap: R~C H 3 , X ~ Y ~C H , R ' ~ NH,

Figure 2. 1: Examples of ditopic ligands suitable fo r the fonnation of [2x2] gri ds.
Li gands of thi s type have several rotomeric modes, and twu can lead to bridgi ng
between metal ions thro ugh J.I~O or ,u-NN connections (Figure. 2.2a and 2.2 b). The most
common rotomer is the syn enoli c form, whi ch links two metals though an oxygen bridge
(Figure 2.2a).

(a)
(b)
Figure 2.2: General representation of poss ib le bo nding modes, showing the fo rmation of
5-mcmbcrcd chel ate rings. a) p-0 bonding mode b) p-NN bonding mode.
In both coordi nation modes three fi ve-membered chelate rings are fo rmed with

metal-li gand bonds that are at approx imately right angles, and occupy either cis- or merpos itions (bi dentate or tridentate pocket respecti vely) of an octahedrall y coord inated
metal. In mode (a), open coordination sites on the metal posi tions may then be occupied
by two more ligands arranged in a perpend icu lar fas hion whi ch coul d bind an additional
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two metal ions, and finall y with a fo urth li gand, arranged in a parall el mannerto the first,
completing the [2x2 ] grid (Scheme 2. 1).

2M+ L

+
L

2M

Scheme 2.1 : One possibl e route to f2x2 ] M4 grid self-assembly.
Vacant coordinati on sites for metal s incorporated by the bidentate pockets of two
perpendi cular li gands can be occupied by solvent molecules or ani ons. In cases,
however, where co-li gand competiti on is limited or eliminated, homolept ic trigonalbipyramidal clusters of fi ve six-coordinate metal centres and six li gands, wi th six p-0
hydrazone bridges linking the metal ions can also result [6 1,62,64,65]. Both [2x2] grids
and trigonal-bipyramidal clusters are di scussed in Chapter 3.
The same design principl es can be employed for the synthesis of tritopi c ligands
(Figure 2.3 ) suitable fo r the fonnation of [3x3] M9 (M = Mn, Fe, NL Cu, Zn) grids
[29,30,66-74] . ln their .o.yn-enoli c confonnati on, ligands in thi s cl ass have the potenti al to
create three adjo ining, oxygen-bridged meridional pockets that could accommodate a
max imum of three six-coordinate metal ions in an approx imately linear manner.
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R

·,~·A,~
~N---M---0---M---0---M---N~

2poap

(R~ H, R ' ~NH , , X ~

Cl2poap (R ~ I. R ' ~ NH 2 • X ~CH)
S2poap (R~ SH, R' ~NH 2 , X ~C II )
2popp (R~ H , R' ~ Ph, X ~CH)

CH);

2pomp(R~ H , R' ~C H 3 , X ~CH);

2poapz (R~H ,

R'~NH 2 , X ~N);

Figure 2.3: Examples oftritopic li gands showi ng metal coordinatio, leading to the
formation of [3 x3] grids.
The open coordination sites on each metal centre in such an arrangement can be

occupied by another three ligands, also in their jyn-enolic rotomer, but arranged in a
perpendicular manner to the first ligand. Homoleptic, self-assembled [3x3] grids finally

result from the exact balance of the available number of donor sites provided by the six
ligands arranged with three parallel ligands above and below the plane of the nine
pseudo-octahedral metal ions (Scheme 2.2).
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3L

L

3M

Scheme 2.2: One possible route to [3x3J M9 grid sel f·assembly [75].
[3x3] Mn9 grids ex hibit rich electrochemical behaviour [28-30,73 ,], and mixed-

metal systems have also been reported [28]. Work in this thesis reports [3x3] M9 (M =
Mn, Co, Cu, Zn) gri ds (Chapter 4) and mi xed metal systems (Chapter 5) with a new
ligand in thi s class.

The square, essentially flat mol ecular footprints of the [3 x3] grids, suggests that
they could be organized into 20 extended structural motifs. So ft-donor atoms (for

example, chlorine and sulfur) have been incorporated into the central pyridine ring of
li gand s in this class (Figure 2.3) leading to the assembly of grids on gold and graphite
surfaces [28,73,76]. Another technique for assembling grids into organized 20 arrays is
to enhance the aromatic character of the li gand end-pieces, by incorporat ing quinol inetype moieti es, in order to capitalize upon possible extended n-intcractions [77]. This has
been achieved and is discussed in Chapter 6.

JJ

Whi le altering the ligand end-pieces may result in extended grid interactions,
changi ng the nature of the central aromatic moiety (Figure 2.3; pyridine and substituted
derivatives) can result in increased grid nuclcarity. For example, pyrazolcs and
pyridazines are effective dinucleating bridging groups, and so replacing the central ring
of ligands capable of fonning [3x3] grids with pyrazolc-3 ,5-dicarbohydrazide [56] or
pyridazine-3,6-dicarbohydrazide subunits [55-57] will produce li gands with a potentiall y
tetratopic capacity (Figure 2.4a and 2.5). A potential problem arises in the pyrazolebased cases, however, in that the large internal angle subtended by the pyrazole-NN
metal-ligand bonds could introduce a great deal of strain into any possible [4x4] systems
and so instead an alternate ~yn ligand conformation with the hydrazone oxygen atoms in a
non-coordinating ketonic fonn (F igure 2.4b) is also considered a possib ility [56]. Results
with a pyrazole-based li gand are further d iscussed in Chapter 8.

(a)

Figure 2.4: a) Syn cnoli c rotomeric fonn of a tetra topic diethyl 3,5-pyrazoledicarbohydrazide ligand; b) and with the hydrazone oxygen atoms in a non-coordinating ketonic
form.
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Figure 2.5: Syn-eno lic rotomeric representations ofpyridazine based ligands: R = H orR

= NHz.

Se lf-assembled pyridazine-based [4 x4] grids with these ligands have been
synthesized and have sixteen six-coord inate metal ions held in a grid framework of eight
ligands arranged in two roughly parallel groups of four above and below the metal core
with adventiti ous single atom oxygen bridges incorporated from the solvent environment
completing vacant sites in the octahedral coordination spheres of the centra l metals
57]. Chapter 7 and 8 report M 16 (M

rss-

= Mn, Co, Cu) grids with similar [4x4] topologies

and from li gands wi th end-pieces capab le of extended 7t-type interactions.

2.2: Methodology:
2.2. 1: Synthesis of a tetratopic ligand precursor- pyridazine-3,6-dicarbohydrazide
A suitable 3,6-substitued pyridazine precursor for the synthesis oftetratopic
li gands is not commercially available, and is instead synthesized in five steps starting
from ethyl diazoacetatc. The synthesis of the tetratopic ligand precursors is summarized
in Scheme 2.3. Briefly, ethyl diazoacetate (A) was added dropwise to a hot. concentrated
so lution of aqueous sod ium hydroxide followed by treatment in ethanol to yield sodium
dihydrotetrazine-3 ,6-dicarboxylate (B) as a brown so lid, which was then slurried in water
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with sodium nitrite and kept below 0 °C during the additi on of glacial acetic acid. The
resulting bri ght orange slurry was treated with excess methanol to yiel d sodium stetrazine-3,6-di carboxylate (C ) that was then converted to sod ium pyridazine-3,6di earboxylic acid salt by reacti on with ethyl vinyl ether in water at room temperature.
The pyridazine acid sa lt (D) was then converted to the methylester (E) upon treatment in
methanol at -78 °C with thionyl chloride. Finally, the d imethyl pyridazinc-3,6d icarboxylate (E) was rcfluxed in methanol with hydrazine hydrate to prod uce the
required pyridazine-3,6-di carbohydrazide (F). These precursors are known compounds
[78,79], and literature methods were foll owed, giving comparable yields and purity,
therefore the complete procedure for th is synthesis is not discussed.

H

"');{-);--!(
0

N-

N

ON•

H
(A)

(B)

(C)

"'""}----0----{
0

N-

N

NHNH2

(F)

Scheme 2.3: Synthesis of the pyridazine-based tetratopic li gand precursor.
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2.3: Ex perimental:
2.3. 1: Materials:
Commercial ly available solvents and chemicals were used without further
purification. Perchlorate and azide salts and complexes arc potentially explosive and
were used and prepared in small quantities, taking appropriate precautions.
2.3.2: Physical measurements:
2.3.2. I : Spectroscopy:
Infrared spectra were recorded as Nujol mulls between NaCI plates using a
Matteson Polaris FT-IR instrument. Solution NMR spectra were obtained with a Bruker
A VANCE 500 MHz spectrometer. Solvents used are quoted in the appropriate
experimental section. NMR spectra were processed with MestRcNova software. UVVis-NIR measurements were obtained using a Cary 5E dual beam spectrophotometer in
solution in matched quartz cuvcttes. The solvents used arc quoted in the appropriate
experimental section.
2.3.2.2: Mass Spectrometry:
LCMS measurements were taken on an Agilent II 00 Series LC!MSD in
atmospheric pressure chemical ionization positive (APCI+) mode with methanolacetonitrile mixtures as the solvent.
2.3.2.3: Elemental Analyses:
Microanalyses were carried out by Canadian Microanalytical service, Delta, B.C..
Canada. It should be noted that fluoride and boron have been known to cause
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interference in carbon analysis, through the formation of thermostable carbides [80].
This appears to have been a particular problem with some of the results in Chapter 7.
2.3.2.4: Magnetic measurements:
Variable temperature magnetic data were collected with a Quantum Design
MPMSSS SQU ID magnetometer using field strengths of 1000 Oe for variable
temperature experiments, and field strengths in the range 0. 1-5 T for magnetization
experiments. Background corrections for the sample holder assembly and diamagnetic
components of the complexes were applied.
2.3.2.5: Crystallography:
Data were collected using an AFC8-Satum 70 single crystal X-ray diffractometer
from Rigaku!MSC, equipped with an X-stream 2000 low temperature system, and
Crystal clear software for data collection and processing. Further detai ls of the data
collection and re finement are located in the experimental section of the appropriate
chapters, and Appendix 3.
2.3.3: Synthesis of ligands:
The syntheses of 2.1 - 2.3 arc summarized in Scheme 2.4.
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2.3

Sch eme 2.4: Synthesis of ioap (2.2) and ioapm (2.3).

2.3.3.1: 5-methyl- 1H-imidazole-4-carbohydrazide (2. 1). 5-methyl- 1H-imidazole-4carbohydrazide (2.1 ) was generated by the dropwise addition ofhydrazine hydrate (85%)

(2.34 g, 46.7 mmol) to a stirred solution of cthyl4-mcthyl-5-imidazolc carboxylate (3.39
g, 22.0 mmo l) in 60 mL of 1-butano l and 25 mL of methanol. The resulting clear, yellow
solution was re nuxed for 72 hours. Upon cooling a white precipitate formed. which was
collected by suction filtration and washed three times with I 0 mL of dicthyl ether (2.59 g;

84% yield). IR (v/cm· 1): 3 162 (vNH), 1627, 1589 (vCN, vCO).
2.3.3.2: ioap (2.2). Methyl pyridinc-2-carboximidoate was generated in situ by d issolving
2-pyridinccarbonitrilc (2.73 g, 26.2 mmol) in methano l ( 100 mL) with sodium metal
(0. 10 g, 4.4 mmo l). The Oask containing the resulting clear colourless solution was
capped with a drying tube and the solution was stirred at room temperature for 8 hours.
Acetic acid was then added until a neutral pH was achieved. 5-methyl-1H-imidazole-4carbohydraz ide (2.59 g, 18.5 mmol) was added to the sti rred solution of methyl pyridine-
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2-carbox imidoate, which form ed a clear yel low so lution that was heated at renux for 24
hours to give a clear, brown soluti on. The total vo lume was reduced to 20 mL under
red uced pressure and 50 mL of diethyl ether was added to give a yellow slurry that was
stirred for 30 minutes. A ye llow powder (2.2) was col lected by suction filtration, washed
three times with 10 mL of diethyl ether, and vacuum dried (q uantitative yield). Mp 226228 "C. mlz (APC I- MS+): 245. 1 (M+ C 11 H12 N60 requires 244.3), IR (v/cm-1): 3205
(vNH), 1635, 1519 (vCN, vCO). 1\ 11 (500 MHz; DMSO-ct.) 1.78 (3 H, s, GJ,), 3.34 ( I H,
s, OH), 6.79 (2H , s, NH,), 7.45 (I H, dd

(J ~5.43

Hz, 6.84 Hz), Ph), 7.6 1 (I H, d

(J ~ I5.07

Hz), Py), 8.00 (2H , m, Py), 8.62 ( I H, t (J ~30.84 Hz), lm), 9.94 ( I H, s, NH). Anal. Calcd
(%)for C 11 H12 N60 ·1.2CH 30 H·0.8H 20: C, 49.32 H, 6.24 N, 28.29. Found: C, 49.30; H,
4.95; N, 28.2 1.
2.3.3.3: ioapm (2.3). Methyl pyrimidine-2-carbox imidoate was generated in situ by
dissolving 2-pyrimidinecarbonitrilc (2.35 g, 22.4 mmol) in methanol ( 100 mL) with
sodium metal (0. 10 g, 4.4 mmol). The flask containing the resu lting clear co lourless
soluti on was capped wi th a drying tube and the solution was sti rred at room temperature
for 8 hours. Acetic acid was then added until a neutral pH was achieved. 5-mcthyl- 1/-1imidazole-4-carbohydrazide (2. 10 g, 15 mmol) was added to the sti rred solution of
methyl pyrimidine-2-carboxi midoate, which formed a clear ye llow sol ution. A yell ow
precipitate formed upon stirring fo r 5 min. Methanol was added until a total volwne of
250 mL was ach ieved, and the solution was heated at reflux for 16 hours. Upon heating,
the precipitate dissolved. The refluxed solution was cooled to room temperature and
remained clear and yellow. The vo lume was reduced under reduced pressure to 20 mL.
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and 100 ml of diethyl ether was added. A ye llow precipitate (2.3) formed, wh ich was
co llected by suction filtrati on, washed twice with 10 ml of methanol, twice with 10 ml
of d iethyl ether, and vac uum dri ed (yield 3.4 g, 93 %). Mp 222-225 °C. mlz (A PC IMS+): 246. 1 (M+. C10H 11 N7 0 requires 245.2), IR (v/cm·'): 3332 (vN H), 1654, 1562
(vCN, vCO), 952 (vpym). Anal. Calcd (%) for C10H 11 N70 •1 .5C H30H· 1.2H,O: C, 43.86
H, 6. 17 N, 3 1.15. Found: C, 43.86; H, 4.80; N, 3 1.3 1.

l

The synthesis of 2pmoap (2.4) is summari zed in Scheme 2.5.
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Sc heme 2.5: Synthesis of 2pmoap (2.4) .
2.3.3.4: 2pmoap (2.4). Dimethyl·2,6-pyridincdi carboxylate ( 10.07 g, 5 1.60 mmol) was
converted to the dihydrazide by reaction with hydrazine hydrate (85%) (2.60 g, 5 1.9
mmol) in methanol (yield 40 %). Methyl pyrimidine·2·carbox imidoate was generated in
situ by di ssolving 2·pyrimidinecarbonitrile ( 1.82 g, 17.3 mmol) in met hanol ( 150 mL)

with sodium metal (0.1 5 g, 6.5 mmol) in a round bottom fl ask, resulting in a clear
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colourless solution. The flask was capped with a drying tube and the solution stirred at
room temperature for 8 hours. The solution was then neutralized using acetic acid. and
pyridine-2,6-dicarbohydrazide ( 1.52 g, 7.79 mmol) was added giving a yellow mixture,
which was refluxed for 24 hours. A yellow solid was obtained, which was filtered off,
washed with methanol and diethyl ether and dried under vacuum. Yield (2.08 g, 66 %).
mlz (APCI-MS+): 406 (M+. CnHI50zN 11 requires 405.4), IR (v/cm' 1): 34 13, 3332, 3 181

(vNH); 1685, 1612 (vC=O); 1558, 1519 (I'C~N). Anal. Calcd (%) for
C 17 H 150 2 N11 · 2.25CH30 1-1: C, 48.42; 1-1, 5.06; N, 32.27. Found: C, 48.97; H, 3.7 1; N
32.27.
The syntheses of ligands 2.5-2.8 are summarized in Scheme 2.6.
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2.8

Scheme 2.6: Syntheses of quinoline-type ligands.
2.3.3.5: 2po56hq (2.5). 2-Quinolinecarboxaldehyde (2.05 g, 13.0 mmol) was added to a
slurry of pyridine-2,6-dicarbohydrazide ( 1.29 g, 6.61 mmol) in 300 mL of methanol. The
resu lting mi xture was heated at reflux for 18 hours to prod uce a yellow powder, which

was filtered ofT and washed with diethyl ether to give 2.32 g (4.90 mmol , 75% yield) of
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2.5. This ligand was used without further purification. Mp: 230-232 °C. mlz (A l>CJMS+): 474 (M'. C21 H 19N 70 2 requires 473.5). IR (v/cm·'): 1670 ( .,c~O) ; I 554 ( .,c~N).

o11 (500 MH z; DMSO-d6)

12.6 1 (2H , s, OH), 9.06 (lH , s, Ar), 8.86 ( IH , s, Ar), 8.43 (5H.

m, Ar), 7. I 6 (6H, m, Ar), 7.86 (2H , I (J

~

7.42 Hz), Ar), 7.70 (2H , I (J

~

7.4 I Hz), C H).

Anal. Calcd (%)for C27 H 19N 70 2. 3H20 (bul k sample): C, 61.47; H, 4.78; N, 18.59.
Found: C, 61.05; H, 3.85; N, 19.30.
2.3.3.6: 2po56nq (2.6). Methyl quinoline-2-carbox imidoate was generated in situ by
reaction of 2-quinolinecarboni trilc ( 1.00 g, 6.49 mmol) fo r 24 hours at room temperature
with a soluti on of sod ium methoxide, produced by di ssolving sodium metal (0.05 g, 2. 17
mmol) in methanol (50 mL). The pH was then adjusted to 7 by addi ti on of glacial acetic
acid and pyridine-2,6-dicarbohydrazide (0.62 g, 3. 18 mmol) was added. Thi s produced a
li ght yellow slurry that was renuxed for 24 hours, then filtered and washed with diethyl
ether (3 x 15 mL) to yield a ye llow powder which was used wi thout furthe r purification.
Yield (1.49 g, 92.2 %). Mp 259-260 'C. mlz (APC I-MS+): 504. 1 (M+. C, H,N,Oz
requires 503.5). IR (v/cm·'): (N ujo l): 3406, 3333 ( vNH); 1693 , 1605 , 1584, 1569
(vC ~O.vC ~N).

o11 (500 MHz; DMSO-d6)

11.18 (2H , s, OH), 8.26 (8H, m, Ar), 7.84 (2H ,

m, Ar), 7.68 (2H , m, Ar), 7.24 (3H , s, Ar). Anal. Calcd (%)for C, H,N,0 , ·0.25 H, O: C,
63.83; H, 4.27; N, 24.8 1. Found: C, 63.74; H, 4.33 ; N 24.91.
2.3.3.7: 2po45nq (2.7). Methy l isoquinoline-3-carboximi doate was generated in situ by
reaction of3 -i soquinolinccarbonitrile (0.65 g, 4.2 1 mmol) with a solution of sodium
methox ide, produced by dissolving sodium metal (0. 10g, 4.35 mmol) in methanol (75
mL). Pyridine-2,6-dicarbohydrazide (0.41 g, 2. 10 mmol) was added to the above
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solution, followed by an additional25 mL of methanol and adjustment ofpl-1 to 7 by
dropwise addition of glacial acetic acid. The resulting white slurry was heated at reflux
for 18 hours. This produced a yellow slurry that was filtered and washed with dicthyl
ether (3 x 15 mL) to yie ld a yell ow powder (2.7) which was used without further
purification. Yield (0.80 g, 75 %). Mp 267-268 "C. mlz (APCI-MS+): 504.2 (M'.
C27 H21 N90 2 requires 503.5). IR (v/cm' 1): 3417, 3305, 3170 ( vNH); 1635, 1581 ( vC~O) ;
1538

(vC~N).

&11 (500 MHz; DMS0-<4) 11.14 (2H, s, OH), 9.53 (IH , s, Ar), 9.32 (I H, s,

Ar), 8.72 (\H, s, Ar), 8.23 (6H, m, Ar), 7.81 (3H, m, Ar), 7.2 (3H , m, Ar). Anal. Calcd
(%)for C27 H21 N90,-0.25H 2 0: C, 63.83; H, 4.27; N, 24.81. Found: C, 63.84; H, 4.55; N
24.63.
2.3.3.8: 2po34nq (2.8). Methyl isoquinoline-1-carboximidoate was generated in situ by
reaction of 1-isoquinolinecarbonitrile (0.66 g, 4.28 mmol) for 24 hours at room
temperature with a solution of sodium methoxide, produced by dissolving sodium metal
(0.1 0 g, 4.35 mmol) in methanol (75 mL). The pH was then adjusted to 7 by addition of
glacial acetic acid and pyridine-2,6-dicarbohydrazide (0.62 g, 3.18 mmol) was added
with an additional 25 mL of methanol. This produced a white slurry that turned yellow
upon refluxing for 24 hours. The ye llow slurry was then filtered and washed with dicthyl
ether (3 x 15 mL) to yie ld a yel low powder (2.8) that was used without further
purification. Yield (0.24 g, 22 %). Mp 277-280 "C. m/z (APC I-MS+): 504.2 (M'.

C21H21N902 requires 503.5), 196.0 (C 7 H9 0 2N5 (pyridine-2,6-dicarbohydrazidc) requires
195.2). \R (v/cm' 1): 3436,3270 (vNH); 1689, 1635 (vC~O); 1515 (vC~N). Elem.
Found: C, 48.99; H, 4.43; N 34.35. An accurate match between the calculated and found
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elemental analysis could not be achieved and is like ly the result of contamination by the
starting material pyridine-2,6-dicarbohydrazide, as indicated by the mass spectml result.
The synthesis of2pyoapm (2.9) is summarized in Scheme 2.7.

Scheme 2.7: Summary of the synthesis of 2pyoapm (2.9).
2.3.3.9: 2pyoapm (2.9). Hydrazine hydrate (1 .06 g, 2 1.2 mmo l) was added to a solution
of diethyl 3,5-pyrazoledicarboxylate (1 .97 g, 9.28 mmol) in 175 mL of methanol, and the
resulting clear, colorless solution was refluxed for 48 hours to produce a white slurry.
The resulting white powder (1.54 g, 8.36 mmol), I H-pyrazole-3,5-dicarbohydrazide, was
collected by suction filtration, washed three times with diethyl ether, and added to a
neutral solution of methyl pyrimidine-2-carboximidate, produced by the action of sodium
in methanol on I.76 g ( 16. 7 mmol) of 2-cyanopyrimidine in 200 mL of methanol. A
white slurry formed, and the mixture was refluxed for 24 h resulting in the formation of a
yellow solid. 2.9 (3.29 g, 8.34 mmol, 82% yield overall) was collected by suction
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filtration and washed three times with diethyl ether. Mp: >360 QC. mlz (APCJ-MS+):
39 1.4 (M+-4H. C 15 H 14 N 12 0 2 requires 394.35 13). IR (v/em·'): 3313 ( •'N H); 1701

( .,c~O) ; 1631 , 1566 ( .,c~N). Anal. Caled (%)for C 15 H 14 N 12 0 2·0.5H 20 (bulk sample):
C, 44.67; H, 3.72; N, 41.69. Found: C, 44.83; H, 3.43; N, 41 .95.
The synthesis of2pdoapm (2.10) and 2pdo56hq (2.11) are summarized in Scheme
2.8.

2.11

Scheme 2.8: Summary of the synthesis of2pdoapm (2.10) and 2pdo56hq (2.11).
2.3.3.10: 2pdoapm (2.10). Methyl pyrimidine-2-carboximidate was generated in silu by
reaction of2-cyanopyrimidine (0.73 g, 6.96 mmol) with a solution of sodium methoxide,
produced by dissolving sodium metal (0.10 g, 4.35 mmol) in methanol (100 mL).
Pyridazine-3,6-dicarbohydrazidc (0.68 g, 3.45 mmol ; prepared from the reaction of
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pyridazine-3,6-dicarboxylate[77, 78] with hydrazine hydrate in methanol) was added to
the above so lution and the pH was adjusted to 7 by dropwise addit ion of glacial acetic
acid. The mixture was rcfluxed for 18 hours. The resulting yellow slurry was filtered and
washed with diethyl ether (3 x 15 mL) to yie ld a yellow powder, which was used without
further purification. Yield (1.24 g, 88%). M.p. >330 ' C. mlz (APCI-MS+): 391.4 (M+NI-1 2. C 16 H 12 N 11 0 2 requires 390.3394), 302.1 , 284.1, 149. 1. IR (v/cm-1): 3309, 3197
(vNH); 1646 (vC~O); 1600 (vC~N). Anal. Calcd (%)for C"H 14N " 0 , ·0.5H, O (bu lk
sample): C, 46.27; H, 3.64; N, 40.47. Found: C, 46.44; H, 3.41; N, 40.72.
2.2.2.11: 2pdo56hq (2.11). 2-quinolinecarboxaldchydc (1.30 g, 8.27 mmol) was added to
a slurry ofpyridazine-3,6-dicarbohydrazide (0.78 g, 3.98 mmol; prepared from the
reaction ofpyridazine-3,6-dicarboxylate [77,78] with hydrazine hydrate in methanol) in
200 mL of methanol, producing a bright ye llow slurry that was refluxed for 24 hours. It
was then fi ltered and washed with diethyl ether (3 x 15 rnL) to give a beige powder that
was used without further purification. Yield ( 1.78 g, 89.5 %). M.p. 266-267 °C. mlz
(APCI-MS+): 475.2 (~. C,.H,.N,O, requires 474.5).1R (v/cm-1): 1685 (vC~O).
S11 (500 MH z; DMSO-d6) 13.08 (2H, s, OH), 9.02 (I H, s, Ar), 8.86 ( IH , s, Ar), 8.30 (IOH ,
m. Ar). 7.83 (2H , m, Ar), 7.67 (2H , m, CH). Anal. Calcd (%)for C 26 H 18 N 80 2·1.4H 20
(bulk sample): C, 62.49; H, 4.20; N, 22.42. Found: C, 62.57; H, 4.19; N, 22.42.
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2.4: Summary:
The ligands 2.2-2.11 were success full y synthesized. Trinuclear, [2x2] M4 grid
and trigonal-bipyramidal clusters formed by self-assembly reactions with 2.2 and 2.3 are
di scussed in Chapter 3. Homometallic and heterometallic [3x3] M9 grid complexes with
2.4 are di scussed in Chapter4 and Chapter 5 respectivel y. [3x3] M9 grids with li gands
2.6-2.8, an d a unique 3x [l x3 ] Mn(\1 )9 rectangle with 2.5 are discussed in Chapter 6 .
Chapter 7 reports [4 x4] M 16 (M

~

Mn(II), Co(ll), and Co(II)/Co(III)) grids wi th 2,10 and

2.11. Finally, Chapter 8 discusses the synthetic outcomes of reactions between the
tctratopic ligands 2.9 and 2. 10 with copper(ll) salts.
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Chapter 3: Complete and ' Incomplete' (2x2J grids and pentanuclcar clusters by
self-assembly with sterically hindered ditopic imidazole hydrazone ligands
3.1: Preamble:
The synthetic outcomes of self-assembly reactions are highly dymunic, with
metal-ligand interactions innucnccd by such factors as crystal field effects, metal ion
radius, the organizing power of the li gand based on its donor pocket complement and
pocket disposition, and the metal ion 's preferred coord inat ion number and geometry.
R

N,-<~
N
I .....

v
OH

N .&

(a)
Figure 3.1: a) poap (R ~ NH 2), pomp (R ~ CH 3 ); b) ioap (1.1 ; X~ CH), ioapm (1.1;

X ~

N).

Consider the complex synthetic outcomes observed for reactions with the ditopic
ligands poap and pomp (Figure 3.\a). Both li gands arc suitable for the formation of
[2x2] grids, and numerous examples of Mn(11)4 [64] , Co(11)2Co(lll) 2 [59], Ni(ll) 4 [59],
Cu( II )4 l59,62,63], and Zn(l1)4 [61] complexes have been reported. However, other
clusters of both lesser and greater metal nuclearity are possible, and have been observed.
In a reaction between poap and CuBr2, a bromide ion and a water molecule acted as
coordinating ligands and inhibited the formation of a [2 x2J grid, instead producing a
dinuclear M2L complex [63]. Trigonal bypiramidal Ms (M

= Mn, Co, Zn) clusters [61.

64, 65] have also been observed, resulting from the exact balance between the
complement of six ditopic ligand donor sites and the coordination requirements of five
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octahedral metal centres, when solvent and anion competition for metal coordination si tes
was minimi zed.
The formation of fi ve-membered chelate rings (Figure 3.2a) upon coordination
promotes the formation of a roughly linear M-0-M coordinat ion fragment and the close
proximity of the metal ions leads to spin exchange coup ling with in the grids, wi th antiferromagnetic and ferromagnetic examp les.

(a)

(b)

(c)

(d)

Figure 3.2 : Various ligand conformations; a) dinucleating, hydrazone-bridged ; b)

mononucleating; c) dinucleating, diazine-bridged ; d) mononucleati ng, imidazo le-twisted .
Herei n, the resu lt s of the se lf-assembly reactions between two new stericall y
hindered ditopic imidazo le hydrozone ligands, ioap (2.1 ) and ioapm (2.2) (Figure 3. 1b),

and Mn(ll), Co(l l), Ni(ll) and Cu(ll ) are reported. Ligands of this nature are capable of a
variety of different coord ination modes (Figure 3.2), and in additi on to other effects that
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have been previously observed to influence prod uct nuclearity, the presence of the methyl
imidazole moiety leads to steric interference in the assembly of hi gh nuclearity clusters in
some cases.
3.2: Experimental:
Note: In some cases there is a difference between the most reasonable fonnula based on
the elemental analysis (analyt ical formula), and that obtained from X-ray crystall ography.
The analyt ical fonnulae will be used here.
3.2.1: Complex synthesis:
3.2.1.1: [(ioap·H)(ioap-2H)Co2(H 20)4](BF4),.9H20 (3.1 ). ioap (0. 12 g. 0.40 mmol) was

added to a soluti on ofCo(BF4)2·6H 20 (0.34 g, 1.0 mmol) in methanol:acctonitrile (7.5
mL: 7.5 mL) fonning a clear li ght brown soluti on that was stirred with gentle heating (55
°C) for 2 hours and kept after filtration for slow evaporation. Air was not exc luded. X-ray
quality, dark brown, pri smatic crystals were collected after 36 days (0.050 g, 25% yield).
Anal. ealed (%)for [(CIIHIION,)(C IIHIOON,)Coz(HzO).](BF4 )2(H zO),: C, 26. 13; H,
4.69; N, 16.62. Found (%): C, 26.35; H, 3. 16; N, 16.53.
3.2.1.2: [(ioap)2(ioap-H)2Mn3 (H20)2](N03 k5 H20 (3.2). ioap (0. 10 g, 0.34 mmol) was

added to a so lution ofMn(N03)r6H 20 (0. 13 g, 0.45 mmol) in methanol:acetonitrilc ( 10
mL: 10 mL) forn1ing initially a clear yellow-orange solution that was st irred for 30
minutes and kept after filtrati on for slow evaporation ( 10 days) followed by
recrystallization from methanol. X-ray quality, orange, prismatic crystals were collected
after eight days (0.040 g, 3 1% yield). Anal. ealcd (%)for [(C 11 H 120N6 )z(C 11 H 11 0N 6) 2
Mn3](N03)4( H20),: C, 34.91; H, 3.99; N, 25.90. Found(%): C, 34.68; H, 3.79; N, 25.98.
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3.2.1.3: [(ioap-H)4 N i4 (CF3 S03 )(H2 0)J](CF 3 S0 3) 2 (PF 6) ·3H, O·CH, OH (3.3). ioap (0.13 g,
0.44 mmol) was dissolved in mcthanol :acctonitrilc ( 10 mL:l 0 mL) formin g a clear
ye llow solution to whi ch a solution ofNi(CF3S0 3 )2 (0.040 g; 0. 11 mmol) in 2.5 mL of
MeO I-I was added. To the resulting clear green solution was added 20 drops ( 1 mL) o f
1.17 moi/L (1. 17 mmo l) NaOH(aq) producing a dark brown solution with a neutral pH.
This was st irred with gent le heating (55 °C) for 1.5 hours, at wh ich time N H4 PF6 (0.08 g;
0.5 mmol) was added. Stirring at room temperature was continued for a furth er 1.5 hours
and the so lution was kept after filtration fo r slow evaporat ion. X-ray quality, brown,
pri smati c crystals were collected after 13 days (0. 10 g, 46% yield). Anal. calcd (%)for
(C , H 11 NoO),Ni,(CF,SO,)J(PFo)(H, O)o(CH, OH): C, 29. 72; H, 3.12; N, 17.34. Found
(%): C, 29.72; H, 2.56; N, 17.13.
3.2.1.4: [(ioap-H).Ct4](N0 3)4·1.25H 20 (3.4). ioap (0. 12 g, 0.40 mmo1) was added to a
so lution ofCu(NOJ)r31-b0 (0. 14 g, 0.58 mmo l) in methanol:acetonitrile (7 m L: 7 mL)
formin g a clear dark green so lution to whi ch was added 4 drops (0.5 mL) of
triethylamine. This was stirred with gentl e heating (55 °C) for 1.5 ho urs and the solution
was kept after fi llration for slow evaporation. X-ray quality, brown, prismatic crystals
were collected after 5 days (0.050 g, 33% yield). Anal. calcd (%)for [(C 11 H 11 0 1N6) 4
Ct4](N0 3)4( H20) 125 : C, 35.29; H, 3. 13; N, 26. 19. Found(%): C, 35. 16; H, 2.82: N,
26. 14.
3.2.1.5: [(ioap-H).Ct4](CF3 S03)LS(P F6J,.s• 35 H20 (3.5). ioap (0.14 g. 0.47 mmo1) was
di ssolved in methanol:acctonitrile ( 10 mL : 10 mL) form ing a clear ye llow solution to
wh ich Cu(C F3S03)2 (0.22 g; 0.6 1 mmol) was added. To the resulting clear green
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solution was added 10 drops (0.5 mL) of 1.1 7 mol/L (0.59 mmol) NaOH(aq) producing a
green-brown solution with a pH of6. This was stirred wi th gentl e heat ing (55 °C) for 1.5
hours, at which time Nl-1 4 PF6 (0.08 g; 0.5 mmol) was added. Stirring and heat ing was
continued for a further 1.5 hours and the solution was kept after filtrati on for slow
evaporation. X-ray quality, brown, pri smatic crystals were collected after 41 days (0.2 1
g, 74% yield). Anal. calcd (%) for(CIIHLIN , O,),Cl4(CF, SO, ) I.S(PF, J,.s(H,O)J,: C,
22.36; H, 4.70; N, 13.76. Found (%): C, 22.82; H, 2.29; N, 13.76.
3.2.1.6: [Cu(ioapm)(CI0 4 )(CH3 CN)](CI0 4) (3.6) and [Cl4(ioapm -H)<](C I0 , )4-3H 2 0
(3.7). ioapm (0.2 1 g, 0.86 mmol) was added to a warm solution ofCu(C I0 4)r6H20 (0.3 1
g, 0.84 mmo l) in methanol :acctonitrile ( 10 mL :10 mL). Addit ion of three d rops of
triethylamine produced a cl ear, dark green co loured solution, which was stirred for an
hour and kept after filtration fo r crystallizat ion. Dark green crystals. of two different
morpho logies, (minor component, 3.6, were nat plates, whil e majo r component, 3.7, were
rods) suitable for structural analysis, were obtained by recrystalli zation from 50:50
methanol:acetonitril e. Only several crystals of3.6 could be separated from the bulk
sample of3.7 (0.20 g, 59% yield). Anal. calcd (%) forCl4(C 10 H 10 N 70)4(CI0 4)4-3H 20
(bulk dri ed sample): C, 28.55; H, 2.75; N, 23.30. Found(%): C, 28.63; H, 2.59; N, 23.57.
3.2. 1. 7: [Mn 5(ioapm-H)6](CI0 4),-2.5H 20 (3.8). ioapm (0. 10 g, 0.41 mmo l) was added to
a so lution o f Mn(CI0 4)2"'61-120 (0.17 g, 0.47 mmol) in methanol:acetonitrile ( 10 mL 10
mL) fonnin g a light yellow cl ear soluti on. Addition of2 drops of tri ethylan1ine produced
a clear, deep orange coloured solution that was stirred for one hour and kept after
filtration for crystalli zation. X- Ray quality, red, prismatic crystal s were co ll ected afler

54

two days (0.040 g, 30% yield). Anal. calcd (%)for (CIOHION 70)6 Mn 5(CI0 4),•2.5H, O:
C, 33.0 1; H, 3.00; N, 26.94. Found(%): C, 32.79; H, 2.67; N, 27.40.

3.2.2: Crystallography
The diffraction intensities of an orange prismatic crystal of3.1 havi ng
approximate dimens ions of 0.28 x 0.12 x 0.10 mm were collected on a Ri gak u Saturn

CC D area detector with graphite monochromated Mo-Ka radiation at 153(2) K to a
max imum 28 value of 61.8°. The data were corrected for Lore ntz and polarization effects

and a correction for secondary extinction [81] was applied. The structure was so lved by
direct methods [82,83] and ex panded using Fourier techniques [84]. The non-hydrogen

atoms were re fined an isotropically. Hydrogen atoms were refined usin g the riding mode l,
with isotropic thermal parameters set to twenty percent greater than their bonded
partners. Neutral atom scattering factors and anomalous dispersion effects were taken
from the usual sources [8 5-88]. All calculations were perfonned using the
CrystalStructure [89,90] crystallographic software package except for refinement, which
was performed using S HELXL·97 [83] .
An orange prismatic crystal of 3.2 having approximate dimensions of 0.32 x 0.21
x

0.16 mm was treated similarl y to 3.1 , however, the Platon [9 1] Squeeze procedure was

applied to recover 222.3 electrons per unit cell in one void (total volume I 001.4

A3); that

is 111.1 5 electrons per fonnu la unit. Four bad ly di sordered nitrate ions were present prior
to the application of Squeeze, though a good point atom model could not be achieved for
these ions. The appl ication of Squeeze gave a good improvement in the data stati st ics
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and allowed for the full anisotropi c refin ement of the fram ework structure and one lattice
solvent water mo lecule.
A brown pri smatic crystal of3.3 having approximate dimensions of0. 6 1 x 0.49 x
0.22 mm was also treated similarly 3.1. The Pl aton [9 1] Squeeze procedure was appl ied
to recover 828.5 electrons per unit cell in three voids (total volume 6820.1

A3); that is

46.03 electrons per formula unit. An area o f di sperse electron density appeared to be
present prior to the application of Squeeze, whi ch was presumed to be the 2/3-occ upancy
hexa fluorophosphate ani on (3 8 electrons) required for charge balance, though a good
point atom model could not be achieved for thi s ion. Protons on water molecul es
represented by atoms 0 (5-7) coul d not be located in the difference map and were hence
omitted from the model (6 electrons). The applicati on of Squeeze gave a good
improvement in the data stati sti cs and all owed fo r a full anisotropic re finement of the
framework structure and anions.
A green pri smatic crystal o f3.4 having approx imate d imensions of0.37 x 0.30 x
0.25 mm was treated simil arly to 3. 1. Hydrogen atoms were introd uced in d iffe rence
map (1-1(6) and 1-1(7)) or calcul ated positi ons with isotropic thermal parameters set twenty
percent greater than those o f their bonding partners. They were refin ed on the riding
model. All other non-hydrogen atoms were refin ed ani sotropicall y.
A green prismatic crystal of 3.5 having approx imate dimensions o f 0.35 x 0. 14 x
0. 10 mm was treated sim ilarly to 3.1 . A half-occ upancy hexafluorophosphate anion
(containing P(4)) overlaps in space with a half-occupancy triflate ani on and contain s
several atoms that were refin ed isotropi cally. To account for the space overlap. atom
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F(29) was set to an occupancy of0.944. This accounts for the electron density at this site
being a hexafluorophosphate fluoride atom 50% of the time, and a triflate oxygen atom
the other 50% of the time.
A green platelet crystal 3.6 having approximate dimensions of 0.36 x 0.32 x 0.1 0
mm was treated similarly to 3.1. Hydrogen atoms were introduced in calculated or
difference map (1-1(4) and H(6)) positions with isotropic thermal parameters set twenty
percent greater than those of their bonding partners. They were refined on the riding
model. The model contains two halfwoccupancy perchlorate ions which were refined
anisotropically. These in fact give one perchlorate ion, disordered over two positions.
The model also contains another disordered perchlorate ion. Two ch lorine atoms with
partial occupancies were used to model this disorder. This ion was also refined
anisotropically.
A green prismatic crystal of3.7 having approximate dimensions of0.72 x 0.17 x
0.11 mm was treated similarly to 3.1. The symmetry expanded model contains two
disordered perchlorate anions. The occupancies of the corresponding oxygen atoms were
adjusted accordingly and were refined isotropically. Two perchlorate anions are present.
They did not exhibit disorder and were refined anisotropically. The symmetry expanded
model also contains three acetonitrile molecules as lattice solvent. The terminal carbon
of each was refined isotropically, while the other non-hydrogen atoms were refined
anisotropically.
A red prism crystal of 3.8 having approximate dimensions of 0.20 x 0.20 x 0.20
mm was treated similarly to 3.1. The model contains three wellwmodeled percholarate
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anions that were refined anisotropically, and one perch lorate anion that was d ifficult to
model; it was refined isotropically. The model contains five partial occupancy water
molecules as lattice solvent that were refined isotropically. The occupanc ies of the five
corresponding oxygen atoms were adjusted to reflect this partial occupancy. The
corresponding ten hydrogen atoms were not included in the model. The model also
included two fu ll-occupancy water mo lecu les as lattice solvent that were refined
isotropically. The correspondi ng four hydrogen atoms could not be located in the
difference map and were not included in the model. Abbreviated crystal data for 3.1-3.8
are li sted in Tables 3.1- 3.4.
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Table 3.1: Summary of crystall ographic data for 3.1 and 3.2.

Chemical
Formula
M
TK
Crystal

System
Space
Group
a A

b(A
c A

a o

P col
y (0)
v A

z

Deale
(g/cm 3)
~(MoKa)

(em·')

Reflections
Total

Reflections
Unique
Rint
R,
I

(1>2.ooariJl
wR 2 (All

reflections)

3.1

3.2

Cn 1-134.5 B2 Co2 Fs N12 Os.7s

C44 l-ls2 Mn3 N2s 01 9

898.56
153 2

1441.96
1132

triclinic

triclinic

P I (#2)

P I (#2)

9.882 2
14.623 3
14.928 4
107.465(3)
107.784(3)
95.447(4)
19 17.6 8
2

10.7348 13
13.685 1 18
23.480 3
88.283(5)
80.327(5)
86.514(5)
3393.4 7
2

1.556

1.411

9.64

6.34

18471

34286

7865

15289

0.0453

0.0380

0.0988

0.0738

0.2902

0.2393
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Table 3.2: Summary of crystallographic data for 3.3 and 3.4.
3.4

3.3

Chemi ca l
Formula
M
TK
Crystal

System
Space
Group
a(A:

bA
A

c
a

o

p (0)
y (0)

V(A

z
Deale
(g/cm3)
~(MoKu)

(em· ')
RcOections
Total

ReOections
Unique

Rint
R,
(1>2.00a(/))
wR 2 (All

refl ect ions)

C41

Hso F1 s N24 Ni401 6 P S3
1854. 10
11 32

Cs2 1-ls6 Cl4 Nn 01 6
1639.45
153 2

trigonal

tetragonal

R3 (# 148)

-

141 /a (#88)

42.677 3
42.677 3
22.0593 15
90.00
90.00
120.00
34795 4
18

18.9374 II
18.9374 II
18.2748 II
90.00
90.00
90.00
6553.8 7
4

1.593

1.662

11.70

13.73

130730

29320

16011

3757

0.0337

0.0269

0.0883

0.0403

0.2520

0. 1070
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Table 3.3: Summary of crystall ographic data for 3.5.
3.5
Chemical
Fonnula

C52.s Hss_s ClLt F1 9_5 Nn_s Ow_s P2.s S1.s

M

1992.89
11 3 2

TK
Crystal
System
Space
Group
a(A
b(A
c(A)

a

o

p

0

orthorhombic
Pbca (#61)
26.47 18 15
20.62 12 13
29.8235 18
90.00
90.00
90.00
16280.1 17
8

y (0)

v (A':

z

Deale

1.626

(g/cm 3)
~(MoKa)

12.3 2

(em·')
Reflections
Total
Reflections
Unique
Riot

75953
16823
0.045 1

R,

0.0922

I (1>2.ooariJJ
wR 2 (AII

0.2593

reflect ions)
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Table 3.4: Summary of crystallographic data for 3.6- 3.8.
3.6

3.7

3.8

Chemical
Formu la

C12H14ChCuNa09

C46H49CI4ClL!NJ102o

C60l-1 74Cl4N42Mns0 29

M
TK

548.75
153 2

1752.08
153(2

2264.01
153 2

monoclinic

monoclinic

monoclinic

P2 1/c (# 14)

C 2/c (#15)

1'2 1/n (# 14)

7.63 17 6)
9.1727 7
28.53 1 3
90.00
93.058(2)
90.00
1994.4(3)
4

22.912 9
21. 105 7
18.184 7
90.00
128.679(7)
90.00
6864 4
4

16.8375 19
23.483 3
23.610 3
90.00
96.970(3)
90.00
9266.1 18
4

Crystal
System
Space
Group
a(A)
b(A)

A

c

a(")

P(")
y

0

V(A

z

Deale
(g/cm 3)
ft(MoKa)

(em·')
Reflections
Total
Reflections
Un ique
Rint
R,

I U>2.ooa(m
wR1 (AII

reflections)

1.828

1.695

1.623

14.30

14.71

8.77

18304

37116

32353

5449

94 17

16107

0.0253

0.0821

0.0312

0.0502

0. 11 01

0.0979

0.1387

0.2986

0.2906

62

3.3: Results and Discussion:
Note: The crystallographically determined formu lae are used herein. Colour code for
figures: purple = cobalt, magenta = manganese, green = copper, golden

=

nickel , grey =

carbon, blue = nitrogen, red = oxygen, light green = chlorine, yellow = sulphur, pink =
Ouorine. Crystallograph ic representation s/illustrations were generated using Persistence
of Vision Ray Tracer (POV -Ray©) for Windows, version 3.6, with scene description files
written by Ortep-3 for Windows (Version 1.08) Copyright© 1997-2003 Loui s J. Farrugia.
3.3.1: Description of crystal structures:
3.3. 1.1: [(ioap-H)(ioap-2H)Co2(H20).](BF4) 2(H20)2.75 (3. 1)
The structure of the heteroleptic dinuclear cationic fragment of 3.1 is shown in
Figure 3.3, and significant bond lengths and angles are listed in Table 3.5.

Ql
Figure 3.3: Bal l-and-st ick depiction of the cat ion ic moiety of3. 1. Hydrogen atoms
omitted for clarity.

63

Two octahedral cobalt centres are coordinated by two ligands. One tridentate
ligand is mono-deprotonated and arranged as in Figure 3.2b, coordi nating on ly to Co( I),
which has short metal ligand bond distances (1.9 10(4)av) and is assigned as Co(! II) (bond
valence sum {92_1, BVS, calculation = 4.33, which is consistent with other high calculated
BVS values for Co(III) in simi lar ligand environments [93]). A second ligand is
pentadentate, doubly-deprotonated and twisted (Figure 3.2c), completing the coord ination
sphere of Co( I) and also coordinating to Co(2). Co(2) has longer metal-ligand bond

distances (2. t03(5),.) typical ofCo(ll) (BVS

value ~

2.147) and is connected to Co( I) by

a diazine NN bridge, and completes a ds-N 20 6 coordination environment with four

coordinated water molecules. The Co( I )-N(3)-N(4)-Co(2) torsion angle is 166.2(3)0 ,
indicating an almost flat projection of the two metals relative to the pcntadentatc ligand.
The formation of a mixed-oxidation state product indicates the oxygen sensitivity of this
reaction.
Table 3.5: Se lected bond distances (A) and torsion angle C) for 3.1.

Co(l)
Co(l)
Co( l )
Co(1)
Co( 1)
Co( 1)
Co(2)

N(5)
N(3)
N(7)
N(1)
N( 12)
N(IO)
0(5)

1.868(5)
1.876(4)
1.925(4)
1.926(5)
1.934(4)
1.934(4)
2.077(6)

Co(2)
Co(2)
Co(2)
Co(2)
Co(2)

N(6)
0(4)
0(3)
N(4)
0(6)

Co(1)

N(3)

2.091(6)
2.096(5)
2. 114(5)
2.119(5)
2.122(5)
N(4)

Co(2)

- 166.2(3)

3.3.1.2: [(ioaph(ioap-HhMn, (H,Oh](NO, ).(H, O) (3.2)
The structure of the trinuclear cationic fragment of3.2 and its core structural
representation arc shown in Figure 3.4a and 3.4b respectively, and significant bond
lengths and angles are listed in Table 3.6.
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(a)

(b)

Figure 3.4: a) Ball-and-stick depiction of the cationic moiety 3.2. 1-lydrogcn atoms
omitted for clarity. b) Core structural representation of3.2.
Three octahedral manganese centres are coordinated to four ligands. Two of the
ditopic ligands are mono-deprotonated and arranged as in Figure 3.2a, and both

coordinate to two Mn(II) cations (Mn(l)-Mn(2) and Mn(2)-Mn(3)), with intervening
hydrazone oxygen bridges. The other two ligands, however, are neutral and in a different
twisted confonnation as shown in Figure 3.2d, each coordinating one Mn(ll) cation
(Mn(l) and Mn(3)). Further, the twisted configuration of these two ligands resu lts in
steric congest ion from the imidazo le methyl groups (C(25) and C(36); Figure 3.4a, which
prevents a metal from entering the fourth coordination pocket.
The cis-MnN 40

2

coordination sphere ofMn(2) is occupied fully by ligand based

donor atoms with long Mn-

Npyrimidinc

bond distances (2.33 11.,. A) and shorter remaining

Mn- L distances (2.16- 2.19 A), whi le Mn(l) and Mn(J) each have one coordination site
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occupied by a water molecule, and mer-MnN 30 3coordination spheres with one long Mn -

Npyrimidine bond (2.32av. A) and shorter remaining Mn - L d istances (2. 18- 2.21 A). MnMn distances fall in the range 3.92-3.93 A, with Mn-0-Mn angles in the range 126.8127.9°. These results are consistent with other reported Mn- L (2.12 - 2.43 A) and Mn-

Mn bond distances (3.865- 4.01 A) and angles (126.5- 131.6°) for [2x2J Mn(11)4 grids

[64] and for pentanuclear Mn(ll)s clusters [61 ,64] synthesized w ith poap, pomp, which
also have hydrazone oxygen bridges between metal centres.
Table 3.6: Selected bond distances (A) and angles e) for 3.2.

Mn( l )
Mn( l )
Mn( I)
Mn(l)
Mn(l)
Mn(l)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)

0(5)
0(1)
N(22)
N( l)
0(4)
N(24)
N(IO)
N(4)
0( 1)
0(2)
N(6)

2. 175(3)
2. 178(2)
2.184(3)
2. 189(3)
2.207(2)
2.320(3)
2. 157(3)
2. 160(3)
2.1 81(2)
2. 1880( 19)
2.325(3)

Mn(2)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)

N( l 2)
0(6)
0(3)
N(7)
N(l6)
0(2)
N( 18)

Mn( l ) 0(1)
Mn(2) 0(2)

2.340(3)
2. 178(2)
2.180(2)
2.183(3)
2.190(3)
2.204(2)
2.32 1(3)
Mn(2) 127.93( 10)
Mn(3) 126.77(9)

3.3.1.3: [(ioap-H)4Ni4(CF3S03)(H10)3](CF3S03) 1 (PF 6) (3.3)
The structure of the tctranuclcar cationic fragment of 3.3 and its core structural
representation are shown in Figure 3.5a and 3.5b respectively, and significant bond
lengths and angles are listed in Table 3.7.
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(a)

(b)

Figure 3.5: a) Ball-and-stick depiction of the cationic moiety 3.3. Hydrogen atoms
omitted for clarity. b) Core structural representation of 3.3.
Four tetradentate li gands are arranged as in Figure 3.2a binding four pseudooctahedral nickel(II) ions in a hydrazone oxygen bridged [2 x2] grid arrangement, via two
sets of parallel ligands above and below the square metal pseudo-plane. Each li gand
approximately eclipses its set partner and all are mono-deprotonated at the hydrazone
oxygen site. The overall charge is balanced by the presence of one hexanuorophosphate

and three triOate an ions. Ni-Ni distances fall in the range 3.876 1(9)- 3.9421(9) A, with
Ni-0-Ni angles in the range 136.21(15)- 136.68(16)0 , typical of other hydrazone oxygen
bridged [2x2] Ni(II)4 complexes synthesized from poap (Figure 3.Ja), where Ni-0-Ni
angles fall in the range 136.2- 140.1 ° and Ni-Ni distances are between 3.91 - 4.03 A
[58]. Nickel -ligand bond distances fall in the range 1.973(5)-2.117(4) A. The cis-

NiN402octahedral coordination sphere ofNi(4) is filled entirely by li gand donor atoms.
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Ni(2) and Ni(3) have mer-NiN 30 3 coordinat ion spheres, with li gand donor atoms filling
fi ve-coordination sites and solvent water molecules (0(6) and 0(7) respectively) filling
the remain ing si te on each metal centre. Ni(l) has a trans-NiN20 4 e nvironment,
composed of four li gand donor atoms, one water mo lecule (0(5)) and a coord inated

triflatc oxygen atom (0( 13)).
Table 3. 7: Selected bond distances (A) and angles CO) for 3.3 .

Ni( 1)
Ni( 1)
Ni( 1)
Ni( 1)
Ni( 1)
Ni( 1)
Ni(2)
Ni(2)
Ni(2)
Ni(2)
Ni(2)
Ni(2)
Ni(3)
Ni(3)
Ni(3)

N( 13)
N( 1)
0(3)
0(1)
0(5)
0(8)
N(4)
N( 19)
0(4)
0( 1)
N(6)
0(6)
N( 16)
N(7)
0(2)

2.0 19(5)
2.02 1(5)
2.064(3)
2.072(4)
2.094(4)
2. 174(4)
1.973(5)
2.020(5)
2.085(3)
2.133(4)
2.1 34(5)
2. 150(4)
1.974(4)
2.025(4)
2. 103(3)

Ni(3)
Ni(3)
Ni(3)
Ni(4)
Ni(4)
Ni(4)
Ni(4)
Ni(4)
Ni(4)

0(3)
0(7)
N( 18)
N(22)
N(IO)
N(24)
0(4)
N( 12)
0(2)

2. 109(4)
2. 156(4)
2. 160(4)
1.974(4)
1.98 1(4)
2.086(4)
2. 11 6(3)
2. 136(4)
2. 145(3)

Ni( 1)
Ni(3)
Ni( 1)
Ni(2)

0(1)
0(2)
0(3)
0(4)

Ni(2)
Ni(4)
Ni(3)
Ni(4)

136.53(17)
136.21( 15)
136.50( 17)
136.68( 16)

3.3.1.4: [(ioap-H).CtLt](N0,) 4 (C H,CN)4 (3.4)
The structure o f the homolepti c tetranuclear cationic fragment of 3.4 and its core
structural representation are shown in Figure 3.6a and 3.6b respectively, and significant
bond lengths and angles are li sted in Table 3.8.
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(b)

(a)

Figure 3.6: a) Ball-and-stick depiction of the cationic moiety 3.4. Hydrogen atoms

omitted for clarity. b) Core structural representation of3.4. Arrows highlight the
elongated Jahn-Teller axes.
Four tetradentate ligands are arranged as in Figure 3.2a coordinating to four
distorted square pyramidal copper(ll) ions with two sets of ligands aligned in a parallel,
but rotated, arrangement above and below the square [2x2] metal pseudo-plane. Each
ligand is mono-deprotonatcd at the hydrazone oxygen site, and the overall charge is

balanced by the presence of four nitrate anions. Cu-Cu distances measure 4.04(2) A, with
Cu-0-Cu angles 139.49(7) 0 • The basal planes of the distorted copper square pyramids
are characterized by short bonds to three ligand donor nitrogen atoms and one oxygen
atom (1.9005(19)- 2.0557(18) A). Longer bonds to oxygen atoms in the axial position

(2.3132(14) A) are present for each metal. These define the elongated Jahn-Tcllcr axes
(shown in Figure 3.6b) and should result in a dx2-y2 magnetic ground state at each copper
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centre (though some mi xing with

d z2

orbitals is possible due to the distorted geometry).

A measure o f the di storti on at the fi ve coo rdinate Cu(ll ) centres is calculated from the t
value, expressed in equation 3. 1.

P- a

(3 .1 )

r ~ --

60

In equation 3. 1, P, is the greater o f the basal angles and a is the angle opposite the
ax ial li gand . For ideal square pyramids a = P, = 180° and t = 0, whil e for ideal trigonal
bipyrarnids, a = 120, p = 180° and

t

= I [94]; for 3.4

t

= 0.22. The Cu-0 bond di stances

around the square core alternate between equatori al and ax ial, and link the copper atoms
in an orbitall y orthogonal manner assuming a

d x2 - y2

ground state. The non-coordinating

nitrogen atoms on the imidazole groups provide a means fo r possible furth er external
metal coordination, but as yet there is no evidence for expansion o f the grid nuclcarity.

Ta ble 3.8: Selected bond distances (A) and angle (' ) for 3.4.
Cu( l )
Cu( l )
Cu( l )
Cu( l )
Cu( l )

N(4)
N( l ' )
0 ( 1)
N(6)
0 ( 1' )

Cu(l ) 0 ( 1)

1.9005( 19)
1.9556(1 7)
1.9940( 14)
2.0557( 18)
2.3 132(14)

Cu( l ') 139.49(7)

3.3. 1.5: [(ioap·H),Cu.](PF6 )2 5(CF,S0 ,) 1 5(H,0 )2(CH, CN)35 (3.5)
The structure o f the homoleptic tetranuclear cati onic fragment of 3.5 and its core
structural representation arc shown in Figure 3.7a and 3.7b respecti vely, and significant
bond lengths and angles are listed in Table 3.9.
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(b)

(a)

Figure 3.7: a)

Ball~and-stick

depiction of the cationic moiety 3.5. Hydrogen atoms

omined for clarity. b) Core structural representation of3.S. Arrows high light the

elongated Jahn-Teller axes.
Complex 3.5 exhibits the same ligand arrangement as 3.4, with Cu-Cu distances
in the range 3.97-4.06 A, and Cu-0-Cu angles in the range 138.4- 139.9°
1"Cu(2) =

0.13 , • c u(J) = 0.27, <c u(4l

= 0.14).

('rc u(l)

= 0.14,

The basal planes of the copper square pyramids

are characterized by short bonds to three ligand donor nitrogen atoms and one oxygen
atom (1.888(5)- 2.048(5) A). Longer bonds to oxygen atoms in the ax ial position
(2.282(4) - 2.346(4) A) are present for each metal. These define the elongated JahnTe ller axes (shown in Figure 3.7b) and as for 3.4, result in a d~ 2-y2 magnetic ground state
at each copper centre.
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Table 3.9: Selected bond distances (A) and angles ( 0 ) for 3.5.

Cu(1)
Cu(1)
Cu(1)
Cu(1)
Cu( 1)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(3)
Cu(3)
Cu(3)

N(l6)
N(1)
0(3)
N( 18)
0( 1)
N(4)
N(7)
0(1)
N(6)
0(2)
N(22)
N( 13)
0(4)

1.894(5)
1.971(6)
1.980(4)
2.048(5)
2.287(4)
1.888(5)
1.959(5)
2.000(4)
2.040(5)
2.282(4)
1.912(5)
1.959(5)
1.986(4)

Cu(3)
Cu(3)
Cu(4)
Cu(4)
Cu(4)
Cu(4)
Cu(4)

N(24)
0(3)
N(1 0)
N(19)
0(2)
N(12)
0(4)

2.030(5)
2.346(4)
1.898(5)
1.958(5)
1.960(4)
2.034(5)
2.289(4)

Cu(2)
Cu(4)
Cu( 1)
Cu(3)

0(1)
0(2)
0(3)
0(4)

Cu(1)
Cu(2)
Cu(3)
Cu(4)

138.7(2)
138.4(2)
139.1(2)
139.9(2)

3.3.1.6: [Cu(ioapm)(C104 )(CH, CN)](C104) (3.6)
The structure of the mononuclear cationic fragment of3.6 is shown in Figure 3.8.
and significant bond lengths and angles arc listed in Table 3.10.

Figure 3.8 : Ball -and-stick depict ion of the cationi c mo iety of3.6.
The basal planes of the square pyramidal copper centre exh ibit short bonds to
three li gand donor nitrogen atoms, coordinated as in Figure 3.2b. and one short bond to a
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coordinated acetonitrile molecule ( 1.952 1(19)- 2.01 0(2) A). A longer bond to a
perchlorate oxygen atom (0( 13)) in the axial position (2.4075( 19) A) is also present.
Thi s defines the elongated Jahn-Teller axes and results in a dx2-y2 ground state with a

calculated

T

value of0.04 [94].

Table 3.10: Selected bond distances (A) and angles(') for 3.6.
Cu(l)
Cu(l)
Cu( l )
Cu(l)
Cu( l )

N(2)
N(4)
N(8)
N(7)
0(13)

1.9521(19)
1.9903(19)
1.996(2)
2.010(2)
2.4075(19)

N(4) Cu(l) N(8) 174.67(8)
N(2) Cu(l) N(7) 172.16(8)

3.3. 1.7: [Cu.,(ioapm-H).](C I0 4) 4·3 H, O (3.7)
The structure of the homoleptic tetranuclear cationic fragment of3.7 and its core
structural representation are shown in Figure 3.9a and 3.9b respectively, and significant
bond lengths and angles are li sted in Table 3. 11.
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(a)
(b)
Figure 3.9: a) Ball-and-stick depiction of the cat ionic moiety 3.7. Hydrogen atoms

omitted for clarity. b) Core structural representation of3.7. Arrows highlight the
elongated Jahn-Teller axes.
Complex 3. 7 exhibits the same ligand arrangement as 3.4. with Cu-Cu distances
in the range 4.035 - 4.056 A, and Cu-0-Cu angles in the range 139.00( 19) - 140.42(19)"
(tc u(IJ

= t c u(2l = 0.24).

The basal planes of the copper square pyramids are characterized

by short bonds to three ligand donor nitrogen atoms and one oxygen atom (1 .912(5)2.057(5) A). Longer bonds to oxygen atoms in the axial position (2.3 18(4) A) are present
for each metal. These define the elongated Jahn-Tellcr axes (shown in Figure 3.9b) and
as for 3.4, result in a dx2-y2 magnetic ground state at each copper centre.
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Table 3.11: Selected bond distances (A) and angles C) for 3.7.
Cu(l)
Cu(l)
Cu(l)
Cu( l)
Cu(l)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

N(4)
N(8)
0(1)
N(7)
0(2)
N( I 0)
N(2)
0(2")
N(!3)
0(1)

1.9 12(5)
1.940(5)
1.956(4)
2.057(5)
2.3 18(4)
1.924(5)
1.967(5)
1.992(4)
2.05 1(5)
2.349(4)

Cu( l) 0(1)
Cu(2") 0(2)

Cu(2) 139.00(19)
Cu(l) 140.42( 19)

3.3.1.8: [Mn s(ioapm·H), ](C!0,).-2.5H,O (3.8)
The structure of the homoleptic pentanuclear cationic fragment of 3.8 and its core
structural representation are shown in Figure 3. 10a and 3.1 Ob respectively, and

significant bond lengths and angles are listed in Table 3. 12.

(a)

(b)

Figure 3.10: a) Ball-and-stick depiction of the cationic moiety 3.8. Hydrogen atoms
omi tted for clarity. b) Core structural representation of3.8.
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Six tetradentate li gands are bound in parallel pairs to a trigonal bipyramidal
Mn 5(jt-0)6 core. The li gands adopt an anli arrangement within each pair, and there is an
exact match between the bonding capacity of the six ligands and the coordination
req uirements of the five octahedral manganese ions. Each ligand is mono-deprotonated at
the hydrazone oxygen site, and the overall charge is balanced by the presence of four
perchlorate anions. Mn-Mn distances fall in the range 3.865-3.950 A. and
Mn-0-Mn angles fall in the range 126.46( 17)- 128.69( 17)". The outer surface of the

cluster is compri sed of six pyrimidine and six imidazole subunits, which could be
involved in further coordination, though no evidence for this has yet been observed.
Agai n, these results are consistent with other Mn - Mn bond distances and angles for
pentanuclear Mn(ll)s clusters synthesized with poap, pomp [6 1,64].
Table 3.12: Se lected bond distances (A) and angles (0 ) for 3.8.
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn( l)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)

N(25)
0(2)
N( ll )
0(4)
N( l 4)
N(28)
N(32)
0(1)
N(4)
0(5)
N(7)
N(34)
0(4)
0(1)
N(37)
N(2)
N(23)
0(6)

2. 147(4)
2. 182(4)
2. 183(5)
2. 197(4)
2.392(5)
2.425(5)
2. 12 1(5)
2. 135(4)
2. 139(5)
2. 159(4)
2.438(5)
2.460(5)
2. 185(4)
2. 194(4)
2.200(5)
2.204(5)
2.206(5)
2.207(4)
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Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(5)
Mn(5)
Mn(5)
Mn(5)
Mn(5)
Mn(5)

0(3)
N(9)
N(30)
0(5)
N( l6)
0(2)
N( l 8)
N(39)
0(6)
0(3)
N(21)
N(4 1)

2.184(4)
2.194(5)
2. 197(5)
2.20 1(4)
2.20 1(5)
2.2 11 (4)
2. 162(5)
2.169(5)
2.172(4)
2. 186(4)
2.395(5)
2.423(5)

Mn( l )
Mn(2)
Mn(2)
Mn(3)
Mn(4)
Mn(5)

0(2)
0( 1)
0(5)
0(4)
0(3)
0(6)

Mn(4)
Mn(3)
Mn(4)
Mn(l)
Mn(5)
Mn(3)

127.73(17)
126.46( 17)
128.18(17)
128.69( 17)
127.50(17)
128.61(18)

3.3.2: Magnetic Properties:
The variable temperature magnet ic properties of 3 .1 show an essentiall y constant
moment from room temperature (approximately 4.5 _u 13 ) to about I 00 K, with a drop to
3.41 .UB at 2 K. T his is consistent with the presence of one high spin Co(II ) (S
centre and one low spin diamagnetic Co( liT) (S

= 3/2)

= 0) centre (though Co( III) is nearly

" full y" d iamagnetic due to second order Zeeman effects). T he slight drop below I 00 K is
associated with zero field splitting effects.
Compound 3.2 consists of a Mn(II ) trinuclear array with each Mn(ll) centre
bridged by single hydrazone oxygen atoms, wi th large, sim ilar Mn-0-Mn angles. The
magnetic pro fil e for 3.2 is shown in Figure 3. 11 as a plot of moment per mo le as a
fun ct ion o f tem perature. The moment drops from 10.0 J.IJJ at 300 K to 5.94 J.IJJ at 2 K and
the pro fil e is characteristic of the presence of intramolecular ant iferromagnetic exchange.
The low temperature value indi cates the presence of one uncoupl ed Mn(II) centre in the
ground state (S

= 5/2), and is assoc iated with the odd number of spin centres in

cluster.
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Figure 3. 11 : Variabl e temperature magneti c data for 3.2; g = 2. 04(2), J = -3.03( I) em- 1,

The variable temperature magneti c data were fitted to an exchange expression by
using vector addition principles [43,48] to derive the total spin states (S1 and their
energies (E(S1) which were then substituted into the Van Vleck equati on (equation 3.3),
using the isotropic exchange Hamiltoni an (equation 3.2) for a trinuclear arrangement of
threeS= 5/2 metal centres (Figure 3. 12a, where J = J 12 = J 23 and 113 is assumed
negli gi ble. )

zM is the molar suscepti bi lity, pis the fraction of paramagnetic impurity,

TIP is the temperature independent paramagnetism, B is a Weiss-like temperature
correction and all other terms have their usual signifi cance.
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Figure 3.12: Magnetic exchange models for some polynuclear systems; a) M 3 triad b) M4

square c) M 5 trigonal bipyramid.

H u=-J(S, ·S, +S, -S,)

(3.2)

Np'g' L S'(S'+ l )(2S'+l)e· EIS'l' "
zM = 3k(T-O)
L (2S'+l)e _, ..,.,"'
(t - p)+

(3. 3)

NP'g'S(S+l)p +TIP
3kT
The experimental magnetic data were fitted by non-linear regression within
MAGMUN4.1 [49] to give g = 2.04(2), J = -3.03(1) em-' , TIP = 0 cm 3·mor', p = 0.01
( 10 2R = 0.8 1; R = [:E(xoos - X.calc)2/:Ex.oo/ ] 1f2). The solid line in Figure 3.1 1 was calculated
with these parameters which are in excell ent agreement with previously reported

examples of anti ferromagnetic [2x2] M14 squares [64] and Mn5 pentanuclear clusters
r61 , 64, 65] , resulting fro m self-assembly reactions with poap and pomp (Figure 3.1 a)
that also exhibit hydrazone oxygen bridges between metal centres with similar M-0-M
bond angles (approximately 126- 130°).
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Compound 3.3. a [2,2] Ni4(11 ) grid with large Ni-0-Ni bond angles. displays a
max imum in the zM versus temperature pro fil e at 26 K (Figure 3. 13), indicative of
intramolecular anti ferromagnetic coupling.
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Figure 3. 13: Variable temperature magneti c data for 3.3 ; g = 2.25( 1), J = . JJ.3(8) cm· 1, 8

The magneti c properties of tetranucl ear clusters are addressed in a thorough
manner in a review by Murray [47]. Here, the variable temperature magnetic data were

lined to an exchange ex press ion by using vector addition principles [48,43] to derive the
tota l spin states (S1 and their ene rgies (E(S1) whic h were then substituted into equation

3.3 using the isotropic exchange Hamiltonian (equat ion 3.4) for a sq uare arrangement of
fourS = I metal centres (Figure 3. 12b):
(3.4)
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Where J

~

J 1 ~ J, and J, is considered negligible and E(S ', S 13, S 24 )

- S 13 (S 13 + I) - S 24 (S 24 + I)] where S 13 ~ S l + SJ; S 24

~ S2

~

-J [S' (S'+ I)

+ S4; s · ~ S l + S2 + S3 + S4.

The experi mental magneti c data were fitted by non· linear regression within
MAG MUN4. 1 [49] to give g ~ 2.25( 1), J ~ - 13.3(8) em·'. 0 ~ - I K, T IP ~ 800 x 10' 6
cm3·mor 1, p = 0.04 (102R = 1.01 ). The solid li ne in Figure 3. 13 was calcu lated with these
parameters. The obse rved anti ferromagnetic exchange is in agreement w ith simi lar
compounds [58] with the four octahedral Ni(ll) centres bridged by hydrazone oxygen
gro ups with Ni-0 -Ni ang les in the range 136.2 1( 15) - 136 .68( 16t .
Unlike 3.3, complex 3.4, a [2x2] Cut(ll) grid shows a sli ght decrease in moment
from 3.9 1 /113 at 300 K to 3.70 /113 at 80 K, fo ll owed by a sharp increase to 4.65 f./0 at 2 K
(Figure 3. 14), which is characteri stic o f a system dominated by intramolecular
ferromagnetic coupling.
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Figure 3. 14: Variable temperature magnetic data for 3.4 .

z represented by triangles; p

represented by diamonds. g = 2.07(0), J = 7.2(8)

-0.5 K, TIP = 475 x 10"6

cm- 1,

8

=

The variable temperature magnetic data were fitted by non-linear regression

within MAGMUN4.1 [49] to an exchange expression (equation 3.3) using the isotropic
exchange Hamiltonian (equation 3.4) for a square arrangement of four S = 1/2 metal
centres (Figure 3. 12b) where J = J 1 = hand his considered negligible, to give a best fit
with g ~ 2.07(0), J ~ 7.2(8) em·' , 8 ~ -0.5 K, TIP ~ 475xl0~ cm 3mol" 1 ( 102R ~ 2. 14).
The solid lines in Fi gure 3. 14 were calculated with these parameters.
The structure of3.4 shows that all the connections between the copper centres can

be considered orthogonal (vide supra; Figure 3.6b), on the assumption that the ground
state is I 00% dx2-y2. This agrees in general w ith the observed exchange situation, where
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intramolecu lar ferromagnetic coupling clearly dominates. Simi lar fitted parameters have
been reported for other [2x2] CUt grids [58 ,62,64,95] exhibiting ferromagnetic exchange
due to orthogonal connections between metal centres. However, despite the best fit , there
is clearly some deviation from the experimental data, which involves the slight decrease
in moment down to 80 K. This cannot be modeled successfull y w ithout including an
unrealistically high TIP contribution, and can possibly be attributed instead to a small
anti fe rromagnetic comJX>nent which is reasonably explained on the basis of the mixing of
a small d 7 2 component into the dominant dx2· y2 magnetic ground state, due to the observed
distortion of the copper coordination spheres (-r

= 0.22).

Magnetization (M) versus field

data (Figure 3. 15) show a rise in M to a value of approximately 3. 77

N~

at 5.0 T. A

simulation of the data (solid line, Figure 3. 15) was generated using the appropriate
Brillouin function with g = 2.07 forT = 2 K, and S' = 2, and again it shows a slight
deviation from the experimental data, as expected, due to the possible mixing of magnetic
states.
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Figure 3.15: Variable field magnetization data for 3.4; solid line represents simulation
wi th g ~ 2.07, T

~

2 K, S'~ 2.

Complexes 3.5 (Figure 3. 16) and 3. 7 (Figure 3. 17) were both treated by the same
magnetic model, exchange expression and isotropic exchange Hamiltonian as 3.4. All
three ex hibit dominant intramolecular ferromagnetic coupling and dominant dx2-y2
magnetic ground states for the distorted square pyramidal Cu( ll ) centres. Fitted exchange
values are summarized in Table 3.13.
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(a)

z '

Field/Oe

(b)
Figure 3.16: a) Variable temperature magnetic data for 3.5; g
1,

9 ~ 0 K. T I P ~ 2 1Ox 1 0~

cm 3mor 1,

p ~ 0. 1,

102 R

=

2.073(7), J

=

7.62(8) em-

~ 2. 16. b) Variable field

magnetization data for 3.5; so li d line represents simu lation with g = 2.073, T = 2 K, S ' =
2.
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Figure 3.17: a) Variable temperature magnetic data for 3.7; g = 2. 102(3), J = 7.2(5) em·•,
9 ~ -0.2 K, TIP ~ 250 ' 10_. cm 3mo r' , p ~ 0, 10 2R ~ 0.44. b) Variable fi eld

magnetization data for 3. 7; solid line represents si mulation with g = 2. 1, T = 2 K, S' = 2.
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Compound 3.8 consists of a Mn(ll) trigonal bipyramidal cluster with each Mn(ll)
centre bridged by single hydrazone oxygen atoms, with large, similar Mn-0-Mn ang les.
The magnetic profile for 3.8 is shown in Figure 3. 18 as a plot of moment per mole as a
function of temperature. The moment drops from 12.8 f.1IJ at300 K to 5.9 p 13 at 2 K and
the profile is characteristic of the presence of intramolecular antiferromagnetic exchange.
The low temperature value indicates the presence of one uncompensated Mn(ll) centre in
the ground state (S = 5/2), and is associated with the odd number of spin centres in the
cluster.
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Figure 3.18: Variable temperature magnetic data for 3.8; g = 2.0 15, J = -2.65 cm· 1, 0 = 0
K, TIP ~ 0 cm3mor', p ~ 0.0001 , 102 R ~ 0.44.
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The magnetic exchange model for 3.8 invol ves six exchange pathways (Fi gure
3. 12c), all of whi ch are considered o f equal magnitude based on the simi larity of the Mn0-Mn bond angles. The isotropic exchange Hamiltonian (equation 3.5) describes the
exchange situation:
H a= - J(S, · S, + S, · S, + S, · S, + S, · S, + S, · S , + S, · S , )

(3.5)

=-J{S, (S, +S, + S, )+S2(S, +S, +S,))
= - J {(S, + S, )(S, + S, + S, ))
= - J (SlJ . S•~s )
= - J 12(S 2 - S 23 2

-

s .../ )

1-5) = 5/2) with eigenvalues E(S, S 23, S ,.,) = J/2[S (S + I) - S 23(S 23 + I) - S ,., (S " ' +
1)]. The all owed values of S, S23 and S 145, and their appropriate energies, were then
substituted into the Van Vleck equati on (equation 3.3) to create a suscepti bility pro fi le as
a functi on of temperature. The ex perimental magneti c data were fitt ed by non- li near
regression within MAG MUN4. l [49] to give g = 2.015 , J = -2.65 cm-1, 9 = -I K, TIP = 0
em 3mo r 1, p = 0.000 1 ( 102R = 0.44). The solid line in Figure 3. 18 was calculated \\fith
these parameters. The magnitude o f the observed anti ferromagnetic exchange is in
agreement with sim ilar pentanuclear clusters [58,6 1,64,65].
Tab le 3. 13: Summary o f the magnetic analys is o f3. 2 - 3.5, 3.7 and 3.8.
Ground State S in S
2.5

2.5
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3.4: Summary:
The mononuclear and trinuclear compl exes 3.6 and 3.2 can be envisaged as
possibl e components in the assembl y of a full grid , but fo r 3.2, because of the particular
ori entation of the ligands at the fourth empty site (congruence of two methy l imidazole
groups), the steric congestion prevents additional metal coord ination. Compound 3.1
shows that two ligands can coordinate to one metal, but then embrace a second metal, in
what again could be a component in grid assembly. This case is complicated by the redox
instability of the react ion mi xture with ox idati on of one cobalt( II) site. Th is has been
observed before, but in a full y assembl ed [2x2) grid [59). Complexes 3.3-3.5 and 3.7 are
complete grids, with the li gands arranged so that steric congesti on associated with the
imidazole methyl groups is eliminated, while 3.8 is a trigonal bypiramid which
reasonably results fro m an exact match between the num ber of avai labl e donor sites from
six li gands and the coordinati on requirements of fi ve octahedral Mn(II) centres, in the
presence of a weakly coordinating anion (perchlorate). This illustrates the dynamic and
flex ible nature of the coordinati on process in terms of the available li gand con formational
opti ons, and the influence of the thermodynamic stability of the [2x2] grid arrangemen t
in the ni ckel and copper cases. A possible route to sel f-assembly, based o n structural
ev idence from 3.1-3.8, is presented in Scheme 3. 1.
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Scheme 3.1: Possible route to the self-assembly of [2x2] grids and trigonal hi pyramidal

Msclusters.
Another important factor to consider in grid assembly is the presence of the
largely repulsive face-to-face n-n interactions associated with the parallel and eclipsed
arrangement of the terminal pyridine/pyrimidine rings. While these interact ions are

minimized in 3.3 by a slightly offset pseudo-eclipsed parallel ligand arrangement, for the
[2x2] Cu(II), grids (3.4, 3.5 and 3.7) and the trigonal bipyrarnidal Mn(l lh cluster (3.8)
they are considerab ly reduced since each terminal pyridine/pyrimi dine ring is instead in
parallel ali gnment with an imidazole ring.
Where direct hydrazone oxygen bridges exist with non-orthogonal magnet ic
orbital overlap between metal centres, anti ferromagnetic exchange occurs, but in the case
of the copper(! I) [2x2] grids, ferromagnetic exchange results because of the orthogonal
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bridgi ng pathways. The observed magnetic properties are in agreement with structural
characterizati on, and in particular the identification of Jahn-Teller axes leading to
ferro magnet ism in 3.4, 3.5 and 3.7.
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Chapter 4: J3x3) M(11) 9 grids (M

=

Mn, Co, Cu, Zn) from self-assembly reactions

with a picolinic dibydrazonc ligand
4.1 : Preamble:

Tritopic picolinic dihydrazone ligands capable of forming five-membered chelate
rings upon self-assembly with first-row transition metal s (Figure 4.1) have led to the
synthesis of[3x3 J M9 (M

2poap

~

Mn, Fe, Ni, Cu, Zn) grids [29,3 0,66-74,96].

(R~H, R '~N !-1 2 , X ~

Cl-l)

2pomp(R~I-I , R'~CH,, X~C H)

2poapz (R~ H ,

R' ~NH,, X ~ N)

C12poap (R~C 1 , R ' ~NH,, X~CH)
S2poap (R~SH, R'~NH 2 , X~C1-1)
2popp (R~H, R '~Ph , X~C1-1)

Figure 4.1: Examples of tritopic, metal-coordinated, ligands sui table for the formation of
[3 x3] M, (M

~

Mn, Fe, Ni, Cu, Zn) grids.

Homoleptic, se lf-assembled (3 x3 ] grids result from the exact balance of the
available number of donor sites provided by the six li gands arranged with three parallel
ligands above and below a plane of nine pseudo-octahedral p-0-bridged metal ions
(Scheme 4.1 )-
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+
6L

9M

Scheme 4.1: Self-assembled [3 x3] grid.
Complexes of this nature have attracted much attention for the ir possible
suitability for a 'bottom-up' approach to the construction ofnanoscale materials for
application as electronic or computer components. Before such materials can be

developed however, there are two criteria that must be met by molecules under
consideration:
I. Two or more distinguishable states with unique physical and chemical properties
that can be accessed by external probes must exist.
2. These states and their external probes must be applicable on the nanoscalc.
[3 x3] grids are suitable for consideration as they possess unique magnetic and
redox properties that could possibly serve as independent states within a single molecule,
in addition to forming two-dimensional arrangements that bear a remarkable likeness to
existing cross-bar structures used in conventional infom1ation storage and computer
processing. Finally, they have been shown to assemble in an ordered manner upon
deposition onto surfaces which provides an opportunity for individual molecules and
individual metal centres to be addressed uniquely [25].
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Anti ferromagnetic examples of [3x3J grids arc most common, with Mn, Fe and
N i cases reported [29,30,69,70,73], while Cu( ll )9 grids exhibit magnetic orbital
orthogonality resulting from the perpendicular orientation of the Jahn~Tcller axes in the
outer~ring

of eight metal centres, leading to dominant ferromagnetic exchange

[66,69,7 1,96]. Torque magnetometry and inelastic neutron scattering studies perfonned
on Mn(II)9 grid systems have also shown
the magnetic ani sotropy from

easy ~ ax i s

to

field~induced
h ard ~ axis

leve l crossing and a change of

type [97,98].

[3x3] Mn(II)9 grids exhibit a series of oxidat ion waves upon application of a
suitable potential [29,3 0,73]. Cyc li c voltammetry and different ial pulse vo ltammetry
were pcrfonned on a solut ion of [Mn9(2poa p~2H) 6 ] (C I 0 4 )6 • 1 8 l-h0 in acetonitril e and
showed five quasi-reversible waves with ox idation peaks present at approximately +0.61
V, +0.92 V, + 1.1 3 V, + 1.33 Vand + 1.53 V [29,30]. Cou lometry showed that the first
wave corresponded to a

four~electron

oxidation, fo llowed by four

one~electron

processes.

Each was assigned as an oxidati on from Mn(ll) to Mn(lll), with the first wave ass igned
as the ox idat ion of the corner sites, with each successive one~e l ectron ox idation
corresponding to the ox idation of the side sites. It was also shown that upon application
of a 20 V potential in a bulk electrolys is experiment that the

mixed~oxidation

complex

[Mn 11 , Mn 111 ,(2poap-2H), ](CI04)IO'IOH,O could be isolated and characterized [29]. The
Mn(lll) sites were present in the comer positions of this grid. Variable temperature and
magnetization data indicate an S

= Y2 ground state, consistent with a model in which the

Mn(lll) (S = 2) centres couple anti ferromagnetically with the Mn(IJ) (S = 5/2) centres to
produce an overall ferr im agnet ic state.
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Waldmann considered this molecule to be an actual experimental example of a
mesoscopic S

= Y:z cluster suitable for consideration as an anti ferromagnetic qubit cluster

[31]. While further an isotropic studies are required to assess the abi li ty of the unpaired
spin in the ground state to tunnel from a 'spin up' to a 'spin down ' confi guration, were it
poss ible for this tunneling to take place without energy transfer, the system wou ld exh ibi t
tunneling coherence and would be suitable for consideration as a qubit [33].
Scanning tunnel ing microscopy (STM) and current imaging tunneling
spectroscopy (CITS) studies were conducted on a surface depos ition of a [3 x3] Mn(II )<J
grid, fom1ed fro m the reaction of C12poap (F igure 4. 1) wi th Mn(C I0 4 )2•6H 20 [70], on
highl y oriented pyrolytic graphite (HOPG) [28 ,99]. A drop of Mn(II)<J grid in acetonitri le
was deposited on an HOPG surface and allowed to evaporate. STM imaging was
perfo nned to reveal several different motifs, including a line, ribbons, arrays and various
associations of random mol ecules. CITS studies revealed molecular dimensions of
2.4x2.4 nm, and nine regularly spaced peaks separated by 0.4 nm, in agreement with the
Mn-Mn separat ion in the X-ray structure.
In this chapter, sel f-assembl y reactions between 2pmoap (2.4; Figure 4.2a), and
Zn(ll), Mn( ll), Co(l l), and Cu(ll) salts to produce [3x3] M9 grids are reponed. One
example of a li gand hyd ro lysis (pmoapCOO, Figure 4.2b) complex is also reported as a
side-reaction upon recrystalli zation of a Cu(11)9 grid from an aqueous soluti on. Thi s type
of in situ ligand hydrolysis has been previously reported for Cl2popp (Figure 4.2) [100].
While the tenninal pyrimidine moiety was chosen to encourage secondary coordi nati on
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of homo- or heterometal ions on outside of the predicted [3x3] M9 grids, reactions
towards this end instead produced heterometallic grids, d iscussed in Chapter 5.

(a)

Figure 4.2: a) 2pmoap (2.4;

(b)
Y ~N, R ~N H 2 , X ~ H) ,

Cl2popp

(Y ~C H , R ~ Ph , X~C I );

b) !he

in silu hydrolysis producl of2pmoap (pmoapCOO; Y ~N , R ~NH 2 , X ~ H) and ofCI2popp

(poppCOO;

Y ~ CH, R ~ Ph , X ~CI).

4.2: Experimental:
Note: In some cases there is a difference between the most reasonable fomlUla based on
the elemental analysis (analytical formula), and that obtained from X-ray crystallography.
The analytical fom1ulac will be used here.
4.2. I: Complex synthesis:

4.2.1.1: [(2pmoap-H).Zno](N03) 12 ·1 2H2 0 (4.1). 2pmoap (0.15 g, 0.37 mmol) was added
to a so lution of Zn(NOJ)r61-b0 (0. 17 g, 0.57 mmol) in methanol:acetonitrilc (7 mL : 7
mL) forming a clear yell ow so lution to which three drops of triethy lamine was added.
Thi s was left to stir with gentle heating for 4 hours. The solution was filtered and
allowed to stand at room temperature. X-ray quality, yel low prismatic crystals fom1ed

afler 14 days. (0.04 g, 17 % yield). Anal. calcd (%) for (C 17 H 14 N 11 0 2).,Zn9(N03) 10(H20) 12
(bu lk dried sample): C, 30.82; H, 2.73; N, 27.49. Found(%): C, 30.97; H, 2.6 1; N, 27.28.
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4.2. 1.2: [Mn9 (2 pmoap-2 H)6](N0

3) 6 · 13( H2 0)

(4.2). 2pmoap (0 .49 g, 1.2 mmol) was

added to a soluti on o f excess Mn(N03 )r6 H2 0 ( 1.01 g, 3.50 mmo l) in methanol:
acetonitril e (20 m L:20 m L) initiall y forming a cl ear, li ght yellow solution. T hi s was left
to sti r with gentle heating for 2 hours. It was then filtered and so lvent was removed from
the filtrate to yield 0.96 g of a ye llow powder. Thi s was di sso lved in methanol:
acetonitrile ( 10 mL :IO ml) to give a clear, yellow solution. NH 4CI-bCOO (0 .040 g, 0.5 1
mmol) was added producing a clear, deep red co lo ured solution that was sti rred with
gent le heating (- 55°C) for 1 hour, and at room temperature for three hours. T hi s solution
was filt ered and allowed to stand at room temperature. X-ray quality, red prismatic
crystals formed after three days (0.86 g, 96% yield). Anal. ca\cd (%) for
(CnH I3N 11 0,),M n,(N0 ,)6 (H, O)I3 (bu lk dried sampl e): C, 34.78; H, 2.98; N, 28.65.
Fo und(%): C, 34.35; H, 2 .70; N, 28.94.
4.2.1.3: [(2pmoap-2 H)6 Co,](N03) 6·24H 2 0 (4.3). 2pmoap (0. 12 g, 0.30 mmol) was added
to Co(NOJ)r6l-h0 (0.13 g, 0.45 mmo l) in 20 mL o f I :I methano l:acctonitril c. This
prod uced a clear, orange-brown so lution that was stirred with gentle heating (- 55°C) for
3 hours and at room temperature for another 2 hours . The so lution was filt ered and the
filtrate was preserved for crystallization. Crystals formed after 13 days, and were
recrystall ized from methanol and acetonitrile to give red prismatic crystal s, suitable fo r
X-ray d iffracti on, upon standing for an additional 17 days (0. 15 g; 67 % yield). A ir was
not excluded . Ana l. calc.(%) for [(CnH IJN 11 0

2) 6 Co,](N0 3 ) 6 ·24 1-1 2 0:

N, 26. 89. Fo und (%): C, 32.06; 1-1, 2.77; N 27.43.

97

C. 32.63; 1-1, 3.38;

4.2.1.4: [(pmoapCOO)Cu](N03) (4.4) and [(2pmoap-2H)6 Cu9 ](N03) 6·35H 2 0 (4.5).
2pmoap (0. 11 g, 0.27 mmol) was added to a soluti on of excess Cu(N0,)2·6 H, O (0.22 g.
0. 74 mmol) in methano l:acetonitrile (7.5 mL:7.5 mL) fonning a cl ear dark green soluti on
that was st irred at room temperature for 18 hours. It was then filtered and a green powder
was co llected (0.09 g). This was redissolved in 20 ml of water with stirring at room
temperature. then filtered and allowed to stand at room temperature. Crystals of two
difTerent morpho logies, (blue (4.4) and brown (4.5) prisms) su itable for structural
analysis were observed after 39 days. 4.4: 0.011 g, 35% yield; 4.5 :0.050 g, 37% yield
(based on an assumpti on of a I :3 ratio of products). Anal. calcd (%)for 4.4
(C 12 H9 CuN 60 3)(N03 )(H20)025 (bulk dried sample): C, 34.71; H, 2.3 1; N. 23.6 1. Found
(%): C, 34.54; 1·1, 2.08; N, 23.90. Anal. calcd (%)for 4.5(C 17 H I3N 11 0,)6Cu9(N0,)6

(H 20)35 (bulk dried sample): C, 30.67; H, 3.73; N, 25.25. Found (%): C, 30.66; H, 2. 13;
N, 25.9 1.
4.2. 1.5: [Cu9 (2pmoap-2H)2(2pmoap-H)4j(CI04 )10' 1411,0· 7CH 3 0H (4.6). 2pmoap (0.12
g, 0.30 mmol) was added to a warm so lution o r Cu(C I0 4) 2·6H 20 (0. 13 g, 0.35 mmol) in
methanol:acetonitrile ( 10 mL: 10 mL). A clear, dark green so lution formed. The soluti on
remained clear and dark green upon the addition of 3 drops of triethylamine. It was
stirred with gentle heating for 45 minutes and kept after filtration for crysta llization. Xray quality, green prismatic crystals formed after standing at room temperature for two
weeks (0.030 g, 15% yield). Anal. calcd (%)for (CnHl3N1102h(CnH14N1102)4Cu9
(CIO,)w(H,O),.(CI·I, OI·Ih (bulk sample): C, 29.31; H, 3. 11 ; N, 20.69. Fou nd(%): C,
29.3 1; 1-1, 2.34; N, 20.91.
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4.2.2: Crystallography
The diffraction intensities of a yellow pri smatic crystal of 4. I having approx imate
dimen sions of0.39

X

0.35

X

0.24 mm were coll ected on a Ri gaku Saturn

ceo area

detector with graphite mo nochromated Mo·Ka radiation at 11 3(2) K to a max imum 28
value of 62.2 °. The data were corrected for Lorentz and polarization effects and a
correction for secondary extinction [81] was applied. The structure was solved by direct
methods [82,83] and expanded using Fourier techniques [84]. Hydrogen atoms were
introduced in calcul ated positions wi th isotropic thermal parameters set twenty percent
greater than those of their bonding partners. They were refined on the riding mode l.
0(17), 0( 18) and one nitrate ion were refined isotropically, while all other non-hydrogen
atoms were refined anisotropically. Neutral atom scattering factors and anomalous
dispersion effects were taken from the usual sources [85·88]. All calculati ons were
performed using the Crystal Structure [89,90] crystallographic software package except
for refinement, which was performed using SI-I ELX L-97 [83].
The chip of a red crystal of 4.2 having approximate dimensions of0. 23 x 0.20 x
0.17 mm was treated similarl y to 4.1. Hydrogen atoms were introduced in calculated
positions with isotropic thermal parameters set twenty percent greater than those of their
bondi ng partners. They were refined on the rid ing mode l. All non-hydrogen atoms were
refined anisotropicall y except one half-occupancy ni trate anion and seven partial
occupancy lattice water molecules that were re fin ed isotropically.
A red prismatic crystal of 4.3 having approximate dimensions of 0.64 x 0.60 x
0.53 mm was treated sim ilarl y to 4.1. All hydrogen atoms were introduced in calculated
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positions with isotropic thermal parameters set twenty percent greater than those of their
bonding partners. They were refined on the riding model. Two lattice acetonitrilcs were
refined isotropically, wh il e all other non-hydrogen atoms were refined anisotropically. A
Platon [91] check suggested that a symmetry clement was missed and that this should be
solved in tetragonal space group 14 1/acd (# 142), however, the reflections fai led a
tetragonal Laue check, and instead passed a Laue check as F-ccntrccd orthorhombic.
An irregular, blue crystal of 4.4 having approximate dimensions of0.20 x 0.19 x
0.18 mm was treated simi larly to 4.1 . Hydrogen atoms were introduced in calcu lated or
difference map (1-1(4)) positions with isotropic thermal parameters set twenty percent
greater than those of their bonding partners. They were refined on the riding model. All
non-hydrogen atoms were refined anisotropically.
A brown, prismatic crystal of 4.5 having approximate dimensions of 0.50 x 0.24
x 0.19 mm was treated simil arly to 4. 1. Hydrogen atoms were introduced in calculated
positions with isotropic thermal parameters set twenty percent greater than those of their
bonding partners. They were refined on the riding model. One half-occupancy nitrate
ion was refined isotropically and positional-refinement of its N(19) was not performed in
the final round of least squares, 5. 125 water solvent molecules were refined isotropically
whi le all other non-hydrogen atoms were refined anisotropicall y.
A brown, prismatic crystal of 4.6 having approximate dimensions of0.17 x 0.11
x 0.09 mm was treated sim ilarly to 4.1. Hydrogen atoms were introduced in calcu lated
or difference map positions (1-1(21 )) with isotropic thermal parameters set twenty percent
greater than those of their bonding partners. They were refined on the riding model. The
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model contains one half occupancy perchlorate anion and seven partial occupancy water
molecules as lattice solvent which was refined isotropica\l y. All other

n on ~ h ydroge n

atom s were refin ed anisotropical ly. Abbreviated crystal data for 4.1 -4.6 are listed in
Tables 4.1 - 4. 3.
Table 4.1: Summary of crystallographic data for 4.1 - 4.2.

Chemi cal
Formu la
M

TK
Crystal
System
Space
Group
a(A:
b A
c A

"0
Pn
y (")
V(N

z

Dea le
(g/cm 3 )
~(MoKa)

(em-')
Reflections
Total
Re fl ections
Unique
Rint
R,
(1> 2.00a(!))
wR, (AII
reflections)

4.1

4.2

C1o2HL 09Nn 04s.sZn9

C1 o2 H1 34Mn9Nn 0 ss

3659.94
11 3 2

3791.07
153 2

tetragonal

tetragonal

141 /acd (# 142)

141 /acd (# 142)

27.668 4
27.668 4
38.890 7
90.00
90.00
90.00
29770 8
8

27.9255( 13)
27.9255 13
40.217 2
90.00
90.00
90.00
31362 3
8

1.633

1.606

15.28

8.09

104796

15 1450

6545

11887

0.0584

0.0591

0.1275

0.1278

0. 348 1

0.3049
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Table 4.2: Summary of crystallographic data for 4.3- 4.4.

Chemical
Fonnula
M
TK
Crystal

System
Space
Group
a A
b A
c(A)
a. 0
~

0

YC)

v

A

z

Deale
(g!cm3)
~(MoKa.)

(em·')
Reflections
Total
Reflections
Unique
Rint
R,
I

(I> J.ooariJJ
wR 2 (AII
reflections)

4.3

4.4

C106H106C09N74041

C1 2H9CuN106

3602.87
153 2

4 10.80
113 2

orthorhombic

monoclinic

Fddd (#70)

P2J in (# 14)

39.369 3
39.4 16 3
39.4 11(3)
90.00
90.00
90.00
6 11 57 8
16

8.6190 18
9. 1399 17
18.120 4
90.00
94.220(5)
90.00
1423.6 5
4

1.565

1.917

10.5 1

15.89

133536

2 1924

15853

3280

0.0415

0.0273

0.0988

0.0405

0.2877

0.0998
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Table 4.3: Summary of crystallographic data for 4.5 - 4.6.
4.6

4.5

Chemi cal
Fom1U ia
M
TK
Crystal

System
Space
Group
a(A :
b A
c A
a. 0

p (0)
y (0)
V(A')

z
Deale
(g/cm 3)

ft (Mo Ka.)
(cm-'1

Refiections
Total

Reflections
Unique
Rint
R,
(1>2 OOa(l))

wR 2 (AII

rencctions)

C102H119Cu9Nn Oso.s C1 o2Hios.4CI1 oCu9N660 6s2
3733.43
11 3 2

4228.43
153 2

tetragonal

tetragonal

141 /acd (# 142)

1'42/n (#86)

27.84 1 2
27.84 1 2
38.298 3
90.00
90.00
90.00
29686 4
8

20.9857 14
20.9857 14
17.373 1 12
90.00
90.00
90.00
7651.1 9
2

1.671

1.834

13.72

15.1 7

60270

75957

7277

10853

0.0403

0.0535

0.1055

0. 1023

0.3060

0.2479
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4.3: Results and Discussion:
Note: The crystallographically determined formulae are used herein. Colour code for

figures: purple = cobalt, magenta = manganese, green = copper, yell ow = zinc, grey =
carbon, blue = nitrogen, red = oxygen. Crystallographic representations/il lustrations
were generated using Persistence of Vision Ray Tracer (POV ~Ray©) for Windows,
version 3.6, with scene description files written by
Copyri ght©

1997~2003

Ortep~3

for Windows (Version 1.08)

Louis J. Farrugia.

4.3.1: Description of crystal structures:

4.3.1.1 : [(2pmoap-2H),Zn,](N0,)6·15.5H, O (4.1)
The structure of the cationic fragment of 4.1 and its core st ructural representation
are shown in Figures 4.3a and 4.3b respectively, and significant bond lengths and angles
arc listed in Table 4.4.
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(a)
(b)
Figure 4.3: a) Ball-and-stick depiction of the cationic moiety 4. 1. Hydrogen atoms

omitted for clarity. b) Core structural representation of 4.1.
The structure has tetragonal crystallographic sym metry, which is manifested as
four-fold symmetry withi n the grid cation (Figure 4.3a). The homol eptic grid
arrangement results from the roughly parallel arrangement of three heptadcntatc li gands
arranged above and another three below a [Zn 9-(u-0)12] core composed of nine metal
ions bridged by twelve hydrazone oxygen atoms (Figure 4 .3b). Zn-Zn distances fa ll in the
range 3.945(2) - 4.0985( 17) A, with Zn-0-Zn angles in the range 135. 1(3) - 136.4(3Y
and distances between comer Zn( II ) centres (overall meta l-metal grid dimensions) of
8.0 185(19) A. The corner Zn(II ) centres have cis-ZnN 4 02 coordination environments,
whi le the side centres have mer-ZnN 30 3 envi ronments, and the centre Zn(ll) ion has a

trans- ZnN 20 4 coordination env ironment. Comer and side Zn centres di splay long Z n-N
distances to the external pyrimidine rings (2.14 7(9) - 2.299(9) A), likely due to the
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stretching of the ligands over the nonanuclear core, with shorter remaining Zn-N contacts
(1.980(8)- 2.037(7)A). Sign ificant Jr-interactions between the pyrimidine and pyridine
rings within the cation are indicated by their arrangement in an approx imately parallel
fashion with short inter-ri ng separations of 3.765(7) - 3.825(7) A (pyrimidine) and
3.6 12(5) A (pyridine).
Table 4.4: Selected bond distances (A) and angles e) for 4.1.
Zn(1)
Zn( l )
Zn( l )
Zn( l )
Zn( l )
Zn(1)
Zn(2)
Zn(2)
Zn(2)
Zn(2)
Zn(2)

0( 1)
0(2)
N( l )
N(4)
N(8)
N( 11 )
0( 1)
0(2)
0(3)
N(6)
N(12)

2. 137(6)
2.213(6)
2.208(10)
1.994(9)
1.995(9)
2. 147(9)
2. 183(6)
2.207(6)
2.083(6)
2.037(7)
2.299(9)

Zn(2)
Zn(3)
Zn(3)
Zn(l)
Zn(1)
Zn(2)

N(l5)
0(3)
N(17)
Zn(2)
Zn(2 ')
Zn(3)

Zn(l) 0(1)
Zn(2) 0(2)
Zn(2) 0(3)

1.980(8)
2.166(6)
2.03 1(9)
3.99 17(23)
4.0985( 17)
3.945(2)
Zn(2) 135. 1(3)
Zn( l ) 136. 1(3)
Zn(3) 136.4(3)

4.3. 1.2: [(2pmoap-2 H)6 Mn,](N0,),·28 H,O (4.2)
The structure of the cation ic fragment of 4.2 and its core structural representation
are shown in Figures 4.4a and 4.4b respectively, and significant bond lengths and angles
arc li sted in Table 4.5.
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(b)

(a)

Figure 4.4: a) Ball·and-stick depiction of the cationic moiety 4.2. Hydrogen atoms
omitted for clarity. b) Core structural representation of 4.2 .
Comp lex 4.2 also has tetragonal crystallographic symmetry , and four-fold
symmetry within the grid cation (Figure 4.4a). Ligands are arranged, three above and
three below, a [Mn9-(p-0) 12] hydrazone oxygen-bridged core of nine distorted octahedra l
metals (Figure 4.4b). Mn-Mn di stances fall in the range 3.91 17( 11) - 3.9684( 11 ) A, with
Mn-0-Mn angles in the range 127.6 1( 17)- 128.65(15)0 and distances between corner
Mn(ll) centres (the metal-metal grid footprint) of 7. 7972( 11 ) A. The comer Mn(ll)
centres have cis-MnN 4 0 2 coord ination environments, while the side centres have mer-

MnN30 3 environments, and the centre Mn(II) ion has a trans- MnN 2 0 4 coordinat ion
env ironment. Comer and side Mn centres display long Mn-N distances to the external
pyrimidine rings (2.280(5)- 2.373(5) A), with shorter remaining Mn-N contacts
(2.135(5)- 2. 183(4) A). Significant Jr-interact ions between the pyrimidine and pyridine
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rings are indicated by short inter-ring separations of3.76 1(3)- 3.784(3) A (pyrimidine)
and 3.625(2) A (pyridine). These values are simil ar to those reported for the parent

complex [Mn9 (2poap-2H)6](CI04) 6 (see Figure 4.1 for 2poap) [30]. Each tenninal, noncoordinating pyrimidine nitrogen atom and the amine NH1 groups of each ligand are in a
suitable binding mode for possible secondary metal ion coordination, with Naminc-C-CNpyrmidinc torsional ang les between 176.5 and 179.3°. Reactions between 4.2 and other
metal salts (C u(II), Ni(ll), Zn(ll)) have instead, so far produced only heterometalli c [3 x3]
grids wi th Mn atom site substitution (see Chapter 5).
Table 4.5: Selected bond distances (A) and angles (0 ) for 4.2.

Mn(l)
Mn(l)
Mn(l)
Mn(l )
Mn( l)
Mn( l)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)

0(1)
0(2)
N( l)
N(4)
N(8)
N( ll )
0(1)
0(2)
0(3)
N(6)
N(l2)

2.200(4)
2. 162(4)
2.280(5)
2.145(5)
2.135(5)
2309(5)
2.222(4)
2. 197(4)
2. 155(4)
2. 183(4)
2.373(5)

Mn(2)
Mn(3)
Mn(3)
Mn(l)
Mn(l)
Mn(2)

N( 15) 2. 145(4)
0(3) 2.199(3)
N(l7) 2. 182(5)
Mn(2) 3.9684( 11 )
Mn(2 ' ) 3.9 11 7(11)
Mn(3) 3.924(2)

Mn(l ) 0( 1)
Mn(l) 0(2)
Mn(2) 0(3)

Mn(2) 127.64( 17)
Mn(2) 127.61(17)
Mn(3) 128.65(15)

4.3. 1.3: [(2pmoap-2H)6Co,](N03)6-2CH 3CN· II H20 (4.3)
The structure of the cationic fragment of 4.3 and its core structural representation
are shown in Figures 4.5a and 4.5b respectively, and significant bond lengths and angles
are li sted in Table 4.6.
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(a)
(b)
Figure 4.5: a) Ball-and-stick depiction of the cationic moiety 4.3. Hydrogen atoms

omitted for clarity. b) Core structural representation of 4.3.
Un like 4.1 and 4.2, 4.3 has orthorhombic crystallographic symmetry, which is

manifested as two-fold symmetry within the grid cation (Figure 4.Sa). As in the other
structures, however, 4.3 exhibits the expected arrangement of three heptadentate li gands
arranged above and another three below a [Cc,.r(.u-0)12] core (Figure 4.5b). Co-Co

distances fa ll in the range 3.960 1( 11 )- 4.0384(11) A, with Co-0-Co angles in the range
135.22(19)- 136.3(2) 0 and distances between corner Co(ll) centres (metal-metal grid
dimensions) of7.9169( 11 )- 7.9 181(11) A. BVS (bond valence sum) values fall in the
range 2. 17-2.37, typical ofCo(ll) with this type of ligand (59,93]. The comer, side and
central Co(! I) centres have cis-CoN 4 0 2, mer-CoN30 3 and trans- CoN20 4 coordination
env ironments, respectively. S ign ificant Jr-interactions between the pyrimidine and
pyridine rings are present with short inter-ring separations of3.832(4)- 3.840(4)

(pyrimidine) and 3.594(3) A (pyridine).
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A

Table 4.6: Selected bond distances (A) and angles ( 0 ) for 4.3

Co(!)
Co(!)
Co(!)
Co(!)
Co(!)
Co(!)
Co(2)
Co(2)
Co(2)
Co(2)
Co(2)
Co(2)
Co(3)
Co(3)
Co(3)
Co(3)
Co(3)
Co(3)
Co(4)
Co(4)
Co(4)

0(1)
0(4)
N( l )
N(4)
N( 18)
N(21)
0(1)
0(2)
0(6)
N(6)
N(29)
N(32)
0(2)
0(5)
N(8)
N( ll)
N(25)
N(28)
0(3)
0(4)
0(5)

2.177(4)
2. 120(4)
2. 127(5)
2.0 11(5)
2.2 13(5)
2.0 10(5)
2.188(4)
2.162(4)
2.123(4)
2.045(5)
2.2 13(6)
2.004(5)
2. 119(4)
2. 178(4)
2.0 11(5)
2.2 17(5)
2.009(5)
2.125(5)
2.126(4)
2.163(4)
2. 190(4)

Co(4)
Co(4)
Co(4)
Co(5)
Co(5)
Co(5)
Co(5)
Co(!)
Co( ! )
Co(2)
Co(2)
Co(3)
Co(4)

N( 12)
N( 15)
N(23)
N(34)
N( 17)
0(3)
0(6)
Co(2)
Co(4)
Co(3)
Co(5)
Co(4')
Co(5)

2.212(6)
2.009(5)
2.041(5)
2.020(7)
2.029(7)
2.15 1(4)
2. 154(4)
4.0375(11)
3.960 1(11)
3.9601(11)
3.970 1(8)
4.0384(11)
3.9696(8)

Co( !)
Co( !)
Co(2)
Co(3)
Co(3)
Co(4)

0(1)
0(4)
0(6)
0(2)
0(5)
0(3)

Co(2)
Co(4)
Co(5)
Co(2)
Co(4)
Co(5)

135.3(2)
135.22(19)
136.3(2)
135.36(19)
135.13(19)
136.3(2)

4.3. 1.4: [(pmoapCOO)Cu ](N03) ( 4.4)
The structure of the mononuclear cat ionic fragme nt of 4.4 is shown in Figure 4.6,
and signifi cant bond lengths and angles are li sted in Table 4.7.
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Figure 4.6: Ball-and-stick depiction of the cationic moiety 4.4 .
The structure of 4.4 is rem iniscent of 3.6, except that the coordinated acetonitrile
molecule in 3.6 has been replaced by a carboxylate moiety resulting from the in situ
hydro lysis of2pmoap. A similar in sii/J ligand hydro lysis reaction for Cl2popp (Figure
4.2a) has been previously reported produc ing the ligand ClpoppCOO (Figure 4.2b) upon
reaction of l(CI2popp-2H)Ni l with Cu(N03)2·3H20, leading to the fom1ation of
[(CipoppCOOCu)2Cu(J·120)2](N03),(H20)J(C1·1301·1), a trinuclcar Cu(llh chain complex
[100]. The basal plane of the square pyramidal copper centre in complex 4.4 exhibits
short bonds to three ligand donor nitrogen atoms, and one short bond to a carboxylate
oxygen atom ( 1.946(2)- 1.985(2) A). A longer bond to an oxygen atom (0(4)) of a
nitrate anion in the axial posi tion (2.2476(18) A) is also present. This defines the
elongated Jahn-Teller axis and resu lts in a d:<2-y2 ground state with a calculated

L

value of

0.05 (ideal L values are 0 fo r square pyramids and I for trigonal bipyramids) [94].

Il l

Table 4.7: Selected bond distances (A) and angles {0 ) for 4.4.

Cu( l )
Cu( l )
Cu( l )
Cu( l )
Cu(l)

0(1)
0(4)
N(l)
N(3)
N(6)

1.9553(18)
2.2476(18)
1.946(2)
1.9525(19)
1.985(2)

N(3) Cu(l) 0(1) 168. 14(8)
N(l) Cu( l) N(6) 164.9 1(8)

4.3.1.5: [(2pmoap-21·1)6Cu9](N03)6·20.51-1 10 (4.5)
The structure of the cationic fragment of 4.5 and its core structural representation
are shown in Figures 4.7a and 4.7b respectively, and significant bond lengths and angles
are listed in Table 4.8.

(a)
(b)
Figure 4.7: a) Ball-and-stick depiction of the cation ic moiety 4.5. Hydrogen atoms

omitted for clarity. b) Core structural representation of 4.5. Arrows highlight the JahnTel ler axes.
Complex 4.5 also has tetragonal crystal lograph ic symmetry, which is manifested
as four-fold symmetry within the grid cation (Figure 4.7a). Three heptadentate li gands
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arc arranged above and another three below a [Cu9-(p-O)n] core composed of nine metal
ions bridged by twelve hydrazone oxygen atoms (F igure 4.7b). Cu-Cu distances fall in

the range 4.0346( 13)- 4.2970(11) A, with Cu-0-Cu angles in the range 138.4(2) 142.7(2) 0 and distances between comer Cu(l l) centres of8.2800(11). Each copper ion in
the outer eight-membered ring has a Jahn-Teller distorted, axially elongated octahedral
geometry (highlighted by the arrows in Figure 4. ?b). Cu(l) has a dxl-yl magnetic ground

stale as defined by short contacts to N(4), N(8), N(ll), and 0(2) (1.930(7)- 2.090(7)A)
with long axial contacts to N( l) and 0(1) (2.215(7)- 2.323(5)A). Cu(2) also exhibits a
d,2.yl ground state with short contacts to N(6), N(l2), N(l5), and 0(3) (1.904(6)2.137(6)A) and long axial contacts to 0(1) and 0(2) (2.243(5)- 2.266(5)A). Cu(3) has
axially compressed geometry (dzl magnetic ground state), with long contacts to 0(3) and
its symmetry related atoms (2.214(4) A), and short bonds to N(l7) and its symmetry
related counterpart (1.933(7) A). This arrangement sets up orbitally orthogonal magnetic
connections in the outer ring of eight Cu(JI) ions, with non-orthogonal connections
between Cu(3) and its neighbors, and is characteristic of other Cu9 grids [66,69, 71,96].
Table 4.8: Selected bond distances (A) for and angles (0 ) for 4.5.

Cu(l)
Cu(l)
Cu( l )
Cu(l)
Cu(l)
Cu( l )
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

0(1)
0(2)
N(l)
N(4)
N(8)
N(ll)
0(1)
0(2)
0(3)
N(6)
N( l 2)

2.323(5)
2.072(5)
2.215(7)
1.995(7)
1.930(7)
2.090(7)
2.266(5)
2.243(5)
2.086(4)
1.992(5)
2.137(6)

Cu(2)
Cu(3)
Cu(3)
Cu(l)
Cu(l)
Cu(2)

N(J5) 1.904(6)
0(3) 2.2 14(4)
N(17) 1.933(7)
Cu(2) 4.2970(11)
Cu(2 ' ) 4.0346(13)
Cu(3) 4.074(3)

Cu(l) 0(2' ) Cu(2 ' ) 138.4(2)
Cu(2) 0(1) Cu(1) 138.9(2)
Cu(2) 0(3) Cu(3) 142.7(2)
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4.3.1.6: [Cu,(2pmoap·2H)2(2pmoap·H)4](Cl04 )w 13.2H 2 0

(4.6)

The structure of the Cu(ll)9 grid fragment of 4.6 and its core structural
representation arc shown in Figures 4.8a and 4.8b respectively, and significant bond
lengths and angles are listed in Table 4.9.

(a)
(b)
Figure 4.8: a) Ball-and-stick depiction of the cat ionic moiety 4.6. Hydrogen atoms
om itted for clarity. b) Core structural representation of 4.6. Arrows highlight the Jahn-

Teller axes.
Complex 4.6 also has tetragonal crystallographic symmetry, (Figure 4.8a) and a
[Cu9 ·(.u·0) 12] core (Figure 4.8b). Cu·Cu distances fall in the range 4.053(3) · 4.2555(8)
A, with Cu-0-Cu angles in the range 136.50(18)- 142.53(17) 0 and distances between
comer Cu(ll) centres of8.2878(8) A. Each copper ion in the outer eight-membered ring
has a Jaim-Teller distorted, axially elongated octahedral geometry (highlighted by the
arrows in Figure 4. 7b). Cu( I) has a d~ 2.y2 magnetic ground state as defined by short
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contacts to N(l), N(4), N(lO), and 0(1)(1.920(4)- 2.106(5)A) with long axial contacts to
N(7) and 0(2) (2.248(5)- 2.298(4) A). Cu(2) also exhibits a d,2.,2ground state with short
contacts to N(6), N(12), N(15), and 0(3) (1.908(4)- 2.109(4) A) and long axial contacts
to 0(1) and 0(2) (2.251 (4)- 2.294(4) A). Cu(3) has axially compressed geometry (d,2
magnetic ground state), with long contacts to 0(3) and its symmetry related atoms
(2.203(3) A), and short bonds to N(l7) and its symmetry related counterpart (1.936(6)
A). As in 4.5, this arrangement sets up orbitally orthogonal magnetic connections in the
outer ring of eight copper ions, with non-orthogonal connections to Cu(3).

Ten perchlorate anions are present for each grid which is uncommon (normally
each ligand loses two protons, and so six anions are present to balance the +6 charge of
the grid cation), but not unprecedented. For example, the complex [Cu9(2poap-H)6]
(NOJ) 1r9H20, contains six mono-deprotonated ligands, hence the grid cat ion carries a
charge of + 12, balanced by the presence of twelve nitrate anions [66]. Unl ike more
typical [3 x3 ] M(11)9 grids, 4.6 has a proton (H(21)), located in difference maps, on a noncoordinated diazine nitrogen atom (N( II )). In the symmetry expanded model, thi s
corresponds to four protons, hence there arc four mono-dcprotonated ligands and two
doubly-deprotonated ligands present, and the cation charge is + I 0. The CO group
adjacent to N(21) (C(l2)-0(2)) bridges Cu(l) and Cu(2 ' ) with long, axial contacts
(2.298(4) A. 2.294(4) A) respectivel y, and a short C-0 distance (1.241(6) A) consistent
with its identification as a neutral carbonyl C=O group. In contrast the C(23)-0(3) CO
group bridges Cu(2) and Cu(3) with short equatorial (Cu(2)-0(3); 2.077(3) A) and long
(Cu(3)-0(3); 2.203(3) A) equatorial contacts respectively, and has a much longer C-0
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bond di stance ( 1.307(6) A), indi cati ve of a single bond with a fonnal charge of -1 on the
bridging oxygen atom.
Table 4.9: Selected bond distances (A) and angles (0 ) for 4.6.

Cu(l)
Cu(l)
Cu(l)
Cu( l )
Cu(l)
Cu(l)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

0(1)
0(2 ' )
N(l)
N(4)
N(7)
N( IO)
0(1)
0(2)
0(3)
N(6)
N( l 2)

2.070(4)
2.298(4)
2. 106(5)
1.920(4)
2.248(5)
2.020(4)
2.251(4)
2.294(4)
2.077(3)
1.993(4)
2. 109(4)

Cu(2)
Cu(3)
Cu(3)
Cu(l)
Cu( l)
Cu(2)

N( l 5)
0(3)
N( l 7)
Cu(2)
Cu(2')
Cu(3)

Cu( l ) 0(1)
Cu(2) 0(2)
Cu(2) 0(3)

1.908(4)
2.203(3)
1.936(6)
4.0749(8)
4.2555(8)
4.053(3)
Cu(2) 141.1 3( 18)
Cu( l ' ) 136.50(18)
Cu(3) 142.53(17)

4.3.2: Magnetic Properties:
Compound 4.1 is a diamagnetic [3x3] Zn(ll)9grid , while the variable temperature
magnetic properties of 4.4, a mononuclear Cu(Il) complex, show an essentiall y constant
moment (approximately 1.9 .u8 ) from room temperature to 2 K, consistent with the
presence of one Cu(II ) (S = 112) centre.
Compounds 4.2-4.3, 4.5 and 4.6 are [3x3] M(ll)9 grids that can be described by a
magnetic model where exchange between neighboring metal centres in the o uter ring of
eight metal s (Figure 4.9) is assumed to be the same (J I), based on the structural
observation of similar M-0-M bridge angles. Exchange between the central metal ion
and its adjacent metals is assumed to be slightly different (J2).
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Figure 4.9: Magnetic exchange models for a [3 x3] M9 grid.
A Hamiltonian to describe this exchange situation includes just two exchange
integrals and is expressed in equation 4.1.
Ha =-JI{S 1 ·S2 +S 2 ·S3 +S3 ·S4 +S4 ·S5 +S5 ·S6 +S6 ·S7 +S 7 ·S8 +S1 ·S8 }

- J2(S 2 • S, + S, ·S, + S, ·S, +S, ·S,}

(4.1)

Compound 4.2 is a [3x3] Mn(II)9grid, where all metal centres areS = 5/2, and
presents challenges in using a vector coupling approach [74] in order to deal with the
exchange situation. Overall, this is a 45-e\ectron problem and involves enormous matrix
calculations to generate the total spin state profile for a two J (J I, J2) system. The largest
matrix dimension is 88 900, which can be reduced to a quarter by applying 0 4 spatial
symmetry, but the resulting calculation still exceeds the capacity of personal computers,
and even larger computers/clustered systems [98].
The approach used here to model 4.2 is based on the Fisher model (equations 4.24.4) and is an approximation that treats the outer ring of eight metals as a spin coupled
chain, isolated from the central metal ion (that is, J2 is assumed to be zero, reducing thi s
to a one J problem) [73 ,74]. xis the susceptibility, pis the fraction of paramagnetic
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impurity, TIP is the temperature independent paramagnetism, Ois a Weiss- like
temperature correction and all other terms have their usual significance.

X..,=(

8 xz

+ 1.094 xg 2

""T - {}

1.094 xg 1

)x(l - p)+(- -T- -)xp+TIP

JS(S + l)

u

kT

= cothl---,;rl - 1JS(S + I) I

z,.=

Ng' P' S(S + 1)(1 + u)
3kT

(l - u)

(4.2)

(4.3)

(4.4)

The magnetic profile for 4.2 is shown in Figure 4. 10 as a plot of moment per mole
as a function of temperature. The Fisher Model approach is justified on the basis that at 2
K the observed moment is 6. 7 f.ln, which indicates that the ground state is effect ively S =
5/2, resu lting from intragrid anti ferromagnetic exchange (ie. iso lation of the central ion),
and that d ivergence from the fully isotropic exchange model would be relativel y small fo r
small val ues of J.
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Figure 4.10: Variabl e temperature magnetic data for 4.2; g = 2.04, J = -4 .8 cm· 1• TIP = 0

T he room temperature value for 4.2 is 17.0 !JB, typical o f other Mn(ll )9 gri ds. T he
data were fi tted to equation 4.2 to give g = 2.04, J

= -4.8 cm· 1, p =

0.003 , TIP = 0

calculated with these parameters and the exchange coupling is consistent wi th other
Mn(JI )9 grids l73 ,74J. It should be noted, however, that J2 is in fact likely to be non-zero

and hence thi s is not a ri gorous model, but rather serves to give a reasonable est imate of
J I. As a compari son, [Mn(ll )sMn(III )4(2poap)6](CI0 4) 10, (di scussed in the Pream ble)
in vo lves a suffi cientl y small matrix calculation for the full isotropic two J problem that it
can be compl eted on a personal computer wi th enough (2GB) RAM [98 ]. J I (M n(ll)-0-
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Mn(lll)) was reported as -8.3 em·' and 12 (Mn(ll)-0-Mn(ll)) was -4.5 em·' which is

comparable to that obtained for 4.2 using the chain model.
Compound 4.3 is a [3x3] Co(ll)9grid and its magnetic profile is shown in Figure
4.11 as a plot of moment per mole as a function of temperature. The moment drops from
12.8 J.lfl at 300 K to 5.7 J.IB at2 K and the profile is characteristic of the presence of
intramolecular anti ferromagnetic exchange.
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Figure 4. 11: Variable temperature magnetic data for 4.3; g

= 2.263(9), J =

-6.5(2) cm· 1,

TIP = 2200 x 10' 6 cm 3mor 1, p = 0.075, 102 R = 1.9.
The room temperature moment is consistent with nine high spin Co( II) centres

while the residual moment at 2 K is slightly larger than expected for a single Co(! I) ion.
Model ling of the magnetic properties ofCo(lf) complexes is complicated by spin orbit
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coupling and by zero fi eld splitting considerati ons, however, the single ion efTects can be
est imated from the dinuclear Co(III)/Co(II) compl ex [(ioap-H)(ioap-2H)Co, (H, 0)4]
(BF4)2 (3.1). Complex 3. 1 contains a single Co(ll ) center in a bidentate N2 pocket o f the
li gand ioap (Figure 3. 1b), with an N20 4 coordination sphere. The magneti c moment of
thi s compound shows a decrease from 4.5 p B at 300 K to 3.4 ,uB at 2 K, whi ch would
scale up to 13.5 ,uB to I 0.2 ,uB for a putati ve Co(II)9 grid with no exchange in the same
temperature range. It is cl ear, therefore, that anti ferromagnetic exchange is a very
significant component of the magnetic properties of 4.3 and so, a simple isotropic
exchange model for nineS = 3/2 spin centres, assuming J I = J2 (Figure 4.9), was used.
The total spin state/energy (S'/ E) profil es cou ld be calculated since the matrix dimensions
are considerably smaller than for a rJ x3] Mn(ll )9 case, and the experimental data were
successfull y modeled to equati on 4. 1 using MAG MUN4.1 [49] to give g = 2.263(9). J =
-6.5(2) cm· 1, TIP = 2200 x l0-6 cm 3mor 1, p = 0.075, 102 R = 1.9. The so lid line in Fi gure
4. 11 was calculated with these parameters. The magnitude o f the exchange is consistent
with values reported for [2x 2J Co( ll)4 grids formed by self-assembly reacti ons with
poapz and pzoapz (J

= -7 and -6.95(4) cm· 1 respectively; sec Fi gure 2. 1 for ligands).

where similar Co-O-Co bridge angles ex ist [59].
Compound 4.5 is a [3 x3] Cu(ll )9grid and its magneti c profile is shown in Figure
4.12 as a plot o f moment per mo le as a functi on of temperature. The moment drops from
6.24 J.iiJ at 300 K to a minimum value of 5.34 ,un at 22 K, suggesting an anti ferromagnet ic
exchange component, fo ll owed by a ri se to 6. 63 ,Lln at 2 K, indi cati ve of a second ,
ferromagneti c, exchange contribution.
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Figure 4. 12: Variable temperature magnetic data fo r 4.5; g = 2.27( 1), J I

= 1.8( 1) cm· 1, J2

Compound 4.5 exhibits four-fold symmetry within the grid cation. as seen from
the crystal structure, which is use ful in the interpretation of the magneti c connectivity and
modeling o f the experimental data. The com er and si de distorted octahedral copper
centres (Cu( I ) and

C u (2)~

Fi gure 4.7b) ex hibit Jahn-Teller elongation that de fi nes their

magnetic ground states as dx2-y2. The long ax is fo r Cu( I) po ints towards 0( 1) with a short
connection directed towards 0 (2), whil e for Cu(2) the long axis is directed towards both

0( 1) and 0(2) with a short connection to 0(3) (Figure 4.7b). Based upon the
di rectionality of the Jahn-Teller axes in the outer Cu(ll )s ring, the Cu( I )-0( I )-Cu(2) and

Cu(2)-0(2)-Cu(l ') connections are orthogonal, while the Cu(2)-0(3)-Cu(3) connection is
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not. These structural features should allow onl y for fe rromagneti c coupling between
Cu( l ) and Cu(2) centres (and their symmetry related counter-parts), and a single
exchange constant can be used to model the contributi on of the ring to the observed
magneti c properties (J I, Figure 4.9). Note, however, that two ferromagnetic J va lues
might also be considered on the basis of the slightly diffe rent connections between Cu( l )
and Cu(2) (Cu( l )-Cu(2) separation, brid ged via 0(1), is 4,2970( 11 ) A whi le Cu( l )Cu(2 '), brid ged via 0(2), is 4.0346( 13) A) though thi s approach was not taken since the
M-0 -M bond angles are so similar ( 138.4(2)- 138.9(2)0 ), and fi tting magnetic data for
ferro magneticall y coupled systems can be challenging.
The central di storted octahedral copper (Cu(3); Figure 4.7b) exhibits Jahn-Teller
compression that defin es its magnetic ground states as dz2. The dz2 orbi tal does have some
electron density in the xy plane (as defined by the four long connections between Cu(2)
to 0(3) and its symmetry related counterparts) and therefore a small anti ferromagneti c
exchange between Cu(3) and the Cu(2) centres is poss ibl e. The magnitude of thi s
exchange, nonnall y expected to be rather large based solely upon the large Cu(3)-0(3)Cu(2) angle ( 142.7(2)0 ) , should be quite small due to the limited electron density
available in the plane defin ed by Cu(3)-0(3) and the symmetry related oxygen atoms.
Unlike 4.2, where large matri x dimensions restricted full isotropic modeli ng of
the exchange situati on, for 4.5 the vector coupling approach is chall enged by the
independent evaluation of two J values. Instead, 4.5 was fitt ed using the non-linear
regression ro utines built into the MAGMUN4. 1 [49} software by evaluating J2 as a
frac tion o f J I in order to obtain the total spi n state/energy (S'IE) profil es. For example, if
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input values are expressed as J 1 = -0.1 and J2 = 1, then -J2/J I

= I 0 and the fitted J

determined by non-linear regression will be a factor by which both J I and J2 must be
multiplied. Sim ilar to 4.2, this is not a completely rigorous approach, however, applied
in the context of a sensible analysis of the exchange situation based upon the structure,
useful information on the magnitude of the coupling can be obtained.
A fit for 4.5 was obtained after many trial comparisons varying the ratio of -J2/J I
to give a best fit withg ~ 2.27(1), Jl ~ 1.8(1)cm·' , J2 ~ -18(1)cm·' , TIP ~ 700 x 10"'
cm 3mol" 1, 0 =-I cm- 1, 10 2R = 4.4. The so lid line in Figure 4.12 was calculated with
these parameters and the exchange coupling is consistent with other [3 x3] Cu(II)9 grids
[66,69,7 1,96]. A closer fit (10 2 R ~ 0.423) was obtained for g ~ 2.199(2), J I ~ 0.73(1)
cm- 1, J2 = -20.8(3) cm- 1, TIP = 2800 x 10-6 cm 3mo1" 1, however, the very high TIP value is
unrealistic and not consistent with the presence of only nine Cu(II) centres.
Compound 4.6 is also a [3x3] Cu(II)9grid and its magnetic profile is shown in
Figure 4.13 as a plot of moment per mole as a function of temperature. and is simi lar to
that of 4.5. The moment drops from 6.24 J.1ll at 300 K to a minimum value of 5.58 J.Ln at
40 K, suggesting an anti ferromagnetic exchange component, followed by a rise to 7.26
J1n at 2 K, indicative of a second, ferromagnetic, exchange contribution.
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Figure 4. 13: Variable temperature magnetic data fo r 4.6 ; g
J2 ~ - 15.2(9) em·', TIP ~ 900

x

I 0_.

cm 3mor',

10 2R

= 2.27(1), J I = 1.52(9) cm-1•

~ 3.2.

Compound 4.6 also ex hibits four-fold symmetry within the grid cation, as seen
from the crystal structure, with corner and side distorted octahedral copper centres (Cu( I)
and Cu(2)) exh ibiting Jahn-Tellcr elongation, as seen in Figure 4.8b. Again, based upon
the directionality of the Jahn-Tcller axes in the outer Cu(ll)8 ring, the Cu( I)-0(1)-Cu(2)

and Cu(2)-0(2)-Cu(l ')connections are orthogonal, while the Cu(2)-0(3)-Cu(3)
connection is not, and only ferromag netic coupling between Cu( l ) and Cu(2) centres (and

their symmetry related counter-parts) is expected. The central distorted octahedral copper
(Cu(3)) again exhibits Jahn-Teller compression that defines its magnetic ground states as
d.,;2 and a small anti ferromagnetic exchange between Cu(J) and the Cu(2) centres is
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reasonable. Using the same approach as discussed for 4.5, the solid line in Figure 4.13
was obtained with g ~ 2.27( 1), J I ~ 1.52(9) em·', J2 ~ -15.2(9) em· '. TIP ~ 900 x 10"'
cm 3mor 1, 102 R = 3.2.
The variable temperature data for 4.6 suggests that the exchange situation is
dominated by ferromagnetism at low temperatures, hence a magnetization versus field
study was carried out at 2 K (F igure 4.14). The experimental data rise smoothly with
increasing field up to a plateau value of 8.2 NP at 50 000 Oe. The solid line was
calculated for g = 2.27, S' = 7/2, T = 2 K using the appropriate Bri ll ouin function while
the dashed line was calculated for g = 2.27, S' = 7 x Yz , T = 2 K. The comparison
between the experimental data and the simulations shows that the experimental profile is
consistent with the variable temperature magnetic model for a grouped set of
ferromagnetically-dominated interacting copper(ll) centres resulting in a 7/2 ground state
and not with isolated spin centres.
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Figu r e 4.14: Variable fi eld magnetization data fo r 4.6; so lid red line calcul ated for g =
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K

using the appropriate Brill ouin fun ction.
A summary o f the magnetic results for 4.2-4.3, 4.5 and 4.6 is presented in Table
4. 10 .

Table 4. 10: Summary o f the magnetic analysis of 4.2 - 4.3, 4.5 and 4.6.
Com pound

4.2
4.3
4.5
4.6

Mn II), grid
Co II), grid
Cu 11)9 :•rid
Cu II)., •rid

g

J l (em·)

J2(cm· )

2.04
2.263 9
2.27 I
2.27 I

-4.8
-6.5 2
1.8 I
1.52 9

0
-6.5 2
- 18 I
- 15.2 9
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Ground State
Spin (S1
5/2
3/2
7/2
7/2

4.4: Summary:

[3x3] Mn(ll)9, Cu(II)9 and Zn(ll)9 grids synthesized by seJf.assembly reactions
between metal salts and 2pmoap (2.4) were characterized and found to be structurally
similar to previously reported Mn(ll)9 [30, 69,70,73 ,29], Cu(ll)q [66,69, 71 ,96] and
Zn(ll)9 [70] grids. The structural characterizations are of particular importance in the
Mn(II)9 and Cu(ll)9 cases, as these provide the basis for magnetic interpretation and
modeling. In the Mn(ll)9 case (4.2), large, similar Mn·O·Mn bridging angles lead to
ant iferromagnetic exchange between metal centres throughout the grid. but due to
difficulties associated with enormous matrix calculations, a simplifi ed magnetic model
was used in the interpretation of experimental data. For the Cu(II)q cases (4.5 and 4.6),
the effect of large Cu·O· Cu bridging angles for the ring of eight metal centres was
negated by the presence of Jahn·Teller distortions leading to magnetic orbital
orthogonality and dominant ferromagnetic exchange. A second magnetic effect was also
present, and supported by the structural characterization of a dzl Jahn·Teller distortion for
the central Cu(II) ion, leading to some electron density in the Cu·O plane and
anti ferromagnetic exchange between the central Cu(II) ion and the side metal sites. The
matrix calculations for this system are considerably smal ler than those for the Mn(ll)9
system, and the experimental data were modeled with two different exchange constants
that were independently varied in an iterative ratio to obtain a best fit.
A side product was characterized upon recrystallization of the se lf·assembly
reaction between Cu(N03)2 and 2pmoap. This mononuclear Cu(ll) compound (4.4) is not
unprecedented; similar in situ li gand scission products have been observed upon further
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reaction of 'full-li gand ' compounds [100]. The bonding motif adopted by the hydrolyzed
ligand is similar to that observed for 3.6, a mononuclear Cu( II ) complex synthesized from
the reaction between the ditopic ligand ioapm (2.2) and Cu(CI04)2The fi rst [3 x3J Co(11)9 grid su itable for both structural and magnetic
charactcriz.ation was produced, and exhibits the same [M9-(.u-O)I2] framework as other
reported [3x3] M9 grids. Since no other Co(II)9 complexes are available for comparison ,
the magnetic properties of 4.3 were compared to previously reported Co( ll )4 grids wi th
sim ilar Co-O-Co bridge angles [59]. The magnitude of the coupling constant was found
to be consistent wi th these compounds, which supports the simpl e isotropic magnetic
exchange model that was used to fit the experimental data.
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Chapter 5: llctcrobimetallic 13 x31 Mn(II) 1Cu(ll)8 and Mn(II),M(II) 4 (where M = Ni,

Cu and Zn) grid complexes
5.1: Preamble:
In most magnetic molecules, behaviour is dominated by intramolecular effects;
unpaired electrons on one centre in a molecule interacting with unpaired electrons on

another centre in the same molecule (see Chapter I). As temperatures are lowered. the
intermo lecu lar interactions between molecules becomes increasingly significant and just

above the critical temperature, Tc, the correlation length becomes very large. At Tc, the
correlati on length becomes infinite and three-dimensional magnetic ordering is expected

[10 1]. This ordering is such that all unpaired spins on neighboring molecules are oriented
in a parallel manner if the interaction is ferromagnetic in nature, or antiparallcl ifthc
interaction is anti ferromagnetic. A third possibility exists if the unpaired electrons on one
atom are opposed in spin to those on another, but the magnitude of the opposing moments
is unequal, resulting in a ferrimagnetic material where spontaneous magnetization is
possible.
Single molecule magnets (SMMs) are systems where permanent magnetization
and magnetic hysteresis can be ach ieved as a one-molecu le phenomenon. Molecu les
must exh ibit a high spin grou nd state and high zero-field-splitt ing (D), resulting from
large magnetic anisotropy. In the development of molecular magnets most research is
directed toward the deve lopment of ferri- or ferromagnetic systems [I 02]. wh ich could
potentially exhibit single molecular magnetic behav iour.
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The work presented in thi s chapter is focused on spin amplification achi eved
through the non-compensation of spins in ferrimagnetic polynuclear systems ex hibiting
intramolecular anti ferromagnetic exchange. Numerous reports ofheterobimetallic
complexes exhibiting SMM-like behav iours ex ist [103-110], in part because highest spinstates can more readil y be stabili zed in some of these systems by strict orthogonality of
the magneti c orbitals [Ill], with the most pronounced examples of high spin gro und
states ex isting when there is a large spin difference between the magneti c subunits [11 2].
Methods for achi eving heterometallic systems include designing a li gand with
unequal pockets (that is, with different sizes and/or donor atoms) suitable for the
accommodati on of different metal coordination preferences [11 3, 114], or employing the
" ligand complex" method, where a metal complex with additional available donor sites is
furth er reacted with another metal ion source (11 5, 11 6]. The first method has lead to the
report of a Mn( III)1 Ni(ll )2 incomplete face-sharing doubl e cube with the li gand N-(2hydroxy-benzyl)-3-amino-1-propano\ (Fi gure 5. 1a), that ex hibits a hi gh spin ground state

of s · ~ 6, resulting from the non-compensating effect ofNi(ll)

(S ~

I) on Mn(lll ) (S ~ 2)

[11 7j. " Li gand-complex" reacti ons have produced a suite of incompl ete double-cubane
molecules with [Mn(III)2M(II)1 0 6] cores (M

= Mn, Ni, Cu and Zn) that exhibit spin

fru stration, and when M = Cu (S = \.1) a hi gh spin ground state of S ' = 3 results [11 8]. A
high spin molecular square (S' = 4) with square pyramidal Co( II ) and tetrahedral Mn(ll)
corners has also been reported [119].
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Figure 5.1: a) N-(2-hydroxybcnzyl)-3-amino-1-propanol. b) IXJap mononuclear prec ursor
(M ~ Fe(lll)). c) 2poapz
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Mixed metal square [2x2] Cu(ll)3 Fe(lll) and Fe(III)2N i(ll )2 grids with poap have
been reported using a " ligand complex" Fe(lll) mononuclear precursor (Figure 5. 1b)
[60,120]. The mer-his-ligand coordination environment at the precursor's Fe( Ill) ion
leads to open secondary coordination sites, which take part in grid fonnati on, and leads to
a high spin (S' ~ 3) ground state for the Fe(lll)2N i(ll)2 grid. A mi xed-metal [3x3] grid,
[Mn(ll )8Co(ll )(2poapz-2 H)6](Cl0 4 )o. was also achieved by fi rst reacting 2poapz (Fi gure
5. \ c) with Co(CI0 4 ) 2 foll owed by the in situ addition ofMn(CI0 4) 2 [28]. The location of
the Co( II ) ion could not be determined structurally, however, an S' = 3/2 gro und state was
found ex perimentall y. This is consistent with Co(ll) at the centre site leading to the
observed non-compensation of spins in an antiferromagnetically coupled grid . A simil ar
approach is descri bed here and produces [3 x3] Mn(II) 5M( 11 )4 grids (where M = Zn, Cu
and Ni), and a [3 x3] Mn(ll) 1Cu(ll )8 complex .

5.2: Experim ental:
Note: In some cases there is a di ffe rence between the most reasonable fonnul a based o n
the elemental analysis (analytical fonnul a), and that obtained from X-ray crystallography.
The analyticaJ fo nnulae will be used here.
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5.2.1: Complex synthesis:

5.2.1.1: [(2pmoap-2H)6 Mn 5Zn,j(N0 3) 6 ·33H 20·20CH 3 0H (5.1 ). 2pmoap (0.15 g, 0.31
mmol) was added to a solution of Mn(N03)2·6H20 (0.13 g, 0.45 mmol) in
methanol:acetonitrilc (15 mL:5 mL) forming a clear, light ye llow solution that was stirred
for five minutes. Zn(CI·bC00) 2·2H 20 (0.060 g, 0.27 mmol) was added and the solution
became clear and orange. It was stirred at room temperature for ten minutes and with
gentle heating for 30 minutes, then kept after filtration for slow evaporation. Weakly
diffracting, orange, prismatic crystals were collected after six days (0.023 g, 7.5% yield).
Anal. calcd (%)for [(C 17 H 13 N 11 0 ,) 6Mn 5Zn,](N0,)6(H,O)J,(C H, OH)2o: C. 32.11; H,
4.95; N, 22.1 0. Found(%): C, 32.20; H, 2.83; N, 22.02.
5.2.1.2: [(2pmoap-2H)6 Mn 5Ct4](N0 3 )<;·15H 2 0·2CH 30 H (5.2). [Mn,(2pmoap-2H),]
(N03)6·13H 20 (4.2) (0.12 g, 0.034 mmol) was dissolved in mcthanol:acetonitrile (7 mL:
7 mL) to give a clear dark orange solution, that was treated with 0.1 moi/L NaOl-1 until a
neutral pH was achieved. A solution of Cu(N03)r6H 20 (0.050 g, 0.17 mmol) dissolved
in methanol:acetonitrile (5 mL:5 mL), was added to give a clear brown so lution. The pH
was tested and four drops of triethylamine were added to maintain a neutral pH. The
solution was stirred with gentle heating for one hour, and then filtered. Crystals suitable
for X-ray analysis fonned in six days (0.030 g, 24% yield). Anal. calcd (%)for
[(C 17 H 13 N 11 0,)6Mn5Cl4](N03) 6(H 20) 15(C H30 H)2: C, 34.17; H, 3.19; N, 27.59; Found C,
34.15; H, 2.47; N, 27.64.
5.2.1.3: [(2pmoap-2H) 6 Mn 5Ni4 ](N03) 6·60H 2 0 ·3CH 30H (5.3). 2pmoap (0.20 g, 0.42
mmol) was added to a solution of Mn(N03)r61-120 (0.32 g, 1.1 mmol) in
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methanol:acctonitrilc (10 mL: 10 mL) fonning a clear, light yellow so lution that was
stirred for 5 minutes. A so lution of Ni(CH 3COO)r4I-h0 (0.19 g, 0. 76 mmol in I 0 mL of
methanol) was then added dropwise to produce a brown solution that was stirred with
gentl e heating for 35 minutes and kept after filtration for slow evaporation. The resulting
brown powder was recrystallized from ethanol-methanol -aceton itrile ( 10 mL:5 mL:5 mL)
after 2 1 days. Brown microcrystals, unsuitable for X-ray analysis were collected after 4 1
days (0.050 g, 16% yield). Anal. calcd (%)for [(C 17 H 13 N 11 0 , )6 Mn5 Ni4 ](NO, ), (H, 0)60
(C H30H)J: C, 28.16; H, 4.72; N, 22.52. Found(%): C, 28.24; H, 2.45; N. 22.45.
5.2.1.4: [(2pmoap-2H)6 Mn 1Cu8](N03)6·23H 2 0 (5.4). Cu(NO, )r6H, O (0. 10 g, 0.34
mmol) was added to a so lution of [Mn9 (2pmoap-2H)6 J(N0 3 )6- 13H 2 0 (4.2) (0.050 g,
0.014 mmol) in methanol:acetonitrile (5 mL:5 mL) to give a clear green-brown so lution
that was gently refluxed for one hour and kept afte r filtration fo r s low evaporation.
Brown, prismatic crystals were collected after 13 days (0.020 g, 38 %yield). Anal. calcd
(%)for [(C 17 HllN 11 0,)6 Mn 1Cus](N0, )6(H, 0)23: C, 32.50; H, 3.32; N, 26.75. Found(%):
C, 32.04; H, 2.52; N, 27.29.
5.2.2: Crystall ography
The diffraction intensities of an orange prismatic crystal ofS. I having
approx imate dimensions of 0.20 x 0.20 x 0.20 mm were collected on a Rigaku Saturn
CCD area detector with graphite monochromated Mo-Ka rad iation at 153(2) K to a
maximum 28 value of 62.0 °. The data were corrected for Lorentz and polarization effects
and a correction fo r secondary extinction [81] was applied. The structure was solved by
direct methods [82,83] and expanded using Fourier techniques [84]. Hydrogen atoms
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were introduced in calculated positions with isotropic thermal pardmeters set twenty
percent greater than those of their bonding partners. They were refined on the riding
model. Neutral atom scattering factors and anomalous dispersion effects were taken from
the usual sources [85-88}. All calculations were performed using the Crysta l Structure
[89,90] crystall ographi c software package except for refinement, which was performed
using SHELXL-97 [83]. The Platen (91] Squeeze procedure was app lied to recover
1523.4 electrons pe r unit cel l in one void (total volume 9028.0 A3); that is \90.43
electrons per formula unit. A disordered nitrate anion was present in the asymmetric unit
prior to the application of Squeeze, though a good point atom model could not be
achieved. Thi s accounts for 50 electrons per formula unit. Disordered solven t was also
present ( 141attice water molecules; 140 electrons per formula unit). The application of
Squeeze gave a good improvement in the data statist ics and allowed for a full anisotropic
refinement of the framework structure.
A chunk of a brown crystal of 5.2 having approximate dimensions of 0.20 x 0.20
x 0.20 mm was treated similarly to 5.1. Hydrogen atoms were introduced in calculated
posi tions with isotropic thermal parameters set twenty percent greater than those of their
bonding partners. They were refined on the riding model. The model contains one fulloccupancy disordered nitrate anion that was refined anisotropically. The occupanc ies of
the corresponding oxygen atoms reflect the disorder. The model also contains one
difficult to model , half-occupancy nitrate an ion and a total of six water molecules as
lattice solvent, which were refined isotropically. The occupancies of the water oxygen
were adjusted to reflect their partial occupancy, and make up 24 oxygen atoms per
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formula unit, in the symmetry expanded model. The corresponding hydrogen atoms were
not included in the model.
A chunk of a brown crystal of 5.4 having approx imate dimensio ns of 0. 30 x 0.3 0
x

0.15 mm was treated similarly to 5.1. 5.4 was coll ected onl y o ut to a max imum 29

value was 46.4°. Empl oying Bragg' s law (equation 5. 1):

n A. = 2dsinB

(5. 1)

with A= 0.7 107 A (Mo- Ka radiati on) and 9 = 23.2°, the mi nimum atomi c separation that
can be resolved is 0.902 1 A. For thi s reason, this structure is not sui table for journal
publication, however, since the protons were introduced in calculated pos itions, and all
other atoms were separated by more than 0.902 1 A, thi s structure is suitable for
disc ussion here. All non-hydrogen atoms were re fin ed anisotropicall y while all hydrogen
atoms were refin ed on the riding model with isotropi c thermal parameters set twenty
percent greater than those of their bonding partners. The asymmetri c unit contains 3.75
water mo lec ules as lattice so lvent. Their corresponding hydrogen atoms could not be
located in the difference map and were therefore omitted from the model. Abbreviated
crystal data for 5.1, 5.2 and 5.4 are listed in Table 5. 1 and 5.2.
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Table 5. 1: Summary of crystal lographic data for 5.1, 5.2.

Chemical
Fonnula
M
TK
Crystal

System
Space
Group
a A
b A
c(A
a(o)
B o
y '0

v (A')

z

Deale
(glcm 3)
~(MoKa)

(cm"1)

Reflections
Total
Reflections
Unique
Rint
R,
I

U>2.ooari!l
wR2 (All
reflections)

5.1

5.2

C102 H1 06 Mns Nn 042 Zr4

C102 H1 26 CUt Mns Nn Os4

3548.63
153 2

3753.44
153 2

tetragonal

tetragonal

141 /acd (# 142)

141/acd (# 142)

27.958 3
27.958 3
39.80 1 4
90.00
90.00
90.00
3 1 I 12(5)
8

27.6101 16
27.6 101 16
40.3192
90.00
90.00
90.00
30736 3
8

1.515

1.622

10.94

10.47

96366

65432

7665

7972

0.0992

0.0386

0.1 168

0.081 2

0.285 5

0.2378
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Table 5.2: Summary of crystallographic data for 5.4.

5.4

Chemical
Formula
M
TK
Crystal
System
Space
Group
a(A)
b(A)
c A
a(o)

C102 H12o Cus Mn Nn 04s
3637.83
153 2

tetragonal
14 Jiacd (# 142)
27.889 3
27.889 3
39.039 4
90.00
90.00
90.00
30365(5)
8

Pn
y '0

v (A')

z

Deale
(g/cm3)

1.591

~(MoKa)

12.80

(cm-1)
Reflections
Total
Reflections
UniQue
Rint
R,

3662 1
4959
0.0296

I (1>2 OOa(l))

0.1079

wR 2 (A II
reflections)

0.3702
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5.3: Res ults and Discussion:
Note: The crystallographically determined formu lae are used herein. Colour code for
fi gures: magenta = manganese, green = copper, yellow = zinc, grey = carbon, blue =
nitrogen, red = oxygen. Crystallographic representations/ill ustrations were generated
using Persistence of Vision Ray Tracer (POV-Ray©) for Windows, versio n 3.6, with
scene description fi les written by Ortcp-3 for Windows (Version 1.08) Copyright© 19972003 Louis J. Farrugia.
5.3. 1: Description o f crystal structures:
5.3. 1.2: [(2pmoap-2H), MnsZn.](N0,)6·14H,O (5.1 )
The structure of the cationic fragment of 5. 1 and its core structural representation
arc shown in Figures 5.2a and 5.2b respectively, and significant bond lengths and angles
arc listed in Table 5.3.

(a)
(b)
Figure 5.2: a) Ball-and-stick depiction of the cationic moiety 5. 1. Hydrogen atoms
omitted for clarity. b) Core structural representation ofS. I .
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The structure has tetragonal crystallographic symmetry, whi ch is manifested as
four-fold symmetry within the grid cation (Figure 5. 1a). The homolept ic gri d
arrangement results from the roughl y parallel arrangement of three heptadcntate ligands
arranged above and another three below a [M 9 -(.u-0) 12] core composed of nine metal ions
bridged by twe lve hydrazone oxygen atoms (Figure 5. 1b). Metal assignment was done
based on a comparison of bond distances to the previously reported [3 x3] Zn(II)9 (4.1 )
and Mn(ll)9 (4.2) grids, and upon a sens ible magnetic analysis, all which agree with the
presence ofM n( ll) ions at the centre and comer sites ofS. I, and Zn(ll ) at the side sites.

Zn-Mn distances fall in the range 3.9238( 11 )- 3.987 1(15) A, with Zn-0-M n
angles in the range 131.1 (2)- 134.0(3)0 • Distances between comer Mn(ll) centres (that
is, the overall metal-metal grid dimensions) are 7 .8866(15) A. The comer Mn(II) centres
have cis-MnN4 0 2 coordination environments, while the side Zn(ll) centres have merZnNJOJ environments, and the centre Mn(II) ion has a lrans- MnN20 4 coordinat ion
environment .
The side Zn centres display long Zn-N di stances to the external pyrimidine rings
(2.345(7) A), with shorter remaining Zn-N contacts (2 .071(6) - 2. 106(6) A), similar to

those reported for 4.1 (2.299(9) and 1.980(8)- 2.037(7) respect ive ly), whil e come r Mn
centres display long Mn-N distances to the external pyrimidine rin gs (2.235(8)- 2.315(9)
A), wi th shorter remaining Mn-N contacts (2.004(8)- 2.016(7) A), similar to those

reported for 4.2 (2.280(5)- 2.309(5) and 2.135(5)- 2. 145(5) respectively). The central
Mn centre has Mn-N and Mn-0 bond di stances of2.167(8) and 2. 194(5), again,

comparable to those for 4.2 (2. 182(5) and 2.199(3) respecti vely).
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Table 5.3: Selected bond distances (A) and angles (0 ) for 5.1.
Zn( l) N( l 5)
Zn( l) N(6)
Zn(l) 0(3)
Zn(l) 0(1)
Zn(l) 0(2)
Zn( l ) N(12)
Mn( I) N(4)
Mn(l) N(8')
Mn(1)0(2')
Mn(l) 0( 1)
Mn(l) N( l )

2.07 1(6)
2. 106(6)
2. 116(5)
2.183(5)
2.212(6)
2.345(7)
2.004(8)
2.0 16(7)
2. 11 6(5)
2.149(5)
2.235(8)

Mn(l)
Mn(2)
Mn(2)
Mn(l)
Mn(l)
Zn(l)

N( 11 ' )2.315(9)
N(17) 2. 167(8)
0(3) 2. 194(5)
Zn(l) 3.9871(15)
Zn(l ' ) 3.96 12(15)
Mn(2) 3.9238(11)

Mn(l) 0(1) Zn(l) 134.0(3)
Mn(l) 0(2' ) Zn( l ') 132.4(3)
Zn( l ) 0(3) Mn(2) 13 1.1 (2)

5.3. 1.2: [(2pmoap-2H)6 MnsCl4](N0, )•·24H, O (5.2)

The structure of the cationic fragment of 5.2 and its core structural representation
are shown in Figures S.Ja and 5.3b respectively, and significant bond lengths and angles
are listed in Table 5.4.

(a)
(b)
Figure 5.3: a) Ball-and-stick depiction of the cationic moiety 5.2. Hydrogen atoms

omitted for clarity. b) Core structural representation of 5.2; arrows highlight the JahnTeller axes.
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Complex 5.2 ex hibits tetragonal crystallographic symmetry, and four-fold
symmetry within the grid cati on ( Fi gure 5.3a). A typical [3x3] grid arrangement. with a
[M 9-(.u-0) 12] core is revealed (Figure 5.3b) with cis-CuN 4 0 2 coordinati on environments
for comer centres, mer-MnN30 3 environments for the side centres, and a trans- MnN 204
coordination environment for the central Mn(ll) ion . Metal assignment was done by
compari son of bond lengths to that of the parent compound (4.2; a [3 x3] Mn(II)9 grid)
and to a Cu( ll )9 grid with 2pmoap that crystallized in the same space group (4.5).
Metal-metal distances fa ll in the range 3.9723(5) - 4. 0836(8)A, with M-0-M
angles in the range 130. 10(14)- 134.35( 16)0 • The overall metal-metal grid dimensions
are 8.040 1(8) A. Side Mn centres display long Mn-N d istances to the external pyrimidine
rings (2.327(4) A), wi th shorter remaining Mn-N contacts (2.096(4) and 2. 155(4) A),
similar to those reported for 4.2 (2.373(5) and 2. 145(4) - 2. 183(4) respect ive ly), while the
central Mn ion has Mn-N and Mn-0 bond distances of2. 198(5) and 2.226(3), also
comparab le to those for 4.2 (2.182(5) and 2. 199(3) respectively).
Cu( I) has ax ially compressed geometry resulting in a d ~.2 magnetic ground state,
with long contacts to N(7'), N( l7), 0(2 ' ) and 0(3) (2. 134(3)- 2.244(5) A), and short
bonds to N( IO) and N( l4)( 1.970(5) and 1.931(5) A). For com parison, the central
copper( II) ion for 4.5 also ex hibits ax ial compression with four long contacts measuring
2.2 14(4) A, and two short measuring 1.933(7) A.

142

Table 5.4: Selected bond distances (A) and angles (0 ) for 5.2.

Cu( 1)
Cu( 1)
Cu( 1)
Cu(1 )
Cu(1 )
Cu(1)
Mn(1)
Mn( 1)
Mn(2)
Mn(2)
Mn(2)

N( 14)
N( 10')
0(3)
N( 17)
0(2')
N(7')
N(6)
0(1)
N(4)
0(1)
N( 12)

1.93 1(5)
1.970(5)
2. 134(3)
2. 169(4)
2.23 7(3)
2.244(5)
2.198(5)
2.226(3)
2.096(4)
2. 155(3)
2. 155(4)

Mn(2) 0(2)
Mn(2) 0(3)
Mn(2) N(1)
Cu(1) Mn(2)
Cu(1 ) Mn(2')
Mn(1 ) Mn(2')

2. 193(4)
2.2 11 (3)
2.327(4)
4.0011(7)
4.0836(8)
3.9723(5)

Mn(2) 0( 1)
Mn(2) 0(2)
Cu( 1) 0(3)

Mn(l) 130. 10(14)
Cu(1 ') 134.35( 16)
Mn(2) 134. 12(16)

5.3. 1.3: [(2pmoap-2H)6 Mn1Cu8 ](N03) 6·15H 20 (5.4)
The structure of the cationic fragment of5.4 and its core structural representation
arc sho\'m in Figures 5.4a and 5.4b respecti vely, and significant bond lengths and angles
are li sted in Tabl e 5.5.

(a)
(b)
Figure 5.4: a) Ball-and-stick depiction of the cationic moiety 5.4. Hydrogen atoms

omitted for clarity. b) Core structural representation of5.4; arrows hi gh light the JahnTeller axes.
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Complex 5.4 exhibits the normal [3x3] grid arrangement with tetragonal
crystallographic symmetry, and four-fold symmetry within the grid cation (Figure 5.4a).
Metal assignment was done by comparison of bond lengths to that of the parent
compound (4.2; a [3,3] Mn(ll)<, grid) and to the all Cu(ll)<,grid, 4.5, and from a sensible
magnetic analysis. All agree with the presence of a Mn(H) ion at the centre of 5.4, and
Cu(H) at the side and corner sites.
Metal-metal distances fall in the range 4.0139(11) · 4.2491(15) A. with M-0-M
angles in the range 135.7(3)- 138.3(3) 0 and distances between comer Cu(II) centres of
8.2406(15)

A. Each copper ion has a Jahn-Teller distorted, axially elongated octahedral

geometry (highlighted by the arrows in Figure 5.4b). Cu(l) has a dx2-y2 magnetic ground
state as defined by short contacts to N(4), N(8'), N( ll '), and 0(2') (2.035 A,., ) with long
axial contacts to N(l) and 0(1) (2.271 Aave)- Cu(2) also exhibits a dx2-y2 ground state
with short contacts to N(6), N(l2), N(l5), and 0(3) (2.067 A.,.) and long axial contacts
to 0( I) and 0(2) (2.251 Aavc)- These values arc comparable to those for the Cu(ll) ions
in the outer ring of 4.5 which also have dx2-y2 magnetic ground states (2.026

Aavc short

and 2.262 Aave axial). Mn(l) exhibits bond lengths that are consistent with those
observed for the central Mn ion in 4.2. This arrangement sets up orbitally orthogonal
magnetic connections in the outer ring of eight copper ions, with non-orthogonal
connections between Mn(l) and its neighbors, leading to the ferrimagnet ic behaviour
reported in Section 5.3.2.
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Table 5.5: Se lected bond distances (A) and angles ( 0 ) for 5.4.

Cu( 1)
Cu( 1)
Cu( 1)
Cu( 1)
Cu(1)
Cu(1)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

Cu(2)
Mn(1)
Mn(1)
Cu(1)
Cu(2)
Cu(2)

N(8') 1.918(8)
N(4) 2.034(8)
0(2 ' ) 2.072(6)
N( 11 ')2. 116(8)
N( 1) 2.253(8)
0(1) 2.289(6)
N( 15) 1.942(7)
N(6) 2.023(7)
0(3) 2.1 10(6)
N(12) 2.193(8)
0(2) 2.238(6)

0( 1) 2.263(6)
N( 17) 2.126(9)
0(3) 2.224(5)
Cu(2') 4.0288(15)
Cu( 1) 4.249 1(1 5)
Mn(1) 4.0 139( 11 )

Cu( 1) 0(2 ' ) Cu(2') 138.3(3)
Cu(2) 0( 1) Cu( 1) 138.0(3)
Cu(2) 0(3) Mn(1) 135.7(3)

5.3.2: Magnetic Properties:
The description of a magnetic exchange model for 5.1 - 5.3, [3x31 Mn(ll)sM(11)4
grids, requires that both metal identity, M (where M = Zn, Cu or Ni), and position within
the grid , be considered (Figure 5.5).

EB Efl
A

8

A

8

A

8

(b)

(a)

Figure 5.5: [3 x3 ] A(ll ) 5 B( Il)4 grids w ith metals sites arranged as for a) 5.1 (A = Mn ,

B ~ Zn) and b) 5.2

(A ~

Mn, B ~ Cu).

The heterometal arrangement presented in Figure 5.5a can be treated by an
exchange Hamiltonian (equation 5.2) with a s ing le J val ue si nce all magnetic
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exchange interactions are between adjacent AB centres with simi lar A-0-B ang les
(figure 5.6; J ~ J I

~

J2).

Ha =-J{S 1 ·51 +51 ·S3 +53 ·54 +54

·S~ +S~

·S6 +56 ·S7 +S7 ·S8

(5.2)

+S. · S 8 + S 1 • s" + S 4 ·S9 +S~ ·S9 + S 8 ·S9 }

This arrangment of metal atoms could lead to antiferro magnetically coupled
systems with hi gh sp in ground states through the non-compensation of spins. For
example, the largest spin difference for first row transit ion metal ions is between
Mn(ll) (S ~ 5/2) and Cu( ll) (S ~ Y,), and so a ground state spin of S' ~ 15/2 results
when A = Cu(ll ) and B = Mn(ll) (Figure 5.5a). If the metal identities are reversed,
the ground state wo uld instead be S' = 21/2.

:rn:
7

6

5

Figure 5.6: Magnetic exchange model for a [3x3] M9 grid.
The arrangment presented in Figure 5.5b would be better treated wit h a model
that accounts for two different magnetic exc hange interactions; one for the eight metal
centres in the outer-rin g (Figure 5.6; Jl), where exchange is between different metal
ions (A-B), and a second for the exchange between the central metal ion and its
adjace nt homometallic (A -A) ce ntres (F igu re 5.6; J2).
A Hamilton ian to describe this exchange si tuation is expressed in equation 5.3.
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H u =-Jt{S1 ·S 2 + S 2 ·5J +5J · 5 4 +54 ·5s +5~ ·56 +56 • 5 1 +51 ·58 +5 1 ·S8 }
- J2{S , ·S, + S, ·S, +S, ·S, + S, · S,}
(5.3)
T hi s Hamiltoni an can equally be used to describe the exchange s ituati on that
would occur if the eight metal ion s in the outer-ring were one type (A), w hil e the
ninth m etal ion in th e centre was different (B). J I would then reflect the sign and
magnetitude o f the exc hange between A-A, while J2 would be a refl ecti on of the
exc hange between A -8.
Compo und 5. 1 is a [3 x3 ] Mn(II) 5Z n(II)4 grid, with metal si tes arranged as in

Fi gure 5.5a, with

A ~

Mn(ll) (S ~ 5/2) and B ~ Zn(II) (S ~ 0). Its magnetic profile is

shown in Fi gure 5. 7 as a plot of mome nt per mol e as a fun cti on o f temperature.

14

13

CD

"-

12

I'

0

f

11

10

9

0

50

100

150

200

250

300

T/K
Figure 5.7: Variab le temperature magnetic data for 5.1; g = 2.006(6), J = -0.148(8) cm· 1•
TIP = 20 x 10-6 cm 3mor 1• p= 0.1 0, I0 2 R = 2.39.
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The moment dro ps from 13.3f!n at 300 K to to 12.9f/nat 40 K, consistent with
the presence of fi ve isolated, non-interacting Mn(ll) ions, fo llowed by a rapid
decrease to I 0.1 11B at 2 K. This decrease could be atributed to zero-field splitting
effects, however, these are normally quite small for Mn(Jl), and instead is due to
weak, long-range anti ferromagnetic coupling between Mn(ll) centres via the
intervening Zn(ll) sites (Figure 5.2, Mn(l )-0( 1)-Zn( l )-0(2)-Mn( l ') and Mn(l )0(2 ' )-Zn(l ' )-0(3 ' )-Mn(2)). The isotropic exchange Hamiltonian that describes this
M 5 exchange situation is expressed in equation 5.4 (sec Figure 5.6 for site
numbering):
H a= - J(S1 ·S7 + S 1 • S, + S 1 ·SJ + S 5 • S 7 +S5 • S, +

S~

· SJ)

(5.4)

The experimental magnetic data were fitted by non-linear regression within
MAGMUN4.1 [49] to give g ~ 2.006(6). J ~ -0. 148(8) em·', TIP ~ 20x l0-6 cm3mor 1• p~
0.10, 102R ~ 2.39 (R ~ [l:(x.,., - x.,.,)21Ix.,.,2] 1n). The solid line in Figure 5.7 was
calculated with these parameters. These values are consistent with the small long-range
magnetic exchange expected between the Mn-Mn centres and are comparable to the
results obtained for an incompletely mctalatcd Fe(IIl)5 square grid formed from selfassembly with Cl2poap (Figure 5.1 c) [70). In this

~M 5

grid, ligands adopt the nonnal

configuration for a [3x3] grid, however, Fe(lll) ions (S = 512; the same as for Mn(JI))
occupy only the centre and comer grid positions; the side metal sites are vacant. Data
were fitted to an Fe(III)s (4+ 1) model, since no exchange pathway between the comer
and central metals was present, to give g = 2.0 15, J = -0.2 cm-1, T IP = 200x IO..o cm3 mor 1•
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5.2 is a [3x3] Mn( II )5Cu( ll )4 gri d with metal sites arranged as in Figure S.Sb,
with

A ~

Mn(ll)

(S~

5/2) and B ~ Cu(ll )

(S ~

1/2). Its magnetic profi le is shown in

Figure 5.8 as a plot of moment per mole as a function of temperature.
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Figure 5.8: Variable tempemture magnetic data for 5.2.
The moment drops from 12.8 f./IJ at 300 K to to about 9. 14 JIB at approximately
20 K, followed by a ri se at lowe r temperature , whi ch is indicative of intramolecular
anti fer romagentic exchange, and a high spin ground state. This results from the
ferrimagnetic non-compen sation of spins between the dissimilar metal ions.
Theoretical ca lcu lations show the expected ground state to be S' = 11/2, however, the
low temperature (2 K) moment suggests a sli ghtly small er ground state, and
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depending on the choice o f coupling constants, the S' = 9/2 spin state is energeti ca ll y
cl ose to the S' = 1112 state (Fi gure 5.9, with J I = 12 = · I cm -1) .
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Figure 5.9: Cal culated relative energy as a funct ion of total spin state for 5.2; blue line
shows the calculated ground state of S' = 1112; red line shows the second lowest lying
energy state, S' = 9/2.
It is possible that at the lower temperature limit the real ground state is not be ing

populated, but co uld be populated at some temperature below 2 K. Thi s is supported by
the magneti zation data at 2 K, shown in Figure 5. 10.
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Figure 5.10: Variable field magneti7.ation data for 5.2; solid red line calcu lated for g =
2. 15, S' ~ 9/2, T ~ 2 K, and dashed blue line calculated for g ~ 2.1 5, S' ~ 11 /2 T

~

2 K,

using the appropriate Brillouin functi on.
The magneti zation data show a sharp rise to an almost saturation value of 9.5 Nf3
at 5 T. Assuming an average g value of 2. 15, the appropriate Brillo uin fun ction was used
to simulate the data for an S' = 912 ground state (Figure 5.1 0, solid red line) and for an S'

= 11 /2 ground state (fi gure 5. 10, dashed blue line), clearl y showing the close match
between the ex perimental data and that expected for an S' = 912 gro und state. A hysteresis
ex periment was also performed, however, the loop was closed and ex hi bited no
di scernible coercive field .
The magnetic profil e of 5.3, a Mn(I 1)5N i(ll) 4 grid. is shown in Figure 5. 11 and
shows a moment at room temperature of 15.4 J.lB, which drops o n lowering the
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temperature to 9.3 J.Ln at 2 K indicative of intramolecular anti ferromagnetic exchange
between metal centres.
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Figure 5.11 : Variable tempemture magnetic data for 5.3. Sol id line calculated for &a~e =

While structural chamcterization of 5.3 has not been possible, theoretical
calculations show that within an antifcrromagnctically coupled grid framework, with

metal sites arranged as in Figure 5.5b, with A = Mn(ll) (S = 5/2) and B = Ni(ll) (S = I).
the expected ground state for 5.3 would be S' = 7/2, in agreement with the experimental
value at 2 K. As a comparison, if instead the metals were arranged as in Figure S.Sa, with
A = Mn(IJ) and B = Ni(ll), the expected ground state would be S ' = 17/2, which is not
consistent with the experimental data. Total spin state/energy (S' /E) calculations can be
carried out on a personal computer with 2GB of RAM, however 58644 energy states
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result, which exceeds the number of lines that can be read by MAGMUN4.1 [49], and so
fitting by least squares regression of the experimental data was not performed. Imposing
D4 spin rotational symmetry on the system to simplify the problem does allow for the
generation of susceptibility profile simulations [121]. While this is not a fit, fixing the

exchange variables with sensible values does allow for a close approximation of the
experimental data. As a comparison, for the [2x2] Ni(II)4 square, 3.3, the fitted values g
~ 2.25(1), J ~ -13.3(8) em·', TIP ~ 800 x 10-' cm3 mol" 1 were obtained (Ni-0-Ni

136.48°.,,), while for the trigonal bipyramidal Mn(Il)s cluster, 3.8, the fitted values g ~
2.015, J ~ -2.65 em·', TIP~ 0 cm3mo1" 1, were obtained (Mn-0-Mn 127.53°.,.). It would

therefore be reasonable to assume that for 5.3, g should be intermediate between those
obtained for 3.3 and 3.8, while TIP should reflect the presence of four Ni(II) ions. After

numerous simulations were generated and compared 'by sight' to each other and to the
experimental data, a good match for 5.3 was obtained with g.,. ~ 2.17, J ~ -3 em·' , TIP ~
750x 10_. cm3mo1" 1, p ~ 0.05 (solid line in Figure 5.11 ).
Compound 5.4 is a [3x3] Mn(II),Cu(Il)s grid and its magnetic profile is shown in

Figure 5.12 as a plot of moment per mole as a function of temperature. The moment
drops from 8.67 f.JB at 300 K to a plateau value of approximately 5.2 f.JB between 18 K
and 2 K, suggesting an anti ferromagnetic exchange component, followed by a second,

weak, ferromagnetic exchange contribution.
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Figure 5.12: Variable temperature magnetic data for 5.4; g ~ 2.3(1), Jl ~ 0.45(2) em·',

Compound 5.4 exhibits four-fold symmetry within the grid cation, as seen from
the crystal structure, which is useful in the interpretation of the magnetic connectivity and
modeling of the experimental data. The comer and side distorted octahedral copper
centres (Cu(l) and Cu(2); Figure 5.4b) exhibit Jahn-Teller elongation that defines their
magnetic ground states as d,z-,z. The long axis for Cu(l) points towards 0(1) with a short
connection directed towards 0(2), while for Cu(2) the long axis is directed towards both
0(1) and 0(2) with a short connection to 0(3) (Figure 5.4b). Based upon the
directionality of the Jahn-Teller axes in the outer Cu(II)s ring, the Cu(l)-0(2')-Cu(2')
and Cu(2)-0(1)-Cu(l) connections are orthogonal, while the Cu(2)-0(3)-Mn(l)
connection is not. These structural features should allow only for ferromagnetic coupling
between Cu(l) and Cu(2) centres (and their synunetry related counter-parts), and a single
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exchange constant can used to model the ring's contribution to the observed magnetic
properties (Jl , Figure 5.6). Unlike the Jahn-Teller distorted Cu(II) centres, the central
Mn(II) ion is magnetically isotropic, with electron density along all axes, leading to
antiferromagnetic exchange between the Cu(2) centres and Mn(1) (12, Figure 5.6) via the
non-orthogonal Cu(2)-0(3) connection.
5.4 was fitted in a manner similar to the homometallic Cu(II)<> grids, 4.5 and 4.6

by using the non-linear regression routines built into the MAGMUN4.1 [49] software to
evaluate J2 as a fraction of J I. This is not a completely rigorous approach since it does
not allow for an independent regression analysis of the 2J model. However, based upon
the structure, useful information on the magnitude of the couplings can be obtained.
A fit for 5.4 was obtained after many trial comparisons varying the ratio of -12111
to give g." ~ 2.3(1), J1 ~ 0.45(2) em·', 12 ~ -22.5(2) em·', TIP ~ 1000x10_. cm3mor' , p
~ 0.055, e ~ -0.5, 102R ~ 2.2. The solid line in Figure 5.12 was calculated with these

parameters and the exchange coupling is consistent with the ferromagnetic ring
contribution of other [3x3) Cu(JI)9 grids [66,69,71,96), while the sign and magnitude of
the exchange between Cu(2) and Mn(1) agrees with that expected from the structural

analysis.
A magnetization versus field study for 5.4 was carried out at 2 K. The
experimental data rise smoothly with increasing field from 0 N~ to 4.73 N~ at 50000 Oe.
The calculated ground state is S ~ 3/2, and so a solid line was calculated for
~

g."~

2.2, T

2 K, S' ~ 3/2 (Figure 5.13, solid red line) using the appropriate Brillouin function. A

clear discrepancy is observed between the predicted ground state and that observed
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experimentally, and may be associated with the presence of some Mn(ll)-rich impurity.
A second simulation with S' ~ 5/2 was calculated (Figure 5.13, dashed blue line), and
further supports that the experimental ground state is not strictly S ~ 3/2.
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Figure 5.13: Variable field magnetization data for 5.4; solid red line represents

simulation with g ~ 2.3, T ~ 2 K, S' ~ 3/2; dashed blue line represents g ~ 2.3, T ~ 2 K, S'
~

512 using the appropriate Brillouin function.

5.4: Summary:
Mixed metal square [3x3] Mn(ll)sM(II)4 grids (where M ~ Zn (5.1), Cu (5.2) and
Ni (5.3)), as well as a [3x3] Mn(II)ICu(II)s grid (5.4) complex were synthesized, and
characterized structurally (except 5.3) and magnetically.
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Compounds 5.1 and 5.3 were produced by self·assembly reactions between two
different metal salts and the ligand 2pmoap. The magnetic properties of both are
dominated by anti ferromagnetic exchange. For 5.1, Mn(JI) (S = 5/2) ions occupy the

comer and centre positions in the grid framework, while the side sites are occupied by
diamagnetic Zn(JI) ions. The magnitude of the antiferromagnetic exchange between
Mn(Il) centres is very weak, consistent with the absence of direct bridging pathways

between Mn(II) ions. Fitted values for the magnetic data are also consistent with the
analogous Fe(lll) (S = 5/2) L,;M 5 incompletely metalated square grid, where side metal

positions were vacant [70]. No structural characterization was possible for 5.3, however,
the magnetic profile and calculated ground state are consistent with the presence of four
Ni(ll) ions at the comer sites in the grid and five Mn(ll) ions in the side and centre grid

positions. D4 spin rotational symmetry was imposed on the system and a simulation was
generated that closely matched the experimental data.
Compounds 5.2 and 5.4 were produced by substitutions reactions, through gentle
heating of the parent [3x3] [Mn. (2pmoap·2H)6](N03) 6·13H 20 grid (4.2) with Cu(N03) 2
to give a [3x3] Mn(Il)sCu(Il)4 grid (5.2), or by refluxing with Cu(NO, j, to give a [3x3]
Mn(l!),Cu(ll)s grid (5.4). A high spin ground state was exhibited by 5.2, resulting from

the non-compensation of spins due to the ferrimagnetic effect from the intramolecular
antiferromagnetic exchange between the heterometallic ions. While calculations gave S'
=

I 1/2 as the predicted ground state, a smaller, S' = 9/2, ground state was observed

experimentally, likely due to the real ground state not being populated at the experimental
low temperature limit (2 K). For 5.4, the presence of Jalm-Teller distortions in the outer
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ring of eight Cu(ll) ions leads to magnetic orbital orthogonality and ferromagnetic

exchange. An anti ferromagnetic exchange contribution was also present, between the
central Mn(ll) ion and the side Cu(II) sites. The experimental data were modeled with

two different exchange constants that were independently varied in an iterative ratio to
obtain a best fit.
The comer-site selective substitution upon gentle heating, for 5.2, followed by

substitution of the full outer-ring upon refluxing, for 5.4, suggests that these positions are
particularly labile. Site-specific oxidations have also been experimentally observed and
characterized for [Mn9 (2poap-2H)6](CI04) 6·18H 20 [29,30,73]. A bulk electrolysis
experiment produced the mixed-oxidation state complex [Mn(ll)sMn(lll)4(2poap2H),](CIO,),.•I OH20 and structural characterization showed the Mn(III) sites were
present in the comer positions of this grid [29]. Cyclic and differential pulse
voltammetry showed five quasi-reversible waves [29,30], with the first wave

corresponding to a four electron oxidation (assigned as the oxidation of the corner sites),
followed by four one-electron processes (oxidation of the side sites). These

electrochemical results, and the substitution reaction results for 5.2 and 5.4, show that
within a normal [3x3] Mn(II) grid framework the comer cis-MnN40 2 sites are the most

labile and susceptible to both oxidation and substitution, with the side mer-MnN30 3 sites
requiring more forcing reactions conditions, while the centre trans-MnN 20 4 ion has yet
to show any affinity for oxidation or substitution.
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Chapter 6: Long range magnetic cooperativity through extended structural motifs?
Introducing intermolecular 7t·7t interactions between [3x3] M9 grids

6.1: Preamble:
Supramolecular chemistry, as discussed in Chapter
weak~

I~

is concerned primarily with

non-covalent bonding interactions. Many such 'bonds' are possible, including ion-

ion (250 kJ mor'; versus the homolytic cleavage of a covalent bond which requires I 00 ·
400 kJ mor'), ion-dipole (50- 200 kJ mor'), dipole-dipole (5- 50 kJ mor'), hydrogen
bonding (10- 65 kJ mor 1) and van der Waals force interactions (less than 5 kJ mor')
[122, 123]. A detailed understanding of these interactions, as exhibited by molecules
suitable for use as building blocks, or 'synthons', in theory allows for the synthesis of
new crystalline materials in a predictable and rational manner, and is an area of active

research among crystal engineers [124].
As an alternative to (3x3] Cu(Il)9 grids, p-0 and p-NN bridged Cu(IJ)8 L4 (L =
2pomp, 2popp, Cl2pomp and SEt2pomp) ferromagnetic 'pinwheels' have been
synthesized, and possess open coordination sites on the Cu(II) ions in the 'arms' of the

pinwheels (Scheme 6.1) [96, 125]. These open sites ~ake secondary coordination to a
suitable bridging co-ligand or anion (synthon) possible, and introduce a logical route to
materials that could exhibit long-range magnetic coopemtivity.
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8Cu(ll)

2pomp (R~ H, R '~CH,)
Cl2pomp (R~Cl , R'~ CH,)
Scheme 6.1: General synthesis of Cu(ll)sL. pinwheels.
For example, the pinwheel complex [(2pomp-2H),CUgBr,](CuBr,)(H,O)ll bas
been reported [ 125), with bromide ions bridging the external Cu(II) centres offour
adjacent pinwheels, leading to the formation of a two-dimensional network, with cavities

filled by hydrogen-bonded CuBr.'· guests, though no evidence for intermolecular
magnetic communication was detected. In the complex [(Cl2pomp-2H),Cu,(N(CN),)s)
(H,0)9(CH,CN), however, dicyanamide ions bound to the external Cu(ll) centres
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interacted with the central chlorine atoms on ligands of adjacent pinwheels, leading to the
formation of stacked clusters, with evidence for weak long-range magnetic interactions
(125].

Intermolecular 7t-7t interactions (50 kJ mor 1) are another type of non-covalent
'bond' that can act as a powerful organizing force for extended lattice interactions [122,
123]. Elegantly stated by Claessens and Stoddart, 7t-7t interactions " ... define and rule the
self-assembly processes that lead to the formation of the desired molecular and

supramolecular architectures, and thereafter they still govern the dynamic processes
occurring within the self-assembled structures and superstructures."[l26] Significant and

broad 7t-7t interactions have been identified in biological systems [127], for example
stacked nucleotide-base pairs (aromatic pyrimidine and purine groups) separated by 3.5

A

help to stabilize the DNA double-helix [128]. Supramolecularchemists have employed

concave (electron donating)- convex (electron withdrawing) 7t-1t interactions in novel
host-guest systems to synthesize inclusion complexes of C60 with corannulene derivatives
(129-131].

The term 7t-7t interaction is normally used to describe parallel, stacked aromatic
groups, separated by distances between 3.3 - 3.8 A, where interactions of approximately
3.3

A are considered strong, those greater than 3.6 A are considered weaker, and 3.8 A is

the approximate maximum value that can be considered the limit of a real interaction
[132]. The limiting forms of such interactions are the largely repulsive 'face-to-face'

stacked conformation, and the enthalpically favorable 'edge-to-face' C-H- 1t interactions
(Figure 6.la and c, respectively).
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(a)
Figure 6.1: a) Direct, repulsive,
"edge-to-face'

7t-7t

1t·1t

(b)
(c)
overlap. b) Favourable slipped ' face-to-face ' and c)

interactions.

Hunter and Sanders [133,134] have proposed rules that qualitatively account for
the charge distribution in a non-polarized Jt-system by separating the a-framework and
the n-electrons. These rules state that:

I. In a face-to-face Jt-stacked geometry (Figure 6.1 a) 1t-1t repulsions dominate.
2. In an edge-on geometry (Figure 6.1 c) 1t·o attractions dominate.
3. In a slipped or off-set Jt-stacked geometry (Figure 6. I b)

1t·O

attractions

dominate.
The introduction of substituents or heteroatoms alters the uniform charge
distribution in non-polarized n-systems, and introduces electrostatic dipole-dipole and
dipole-induced-dipole interactions, and in some cases, electrostatic considerations (that
is, the Hunter-Sanders rules) cannot satisfactorily explain binding trends for edge-to-face
interactions [135,136]. However, the introduction of electron-withdrawing groups (like

the nitrogen atom in pyridine) does increase face-to-face n-n interactions by decreasing
the n-electron density in the aromatic ring, and reducing repulsive effects [I 32].

Furthermore, if the aromatic heteroatom is involved in metal coordination, the electron-
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withdrawing effect will be increased, as will the tendency for such systems to exhibit 7t-

stacking.
Janiak [132] performed a Cambridge Structural Database search on the interaction
between two transition-metal quinoline fragments and found several types of possible 7t-7t

stacking interactions. Three prominent motifs were the approach of the two pyridine
rings, or the two arene rings or the arene to the pyridine ring. Analysis was done for
centroid-centroid distances out to 3.8 A, with 718 structures that satisfied his search
criteria giving 980 data sets (as several structures contained multiple contacts). It was

found that a preference for the pyridine-arene interaction existed, followed by the arenearene approach and that pyridine-pyridine interactions were significantly less common.

For all real n-n interactions, displacement angles of approximately 20° were found
(Figure 6.2, a-angle).

Figure 6.2: Stacking of two quinoline rings; black arrow indicates the normal vector to
the quinoline plane; red arrow drawn from the centroid of one quinoline-pyridine moiety
to the centroid of the other quinoline-arene moiety, off-set by the angle a ; blue arrow
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drawn from the centroid of one quinoline-pyridine moiety to the centroid of the other

quinoline-pyridine moiety, off-set by the angle p.

Given the tendency for metal coordinated quinoline rings to form extended lattice
motifs [132,137-141],1igands with a variety of quinoline-type endpieces were

synthesized in an attempt to organize grid molecules into extended arrays (Figure 6.3 and
6.4).

(a)

(b)

Figure 6.3: a) The fJ·O and b) fJ-NN bridging modes of2po56hq (2.5).

Figure 6.4: a) 2po56nq (2.6); b) 2po34nq (2.8); c) 2po45nq (2.7).
Upon self-assembly with appropriate metal salts, a regular [3x3] Mn(ll)9 grid was
produced, as well as a unique 3x [I x3] Mn(ll)9 rectangle and two [3x3] Cu(ll)9 grids that

164

exhibit intermolecular face-to-face and edge-to-face 7t-7t interactions. In one case, the
typical octahedral Cu(II) Jahn-Teller distortions are altered, resulting in a distinctive
antiferromagnetic [3x3] Cu(II)9 grid. These results are presented here.

6.2: Experimental:

Note: In some cases there is a difference between the most reasonable formula based on
the elemental analysis (analytical formula), and that obtained from X-ray crystallography.
The analytical formulae will be used here.

6.2.1: Complex synthesis:
6.2.1.1: (2po56hq+2H)(BF,)2(H,0) 1 , (6.1). 2po56hq (2.5; 0.12 g, 0.25 mmol) was
added to a warm solution ofZn(BF,),.xH,O (0.14 g, 0.40 mmol) in CH,OH:CH,CN
(10:10 mL) producing a clear yellow-green solution. The flask was equipped with a

condenser and allowed to stir with gentle heating for 24 hours and at room temperature
for 48 hours. The solution was kept after filtration for crystallization. Yellow prismatic
crystals, suitable for X-ray analysis, formed upon standing for 6 days (yield 0.01 g, 8 %).
Anal. Calcd (%)for (C21H21N 70,)(BF,)2·1.6H 20 (bulk sample): C, 47.83; H, 3.60; N,
14.46. Found(%): C, 47.95; H, 3.89; N, 14.31. No further product could be cleanly

isolated from the mother liquor, though it is presumed that a zinc complex remained
therein.
6.2.1.2: [(2po56hq-2H),Mn•](Cl0,),·8H,O (6.2). 2po56hq (2.5; 0.12 g, 0.25 mmol) was
added to a warm solution ofMn(Cl04 ),.6H 20 (0.14 g, 0.55 mmol) in CH 30H:CH 3CN
(10:10 mL). A cloudy, white suspension formed. The addition of2 drops of triethylamine

produced a dark orange solution, which was stirred with gentle heating for 2 hours and

165

kept after filtration for crystallization. Red prismatic crystals, suitable for X-ray analysis,
formed upon standing for two weeks (yield 0.30 g, 30 %). Anal. Calcd (%)for
[(C27H 17N 70 2) 6Mn9](CI04)6-8H2 0 (bulk sample): C, 47.89; H, 2.91; N, 14.89. Found
(%): C, 47.87; H, 2.85; N, 14.41.
6.2.1.3: [(2po56nq-2H),Cu,](BF,)6-6H,O (6.3). 2po56nq (2.6; 0.12 g, 0.35 mmol) was
added to a warm solution of Cu(CH,COO),.H,O (0.08 g, 0.4 mmol) in 20 mL of I: I
CH30H:CH3CN. This produced a clear, dark brown solution that was stirred with gentle
beating for 20 minutes. NaBF4 (0.030 g, 0.27 mmol) was then added (solution

appearance remained unchanged), and heating and stirring was continued for four hours.
The filtrate was kept after filtration for crystallization. Very small, weakly diffracting red
prismatic crystals formed upon standing, covered, for five months (yield 0.030 g, 16 %).
Anal. calcd (%)for [(C,H,N,O, ),Cu,](BF,),·6H,O: C, 46.22; H. 3.02; N, 17.97. Found
(%): C, 46.28; H, 3.09; N 17.86.

6.2.1.4: [(2po45nq-2H)6 Cu,](CF,S0,)2(PF,).-22H,O (6.4). 2po45nq (2.7; 0.12 g, 0.35
mmol) was added to a warm solution ofCu(CF3S03h (0.13 g, 0.36 mmol) in 20 mL of
1:1 CH30H:CH3CN. This produced a clear, dark brown solution that was stirred with
gentle heating (equipped with a condenser) for 24 hours, followed by stirring at room
temperature for an additional 24 hours. The dark brown filtrate was kept after filtration
for crystallization producing a brown powder that was recrystallized from I 0 mL of I: I
CH,OH:CH,CN with the addition ofNH,PF, (0.040 g, 0.25 mmol). This solution was
again filtered and the filtrate kept for crystallization, forming green crystals suitable for
X-ray diffraction upon standing for seven days (yield 0.030 g, 15 %). Anal. Calcd (%)for
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[(C27H 19N90 2) 6Cu9](CF3S03) 2 (PF6)4"22H2 0: C, 40.57; H.3.28; N, 15.58. Found(%): C,
40.68; H, 2.39; N 15.31.
6.2.1.5: [(2po45nq-2H)6Co.](BF,),..3CH,OH·8H,O (6.5). Co(BF,)r6H,O (0.12 g, 0.35
mmol) was added to a slurry of2po45nq (2.7; 0.12 g, 0.24 mmol) in 20 mL of 1:1
CH30H:CH3CN. This produced a clear, brown solution that was stirred with gentle
heating for 24 hours and then at room temperature for another 36 hours, at which time a

brown precipitate formed. The reaction mixture was filtered and a brown powder was
collected (0.12g; 75 % yield). Air was not excluded during this preparation. Anal. Calcd
(%)for [(C27H19N90 2) 6 Co.](BF,)10·3CH30H·8H20: C, 42.64; H. 3.08; N, 16.27. Found
(%): C, 42.94; H, 3.12; N 16.43.
6.2.1.6: [(2po34nq-2H)6 Mn9](CF3S03),·23H20 (6.6). Mn(CF3S03)rxH20 (2 mL of a
0.09 g mL·' solution in CH, OH; 0.5 mmol) was added to a slurry of2po34nq (2.8; 0.090
g, 0.18 mmol) in 20 mL of I :I CH30H:CH3CN to give an orange slurry. NH,CH3 COO
(0.04 g, 0.5 mmol) was added, producing no change in the appearance of the mixture,
which was then stirred with gentle heating for four hours. The reaction mixture was

filtered and the clear, orange filtrate was preserved for crystallization. After six days
dark red crystals were observed, but were unsuitable for analysis by X-ray diffraction.
These were redissolved in 14 mL of 1:1 CH30H:CH3 CN with the addition ofNaN03
(0.030 g, 0.35 mmol) and the resulting clear red solution was stirred with gentle heating
for one hour and then filtered, with the filtrate again preserved for crystallization. Red
crystals suitable for X-ray analysis forrned upon standing, covered, for 3 months (0.01 g;

167

7% yield). Anal. Calcd (%)for [(C,H,9N902)6Mn9](CF,S0,).-23H,O: C, 41.93; H.
3.35; N, 15.72. Found(%): C, 41.99; H, 2.61; N 15.50.
6.2.2: Crystallography

The diffraction intensities of a colourless prismatic crystal of 6.1 having
approximate dimensions of 0.48 x 0.20 x 0.20 mm were collected on a Rigaku Saturn
CCD area detector with graphite monochromated Mo-Ka radiation at 153(2) K to a
maximum 28 value of61.8'. The data were corrected for Lorentz and polarization effects
and a correction for secondary extinction [8 I] was applied. The structure was solved by
direct methods [82,83] and expanded using Fourier techniques [84]. Hydrogen atoms

were introduced in calculated positions, except H(22,23,27), which were introduced in

difference map positions, with isotropic thennal parameters set twenty percent greater
than those of their bonding partners. They were refmed on the riding model. All non-

hydrogen atoms were refined anisotropically. Neutral atom scattering factors and
anomalous dispersion effects were taken from the usual sources [85-88]. All calculations
were performed using the Crystal Structure [89,90] crystallographic software package
except for refinement, which was performed using SHELXL-97 [83].
A red prismatic crystal of 6.2 having approximate dimensions of 0.20 x 0.20 x
0.20 mm was treated similarly to 6.1. Hydrogen atoms were introduced in calculated

positions with isotropic thermal parameters set twenty percent greater than those of their
bonding partners. They were refmed on the riding model. The Platon [91] Squeeze
procedure was applied to recover 396.7 electrons per unit cell in four voids (3203.8 A3);

that is 99.2 electrons per formula unit. Disordered solvent water and acetonitrile
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molecules appeared to be present prior to the application of Squeeze, though a good point
atom model could not be achieved. The application of Squeeze gave a good

improvement in the data statistics and allowed for a full anisotropic refinement of the
framework structure and counterions.

A red prismatic crystal of 6.3 having approximate dimensions of 0.60 x 0.49 x
0.41 mm was treated similarly to 6.1. Hydrogen atoms were introduced in calculated

positions with isotropic thermal parameters set twenty percent greater than those of their
bonding partners. They were refined on the riding model. The Platon [91] Squeeze
procedure was applied to recover 396.7 electrons per unit cell in one void (62258.5 A');
that is 187.45 electrons per formula unit. Evidence for three tetrafloroborate anions and

several solvent water molecules was present prior to the application of Squeeze, though a
good point atom model could not be achieved. The application of Squeeze gave a good
improvement in the data statistics and allowed for a full anisotropic refinement of the

framework cationic structure and three tetrafluoroborate anions.
A brown prismatic crystal of 6.4 having approximate dimensions of 0.39

x

0.38 x

0.28 mm was treated similarly to 6.1. Hydrogen atoms were introduced in calculated
positions with isotropic thermal parameters set twenty percent greater than those of their
bonding partners. They were refined on the riding model. All non-hydrogen atoms were
refined anisotropically. Six ligands were present in the core structure; each with a charge
of -2, for a total charge of -12. 8.5 copper(IJ) atoms were also present, contributing a
charge of + 17. The charge is therefore balanced by the presence of 3.6
hexafluorophosphate and 1.4 triflate anions which make up a charge of -5. 0.75 water
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molecules were present in the asymmetric unit, contributing 3 molecules per formula
unit. The protons on these could not be located in the difference map and hence were

omitted from the model.
A red prismatic crystal of 6.6 having approximate dimensions of 0.68 x 0.36 x
0.35 mm was treated similarly to 6.1. Hydrogen atoms were introduced in calculated
positions with isotropic thermal parameters set twenty percent greater than those of their

bonding partners. They were refined on the riding model. The Platon (91] Squeeze
procedure was applied to recover 553.4 electrons per unit cell in one void (3765.5

A3) ;

that is 276.7 electrons per formula unit. A total of two disordered/partial occupancy
triflate anions, three nitrate anions and some lattice water appeared to be present prior to

the application of Squeeze, though a good point atom model could not be achieved. The
application of Squeeze gave a good improvement in the data statistics and allowed for a
full anisotropic refinement of the framework structure. An additional full occupancy
triflate anion that was not disordered is present in the asymmetric unit and was not

removed in the application of Squeeze. Abbreviated crystal data for 6.1-6.4 and 6.6 are
listed in Tables 6.1 and 6.2.
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Table 6.1: Summary of crystallographic data for 6.1 - 6.3.

Chemical
Formula
M
T(K)

Crystal
System
Space
Group
a(A)
b(A)
c(A
a(•)
~

(• )

y (•)
V(Nl

z

Deale
(g/cm3)
J.l{MoKa)
(em·')
Reflections
Total
Reflections
Unique
Rint
R,
(I> 2. OOa(I))
wR, (All
reflections)

6.1

6.2

6.3

C, H, B, F,N, O•

c,.,H, 02Cic;Mn9N420 J6

CI62HI 26.soB6Cll9fz4Ns4018.40

699.17
153(2)

3920.01
153(2)

4217.07
138(2)

triclinic

monoclinic

triclin1c

P1 (#2)

P21 /n (# 14)

9.1217(8)
10.1336(8)
17.6705 19
77.640(8)
82.793(9)
68.011(6)
1477.6 2
2

20.908(4)
27.102(4)
32.492 5
90.00
98.239(4)
90.00
18222 5
4

P1 (#2)
15.604(3)
23.135(4)
26.411 5
93.403(4)
100.014(5)
90.626(5)
9371 3
2

1.571

1.429

1.494

1.39

7.72

10.99

20929

137797

81553

6703

37263

33798

0.0308

0.0513

0.0445

0.0647

0.0936

0.0987

0.1741

0.2597

0.3167
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Table 6.2: Summary of crystallographic data for 6.4 and 6.6.

Chemical

Formula
M
T(K

Crystal
System
Space
Group
a(A
b(A)
c(A)
a(•)
Jl(o)

y (•)
V(A')

z

Deale
(l'/cm 3)
fi(MoKa)
(cm. 1)
Reflections
Total
Reflections
Unique
Rint
RI
(I>2. OOa(l))
wR, (AII
reflections)

6.4

6.6

C1 6JAHJ 2oCu.s.sF2s.sN5401 9.2PJ.6S1.4

C163H1 21.60F9N s7Mn90 JJ.soS3

4333.79
113 2

4181.12
113 2

tetragonal

triclinic

P42/n (#86)
20.580(3)
20.580(3)
22.970(4)
90.00
90.00
90.00
9729(3)
2

PI (#2)
20.514(5)
20.643(4)
25.948(6)
90.917(4)
108.365(7)
90.517(6)
10426(4)
2

1.479

1.332

10.53

6.41

75221

97528

9535

42546

0.0410

0.0576

0.1174

0.0889

0.3717

0.2794
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6.3: Results and Discussion:
Note: The crystallographically determined formulae are used herein. Colour code for
figures: magenta = manganese, green= copper, grey= carbon, blue= nitrogen, red=

oxygen, light green ~ boron, yellow ~ fluorine. Crystallographic representations/
illustrations were generated using Persistence of Vision Ray Tracer (POV-Ray<D) for
Windows, version 3.6, with scene description files written by Ortep-3 for Windows
(Version 1.08) Copyright<D 1997-2003 Louis J. Farrugia.
6.3.1: Description of crystal structures:
6.3.1.1: (2po56hq+2H)(BF,j,(CH,OH)J(H,O), (6.1)
The structure of6.1 is shown in Figure 6.5, and significant bond lengths and
angles are listed in Table 6.3.

Figure 6.5: Ball-and-stick depiction of 6.1. Solvent molecules omitted for clarity.

173

6.1 is a doubly-protonated 2po56hq ligand-tetrafluoroborate salt. The cation is in

its ketonic form, with short hydrazone C-0 distances exhibiting double-bond character
(C(ll)-0(1) 1.231(2) A; C(l7)-0(2) 1.223(2) A) and longer adjacent C-N bonds (C(Il)N(3) 1.356(3) A; C(17)-N(5) 1.360(3) A), more characteristic of single bonds. C(IO)N(2)-N(3)-C(Il) and C(l7)-N(5)-N(6)-C(l8) torsion angles (176.5' and 174.9'
respectively) reveal the nearly planar configuration of the ligand cation. Figure 6.6a
shows a view of the unit cell normal to (0, I ,0), while Figure 6.6b is rotated about the c-

axis to show the layered arrangement of the cations.

(a)

(b)

Figure 6.6: Ball-and-stick depiction of6.1 a) looking down the b-axis and b) rotated

about the c-axis to show the layered arrangement of the ligand cations.
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Face-to-face 1t-1t interactions are present between the central pyridine ring of the
cation and both the pyridine and arene moieities of the terminal quinoline ring (Figure
6.7). The distance between the pyridine centroids (orange arrows in Figure 6.7) is 3.68

A, with an off-set angle of only 22.7", and an angle between planes of 5.4', while the
distance between the central pyridine to arene-moieity centroid (green arrows in Figure
6.7) is 3.54 A, with an off-set angle of 16.5' , and an angle between planes of 4.6'

Figure 6. 7: Ball-and-stick depiction of6.1 showing face-to-face
cations in adjacent layers.
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1t-1t

contacts between

Table 6.3: Selected bond distances (A) and torsion angles (') for 6.1.
N(2)
N(2)
N(3)
0(1)
0(2)
N(5)

C(IO)
N(3)
C(l1)
C(ll)
C(l7)
C(17)

1.276(3)
1.359(2)
1.356(3)
1.231(2)
1.223(2)
1.360(3)

N(5)
N(6)

N(6) 1.367(2)
C(18) 1.274(3)

C(IO) N(2)
C(l7) N(5)

N(3)
N(6)

C(ll) 176.5
C(18) 174.9

6.3.1.2: [(2po56hq-2H)6Mn9 ](CI04) 6 (6.2)
The structure of the cationic fragment of6.2, its unit cell and core structural
representation are shown in Figures 6.8a, band c respectively, and significant bond

lengths and angles are listed in Table 6.4.
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(b)

(a)

(c)
Figure 6.8: Ball-and-stick depiction of a) the cationic moiety of6.2. Hydrogen atoms

omitted for clarity. b) The unit cell of6.2 looking down the a-axis c) Core structural

representation of 6.2.
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This 3x [I x3] rectangular structure, the first example of this motif, results from
self-assembly between Mn(ll) ions and 2po56hq (Figure 6.8a). The grid is subdivided
into three groups of [Mn3(p,-0)2]1inear subunits, which are connected across the
rectangle by ,tl2-N2 diazine bridges. This leads to short Mn-Mn distances (4.1417(10)4.1819(12) A) within the p-0 triads, and long Mn-Mn distances (5.2159(10)- 5.6163(9)
A) within the ,u-N2 triads. Three ligands in the cisoidNN-bridging mode wrap around the
metal core in an approximately parallel manner (Figure 6.3b and 6.7c), spanning the long
rectangle dimensions (I 0.417,., A) and linking together the Mn(I)-Mn(4)-Mn(7), Mn(2)Mn(5)-Mn(8), and Mn(3)-Mn(6)-Mn(9) metal groupings. The end p-0-bridging ligands

lie on one side ofthe metal core, while the middle one lies on the other side (Figure 6.3a
and 6.7a), spanning the short rectangle dimensions (8.297,., A) and linking together the
Mn(I)-Mn(2)-Mn(3), Mn(6)-Mn(5)-Mn(4), and Mn(7)-Mn(8)-Mn(9) triads. Normal Mn9
square grids have all p-0 bridges, however the p-NN bridging mode has been previously
observed in octanuclear Cus(2pomp), [96,125] and Cus(CI2pomp), [125] pinwheel
clusters and in incomplete Ni6 (CI2poap)s, Ni 6(SEt2poap) 5 and Co 7(2poap) 5 grid
oligomers [93].
Comer sites (Mn(l ,3,7,9)) have cis-MnN,O, environments, while 'short' side sites
(Mn(2,8)) have mer-MnN,O, environments, ' long' side sites (Mn(4,6)) have MnN50 1
environments and the central Mn ion (Mn(5)) is trans-MnN,O, coordinated. Comer Mn
centres display very long Mn-N distances to the external quinoline rings of the p-0bridging ligands (2.378(4)- 2.449(4) A), due to the stretching of the ligands over the
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nonanuclear core, with shorter remaining Mn-L contacts (2.126(5) - 2.231 (4) A). The

quinoline end-pieces of2po56hq present a significantly larger aromatic component than
the terminal rings normally present in this ligand-type, and as the ligands approach each

other in the typical grid arrangement, the 1t--interactions are considerably greater. The
metal ions are arranged further apart in the ,u-NN bridging mode than in the ,u-0 mode

and give the p-0 bridging ligand end pieces a greater separation, leading to the formation
of a rectangle and not a square. Mn-0-Mn angles are in the range 132.33(15)134.37(18r with Mn-NN-Mn torsion angles between 160.6- 179.1°, which suggests that

the magnetic exchange situations should be dominated by intramolecular
anti ferromagnetic exchange [28,29,45,70,73,96].
One of the characteristic traits of the [3x3] M9 square grids is the alignment of the
ligands, in two roughly parallel groups of three above and below the grid metal
pseudoplane. The ligands of 6.2 in the ,u-NN bridging mode are still aligned in an

approximately parallel manner, with distances between the quinoline-pyridine centroids
of3.61- 3.71
3.72
7t-7t

A, off-set by 7.8- 20.9°, and between quinoline-arene centroids of3.53-

A, off-set by 13.5-23.4° (Figure 6.9, orange arrows). Intermolecular face-to-face

interactions are also present between the quinoline-arene moieties of adjacent grids

(Figure 6.9, green arrows), separated by a distance of3.57- 3.58

A, off-set by 14.8-

24.8°. Additional close intermolecular edge-to-face contacts (purple arrows; 3.08- 3.69
A) between the planes of the ,u-0 bridging ligands and the terminal moieities of the ,u-NN
bridging ligands are also present. These close contacts constitute an effective

organizational force within the grid layers.
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Figure 6.9: Ball-and-stick depiction of extended cell of 6.2, oriented to show face-to-face

intramolecular (orange arrows), intermolecular (green arrow) and intermolecular edge-toface (purple arrows)

1t-7t

interactions.
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Table 6.4: Selected bond distances (A), angles

raJ and torsion angles(") for 6.2

Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)

N(2)
N(37)
N(36)
0(1)
0(11)
N(l)

2.135(5)
2.167(4)
2.228(5)
2.228(3)
2.231(4)
2.441(4)

Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)

N(9)
N(39)
N(38)
N(40)
0(3)
N(8)

2.124(4)
2.185(4)
2.200(4)
2.208(4)
2.244(3)
2.435(4)

Mn(7)
Mn(7)
Mn(7)
Mn(7)
Mn(7)
Mn(7)

N(l6)
N(41)
0(5)
0(12)
N(42)
N(l5)

2.126(5)
2.165(4)
2.221(4)
2.227(4)
2.259(5)
2.397(5)

Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)

0(9)
N(4)
N(30)
N(29)
0(1)
0(2)

2.147(4)
2.162(4)
2.259(4)
2.262(4)
2.304(3)
2.327(3)

Mn(5)
Mn(5)
Mn(5)
Mn(5)
Mn(5)
Mn(5)

N(ll)
N(32)
0(4)
0(3)
N(33)
N(31)

2.176(4)
2.200(4)
2.266(3)
2.272(3)
2.373(4)
2.441(4)

Mn(8)
Mn(8)
Mn(8)
Mn(8)
Mn(8)
Mn(8)

0(10)
N(l8)
N(35)
N(34)
0(6)
0(5)

2.156(3)
2.184(4)
2.254(4)
2.257(4)
2.283(3)
2.321(4)

Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)

N(6)
N(23)
0(7)
0(2)
N(22)
N(7)

2.136(4)
2.178(4)
2.187(4)
2.242(4)
2.248(4)
2.417(4)

Mn(6)
Mn(6)
Mn(6)
Mn(6)
Mn(6)
Mn(6)

N(l3)
N(25)
N(26)
N(24)
0(4)
N(l4)

2.134(4)
2.184(4)
2.200(4)
2.253(4)
2.262(3)
2.378(4)

Mn(9)
Mn(9)
Mn(9)
Mn(9)
Mn(9)
Mn(9)

N(20)
N(27)
0(8)
0(6)
N(28)
N(21)

2.142(5)
2.161(4)
2.224(4)
2.240(4)
2.258(5)
2.449(4)

Mn(l)
Mn(3)
Mn(4)
Mn(6)
Mn(7)
Mn(9)

0(1)
0(2)
0(3)
0(4)
0(5)
0(6)

Mn(2)
Mn(2)
Mn(5)
Mn(5)
Mn(8)
Mn(8)

Mn(l)
Mn(2)
Mn(3)
Mn(4)
Mn(5)
Mn(6)

N(38)
N(31)
N(24)
N(41)
N(34)
N(27)

Mn(4)
Mn(5)
Mn(6)
Mn(7)
Mn(8)
Mn(9)

-165.0
178.3
163.4
160.6
179.1
-162.8

134.37(18)
132.49(16)
133.30(15)
132.33(15)
133.11(16)
133.56(15)

N(37)
N(30)
N(23)
N(40)
N(33)
N(26)

6.3.1.3: [(2po56nq-2H)6 Cu9 ](BF4) 6·6.4H20 (6.3)

The structure of the cationic fragment of 6.3 and its unit cell are shown in Figures
6.1 Oa and b respectively, and significant bond lengths and angles are listed in Table 6.5.
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(b)

(a)

Figure 6.10: Ball-and-stick depiction of a) the cationic moiety 6.3. Hydrogen atoms

omitted for clarity. b) The unit cell of 6.3; anions omitted for clarity.
Complex 6.3 crystallized in a triclinic space group and consists of three
heptadentate ligands arranged above and another three below a [Cu.-{Jl-0)12] core
composed of nine metal ions bridged by twelve hydrazone oxygen atoms (Figure 6.1 Oa).
Cu-Cu distances fall in the range 4.0582(9) - 4.1896(9) A. with Cu-0-Cu angles in the
range 139.8(2) - 144.02(18)0 and overall, almost square, metal core dimensions
measuring 8.1716(3) A.,. Unlike all other reported Cu(ll)9 grids [66,69,7 1,96], where
each copper ion in the outer eight-membered ring has a Jahn-Teller distorted, axially
elongated octahedral geometry and a dxz.,z magnetic ground state, 6.3 is the first example
of a Cu(ll)9 grid in which all copper ions exhibit axially compressed octahedral geometry
leading to a d,z magnetic ground state (higWighted by the arrows in Figure 6. 11 ).
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Figure 6.11: Ball-and-stick depiction of the core structure of 6.3. Arrows highlight the
Jahn- Teller axes.

For each copper ion, the Jahn- Teller axes are 'pinned' in the same direction as
defined by short contacts to the central pyridine, and diazine ligand donor atoms
(1.896(4)- 1.978(6) A), while the long contacts are to the bridging hydrazone oxygen
atoms and the terminal quinoline moieties (2.113(4)- 2.426(5) A). For previously
reported Cu(ll)9 grids, orbitally orthogonal magnetic connections are present in the outer
ring of eight Cu(JJ) ions, with non-orthogonal connections between the central Cu(JJ) ion
and its neighbors [66,69,71,96], however, for 6.3, all magnetic connections are non-

orthogonal, and the magnetic exchange situation should be dominated by
anti ferromagnetism.
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Within each grid, the ligands are aligned in an approximately parallel manner,

with intramolecular distances between terminal quinoline-pyridine centroids of3.774.12 A, off-set by 13.7-28.8 °, and terminal quinoline-arene centroids of3.88- 4.83 A,
off-set by 8.9-27.5 ° (Figure 6.12, orange arrows). Examination of the extended lattice

structure (Figure 6.12) reveals that the aromatic quinoline moieties organize the grids in a

three dimensional array, with both face-to-face quinoline-arene to quinoline-pyridine
interactions (Figure 6.12, green arrow, 3.70-4.03

A, off-set by 21.5- 35.4°) and

perpendicular edge-to-face (Figure 6.12, purple arrows, 3.09- 3.56 A) interactions. One

exception is present for the quinoline-moiety that contains N( I), where the rt-7t overlap is
instead an arene-arene interaction (3.64 A, off-set by 24.9°, versus a pyridine-arene
distance of 4.67 A, off-set by 45.9°).
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Figure 6.12: Ball-and-stick depiction of6.3 (0.5,; x,; I, 0,; y,; 1.1, 0,; z$ I) showing
face-to-face intramolecular (orange arrows), intermolecular (green arrow) and
intermolecular edge-to-face (purple arrows) 7t-7t internctions.
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Table 6.5: Selected bond distances (A) and angles(') for 6.3.
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)

N(3)
N(30)
0(1)
0(7)
N(l)
N(28)

1.904(6)
1.951(6)
2.117(4)
2.209(5)
2.288(5)
2.400(6)

Cu(4)
Cu(4)
Cu(4)
Cu(4)
Cu(4)
Cu(4)

N(l2)
N(32)
0(3)
0(7)
0(8)
N(IO)

1.901(5)
1.978(6)
2.170(4)
2.171(5)
2.208(5)
2.345(5)

Cu(7)
Cu(7)
Cu(7)
Cu(7)
Cu(7)
Cu(7)

N(34)
N(21)
0(8)
0(5)
N(36)
N(J9)

1.913(6)
1.925(5)
2.132(5)
2.209(4)
2.280(6)
2.392(5)

Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

N(39)
N(5)
0(9)
0(2)
0(1)
N(37)

1.912(5)
1.957(5)
2.155(4)
2.158(3)
2.207(4)
2.309(4)

Cu(5)
Cu(5)
Cu(5)
Cu(5)
Cu(5)
Cu(5)

N(41)
N(l4)
0(9)
0(10)
0(3)
0(4)

1.913(4)
1.928(4)
2.157(4)
2.162(4)
2.176(4)
2.222(3)

Cu(8)
Cu(8)
Cu(8)
Cu(8)
Cu(8)
Cu(8)

N(43)
N(23)
0(10)
0(5)
0(6)
N(45)

1.904(5)
1.945(5)
2.154(4)
2.180(4)
2.223(4)
2.298(5)

Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)

N(48)
N(7)
0(11)
N(46)
0(2)
N(9)

1.919(5)
1.933(4)
2.077(3)
2.208(4)
2.245(3)
2.408(4)

Cu(6)
Cu(6)
Cu(6)
Cu(6)
Cu(6)
Cu(6)

N(l6)
N(50)
0(4)
0(12)
0(11)
N(l8)

1.896(4)
1.970(5)
2.095(4)
2.199(4)
2.241(3)
2.256(4)

Cu(9)
Cu(9)
Cu(9)
Cu(9)
Cu(9)
Cu(9)

N(25)
N(52)
0(6)
0(12)
N(27)
N(54)

1.898(6)
1.954(5)
2.113(4)
2.231(4)
2.267(5)
2.426(5)

Cu(l)
Cu(2)
Cu(4)
Cu(6)
Cu(8)
Cu(9)

0(1)
0(2)
0(3)
0(4)
0(5)
0(6)

Cu(2)
Cu(3)
Cu(5)
Cu(5)
Cu(7)
Cu(8)

Cu(4)
Cu(7)
Cu(2)
Cu(8)
Cu(3)
Cu(6)

Cu(l)
Cu(4)
Cu(5)
Cu(5)
Cu(6)
Cu(9)

142.3(2)
142.4(2)
142.33(17)
144.02(18)
140.01(17)
142.1(2)

139.8(2)
140.22(16)
142.86(18)
141.14(17)
141.2(2)
142.4(2)

0(7)
0(8)
0(9)
0(10)
0(11)
0(12)

6.3.1.4: [(2po45nq-2H),Cus.s](CF,SO,)IA(PF,)J.-JH,O (6.4)

The structure of the cationic fragment of 6.4 and its core structural representation
are shown in Figures 6.13a and 6.12b respectively, and significant bond lengths and
angles are listed in Table 6.6.
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(b)
Figure 6.13: Ball-and-stick depiction of a) the cationic moiety 6.4. Hydrogen atoms
omitted for clarity. b) The unit cell of 6.4, looking down the b-a><is; anions omitted for
clarity.
Complex 6.4 has tetragonal crystallographic symmetry, which is manifested as
four-fold symmetry within the grid cation (Figure 6.13a), and four cationic moieties are
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present in the unit cell (Figure 6.13b). Three heptadentate ligands are arranged above and
another three below a [Cu,_5-(u-O),] core (Figure 6.14).

Figure 6.14: Ball-and-stick depiction of the core structure of6.4. Arrows highlight the
Jahn-Teller axes.
Cu-Cu distances fall in the range 4.0413(8)- 4.3611(8) A, with Cu-0-Cu angles
in the range 139.28(18)- 144.20(17t and distances between comer Cu(Il) centres of
8.3683(8) A. 6.4 exhibits the same Jahn-Teller distorted, axially elongated octahedral
geometry of each copper ion in the outer eight-membered ring (highlighted by the arrows
in Figure 6.14) as seen in 4.5, 4.6 and other Cu, grids [66,69,71,96]. Cu(l) has a d,2.y2
magnetic ground state as defined by short contacts to N(l), N(3), N(7'), and 0(1)
(1.898(5)- 2.064(4) A) with long axial contacts to 0(2') and N(9') (2.312(4)- 2.336(5)

A). Cu(2) also exhibits a d, 2.,2 ground state with short contacts to N(5), N(10), N(12), and
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0(3) (1.891(5)- 2.067(5) A) and long axial contacts to O(l) and 0(2) (2.266(4)2.327(4) A).
Cu(3) is present at one-half occupancy, though the bulk magnetic properties are
consistent with the site being fully occupied. It has axially compressed geometry (d,2
magnetic ground state), with long contacts to 0(3) and its symmetry related atoms
(2.234(4) A), and short bonds to N(l7) and its symmetry related counterpart (1 .908(6)

A). This arrangement sets up orbitally orthogonal magnetic connections in the outer ring
of eight Cu(II) ions, with non-orthogonal connections between Cu(3) and its neighbors,
as further discussed in Section 6.3.2.
The ligands of 6.4 are aligned in an approximately parallel manner, with distances
between terminal quinoline-pyridine centroids of3.82- 3.96 A, off-set by 12.7-23.5°,
and terminal quinoline-arene centroids of3.68- 3.86 A, off-set by 13.2- 28.4° (Figure
6.15, orange arrows). Examination of the extended lattice structure (Figure 6.15) reveals

that the aromatic quinoline moieties extend in a two-dimensional array, with each grid
interlocked with two others through both face-to-face quinoline-arene to quinolinepyridine interactions (Figure 6.15, green arrow, 3.69 A, off-set by 12.0- 23.3") and
perpendicular edge-to-face interactions (Figure 6.15, purple arrows, 3.09- 3.56 A).
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Figure 6.15: Ball-and-stick depiction of extended cell of 6.4 looking down the c-axis.

showing face-to-face intramolecular (orange arrows), intennolecular (green arrow) and
intennolecular edge-to-face (purple arrows) n-n interactions.

190

Table 6.6: Selected bond distances (A) and angles (0 ) for 6.4.

Cu(l)
Cu(1)
Cu(l)
Cu(1)
Cu(l)
Cu(l)

N(3)
N(7')
0(1)
N(l)
0(2')
N(9')

1.898(5)
1.997(4)
2.043(4)
2.064(4)
2.312(4)
2.336(5)

Cu(3) N(14) 1.908(6)
Cu(3) 0(3) 2.234(4)

Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

N(l2)
N(5)
0(3)
N(IO)
0(1)
0(2)

1.891(5)
1.998(4)
2.063(4)
2.067(5)
2.266(4)
2.327(4)

Cu(l) 0(1) Cu(2) 139.28(18)
Cu(l) 0(2') Cu(2') 140.14(17)
Cu(2) 0(3) Cu(3) 144.20(17)

6.3.1.5: [(2po34nq-2H)6 Mn,](CF3S03)J(N03) 3(H20),8 (6.6)

The structure of the cationic fragment of 6.6, its unit cell and core structural
representation are shown in Figures 6.16a, band c respectively, and significant bond
lengths and angles are listed in Table 6.7.
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(b)

(a)

(c)
Figure 6.16: Ball-and-stick depiction of a) the cationic moiety 6.6. Hydrogen atoms

omitted for clarity. b) The unit cell of6.6. c) Core structural representation of6.6.
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Complex 6.6 is a [3 x3] Mn9 grid with ligands arranged, three above and three
below, a [Mn.-(.u-0)12] hydrazone oxygen-bridged core of nine distorted octahedral
metals (Figure 6.16a). Mn-Mn distances fall in the range 3.8450(9)- 3.9607(8) A, with
Mn-0-Mn angles in the range 124.63(14)- 129.72(14)0 and overall side dimensions
measuring 7.6868(5) A.,,. The comer Mn(II) centres have cis-MnN,O, coordination

environments, while the side centres have mer-MnN303 environments, and the centre
Mn(II) ion has a trans-MnN204 coordination environment. Corner and side Mn centres
display long Mn-N distances to the external quinoline rings (2.277(4) - 2.331 (4) A), with
shorter remaining Mn-L contacts (2.1 29(4)- 2.226(3) A).
The ligands are aligned in an approximately parallel manner, with intramolecular
distances between terminal quinoline-pyridine centroids of3.64- 3.93
-30.3°, and terminal quinoline-arene centroids of3.58- 4.06

A, off-set by 13.8

A, off-set by 17.7-35.4°

(Figure 6.17, orange arrows). Examination of the extended lattice structure reveals that

the aromatic quinoline moieties organize the grids into a chain-like motif parallel to the aaxis by interlocking each grid with two others through both face-to-face quinoline-arene
to quinoline-pyridine interactions (Figure 6.17, green arrow, 3.49- 3.65

A, off-set by

18.2- 20.4") and perpendicular edge-to-face interactions (Figure 6.17, purple arrows,
3.57- 3.63 A).
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Figure 6.17: Ball-and-stick depiction of extended half-cell of 6.6, looking down the caxis, showing face-to-face intramolecular (orange arrows), intermolecular (green arrow)
and intermolecular edge-to-face (purple arrows) n-n interactions.
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Table 6.7: Selected bond distances (A) and angles (0 ) for 6.6.
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(1)
Mn(1)

N(52)
N(25)
0(6)
0(12)
N(27)
N(54)

2.143(4)
2.148(4)
2.161(3)
2.163(3)
2.281(4)
2.329(4)

Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)

0(3)
N(12)
N(32)
0(8)
0(7)
N(JO)

2.138(3)
2.140(4)
2.176(4)
2. I 87(3)
2. I 92(3)
2.3 16(4)

Mn(7)
Mn(7)
Mn(7)
Mn(7)
Mn(7)
Mn(7)

N(48)
N(7)
0(2)
0(1 I)
N(46)
N(9)

2.129(4)
2.147(4)
2. I 59(3)
2.165(3)
2.319(4)
2.325(4)

Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)

0(10)
N(43)
0(6)
0(5)
N(23)
N(45)

2.143(3)
2.153(4)
2.185(3)
2.190(3)
2.205(4)
2.331(4)

Mn(5)
Mn(5)
Mn(5)
Mn(5)
Mn(5)
Mn(5)

N(14)
N(41)
0(3)
0(9)
0(4)
0(1 0)

2.141(4)
2.156(4)
2.183(3)
2.186(3)
2.193(3)
2.220(3)

Mn(8)
Mn(8)
Mn(8)
Mn(8)
Mn(8)
Mn(8)

N(39)
0(9)
N(5)
0(1)
0(2)
N(37)

2. I 46(4)
2. I 52(3)
2.167(4)
2. I 94(3)
2. I 95(3)
2.317(4)

Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)

N(34)
0(8)
N(21)
0(5)
N(36)
N(l9)

2.138(4)
2.144(3)
2.147(4)
2.148(3)
2.286(4)
2.306(4)

Mn(6)
Mn(6)
Mn(6)
Mn(6)
Mn(6)
Mn(6)

0(4)
N(l6)
0(1 I)
N(50)
0(12)
N(l8)

2.154(3)
2.161(4)
2.208(3)
2.216(4)
2.226(3)
2.317(4)

Mn(9)
Mn(9)
Mn(9)
Mn(9)
Mn(9)
Mn(9)

N(30)
N(3)
0(1)
0(7)
N(l)
N(28)

2.139(4)
2.141(4)
2.156(3)
2. I 64(3)
2.277(4)
2.305(4)

Mn(9)
Mn(7)
Mn(4)
Mn(6)
Mn(3)
Mn(l)

0(1)
0(2)
0(3)
0(4)
0(5)
0(6)

Mn(8)
Mn(8)
Mn(5)
Mn(5)
Mn(2)
Mn(2)

Mn(4)
Mn(4)
Mn(5)
Mn(5)
Mn(6)
Mn(6)

124.63(14)
125.15(14)
128.03(15)
129.72(14)
127.42(15)
128.34(15)

126.57(15)
126.47(16)
128.06(13)
126.89(14)
126.12(15)
126.72(15)

Mn(9)
Mn(3)
Mn(8)
Mn(2)
Mn(7)
Mn(l)

0(7)
0(8)
0(9)
0(10)
0(11)
0(12)

6.3.2: Magnetic Properties
Complex 6.2 is a 3x[1 x3] Mn(ll), rectangular grid comprised of three [M,-(.uO)z] subunits separated by JL-NN bridges. As discussed in section 4.3.2, full matrix

calculation on this 45-electron problem is not possible because of the immensity of the
calculations involved. Therefore, a simpler model that treats the system as a composite of
three linear trinuclear subunits was considered (Figure 6. I 8).
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7

8

9

Figure 6.18: Magnetic exchange models for a 3x[l x3] M, grid.
A Hamiltonian to describe this exchange situation is expressed in equation 6.1.
(6.1)
A correction for weak intramolecular interactions between the trinucluear
subunits is included by introducing a molecular field approximation [142] into the
susceptibility expression (6.2):

z ...

Np 1

1

3k(T-z/z.,_)

LS'(S'+1)(2S'+l)e-£(s') lkT

L(2S'+l)e -''·' ''"'

(I- p)+

(6.2)

NP' g' S(S + l)p +TIP
3kT

Where z is the number of nearest neighbours around a magnetic moiety and J' is
the exchange interaction between the two nearest neighbours.
Variable-temperature magnetic data for 6.2 are shown in Figure 6.19, with a drop
in moment from 17.7 JIB at 300 K to 6.4 J.1B at 2K, consistent with the presence of nine
Mn(II) centres within an antiferromagnetically coupled grid.
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Figure 6.19: Variable temperature magnetic data for 6.2; g = 2.04, J = -1.4 em·', z = 4/3,
J' = -0.4 cm" 1, TIP = 200

X

I

o" cm3mor' , 102R = 1.56.

The data were fitted to equation 6.2 to give g = 2.04, J = -1.4 em·', z = 4/3, J' =
-0.4 em"', TIP = 200

X

I o" cm3mor', I 02R = 1.56 (R = [:!:(X,.,- Xoa~o)2iLXob,2) 112 ). The

solid line in Figure 6.19 was calculated with these parameters. The negative sign of both
J and J' are consistent with the large Mn-0-Mn bond and Mn-NN-Mn torsional angles,
leading to the observed anti ferromagnetic exchange. Similar Mn-0-Mn bond angles are
present in the Mn(llh cluster, 3.2, with comparable fitted values of g = 2.04(2) and J = 3.03(1) em·'Compounds 6.3-6.6 are [3 x3) M(ll)<, grids that can be described by the same
magnetic model employed to treat similar grids in Chapters 4 and 5. Briefly, exchange
between neighboring metal centres in the outer ring of eight metals (Figure 6.20) is
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assumed to be the same (J I) while exchange between the central metal ion and its
adjacent metals is assumed to be slightly different (J2).

~rn:
7

6

5

Figure 6.20: Magnetic exchange model for a [3 x3] M9 grid.

A Hamiltonian to describe this exchange situation includes two exchange
integrals and is expressed in equation 6.3.

Ha =-Jl{S, ·S, +S, ·S, +S, ·S, +S, ·S, +S, ·S, +S, ·S, +S, ·S, +S,·S,} (6.3)
-J2{S 1 ·S, + S, ·S, + S, ·S, +S, ·S,)
Compound 6.3 is a [3 x3] Cu(!l)g grid and its magnetic profile is shown in Figure

6.21 as a plot of moment per mole as a function of temperature. The moment drops from
5.58 JiB at 300 K to a minimum value of 4.36 JiB at 2 K, indicative of anti ferromagnetic
exchange.
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Figure 6.21: Variable temperature magnetic data for 6.3; g = 2.07(1), 11 = -0.8(1) cm· 1,
J2 = -10(l)cm· 1, TlP = 860 x 10.. cm3 mor 1,S=-0.2cm·\ 102 R = 3.45.
All nine octahedral copper centres exhibit Jahn-Teller compression (Figure 6.11 ),

which defines their magnetic ground states as dz2. The dz2 orbital does have some electron
density in the xy plane and therefore antiferromagnetic exchange, via the hydrazone
oxygen bridges, is expected. Compound 6.3 was fitted using the non-linear regression

routines built into the MAGMUN4.1 [49] software by evaluating J2 as a fraction of Jl.

As discussed in Chapters 4 and 5, this is not a completely rigorous approach, however,
applied in the context of a sensible analysis of the exchange situation based upon the
structure, useful information on the magnitude of the coupling can be obtained.
A fit for 6.3 was obtained after many trial comparisons varying the ratio of -J2/JI
to give a best fit with g = 2.07(1), Jl = -0.8(1) cm- 1, J2 = -10(1) cm- 1, TIP= 860 x 10_.
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cm3mor', e = -0.2 em·', I 02R = 3.45. The solid line in Figure 6.21 was calculated with
these parameters and the sign of the exchange couplings is consistent with the expected

anti ferromagnetism from a structural analysis.
If the magnitude of the antiferromagnetic exchange for both the external ring of
eight centres (Figure 6.20, sites 1-8) and for the central 'cross' of five metal centres
(Figure 6.20, site 2, 4, 6, 8 and 9) was equal, calculations show that the expected ground

state should be S' = ~h. The variable temperature data for 6.3 is not consistent for that
situation, and instead shows a residual moment of 4.36 p 8 at 2 K, which suggests that at

low temperature the exchange situation is dominated by J2. and that the contribution from
J I is negligible. Theoretical calculation then give that s·~ = Y, for the central cross,

with each comer Cu(H) centre contributing Scu = Yz, giving an overall ground state for 6.3
asS'= S'cross+ 4 x Scu = 5 x Yl. A magnetization versus field study was carried out at 2 K
(Figure 6.22) and shows a smooth rise in the experimental data with increasing field up to
a value of 4.84 N~ at 50 000 Oe. The solid line was calculated for g = 2.06, S' = 5 x Y,, T
=

2 K using the appropriate Brillouin function while the dashed line was calculated for g

=

2.06, S' = 5/2, T = 2 K. It is clear that the experimental data is consistent with the

proposed ground state of S' = 5 x Y,, and that there is no significant exchange between the
residual spins at 2 K, as might be expected if an S' = 5/2 had been observed.
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Figure 6.22: Variable field magnetization data for 6.3; solid red line calculated for g ~
2.06, S' ~ 5 x Y,, T ~ 2 K, and dashed blue line calculated for g ~ 2.06, S' ~ 5/2, T ~ 2 K

using the appropriate Brillouin function.
Compound 6.4 is also a [3x3] Cu(ll)9grid and its magnetic profile is shown in

Figure 6.23 as a plot of moment per mole as a function of temperature. The moment
drops from 5.71 JiB at 300 K to a minimum value of 5.37 JiB at 30 K, suggesting an
antiferromagnetic exchange component, followed by a rise to 6.35 peat 2 K, indicative of

a second, ferromagnetic, exchange contribution.
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Figure 6.23: Variable temperature magnetic data for 6.4; g ~ 2.16(2), Jl ~ 2.2(2) em·', J2
~ -28(3) em·'' TIP ~ 720

X

I o-' cm3 mor'' p ~ 0.09, e ~ -I em·'' 102R ~ 2.54.

Compound 6.4 exhibits four-fold symmetry within the grid cation, with comer
and side distorted octahedral copper centres (Cu(l) and Cu(2)) displaying Jahn-Teller
elongation (Figure 6.14). Based upon the directionality of the Jahn-Teller axes in the
outer Cu(II)s ring, the Cu(l)-0(1)-Cu(2) and Cu(I)-0(2')-Cu(2') connections are
orthogonal, while the Cu(2)-0(3)-Cu(3) connection is not. Therefore, ferromagnetic
coupling between Cu(l) and Cu(2) centres (and their synunetry related counter-parts) is
predicted. Cu(3), the central distorted octahedral copper, exhibits Jahn-Teller
compression (magnetic ground state is dz2) and antiferromagnetic exchange between the

Cu(3) and Cu(2) centres is expected.
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Using the same approach as discussed for 6.3, the solid line in Figure 6.23 was
obtained with g ~ 2.16(2), Jl ~ 2.2(2) em·', J2 ~ -28(3) em·', TIP~ 720 x 10-' cm3mol' 1,
p ~ 0.09, 8 ~ -I em·', I 02 R ~ 2.54. The variable temperature data for 6.4 is dominated by
ferromagnetism at low temperature, therefore a magnetization versus field study was
carried out at 2 K (Figure 6.24). The experimental data rise smoothly with increasing
field up to a value of7.75 N~ at SO 000 Oe. The solid line was calculated for g ~ 2.16, S'
~

7/2, T ~ 2 K using the appropriate Brillouin function while the dashed line was

calculated for g ~ 2.16, S' ~ 7 x Y,, T ~ 2 K. Examination of the experimental data and
simulations shows that the experimental profile is more consistent with the model for a
grouped set of ferromagnetically-dominated, interacting copper(II) centres approaching
an S' ~ 7/2 ground state.
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Figure 6.24: Variable field magnetization data for 6.4; solid red line calculated for g
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using the appropriate Brillouin function.
Variable temperature magnetic data for 6.5 are shown in Figure 6.25. The
moment drops from I 0.93 /lB at 300 K to a minimum value of 8.43 /lB at 22 K, followed
by a rise to a maximum of I 0. 73 /lB at 8 K, with a further drop at lower temperatures.

Such behaviour is typical of a ferrimagnetic system, with a non-compensated ground
state spin due to intramolecular antiferromagnetic exchange (Chapter 5).
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Figure 6.25: Variable temperature magnetic data for 6.5; g ~ 2.42, 12 ~ -5.92 em·', TIP ~
2000

X

I o"' cm 3mor' ' 8 ~ -2 K.

A model which reasonably accounts for thls behaviour in an anti ferromagnetic
[3x3) Co., grid involves oxidation of the four comer metal sites from Co(ID (S ~ 3/2) to
diamagnetic Co(III) (Figure 6.20; sites I ,3,5, 7). An accurate reproduction of the
magnetic data for 6.5 cannot be achieved using a strictly isotropic S ~ 3/2 model for the
five Co(ll) sites (with a predicted ground state of S' ~ 9/2), however, the shape of the

profile can be reproduced with maxima and minima at the appropriate temperatures for g
~ 2.42, J2 ~ -5.92 em·', TIP ~ 2000 x 10"' cm3 mor 1, 8 ~ -2 K (solid line, Figure 6.25).

While no other Co(II), Co(lll), grid has been reported for comparison, a ,u-Ohydnw m<
bridged [2x2] Co(ll), grid gave fitted values ofg ~ 2.42(1), J ~ -6.95(4) em·' [59], which

supports the reasonable values used to generate the simulation for 6.5.
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Complex 6.6 is a [3x3] Mn(II)g grid, and as was the challenge with 4.2, and all
other reported [3x3] Mn(JI)g grids [73,74], a vector coupling approach cannot be used to

model the variable temperature magnetic data due to the enormity of the required matrix
calculations [98]. An adaptation of the Fisher model (equations 4.2- 4.4) was used to
approximate the outer ring of eight metals as a spin coupled chain, isolated from the

central metal ion (Figure 6.20, with J2 assumed to be zero) [73,74]. The magnetic profile
for 6.6 is shown in Figure 6.26 as a plot of moment per mole as a function of
temperature. The moment drops from 16.7 /JB at 300 K to a minimum value of 6.3 /JB at 2
K. The Fisher Model approach is justified on the basis that at 2 K the observed moment

is consistent for S' = 5/2, resulting from intragrid antiferromagnetic exchange and the
non-compensation of the spin of the central ion in the ground state.
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Figure 6.26: Variable temperature magnetic data for 6.6; g = 2.0, J I = -4.7 em·' , TIP = 0
cm3 mor' , 9

=

-4 K, 102 R = 1.14.

The data were fitted to equation 4.2 to give g = 2.0, Jl = -4.7 cm- 1, TIP = 0
cm3 mol' 1, 9 = -4 K, 10 2R = 1.14 (R = [:!:():00, - Xoruo)2ILX0, , 2] 112). The solid line in Figure

6.26 was calculated with these parameters and the exchange coupling is consistent with
other Mn(II)., grids [73 ,74], though as previously discussed for 4.2, this is not a rigorous
model and it is likely that J2 is non-zero, which is possibly reflected by the negative 9corrections. A summary of the magnetic results for 6.2- 6.6 is presented in Table 6.8.
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Table 6.8: Summary of the magnetic analysis of 6.2- 6.6.
Compound

Jl (em·)

g

6.2 3x I x3 Mn 1)9 rectangle
2.04
-1.4
2.07(1)
-0.8(1)
6.3 Cu 11)9 grid
6.4 (Cu(II)<, grid)
2.16(2)
2.2(2)
2.42
0
6.5 (Co(II)5Co(lll)• grid)••
-4.7
6.6 (Mn(IJ)9 grid)
2.0
Molecular Field Correction with z - 4/3, J - -0.4 em
**Simulation; data not fitted

•

J2(cm·)
-0.4•
-10(1)
-28(3)
-5.92
0

Ground State
Spin (S~
5/2
5 X 'l:z
7/2
9/2
5/2

6.4: Summary:
[3 x3] Mn(II)<,, Cu(II)9 and Co(JJ), Co(lll)• grids were synthesi zed by selfassembly reactions between metal salts and 2po45nq (2. 7) and 2po34nq (2.8). A Cu(II)9
grid (6.4), and a Mn(II)9 grid (6.6), were characterized and their intramolecular properties

(structure and magnetism) were found to be similar to those previously reported for
ferromagnetic Cu(ll)9 [66,69,71 ,96] and anti ferromagnetic Mn(ll)9 [30,69,70,73,29]

grids. Single crystals, suitable for structural characterization, could not be obtained for
6.5, the mixed oxidation state Co(II) 5Co(lll)• grid, however, its magnetic profile is

typical of intramolecular ferrimagnetic exchange, and the assignment of the oxidation
sites as those in the grid comers is consistent with that previously observed in the case of
Mn(ll)9 grid oxidation [29,30,73]. The data could not be fitted using an isotropic
exchange model, however, the shape of the profile could be simulated using an exchange
constant that is consistent for a [2x2] Co(II)4 complexe [59], presumed to have similar
Co-O-Co bond angles.
Compound 6.3 is also a [3 x3] Cu(ll)9 grid, with the ligand 2po56nq (2.6),
however, unlike all other previously reported examples [66,69,71 ,96 and in Chapter 4,
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compounds 4.5 and 4.6], each Cu(II) centre exhibits axial compression and a d,2

magnetic ground state, leading to anti ferromagnetic coupling due to the large Cu-0-Cu
bridging angles between both the ions in the ring and between the central ion and its

neighbors. The experimental data were modeled with two different exchange constants
that were independently varied in an iterative ratio to obtain a best fit, in the same manner
as for other reported Cu(IJ)9 grids, however both J I and J2 were negative, consistent with

antiferromangetic exchange dominating both exchange pathways.
A unique antiferromagnetic 3x (I x3] Mn(II)<J rectangle (6.2) was synthesized
using the ligand 2po56hq (2.5), which differs from 2.6·2.8, in that it does not possess an
amine group neighboring both the diazine bridge and the terminal quinoline moiety.

Without this additional steric factor, an alternative, enthalpically favoured ligand
conformation was adopted around the metal core, presumably in order to minimize
electrostatic repulsive effects between quinoline groups. The magnetic properties of6.2

were successfully modeled using a linear triad to represent the ,u-Oh'""""'' bridged Mn(ll)

centres, and a molecular field correction to account for the interaction between triads via
the ,u-NNdiazine bridges.
Intermolecular n-n interactions were observed in the extended lattice motifs of
6.1-6.4 and 6.6. These effects organized the cations of6.1 into layers via face-to-face

interactions. The extended lattice of 6.6 showed that the cationic grid moieties were
organized into chains, while the cations of 6.2 and 6.4 exhibited two-dimensional, layered
arrangements, and 6.3 displayed a three-dimensional network ordering. Edge-to-face and

face-to-face contacts between terminal quinoline moieties were found in all cases. and the
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distances of separation and off-set angles were consistent with those reported by Janiak
[132] from his Cambridge Structural Database search on the interactions between
transition-metal quinoline fragments. While long-range structural ordering was observed
in a11 cases, no corresponding long-range magnetic interactions were present. This is
perhaps not surprising due to the weak nature of n-n interactions, long distances between
metal centres in adjacent grids, and the lack of direct bridges between these metals.
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Chapter 7: Antiferromagnetic 4x(2K2( M 16 grids (M = Mn(ll), Co(ll) and
Co(II)/Co(III)) from self-assembly reactions with pyridazine bis(hydrazone) ligands
7.1: Preamble:
Self-assembly is a reversible process in which one or more components of a

system associate in a reversible manner to produce the most thermodynamically stable
aggregate, held together by non-covalent forces [143], as discussed in detail in Chapter I.
The synthesis of large [n xn] M,2 grid systems (n > 2; see Figure 7.1 for n = 4) is
complicated by many factors, including the identity of the metal ion (M) and any
associated crystal field stabilization energy, the pH of the synthetic reaction,
simultaneous or subsequent metal redox behaviour, and the possibility that other

oligomers may form preferentially (that is, act as a thermodynamic sink) over the
intended target [75].

+
8L

16M

Figure 7.1: A hypothetical self-assembled [4x4] grid.
Despite many complicating factors, grids of greater size and nuclearity are
desirable goals in the pursuit of quantum arrays with nanometric dimensions. Towards
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this end, the pentatopic ligand Ll (Figure 7.2a) was synthesized, programmed with the
coordination elements necessary for the formation of a self-assembled [5x5] M, grid
[144].

(a)

(b)
Figure 7.2: a) The complexed ligand Ll in its cisoid configuration, leading to b) a
hypothetical [5x5] square grid.

While Ll contains five pockets suitable for the formation of five-membered
chelate rings upon coordination with a metal ion, and therefore could be envisaged to
lead to the desired target upon assembly often ligands with 25 metal ions (Figure 7.2b),
this result was not achieved. Instead, the ligand adopted a transoid N~C-C~N
configuration about the central pyridazine-pyridazine bond (Figure 7.3a), leading to the
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formation of a compartmental 2x[2x5) Ag(l)2o grid with nine ligands (Figure 7.3b)
[144).

(a)

(b)
Figure 7.3: a) The complexed ligand Ll in its transoid configuration, leading to the
formation of b) [2x5) Ag(I) 10 rectangular subunits.
A non-magnetic Pb(JJ), 6 grid was synthesized via a self-assembly reaction
between 16 metal ions and eight ligands [22) (L2, Figure 7 .4a) with 16 triflate anions and
eight water molecules filling additional sites on the lead ions, which adopted coordination
numbers of seven, eight or nine [22,23). The ligands were arranged with two
perpendicular sets of four outer (Figure 7.4b, blue) and four inner (Figure 7.4, magenta)
ligands, which does not result in a regular [4x4) grid, but instead another
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compartmentalized arrangement, this one consisting of four [2x2] subunits, that is, a
4x[2x2] Pb(II)\6 grid (Figure 7.4b) [23].

Figure 7.4: a) The ligand Ll (showing metal coordination) used in the synthesis of b) a
4x[2x2] Pb(II)\6 grid.
Tetratopic ligands based on a central dinucleating pyridazine bis(hydrazone)
fragment (Figure 7.5), suitable for the formation of [4x4] M 16 grids, have been
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synthesized. Initial reports, however, included only the lower nuclearity complexes

Ni(II)J(L3)J, a linear, trinuclear helix [145] and Cu(II)I2(L3)s, an incomplete 'picture
frame' [146] , in which some of the potential coordination sites were vacant.

Figure 7.5: Tetratopic pyridazine bis(hydrawne) ligands L3 (R

~

NH 2 ) and L4 (R ~ H),

showing metal coordination pockets.

Compartmental 4x[2x2] Mn(ll)l6 grids were subsequently reported [55,56],
consisting of six-coordinate metal ions in an arrangement of four [2 x2]
(u-0,,,~,)•

Mr4-

moieties with eight ligands (Figure 7.5 ; L4), arranged in an approximately

parallel manner, with four above and four below a puckered metal pseudoplane (Figure

7.6).

215

Figure 7.6: Ball-and-stick model of an Mn 16(L4)8(0H)s cation [56]; pink~ Mn,
grey~

C,

blue ~

red ~

0,

N.

Each M!l4-(u-0,,.,.,.,..)4 subunit was bridged to two adjacent subunits by a
combined ,u-NNpyridazincl.U-0 double bridge, in which the oxygen was exogenous (Figure
7.6;

X~

OH- for example), resulting from the solvent and completing the distorted

octahedral coordination spheres of the inner metal ions. Variable temperature magnetic
data showed a drop in moment from approximately 22

f.iB

at 300 K (which is slightly

lower than the expected spin only moment of23.6 f.iB for sixteenS'~ 5/2 centres) to
approximately 4 ;..tB at 2 K, consistent with the presence of anti ferromagnetic coupling.
The magnetic data were not modeled due to the enormous matrix calculations that an SOelectron problem would require in order to generate the required spin state/energy profile.
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Two new tetratopic pyridazine bis(hydrazone) tetratopic ligands have been
synthesized (2.10 and 2.11, Figure 7.7 and 7.8, respectively), and form
antiferromagnetically coupled, compartmental 4x[2x2] M1o grids (where M

= Mn(II),

Co(!!) and Co(II)/Co(lll)). Based upon the X-ray structural analysis of two Mn(II)Jo
grids magnetic exchange models are proposed. These results are discussed here.

Figure 7.7: Tetratopic pyridazine bis(hydrazone) ligand 2pdoapm, 2.10.

Figure 7.8: Tetratopic pyridazine bis(hydrazone) ligand 2pdo56hq, 2.1 1.
7.2: Experimental:

Note: In some cases there is a difference between the most reasonable formula based on
the elemental analysis (analytical formula), and that obtained from X-ray crystallography.
The analytical formulae will be used here.
7.2.1: Complex synthesis:
7.2.1.1: [(CI,Hl202Nl2)sMn,.O,(OH),](PF,)4-57H,O·I2CH,OH (7.1) A solution of
Mn(CF3S03)2 (3 mL of a 0.091 g·mL' 1 solution in CH3 0H; 0.8 mmol) was added to a
slurry of2pdoapm (2.10) (0.070 g; 0.17 mmol) in 20 mL of 1:1 CH3 CN:CH 3 0H
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producing a yellow slurry. NaOfi{oq) (1 mL of 1.17 mol·L·' ;- I mmol) in order to
achieve a slightly basic pH(- 8), turning the reaction solution clear and dark red.
NH.PF6 (0.040 g, 0.25 mmol) was added, and the solution was heated gently (equipped
with a condenser) for 24 hours and then filtered. The filtrate was preserved for
crystallization. Red needle-like crystals, suitable for X-ray diffraction, formed upon
standing after 13 days (0.040 g, 61 %yield). Anal. Calcd (%)for [(C,.H,O, N,)s

Mn 160 4 (OH)4](PF6)4(H20)57(CH30H)12; C, 27.17; H, 4.27; N 21.72; Found (bulk
sample)(%): C, 27.20; H, 1.90; N 21.93.
7.2.1.2: [(2pdoapm-2H)8Co(II) 16(0H)s](BF,)s-19.8H,O (7.2a) and [(2pdoapm2H)8Co(ll)12Co(lll)4(H20)8](BF4)20·95H20 (7.2b) 2pdoapm (2.10) (0.12 g, 0.30 mmol)
was added to a solution ofCo(BF,)r6H, O (0.21 g; 0.62 mmol) in 20 mL of 1:1 CH, OH:
CH3CN. This produced a clear, light orange solution to which 1 mL of 1.22 mol·L·'
NaOH1,, ) was added in order to achieve a neutral pH. The resulting dark purple solution
was stirred with gentle heating for 18 hours and at room temperature for 6 hours and then
filtered. The filtrate was preserved for crystallization. Several red prismatic crystals,
suitable for X-ray diffraction, formed upon standing after 22 days. One crystal (7.2a)
was used for X-ray diffraction. The following day (- 24 hours after isolation of7.2a) the
bulk solution was layered with 3 mL of dichloromethane, which precipitated a dark red
powder that was collected by filtration (7.2b) (0.26g; 60 % yield). Note that air was not
excluded in this procedure. Anal. Calcd (%)for 7.2b [(C,,H,.N, O, )sCo,. (H, O)s] (BF,),o
(H20)95; C, 19.75; H, 4.11 ; N 17.27; Found (bulk sample)(%): C, 19.75; H, 1.91 ; N
17.22. UV-Vis for 7.2b: '-m.x(CH3 CN)/nm 411 (Eidm3 mor' em·' 19 202).
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7.2.1.3: (2pdoapm-2H)8Co16(H20)s(BF,),.·74H,O (7.3). Note: All reaction steps were
performed under an N2(g) atmosphere and all solvents were degassed with N2(gJ prior to
use. To a slurry of2pdoapm, 2.10, (0.12 g; 0.30 mmol) in 15 mL of I :I CH3 CN:CH30H
was added a solution ofCo(BF4),-6H20 (0.21 g; 0.62 mmol) in 6 mL of 1:1

CH3 CN:CH3 0H dropwise via syringe, producing a clear red-orange solution that turned
clear red upon stirring at room temperature for 45 minutes. 1.5 mL of 0.50 morL· 1
NaOH(oq) (0. 75 mmol) was then added dropwise via syringe over 12 minutes, turning the

reaction solution clear and dark red. This was stirred with gentle heating in a hot water
bath for 20 minutes, and then at room temperature for 18 hours. The volume was then
reduced under vacuum to 5 mL, and a solution of3:1 CH3 0H:(CH3 CH2),0 was added

via syringe. The resulting slurry was stirred at room temperature for one hour and was
then filtered underN2(g)· 0.11 g (0.016 mmol; 63% yield) of very dark red,
microcrystalline 7.3 was collected. Anal. Calcd (%)for (C16H14N 120 2)8Co16(H20)8
(BF,)J6(H,O),.; C, 21.77; H, 3.94; N 19.04; Found (bulk sample)(%): C, 21.99; H, 1.92;
N 19.07.

7.2.1.4: [(2pdo56hq-2H)sMn16(0H)8](N03)8·27H20 (7.4). Mn(N03 ),-6H20 (0.21 g, 0.73
mmol) was added to a beige slurry of2pdo56hq, 2.11, (0.11 g; 0.22 mmol) in 20 mL of

I: I CH,CN :CH,OH, producing no change in the appearance of the slurry. NaOH(oqJ (1
mL of 1.17 mol'L. 1;- I mmol) was added in order to achieve a neutral pH (-7), turning
the reaction mixture cloudy and brown. Upon addition of 5 mL of H20 , the solution

became clear and brown. The reaction flask was equipped with a condenser, and the
reaction was heated gently (approximately 55 °C) for 20 hours and then filtered. The dark
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red filtrate was preserved for crystallization. Red crystals, suitable for X-ray analysis,
fonned upon standing after 3 days (0.060 g, 38% yield). Anal. Calcd (%)for
[(C26H 16 0,Ns)sMn,.(OH)s](NO,)s(H,0)2,; C, 43.24; H, 3.31; N 17.46; Found (bulk
sample)(%): C, 43.24; H, 3.11; N 17.37.
7.2.2: Crystallography

The diffraction intensities of a red, needle crystal of 7.1 having approximate
dimensions of 0.45 x 0.14 x 0.10 mm were collected on a Rigaku Saturn CCD area
detector with graphite monochromated Mo-Ku radiation at 113(2) K to a maximum 28

value of 61.9°. The data were corrected for Lorentz and polarization effects and a
correction for secondary extinction [8 I] was applied. The structure was solved by direct
methods [82,83] and expanded using Fourier techniques [84]. Hydrogen atoms were

introduced in difference map or calculated positions with isotropic thermal parameters set
twenty percent greater than those of their bonding partners. They were refined on the
riding model. The Platon [91] Squeeze procedure was applied to recover423.8 electrons
per unit cell in two voids (total volume 4437.5 A3); that is 211.9 electrons per fonnula

unit. Disordered solvent water molecules appeared to be present prior to the application
of Squeeze, though a good point atom model could not be achieved for these. The
application of Squeeze gave a good improvement in the data statistics and allowed for a
full anisotropic refinement of the framework structure and counterions. Two halfoccupancy, hexafluorophosphate anions were present in the asymmetric unit; one was
disordered and its fluorine atom occupancies reflect this disorder. These contribute a
charge of -4 per formula unit. Protons H(25) and H(26) were located on 0(5) and 0(6),
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respectively, in the difference map, making their assignment hydroxide bridges, while no
such protons could be located on 0(7) and 0(8) and are hence presumed to be oxides.

Neutral atom scattering factors and anomalous dispersion effects were taken from the
usual sources [85-88]. All calculations were performed using the Crystal Structure
[89,90] crystallographic software package except for refinement, which was performed
using SHELXL-97 [83].
A dark red prismatic crystal of7.2a having approximate dimensions of0.27 x

0.19 x 0.18 mm was treated similarly to 7.1. Hydrogen atoms were introduced in
calculated positions with isotropic thermal parameters set twenty percent greater than
those of their bonding partners. They were refined on the riding model. One disordered
half-occupancy tetrafluoroborate was refined isotropically with fluorines held in fixed

positions in the last round of least squares in order to achieve convergence. All other nonhydrogen atoms were refined anisotropically. Two other full-occupancy disordered

tetrafluoroborate anions are present in the asymmetric unit; the fluorine atom occupancies
reflect this disorder. The Platon [91] Squeeze procedure was applied to recover 396.4
electrons per unit cell in one void (total volume 3552.2 A3 ); that is 198.2 electrons per

formula unit. Disordered solvent water molecules appeared to be present prior to the
application of Squeeze, though a good point atom model could not be achieved for these.

The application of Squeeze gave a good improvement in the data statistics and allowed
for a satisfactory refinement of the framework structure and counterions.
A red prismatic crystal of 7.4 having approximate dimensions of 0.41 x 0.28 x
0.28 mm was treated similarly to 7.1. Hydrogen atoms were introduced in difference
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map (H(33)) or calculated positions with isotropic thermal parameters set twenty percent
greater than those of their bonding partners. They were refined on the riding model. The
asymmetric unit contains one full-occupancy nitrate anion that was refined

anisotropically until the final rounds of least squares, when its thermal parameters and
positional coordinates were fixed in order to achieve convergence. The asymmetric unit
also contains eight partial occupancy water molecules as lattice solvent. The

corresponding protons could not he located in the difference map and were omitted from
the model. Atoms 0(6) and 0(7), each with occupancy equal toY,, appear make up a full
occupancy hydroxide bridge, hydrogen bonded to the water molecule 0(17). No protons
were located on the bridging atom 0(5) and the species is presumed to be oxide.
Abbreviated crystal data for 7.1, 7.2a and 7.4 are listed in Tables 7.1 and 7.2.
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Table 7.1 : Summary of crystallographic data for 7.1 and 7.2a.

Chemical
Formula
M
T(K
Crystal
System
Space
Group
a(A
b(A]
c(A)
a (•)

Pc·J
1 (•)

V(A' )

z

Deale
(g/cm 3)
).l(MoKa)
(cm. 1)
Reflections
Total
Reflections
Unique
Rint
R,
(I> 2. OOa(l))
wR, (AII
reflections)

7.1

7.2a

CJ2sHJ42.~24N96Mnl 604s.2 P4

C128H143.6BsCoi~32N9604J.s

5207.61
113 2

5364.92
113 2)

orthorhombic

orthorhombic

Pmmn(#59)

Pmrnn (#59)

25.845 3
29.547 4
16.420(2)
90.00
90.00
90.00
12539(3)
2

25.5173
29.451 3
15.8192 16
90.00
90.00
90.00
11888(2)
2

1.379

1.499

8.95

11.90

56060

93316

12815

12830

0.0510

0.0658

0.0928

0.0955

0.2793

0.2806
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Table 7.2: Summary of crystallographic data for 7.4.

7.4
Chemical
Formula

C,osH, ,.Mn ,.N..o..

M

5615.26
113(2)

T(K)
Crystal
System
Space
Group
a(A'
b(A:
c(A)
a(o)

tetragonal
P421c(#114)

22.856 2
22.856 2
27.634 3
90.00
90.00
90.00
14436(2)
2

p (0)
y (0)

V(A' )

z
Deale
(wcm3l

1.292

~(MoKa)

7.53

(cm"1)
Reflections

114457

Total
Reflections

14185

Unique
Rint
R,
(I> 2.00a(l))
wR, (Ail

0.0574
0.0934
0.2707

reflections)
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7.3: Results and Discussion:

Note: The crystallographically determined formulae are used herein. Colour code for
figures: purple = cobalt, magenta = manganese, grey = carbon, blue = nitrogen, red

=

oxygen. Crystallographic representations/illustrations were generated using Persistence of

Vision Ray Tracer (POV-Ray©) for Windows, version 3.6, with scene description files
written by Ortep-3 for Windows (Version 1.08) Copyright© 1997-2003 Louis J. Farrugia.
7.3.1: Description of crystal structures:

7.3.1.1: [(2pdoapm-2H)8Mn 160.(0H).](PF6)4-21.2H,O (7.1).
The structure of the cationic fragment of7.1 and its unit cell and the bifurcated
Mn-0 core are shown in Figures 7 .9a, b and c respectively, and significant bond lengths
and angles are listed in Table 7.3.
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(b)

(a)

(c)
Figure 7.9: a) Ball-and-stick depiction of the cationic moiety 7.1. Hydrogen atoms

omitted for clarity. b) The unit cell of7.1, looking down the a-axis; anions omitted for
clarity. c) Bifurcation of the M-0 core in 7.1.
The crystal structure of 7.1 consists of a hexadecanuclear core of six-coordinate

Mn(II) ions in an arrangement of four [2x2]

M114-(u-Ohyd~~l•

moieties forming a

roughly square cationic framework (Figure 7.9a), with eight 2pdoapm ligands, arranged
in two almost parallel groups of four, one group above and the other below a puckered
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metal pseudoplane (Figure 7.9c). Each M14-(,u-Ohydn•ro"')' subunit is bridged to two
adjacent subunits by a combined jt-NNp,;<Wi..o'JL-0 double bridge, in which the oxygen is
from an exogenous source (Figure 7.1 0). The bifurcation of the metal core is expected
due to the bending of the ligand arms (end-pieces) relative to the pyridazine central group
(Figure 7.5).

Figure 7.10: Ball-and-stick depiction of the core structure of7.l.

The presence of sixteen Mn(II) centres creates a charge of+ 32 which must be
balanced. Each ligand is presumed to be doubly-deprotonated [55,56] and four
hexafluorophosphate anions are present per grid; these account for a charge of -20.
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Protons were located on 0(5) and 0(6) in the difference map, making their assignment
hydroxide bridges. No protons could be located on 0(7) and 0(8) which are therefore
assigned as oxides. Together the hydroxides and oxides make up the remaining charge of
-12. The formation of hydroxide and oxide is reasonable since base was added in the
synthesis.

Mn-Mn distances mediated only by p-0 bridges fall in the range 3.7796(14)3.9057(14)

A, with Mn-0-Mn angles in the range

119.18(15)- 126.15(18)", which are

slightly less than those observed for other p-Ohyd"'-""< bridged [2x2] Mn(JJ), grids (126.5
- 131.6") [64]. This is in good agreement with previously reported 4 x[2x2] Mn(II)I6
grids [55,56] and reasonable in light of the secondary p-0/p-NN bridges connecting the
subunits. Distances between manganese centres that are doubly p-Ol p-NN bridged fall
in the range 3.6860(14)- 3.7690(8) A, with Mn-0-Mn angles in the range 116.2(2)126.9(3)" and Mn-NN-Mn torsion angles of 180.0°. The overall metallic core of7.1
measures approximately 10.74 x 10.80 A2 Mn(l) has a cis-MnN40 2 coordination
environment, while Mn(2) and Mn(3) have mer-MnN 30 3 environments and Mn(4) has a

trans-MnN,O, coordination environment. Mn(l), Mn(2) and Mn(3) display long Mn-N
distances to the external pyrimidine rings (N(I ), N(l3), N(l9) and N(7), with distances in
the range 2.306(4)- 2.380(6) A), likely due to the stretching of the ligands over the
bifurcated metal core, with all other Mn-L distances exhibiting shorter contacts (2.083(3)
- 2.289(4) A).
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Table 7.3: Selected bond distances (A) angles (0 ) and torsion angles\) for 7.1.
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)

N(16)
N(4)
0(1)
0(3)
N(l)
N(l3)

2.139(5)
2.140(5)
2.188(3)
2.192(4)
2.306(4)
2.380(6)

Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)

0(7)
N(IO)
0(3)
0(2)
N(l8)
N(7)

2.083(3)
2.135(5)
2.189(4)
2.213(4)
2.255(5)
2.314(5)

Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)

0(5)
N(22)
0(1)
0(4)
N(6)
N(l9)

2.1 07(2)
2.169(5)
2.184(4)
2.209(4)
2.306(4)
2.359(6)

Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)

0(8)
0(2)
0(4)
0(6)
N( 12)
N(24)

2.155(3)
2.156(4)
2.174(4)
2.191(3)
2.279(5)
2.289(4)

Mn(2)
Mn(4)
Mn(3)
Mn(4)
Mn(2)
Mn(4)
Mn(3)
Mn(4)

0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
0(7)
0(8)

Mn(l) 126.08(17)
Mn(3) 126.15(18)
Mn(l) 126.15(18)
Mn(2) 119.18(15)
Mn(2") 126.9(3)
Mn(4'')116.2(2)
Mn(3 ') 124.4(3)
Mn(4') 120.8(2)

Mn(2)
Mn(3)
Mn(4)
Mn(4)

N(6)
N(l8)
N(24)
N(l2)

N(6") Mn(2")
N(l8') Mn(3)
N(24' ) Mn(4')
N(I2")Mn(4")

180.0
180.0
180.0
180.0

7.3.l.2:[(2pdoapm-2H)sCo 16(0H)8)(BF,) 8·19.8H 20 (7.2a).
The structure of the cationic fragment of7.2a, its unit cell and the bifurcated Co0 core are shown in Figure 7.lla, band c respectively, and significant bond lengths and
angles are listed in Table 7.4.
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(b)

(a)

(c)
Figure 7.11: a) Ball-and-stick depiction of the cationic moiety 7.2a. Hydrogen atoms

omitted for clarity. b) The unit cell of7.2a, looking down the a-axis; anions omitted for
clarity. c) Bifurcation of the M-0 core in 7.2a.
The crystal structure of 7 .2a consists of a core of sixteen distorted octahedral

Co(ID ions arranged in four [2x2] Co4-(.u-O"''""""')• squares connected to each other by
,u-NNpyridu;,,/,u-0 double bridges forming a cationic framework, with eight 2pdoapm

ligands (Figure 7.lla). The two groups of ligands are arranged in an approximately
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parallel manner, with four above and four below the bifurcated metal pseudoplane
(Figure 7.1Jc). The full core structural representation of7.2a is shown in Figure 7.12.

Figure 7.12: Ball-and-stick depiction of the core structure of7.2a.
Each cobalt centre is in the +2 oxidation station based upon BVS calculations
(2.28, 2.24, 2.29, 2.25 for Co( I)- Co(4) respectively) (59,93]. For charge balance

purposes in the symmetry expanded model, there are sixteen cobalt atoms, for a total
charge of+32 and eight tetrafluoroborate anions contributing a charge of -8. Each ligand
is presumed to be doubly deprotonated each with a charge of -2 for an additional
contribution of -16. While no protons could be located in the difference map for the
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bridging atoms 0(5-8), these are presumed to be hydroxide ions, contributing an
additional total charge of -8 per formula unit; therefore charge balance is achieved.
Co-Co distances mediated only by p-0 bridges fall in the range 3.8669(12)3.9891(10) A, with Co-O-Co angles in the range 132.24(17)- 135.64(18)0 , while
distances between cobalt centres that are doubly p-Olp-NN bridged fall in the range
3.4616(10)- 3.6313(12) A, with Co-O-Co angles in the range 112.4(2)- 123.8(3)" and
Co-NN-Co torsion angles of 180.0°. The overall metallic core for 7.2a measures
approximately 10.76 x 10.81 A2 • Co(l)hasa cis-CoN,O,coordinationenvironment,
while Co(2) and Co(3) have mer-CoN303 environments and Co(4) has a trans-CoN,O,
coordination environment, all with Co-L distances between 2.007(5)- 2.220(6) A.
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Table 7.4: Selected bond distances (A) angles (") and torsion angles (") for 7.2a.

Co(l)
Co(l)
Co(l)
Co(l)
Co(l)
Co(l)

N(l6)
N(4)
0(3)
N(l)
0(1)
N(l3)

2.018(5)
2.018(5)
2.162(4)
2.170(5)
2.179(3)
2.220(6)

Co(3)
Co(3)
Co(3)
Co(3)
Co(3)
Co(3)

N(IO)
0(7)
N(18)
0(3)
N(7)
0(2)

2.007(5)
2.019(3)
2.096(4)
2.123(4)
2.183(5)
2.183(3)

Co(2)
Co(2)
Co(2)
Co(2)
Co(2)
Co(2)

N(22)
0(5)
N(6)
0(1)
0(4)
N(l9)

2.028(6)
2.058(3)
2.099(4)
2.129(4)
2.162(4)
2.174(7)

Co(4)
Co(4)
Co(4)
Co(4)
Co(4)
Co(4)

0(4)
N(12)
0(8)
0(2)
0(6)
N(24)

2.055(4)
2.080(4)
2.083(3)
2.086(3)
2.091(3)
2.102(5)

Co(2)
Co(4)
Co(3)
Co(4)
Co(2)
Co(4)
Co(3)
Co(4)

0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
0(7)
0(8)

Co(l)
Co(3)
Co(l)
Co(2)
Co(2")
Co(4")
Co(3 ' )
Co(4' )

Co(2)
Co(3)
Co(4)
Co(4)

N(6)
N(l8)
N(24)
N(l2)

135.64(18)
135.34(18)
132.24(17)
132.94(18)
123.8(3)
114.9(2)
122.6(2)
112.4(2)

N(6") Co(2")
N(18' ) Co(3 ' )
N(24' ) Co(4' )
N(I2")Co(4")

180.0
180.0
180.0
180.0

7.3.1.3:[(2pdo56hq-2H) 8Mn 160,(0H),](N03 ),·32H 20 (7.4).

The unit cell of7.4. showing the structure of the cationic fragment is shown in
Figure 7.13 and significant bond lengths and angles are listed in Table 7.5.
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Figure 7.13: Ball-and-stick depiction of the cationic moiety in the unit cell of7.4, viewed

down the c-axis. Hydrogen atoms, solvent, anions and 0(6) omitted for clarity.
The crystal structure of7.4 is similar to that of7.1 in that it consists of four [2x2]
MI14-(J.t-Ohydrazone)4 squares arranged in an approximately square cationic framework

(Figure 7.13) connected by ,u-NNpyri<bzim/,U-0 double bridges with two groups of four
2pdo56hq ligands arranged in an approximately parallel manner, with one group above
and the other below a metal pseudoplane. The core structural representation of 7.4 is
shown in Figure 7.14.
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Figure 7.14: Ball-and-stick depiction of the core structure of7.4; 0(6) omitted for
clarity.
The presence of sixteen Mn(II) centres means that a charge of+32 must be
balanced. Each ligand is presumed to be doubly-deprotonated, and four nitrate anions
were found per grid, together contributing a charge of -20. 0(6) (omitted for clarity from
Figure 7.13 and 7.14) and 0(7) are each at Y, occupancy, bonded to the single proton
H(33), which was located in the difference map, and together make up a disordered
hydroxide bridge, thereby contributing a charge of -4. No protons were located on the
bridging atoms 0(5) and so these species are presumed to be oxide. contributing a charge

of -8 overall, and balancing the charge for the full formula unit.
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Mn-Mn distances mediated only by p-0 bridges fall in the range 3.9426(13)4.0712(14) A, with Mn-0-Mn angles in the range 124.3(2)- 129.8(2)0 , which are again
slightly less than those observed for other p-Ohyd~~ bridged [2x2] Mn(II) 4 grids (126.5
- I 3 I .6°) [64]. Distances between manganese centres that are doubly p-Olp-NN bridged
fall in the range 3.7086(12)- 3.7638(13) A, with Mn-0-Mn angles in the range I 19.4(5)I 30.8(3) 0 and Mn-NN-Mn torsion angles of I 74.7 and I 74.9°. The overall metallic core
of7.4 measures approximately I 1.05 x I 1.05

A2 •

Mn(l) bas a cis-MnN4 0 2 coordination

environment, while Mn(2) and Mn(3) have mer-MnN,O, environments and Mn( 4) has a

trans-MnN204 coordination environment. Mn(J), Mn(2) and Mn(3) display long Mn-N
distances to the external pyridine-moiety of the quinoline rings (N(J ), N(8"'), N(9) and
N(J6"), with distances in the range 2.286(6)- 2.373(6) A), likely due to the stretching of

the ligands over the metal core, with all other Mn-L distances exhibiting shorter contacts
(2.064(5)- 2.306(6) A).
The ligands of7.4 are aligned in two approximately parallel groups above and
below the metal pseudoplane, with distances between terminal quinoline-pyridine
centroids of3.74- 3.78

A, off-set by 20. I -54.0°, and terminal quinoline-arene centroids

of3.68- 3.74 A, off-set by 13.9- 54.8° (Figure 7. 15, orange arrows). Examination of the

extended lattice structure reveals that the aromatic quinoline moieties effectively
extending the overall structure in a two-dimensional array, with each grid interlocked
with two others through both face-to-face quinoline-arene to quinoline-pyridine
interactions (Figure 7. I 5, green arrow, 3.80 A, off-set by 33.5") and perpendicular edgeto-face interactions (Figure 7.15, purple arrows, 3.89-3.99 A).

236

Figure 7.15: Ball-and-stick depiction of7.4, viewed down the c-axis (0:5x:51, 0 :5y:51 ,

0. 75

~

z :5: 1) showing face-to-face intramolecular (orange arrows), intennolecular (green

arrow) and intermolecular edge-to-face (purple arrows) 7t-7t interactions.

237

Table 7.5: Selected bond distances (A) angles (0 ) and torsion angles

Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)
Mn(l)

N(7"')2.150(7)
N(2) 2.176(6)
0(1) 2.250(5)
0(2"')2.282(5)
N(8"')2.286(6)
N(l) 2.373(6)

Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)
Mn(3)

0(5)
N(10)
0(2)
0(3)
N(5)
N(9)

Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)
Mn(2)

0(5) 2.064(5)
N(l5")2. 183(6)
0(1) 2.215(5)
N(4) 2.267(6)
0(4") 2.302(5)
N(16")2.344(6)

Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)
Mn(4)

0(7) 2.138(10)
0(6) 2.144(9)
0(7"') 2.149(10)
0(6"') 2.153(9)
0(4)
2.193(5)
0(3)
2.195(5)
N(l2) 2.286(6)
N(13'") 2.306(6)

Mn(2) 0(1) Mn(l)128.7(2)
Mn(3"')0(2'")Mn(1)129.8(2)
Mn(4) 0(3) Mn(3) 124.3(2)
Mn(4"')0(4") Mn(2) 126.1(2)
Mn(2) 0(5) Mn(3) 130.8(3)
Mn(4) 0(6) Mn(4') 119.4(5)
Mn(4) 0(7) Mn(4')119.8(5)

n for 7.4.

2.077(5)
2.185(6)
2.214(5)
2.263(5)
2.272(6)
2.335(6)

Mn(2) N(4) N(5) Mn(3) 174.9
Mn(4) N(12) N(l3) Mn(4') 174.7

7.3.2: Magnetic Properties:
Compounds 7.1 and 7.4 are Mn(II) 16 grids. As discussed in section 4.3.2, the full
matrix calculation on a 45-electron [3 x3] Mn(ll)9 problem is not possible because of tbe

immensity of the calculations involved. The same problem arises here in that modeling
of the exchange situation cannot be performed in a fully isotropic manner, as this would
involve 80 electrons and enormous matrix calculations [55,56]. Therefore, a simpler
model that treats tbe system as a set of four compartmentalized [2x2] M14-(Jl-Ohyd""""')4
squares was considered (Figure 7.16).
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Figure 7.16: Magnetic exchange model for a 4x[2x2] M 1, grid.

A Hamiltonian to describe this exchange situation is expressed in equation 7 .I.

Ha =-J{S, ·S, +S, ·S13 +S 13 ·S, +S, ·S,)

(7.1)

A correction for intramolecular interactions between the [2x2] subunits via the
double ,u-NN,, id.,;,,/)1-0 bridge is included by introducing a molecular field
approximation (zJ') [142] into the susceptibility expression (equation 7.2).

z..,

Nplgl
3k(T- z./' z~~>

+

LS'(S'+1)(2S'+J)e-E(s')l.tT ]-

L(2S'+I)e-''s''"'

(

p)

(7.2)

NP'g'S(S+t)p +TIP
3kT

z is the number of adjacent neighbours for each [2x2] square and J' is the

exchange interaction between adjacent subunits. Variable-temperature magnetic data for
7.1 are shown in Figure 7.17, with a drop in moment from 21.37 /18 at 300 K to 4.63 /18
at2 K.
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Figure 7.17: Variable temperature magnetic data for 7.1; g = 2.0, J = -0.04 cm- 1, z = 2, J'
= -4.0cm· 1, p = O.Ol4, 102R = 2.91.
The data were fitted to equation 7.2 to give g = 2.0, J = -0.04 em·', z = 2, J' = -4.0

was calculated with these parameters. The negative sign of both J and J' are consistent

with the large Mn-0-Mn bond and Mn-NN-Mn torsional angles, leading to the observed
anti ferromagnetic exchange [28,29,45,70,73,96].
Variable-temperature magnetic data for 7.4 are shown in Figure 7.18, with a drop
in moment from 21.42 IJs at 300 K to 4.12 IJs at 2 K.
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Figure 7.18: Variable temperature magnetic data for 7.4; g ~ 2.0, J ~ -0.35 em·', z ~ 2, J'

The data were fitted to equation 7.2 to give g ~ 2.0, J ~ -0.35 em·', z ~ 2, J' ~4.25 em·', p ~ 0.019, 102R ~ 2.3 (R ~ [~(Xob•- xoa~,)'~xoo. 2 ] 112 ). The solid line in Figure
7.18 was calculated with these parameters. The negative sign of both J and J' are again
consistent with the large Mn-0-Mn bond and Mn-NN-Mn torsional angles, leading to the

observed antiferromagnetic behaviour. Despite the n-n interactions which organize the
grids into an extended lattice motif for 7.4, no long range magnetic ordering was
observed experimentally. It should he noted that for both 7.1 and 7.4, the approach used

to model the magnetic exchange is not rigorous, however, it does provide valuable
information about the magnitude of the different exchange couplings in the context of a
sensible analysis that is consistent with the X-ray structures.
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The X-ray structure of7.2a was determined from a single crystal that formed
from the solution, while the bulk sample that was collected for magnetic and elemental

analysis, 7.2b, was precipitated from solution 24 hours later. Variable-temperature
magnetic data for 7.2b are shown in Figure 7.19, with a drop in moment from 15.72fJB at
300 K to 7.54fJB at 2 K.

18
16

"' "'

14
CD

"-

12

0
E 10

"-

4+-----.-----.-----.-----~----~----~

0

50

100

150

200

250

300

T/K
Figure 7.19: Variable temperature magnetic data for 7.2b; solid line calculated with g ~
2.42, J ~ -0.5 em·' , z ~ 2, J' ~ -1.3 em·', p ~ 0.10, TIP~ 800 x 10"" cm3 mor', 102 R ~
8.38.
Typically, the observed magnetic moment per Co(!!) centre at 298 K, with orbital
contributions is between 4.3 and 5.2fJB [147). Assuming a moment of 4.8 fJB, for 16

Co(II) centres, the expected moment at room temperature is 19.2 J.is. Further,
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extrapolation of the single ion effects from the dinuclear Co(III)/Co(ll) complex [(ioapH)(ioap-2H)Co2(H20)4] (BF,)z (3.1) which contains a single Co(ll) centre in an N,O,

coordination sphere, suggests that for a putative Co(II) 16 grid with no exchange, the
magnetic moment would scale up to 13.6pB to 18 pB in the 2 to 300 K temperature
range. Alternately, applying the same reasoning to a putative Co(ll)IzCo(lll), grid with
no exchange should lead to observed moments between 11.8 pB to 15.6pB. Therefore,
while the single crystal structure is consistent with all 16 cobalt centres being in the +2

oxidation state, the experimental magnetic data for the bulk sample indicates that some
oxidation of the Co(ID centres to diamagnetic Co(III) has taken place. A UV -visible

experiment was performed in acetonitrile to conftnn the mixed valency of the cobalt
cations, however only a single absorption at 411 nm with an extinction coefficient of 19
202 dm3mor 1cm· 1 was observed. This extinction coefficient far exceeds what would be

expected for Laporte forbidden d-d transitions, and is more likely the result of a metal to
ligand charge transfer (MLCT). While it is still possible that d-d transitions occured, the
strong MLCT would likely have dominated the absorbance spectrum.
It is not possible to determine directly which cobalt centres are oxidized, however,

a reasonable suggestion would be for the more exposed corner sites, with cis-CoN402
coordination environments. This is consistent with the situation for [3x3] Mn(ll)'l grids,
where selective oxidation leads to the comer sites oxidizing to Mn(III) first [30,73,29].
This putative model was therefore tested by assuming Co(IJI) sites at the comers of the
grid (Figure 7.20).
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Figure 7.20: Magnetic exchange models for a 4x[2x2] Co(ll) 12 Co(III)4 grid (yellow
centres= Co(!!) with S = 3/2; green centres = Co(III) with S = 0).

Given this situation, 7.2b can be described as four ,u-Ohydrazone bridged trinuclear
subunits, with a molecular field correction to account for the interaction between subunits
via the double jJ-NN,,n,,;,JJJ-0 bridges. A Hamiltonian to describe this exchange

situation is expressed in equation 7.3.
(7.3)
A molecular field approximation [142] is introduced into the susceptibility

expression in equation 7.4:
NP 1

z_,

=

1

3k(T-zJ~Z,;-)

L S'(S'+1)(2S'+l)e-ecntkr

~)2S'+l)e·<(S'J"'

(1-p)+

(7.4)

Np'g'S(S +l)p +TIP
3kT

Given the enormity of the full matrix calculations for such a model, a full
isotropic fit was not attempted. However, a reasonable fit was generated using equation
7.4 with g = 2.42, J = -0.5 cm· 1, z = 2, J' = -1.3 cm· 1, p = 0.10, TIP = 800 x IO"' cm3

244

mor', I 02R ~ 8.38 (R ~ [l:(Xob•- Xoruo) 211:x,,/] 112). The solid line in Figure 7.19 was
calculated with these parameters. A good agreement exists above 14 K, but below this

temperature the simulation deviates somewhat from the experimental data, likely due to
the fact that orbital contributions and zero-field splitting effects have not been accounted
for in the exchange model.
The preparation of7.2 was repeated under a nitrogen atmosphere, resulting in the
formation of7.3, which is presumed to be a 4x[2x2] Co(Il)I6 grid, in agreement with the
structure of 7.2a. Its variable-temperature magnetic data are shown in Figure 7.21, with
a drop in moment from 17.88

f.lB

at 300 K to 7.28 f.lB at 2 K.
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Figure 7.21: Variable temperature magnetic data for 7.3; solid line calculated with g ~
2.42, J ~ -0.08 em·' , z ~ 2, J' ~ -4.9 em·', p ~ 0.10, TIP~ 800 x 10.. cm3 mor 1, I02R ~
7.68.
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The room temperature moment is much higher than observed for 7.2b, and is
consistent with a Co(II) 16 antiferromagnetically coupled grid, based on the extrapolation
at 300 K from 3.2 (vide supra). The data were fitted to equation 7.2, with g ~ 2.42, J

~

-0.08 cm-1, z ~ 2, J' ~ -4.9cm-1, p~O.IO, TIP~ 800 x 10.. cm3 mor', to'R~ 7.68. The

solid line in Figure 7.21 was calculated with these parameters. Again, orbital and zerofield splitting effects have not been included in the magnetic model, and may be the
reason for the discrepancy between the experimental and calculated data below 14 K.
7.4: Summary:
4x[2x2] Mn(II),. grids were synthesized by self-assembly reactions between
metal salts and 2pdoapm (2.10) and 2pdo56hq (2.11). These were characterized and
found to be structurally similar to previously reported Mn(II) 16 grids [55,56].
The structural characterization of the Mn(II),6 grids provided the basis for
magnetic interpretation and modeling of7.1 and 7.4. These grids were treated as
compartmental [2 x2]

MIL!-(JJ-Ohyd~o)4

squares with a molecular field correction

introduced into the susceptibility expression to account for interactions between the [2x2]
subunits via the double ,u-NN,,nww..J,u-0 bridges.

Lntermolecular 1t-1t interactions were observed in the extended lattice motif of 7.4
due to the presence of a quinoline-moiety endpiece. Edge-to-face and face-to-face
contacts organized the cations of 7.4 into layers with distances of separation that were
consistent with those reported by Janiak [ 132], though some deviation in the off-set

angles was observed. No long-range magnetic ordering was observed despite the
extended lattice interactions, though. as discussed in Chapter 6, this is not unexpected due
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to the weak nature of n-n interactions and long distances between metal centres in

neighboring grids.
A 4x[2x2] Co(II)J6 grid was structurally characterized, however, interpretation of

its magnetic properties was hampered by several factors, including the apparent
inconsistency between the metal oxidation states in the single crystal of 7.2a and the bulk
sample, 7.2b. The comer sites of7.1, 7.2a and 7.4 have the same nitrogen-rich cis-

MN402 coordination environment as previously reported Mn9 grids that have been shown
to be site-specifically sensitive to oxidation [29,30,73], and so it was assumed that these
sites were also the most susceptible to oxidation from Co(II) to Co(III). An attempt to
model the magnetic behaviour of7.2b was made based on this assumption. The

preparation of 7.2a was repeated under a nitrogen atmosphere and the magnetic data for
this sample, 7.3, were consistent with the presence of sixteen antiferromagnetically
interacting Co(!!) centres.
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Chapter 8: Homovalent and heterovalent copper complexes from reactions with

tetratopic ligands
8.1: Preamble:
Tetratopic pyridazine bis(hydrazone) ligands (Figure 8.1) are suitable for use in
the synthesis of magnetically active 4x[2x2] M,. grid-type molecules [55,56], and
complexes of this nature with Mn(II), Co(II) and Co(Il/Ill) were discussed in Chapter 7.

c>--<-N~ F \ l->;~J
"'"'- ._0
n'---- 'N-Nfnj 0/',.
\/

M'-.. / M
X

Figure 8.1: Tetratopic pyridazine bis(hydrazone) ligands Ll (R ~ NH 2 , Y ~ CH), L2 (R
~

H, Y ~ CH) and 2pdoapm (2.10; R ~ NH,, Y ~ N), showing metal coordination

pockets.
Reaction ofL1 with Cu(CH, COO)z and NaBF4 1ead to the formation of a
dodecanuclearcopper(II) grid-like assembly, Cu(ll) 12(L1)8 based on an incompletely
metalated [4x4] topology (Figure 8.2) [146].
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Figure 8.2: Representation of a Cu(II)12(Ll)s incomplete ' picture frame '; yellow circles

= Cu(II), green circle = intercalated Na+ ion.
The report for this complex states that while all the Cu(II) centres exhibited axial

elongation, the experimental magnetic properties could not be adequately modeled due to
the lack crystallographic symmetry, and the possible presence of weak and strong

antiferromagnetic coupling, as well as weak to moderate ferromagnetic interactions.
Ligands that incorporate a bis(pyrazolato) moiety exhibit a dinucleating capacity,
particularly for Cu(II) metal ions [148-151], and may also prove to be a suitable centre

piece for ligands intended to increase [nxn] grid nuclearity (where n is an even integer).
For example, de Geest (152] reports an acyclic pyrazolate-containing Schiff-base ligand
(Figure 8.3a, L3) that leads to the formation of the dinuclear complexes (Cu(IIh(L3)
(H 20h(CH,COO)J] and [Cu(llh(L3)(NCSh(DMF)]BF4 while Tanase [153] reports the
formation of a doubly pyrazolato-bridged dicopper(ll) complex, [Cu(L4)],(CIO,),.
2CH3 CN from the tripodal ligand L4 (Figure 8.3b).
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(a)

(b)

Figure 8.3: The pyrazolate-containing ligands a) L3 and b) L4. each which leads to the
fonnation of dinuclear complexes.

Klingele et al. [154] report a pyrazole-based diamide ligand, (LS, Figure 8.4a)
that forms [2x2] (LS),M. (M = Ni(II) and Cu(II)) and (LS)4Ni2Cu2 grids (Figure 8.4b).
The (LS),Cu, grid contains copper ions in distorted N,O square pyramidal coordination

environments, with dx2-yl magnetic ground states and weak antiferromagnetic coupling
reported (J = -8.2 cm- 1). A model that explains the observed coupling is discussed based
on the overlap of the metal orbitals with pyrazolate-Ncr orbitals and deviations of the
pyrazolate-based perpendicular and coplanar planes with the basal planes of neighboring

copper centres, leading to deviations from the expected magnetic orbital orthogonality.
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(b)

(a)

Figure 8.4: a) The ligand LS which leads to the fonnation of b) [2x2] grid-type
molecules.

A tetratopic pyrazole bis(hydrazone) ligand, L6, has been reported (Figure 8.5a)
[56], however, instead of leading to the formation of [4x4] grids upon reaction with metal
salts, as was the case for the analogous pyridazine bis(hydrazone) ligand [55,56], the
additional steric constraints of the central pyrazole moiety caused the ligand to twist into

its ketonic syn confonnation (Figure 8.5b), which lead to the formation of a dinuclear
Cu(II) complex exhibiting a mixture of five- and six-membered chelate rings.
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(a)

Figure 8.5: The ligands L6 (X= CH, R =H) and 2pyoapm (2.9; X= N, R = NH,) in a)

the tetratopic configuration and b) the dinucleating ketonic syn conformation.
The results of reactions between the tetratopic ligands 2pyoapm (2.9; Figure 8.5)
and 2pdoapm (2.10; Figure 8.1) with Cu(II) salts will be discussed herein. Modeling the

magnetic properties of five- and six-coordinate Cu(II) complexes is complicated, and the
identity and location of ground state magnetic orbitals must be considered when
identifying exchange pathways. Particular attention to the orientation of the Jahn-Teller

axes is paid in the structural characterizations, and leads to the proposed magnetic models
that are presented.
8.2: Experimental:

Note: In some cases there is a difference between the most reasonable formula based on
the elemental analysis (analytical formula), and that obtained from X-ray crystallography.
The analytical formulae will be used here.
8.2.1: Complex synthesis:
8.2.1.1: (2pyoapm-H)Cu2 (Cl04)2(0H)(H2 0) ·0.25 CH3 0H (8.1). 2pyoapm (2.9; 0.12 g,
0.30 mmol) was added to a solution of Cu(CIO,)r6H,O (0.22 g, 0.59 mrnol) in
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methanol:acetonitrile:water (10:20:10 mL) producing a clear, green solution. The

addition of 5 drops of triethylamine produced a brown solution, which was stirred and
heated gently for 18 hours. Upon filtration, a small amount of brown solid was collected
and discarded, while the clear green filtrate was kept for crystallization. Blue-green
prismatic crystals, suitable for X-ray analysis, formed after the filtrate was left standing
for 35 days (yield 0.050 g, 14%). Anal. Calcd (%)for (CisHI3Nl20,)Cu2(CI0,)2(0H)
(H 20)(CH 30H)0 25 (bulk sample): C, 24.03; H, 2.25; N, 22.05. Found(%): C, 24.26; H,
2.03 ; N, 22.07.

8.2.1.2: [(2pdoapm-2H)6(2pdoapm-3H)2Cu16(0)2(0H),(H20)2](CF, S03)6-66H,O·
IOCH 30H (8.2). 2pdoapm (2.10; 0.12 g, 0.30 mmol) was added to a solution of
Cu(CF3S03) 2 (0.22 g, 0.61 mmol) dissolved in 1:1 CH 30H:CH 3CN (15 mL). This
reaction produced a clear, dark green solution to which aqueous NaOH (4 mL; 0.65
mol·L- 1; - 3 mmol) was added to achieve a neutral pH. The resulting dark brown solution
was stirred with gentle heating for 24 hours and then filtered. The filtrate was preserved
for crystallization. Brown needle-like crystals, suitable for X-ray diffraction, formed

upon standing after 12 days (0.030 g, 35% yield). Anal. calcd (%)for [(CI,Hl2NI202)6
(C16HllNI 20 2)2Cui6(0)2(0H), (H, 0)2](CF 3S03) 6(H, 0)66(CH 30H) 10 : C, 25.47; H, 4.07;
N, 19.81; found: C, 25.24; H, 2.13; N, 19.82.

8.2.1.3: [(2pdoapm-2H) 8Cu16](CF3S03) 1,-24H20 (8.3). 2pdoapm (2.10; 0.12 g, 0.30
mmol) was added to a solution ofCu(CF,SO,), (0.22 g, 0.61 mmol) dissolved in I :I
CH, OH/CH, CN (20 mL). This reaction produced a clear, dark green solution that was
stirred with gentle heating for 18 hours. A solution of KAg(CN)2 (0.06 g, 0.3 mmol) in 5
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mL of I: I CH30H:H20 was then added dropwise over 2 minutes, changing the solution
to clear and dark brown. This solution was heated gently in a flask equipped with a
condenser, for 48 hours, and for a further 24 hours at room temperature and then filtered.
The filtrate was preserved for crystallization. Brown needle-like crystals, suitable for Xray diffraction, formed upon standing after 4 days (0.090 g, 37% yield). Anal. calcd (%)
for [(C 16H 12N 120 2) 8Cu 16](CF3 S03) 12(H20)24 : C, 26.00; H, 2.24; N, 20.77; found: C,
26.20; H, 1.76; N, 20.65. UV-Vis: '-mox(CH3CN)/nm 402 (ddm3 mo1"1 cm· 1 200 192).
8.2.2: Crystallography
The diffraction intensities of a light blue, prismatic crystal of8.1 having

approximate dimensions of 0.36 x 0.17 x 0.14 mm were collected on a Rigaku Saturn
CCD area detector with graphite monochromated Mo-Ka radiation at 113(2) K to a

maximum 29 value of 62.5°. The data were corrected for Lorentz and polarization effects
and a correction for secondary extinction [81] was applied. The structure was solved by
direct methods [82,83] and expanded using Fourier techniques [84]. Hydrogen atoms
were introduced in calculated or difference map positions (H(6),H(8), H( 19) and H(21 ))

with isotropic thermal parameters set twenty percent greater than those of their bonding
partners. They were refined on the riding model. 0( 17) and 0(30) were refined
isotropically, while all other non-hydrogen atoms were refmed anisotropically. The

model contains two perchlorate anions per formula unit (four are present in the
asymmetric unit), of which one is disordered. The occupancy of the corresponding
oxygen atoms reflect this disorder. The model also contains 1.8 partial-occupancy water
molecules per formula unit as lattice solvent. The occupancy of the oxygen atoms reflect
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thi s partial occupancy. The water protons could not be located in the difference map and
hence were omitted from the model. Neutral atom scattering factors and anomalous
dispersion effects were taken from the usual sources [85-88]. All calculations were
performed using the Crystal Structure [89,90) crystallographic software package except
for refinement, which was performed using SHELXL-97 [83).
A brown needle crystal of8.2 having approximate dimensions of0.68 x 0.15 x
0.14 mm was treated similarly to 8.1. Hydrogen atoms were introduced in difference
map (H(4,5, 10,11 , 16,17,22,23 and 25-28) or calculated positions with isotropic thermal
parameters set twenty percent greater than those of their bonding partners. They were
refined on the riding model, while all other non-hydrogen atoms were refined
anisotropically. The Platon [91) Squeeze procedure was applied to recover 427.1
electrons per unit cell in two voids (total volume 4161.7

A3) ; that is 213.55 electrons per

formula unit. Disordered solvent water and acetonitrile appeared to be present prior to the
application of Squeeze, though a good point atom model could not be achieved for these.
The application of Squeeze gave a good improvement in the data statistics and allowed
for a full anisotropic refinement of the framework structure and counterions. Two fulloccupancy, disordered triflate anions are present in the asymmetric unit; the occupancies
of their oxygen and fluorine atoms reflect this disorder. This leaves an overall charge of
-2 missing from the model to achieve charge balance. While the amine protons were all
located in the difference map, H(23) appeared significantly lower in the peak list than the
other protons. Its occupancy was therefore set to Yz, which accounts for the charge
balance in the symmetry expanded model.
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A red-brown prismatic crystal of 8.3 having approximate dimensions of 0.56 x
0.45 x 0.25 mrn was treated similarly to 8.1. All hydrogen atoms were introduced in

calculated positions with isotropic thermal parameters set twenty percent greater than
those of their bonding partners. They were refined on the riding model, while all other
non-hydrogen atoms in the cationic framework were refined anisotropically. The
asymmetric unit contains two triflate anions that were refined anisotropically, except for
the carbon atoms C(33) and C(34), which were refined isotropically initially and then

also held with fixed thermal parameters in the final round of least squares in order to
achieve convergence. The Platon [91] Squeeze procedure was applied to recover 640.9
electrons per unit cell in one void (total volume 3601.4 A3 ); that is 320.45 electrons per

formula unit. An area of disperse electron density was present in the asymmetric unit
prior to the application of Squeeze, which is a full occupancy triflate anion, though a
good point atom model could not be achieved. This translates to four triflate anions per
formula unit (292 electrons). The remaining electron density is attributed to solvent
water molecules (28.45 electrons, or 2.8 water molecules). The application of Squeeze

gave a good improvement in the data statistics and allowed for a full anisotropic
refinement of the cationic framework structure. Abbreviated crystal data for 8.1 - 8.3 are
listed in Tables 8.1 and 8.2.
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Table 8.1: Summary of crystallographic data for 8.1 and 8.2.

Chemical
Formula
M
T(K)
Crystal
System
Space
Group
a(A)
b(A)
c(A;
u(o)

p (0)

li'J

V(A

z

Deale
(g/cm3)
~(MoKu)

(em·')
Reflections
Total
Reflections
Unique
Riot
R,
(1>2.00a(J))

wR2(Ail
reflections)

8.1

8.2

C,,H, •.•cl2Cu2N12012.8

CI34HI44.sCu,6F,sN96063.4S6

767.77
113(2)

5665.49
113(2)

triclinic

orthorhombic

PI (#2)
12.180(6)
14.450{6)
16.120 7
68.36(5)
77.37(4)
75.81(5)
2531 2
4

Pmmn(#59)
25.797(2)
29.199(2)
16.5920 13
90.00
90.00
90.00
12497.5 18
2

2.013

1.505

19.83

14.82

21786

56226

9766

12804

0.0789

0.0318

0.1204

0.0639

0.3189

0.1825

257

Table 8.2: Summary of crystallographic data for 8.3.

8.3
Chemical
Formula
M

Cl4oHJol.6Cul6F3~960suSI2

6090.75
138 2

T(K
Crystal
System
Space
Groul'_
a(A
b(Al
c A

tetragonal
P42/n (#86)
23.579 3
23.579 3
22.196 2
90.00
90.00
90.00
12341 2
2

( t (")

p (")
y (")

V(A')

z

Deale
(glcm3)

1.639

~(MoKn)

15.63

(cm" 1)
Reflections

26597

Total
Reflections

11965

Unique
Rint
R1
(/> 2.00a(l))
wR,(All
reflections)

0.0335
0.1133
0.3400
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8.3: Results and Discussion:
Note: The crystallographically determined formulae are used herein. Colour code for
figures: green = copper, grey = carbon, blue = nitrogen, red = oxygen, yellow = chlorine.
Crystallographic representations/illustrations were generated using Persistence of Vision
Ray Tracer (POV-Ray©) for Windows, version 3.6, with scene description files written

by Ortep-3 for Windows (Version 1.08) CopyrightrQ 1997-2003 Louis J. Farrugia.
8.3.1: Description of crystal structures and magnetic properties:

8.3. 1.1: [(2pyoapm-H)Cu(OH)](ClO,),·l.6H,O (8.1)
The structure of the cationic fragment of8.1 is shown in Figure 8.6, and

significant bond lengths and angles are listed in Table 8.3.

Fignre 8.6: Ball-and-stick depiction of the cationic moiety 8.1.
The asymmetric unit of8.1 contains two L 1Cu(ll)2 (L ~ 2pyoapm-H) dinuclear
cationic moieties, with ligands in the ketonic cis conformation, and the hydazone oxygens

locking the two cations together through hydrogen bonding at the external, non-
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coordinated 0-N,;u;"'-N~;"' groups (Figure 8.6; O(I)-H(I7), O(I)-H(I6), 0(3)-H(6) and
0(3)-H(4)). N-0 distances fall in the range of2.765(14)-2.886(11) A, with four such
connections between each dinuclear centre. In each cation the two copper ions are
bridged by the central pyrazole group, and by a second, adventitious hydroxide bridge
(0(5) and 0(6)) and are bound by tridentate N, coordination pockets, with a mixture of
five- and six-membered chelate rings. In each moiety, one copper (Cu(2) and Cu(4)) is in
an entirely ligand based square planar geometry, while the second copper is in a square
pyramidal enviromnent, with one long bond to the oxygen of a perchlorate anion (Cu(l) 0(7), 2.263(8) A), or to a water molecule (Cu(3)- 0(29) 2.292(8) A) with shorter
remaining bonds (1.879(7) -1.969(8) A). Cu-Cu distances are 3.2446(17)

A (Cu(I)-

Cu(2)) and 3.2540(17) A (Cu(2)-Cu(3)), with corresponding Cu-OH-Cu angles of
117.9(3)' and 118.7(3)" and almost plaruu; Cu

-NN.,., ,-Cu torsion angles of 172.0° and
1

171.6° respectively.
The hydrogen-bonding in 8.1 extends to create flat bifurcated chains of Cu(Tlh
subunits (Figure 8.7). These chains are organized into closely packed layers (Figure 8.8a
and b), with separation between layers of approximately 3.9 A.
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The variable-temperature magnetic data for compound 8.1 are shown in Figure
8.9, with a drop in moment from 1.81

}iB

per (Cu(II}z) at 300 K to 0.46 }iB at 2 K.
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Figure 8.9: Variable temperature magnetic data for 8.1; dashed blue line (dinuclear
model) g ~ 2.02(4), 1 ~ -357(12) em·•. TIP ~ lOOx 10"' cm3mor' . p ~ 0.05, e ~ -3.8 K,
l02 R ~ 3.8; solid red line (alternating chain model) g ~ 2.07, J ~ -187 em·• , a ~ 0.2, TIP
~ SOx JO"' cm 3mol' 1, p ~ 0.04,

e ~ -4 K, l02R ~ 1.6.

A Hamiltonian that describes the exchange situation as a simple dinuclear system
(with S ~ Y, for Cu(ll)) is expressed in equation 8.1.

Ha

~-J{S,

·S,}
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(8.1)

The data were fitted using MAGMUN4.1 [49] to give g ~ 2.02(4), 1 ~ -357(12)
em·' , TIP ~ 100xl0-<>cm3 mo1' 1, p ~ 0.05 , 8 ~ -3.8 K, 10 2 R ~ 3.8 (R ~ [~(Xoo.
x~,,}'l1:xoo/] 11'). The dashed blue line in Figure 8.9 was calculated with these

parameters. The sign and magnitude of the coupling constant, J, is consistent with those
reported for similar dinuclear pyrazole-bridged Cu(Il) systems (Figure 8.5) [56] ,
however, the model does not produce a good fit below 120 K and gives an unusually low
fitted value for g. For these reasons, and given the significant hydrogen bonding

interactions between the dinuclear units that was evident from the structural analysis, an
alternating chain model [155,156] was tested. The exchange Hamiltonian for this model
is expressed in equation 8.2 (with the exchange coupling defined here as 21), and the total
spin states (S~ and their energies

(E(S~)

were again substituted into the Van Vleck

equation (equation 8.2).

(8.2)
The susceptibility equation was derived (see Appendix 2) and the data were fitted
to give g ~ 2.07, 1 ~ -187 em·' . (l ~ 0.2, TIP ~ 50
102R ~ 1.6 (R ~ [~(Xoo.-

x.ow,}'l1:;too.2] 112).

X

10.. cm3mor' . p ~ 0.04,

e ~ -4 K,

The solid red line in Figure 8.9 was calculated

with these parameters and clearly represents an improvement in the fitting over the

simple dinuclear model, especially at lower temperatures. This exchange model should
not be considered rigorous, especially in light of the high number of fitted parameters,
and the deviation between the experimental data and the fitted line below 40 K, however,
it does support the suggestion that the extended hydrogen-bonded structure influences the
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overall exchange and provides a pathway for weak magnetic exchange between the
dinuclear moieties.
Table 8.3: Selected bond distances (A) angles (0 ) and torsion angles(") for 8.1.

Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)

0(5)
N(6)
N(l)
N(4)
0(7)

1.903(7)
1.918(8)
1.947(8)
1.963(8)
2.263(8)

Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)

0(6)
N(l8)
N(l3)
N(l6)
0(29)

1.879(7)
1.911 (8)
1.954(8)
1.969(8)
2.292(8)

Cu(2)
Cu(2)
Cu(2)
Cu(2)

0(5)
N(7)
N(l2)
N(9)

1.883(7)
1.922(8)
1.950(8)
1.960(9)

Cu(4)
Cu(4)
Cu(4)
Cu(4)

0(6)
N(l9)
N(24)
N(21)

1.903(7)
1.923(8)
1.951(8)
1.956(8)

0(1)
0(1)
0(3)
0(3)

N(l5)
N(l7)
N(3)
N(5)

2.881(15)
2.885(12)
2.765(14)
2.886(11)

Cu(l) Cu(2) 3.2446(17)
Cu(3) Cu(4) 3.2540(17)

Cu(2) 0(5)
Cu(3) 0(6)

Cu(l) 117.9(3)
Cu(4) 118.7(3)

Cu(l) N(6) N(7) Cu(2) 172.0
Cu(3) N(l8) N(l9) Cu(4) 171.6

8.3.1.2: [(2pdoapm-2H)6(2pdoapm-3H),Cu 160 2(0H).(H20),J(CF3S03)6·21.4H 20 (8.2)

The structure of the cationic fragment of8.2 and its unit cell and the bifurcated
Cu-0 core are shown in Figure 8.10a, 8.10b and 8.10c respectively, and significant bond
lengths and angles are listed in Table 8.4.
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(b)

(a)

(c)
Figure 8.10: a) Ball-and-stick depiction of the cationic moiety 8.2. Hydrogen atoms
omitted for clarity. b) The unit cell of8.2, looking down the a-axis; anions omitted for
clarity. c) Bifurcation of the M-0 core in 8.2 .

The crystal structure of8.2 reveals sixteen six-coordinate Cu(II) ions in what can
best be described as an arrangement of four [2x2]

Cu.,-(,u-0h yd~o)4

moieties organized

into a square cationic framework (Figure 8.1 Oa), with eight 2pdoapm ligands, arranged in
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an approximately parallel manner, with four above and four below a puckered (Figure
8.10c) metal pseudoplane. The puckering of the metal core is expected due to the
bending of the ligand arms (end-pieces) relative to the pyridazine central group (Figure
8.1 ). Each Cu.,-(.u-Ohyd~)• subunit is bridged to two adjacent subunits by a combined
,u-NN,,n,.,;,J,u-0 double bridge, in which the oxygen is from an exogenous (solvent)
source (Figure 8.11 ).

Figure 8.11 : Ball-and-stick depiction of the core structure of8.2.
The presence of sixteen Cu(II) centres means that a cationic charge of + 32 must

be balanced. Six well-defined lattice triflate (CF3S03) anions are present, and each
ligand bears a charge of at least -2 based on the normal loss of protons from the
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hydrazone oxygen atoms, accounting for a charge of -22. The identity of the exogenous

oxygen bridges must now be considered. Single protons were located in difference map
positions on 0(5) and 0(6), and so these were assigned as hydroxide ions, while two
protons were located on 0(7) and none were located on 0(8), making these a water and
an oxide bridge, respectively. These bridges account for an additional charge of -8 per
formula unit. Finally, amine protons (H(4,5,10,11,16,17,22 and 23)) were located in
difference map positions, however, H(23) was significantly lower in the peak list, and so

its occupancy was assigned as one half, accounting for the final charge of -2, required for
overall neutrality. The presence of hydroxide and oxide bridges, as well as the partial

deprotonation of one of the ligand amine groups is reasonable since hydroxide formation
as a bridge in reactions ofpyridazine-based ligands is common [157,158] and because
base was added during the synthesis of 8.2.
Cu-Cu distances mediated only by p-0 bridges fall in the range 3.9232(7)4.1124(7) A, with Cu-0-Cu angles in the range 131.38(12) - 140.37(15)0 , while
distances between copper centres that are doubly p-0/p-NN bridged fall in the range
3.3635(7)- 3.7286(7) A, with Cu-0-Cu angles in the range 96.91(14)- 123.84(19r and
Cu-NN-Cu torsion angles of 180.0°. The overall molecular dimensions for 8.2 involve a
square cation approximately 19 x 19 A2 with a metallic core measuring I 0.8 x 11.1

A2

Figure 8.12 shows the asymmetric unit of8.2, a [2x2] Cl4·CfJ-Ohyd~,)4 moiety, that is
reflected by mirror plane symmetry (space group Pmmn) to generate the full grid
assembly. Cu(l) has a cis-CuN40 2 coordination environment, and exhibits a Jahn-Teller
compressed geometry (d,2 magnetic ground state), as defined by two short axial contacts
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to N(4) and N(l6) (1.919(4) and 1.932(4) A), and longer equatorial contacts (2.179(4)2.254(3) A). Cu(2) and Cu(3) have mer-CuN 30 3 environments, and exhibit Jabn-Teller
elongation (d,2-,2 magnetic ground states), with long axial contacts to N(l9) and 0(4)
(2.324(3) and 2.467(4) A) for Cu(2) and to 0(3) and 0(7) (2.134(4) and 2.250(2) A) for
Cu(3), with shorter remaining equatorial Cu- L distances (1.920(4)- 2.164(4) A). Cu(4)

has a trans-CuN204 coordination environment and also exhibits Jahn-Teller elongation
(d,2-,2 magnetic ground state), with long contacts to 0(2) and 0(6) (2.193(3) and
2.451(2) A), and shorter remaining Cu- L bond distances (1.9255(18)- 2.080(3) A).

Figure 8.12: The asymmetric unit of8.2; arrows highlight the Jabn-Teller axes.

268

The orthogonal arrangement of the axially elongated Jahn-Teller axes for Cu(2),
Cu(3) and Cu(4) means that only ferromagnetic exchange should be expected between
these centres. Since Cu( 1) exhibits a dz2 magnetic ground state, however, some limited
anitiferromagnetic exchange via the p-Ohydrnzo"' bridge might be expected between Cu(l)
and Cu(2).
Bridging between Cu(3)-Cu(3'), Cu(4)-Cu(4'), Cu(4)-Cu(4") and Cu(2)-Cu(2")
(Figure 8.11) involves a combination of both ,u-Ohydrazonel,u-NNpyridazineConnections. For
these, the Cu(3)-0(7)-Cu(3') and Cu(4)-0(6)-Cu(4") connections are orthogonal, but the
Cu(3)-N(l8)-N(l8')-Cu(3') and Cu(2)-N(l2)-N(l2")-Cu(4") connections are not, and so
antiferromagnetic exchange should dominate the exchange situation between these
centres, via the ,u-NN,>";,.,;"' bridges. The Cu(2)-0(5)-Cu(2"), Cu(2)-N(6)-N(6")-Cu(2"),
Cu(2)-0(8)-Cu(4'), and Cu(4)-N(24)-N(24')-Cu(4') connections are all non-orthogonal,
and again antiferromagnetic exchange should be observed, however, between these metal
centres, two possible exchange pathways are present, and the magnitude of the exchange
may be expected to be larger than between the centres with only one non-orthogonal
connection.
The variable temperature magnetic data (molar magnetic moment and
susceptibility) for 8.2, a 4 x[2x2] Cu(Il),. grid, are shown in Figure 8.13. The moment
drops from 6.6 l'a at 300 K to a slight minimum of 3. 7 l'a around I 0 K, before dropping
slightly below this temperature, which clearly indicates that the dominant magnetic

interactions are anti ferromagnetic. Significant residual spin is present in the ground state,
and approximates the presence of four uncompensated Cu(II) centres. A change of slope
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is observed in the experimental data at approximately 50 K, and suggests that more than
one exchange pathway with couplings of significantly different magnitudes are present,
which is consistent with the complex bridging connectivities that were revealed from the
structure.
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Figure 8.13: Variable temperature magnetic data for 8.2.

250

300

x represented by triangles; J1

represented by diamonds; solid lines calculated from fitted values of g.,. ~ 2.21 , J 1 ~ -45

Figure 8.12 shows the orientation of the elongated Jahn-Teller axis for Cu(2),
Cu(3) and Cu(4) leading to d,2., 2 magnetic ground states and magnetic orbital
orthogonality. Each of the [2x2] subunits has these orthogonal connections (between
Cu(2)- Cu(4), Cu(4)- Cu(3), and Cu(3)- Cu(l)) with the possibility of very weak
antiferromagnetic coupling between Cu(l) (d,2 magnetic ground state) and Cu(2) via the
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non-orthogonal connection. It will be assumed that on the basis of the strong,
experimentally observed antiferromagnetic exchange, however, that this weak exchange
is negligible and that the comer Cu(l) sites is effectively magnetically isolated.
Next, the connections between the [2x2] subunits via the p-0 and p-NN bridges

must be considered by taking into account the orthogonality situation and the molecular
symmetry. A spin-exchange model that represents these contributions is shown in Figure
8.14.
2

12
J2
11

10

J1

4

J2

13
J1
16

J1

Figure 8.14: A spin-exchange model for 8.2; Jl

5

J1

J2
6

15

J2

9

14

8

7

= antiferromagnetic coupling via

pyridazine p-NN only; J2 = antiferromagnetic coupling via both p-NN and p-0 bridges.

This model can be divided into four magnetic groups, some of which contribute
significantly to the observed variable temperature data, while others do not. First, the
four comer sites, 1, 4, 7 and 10 (Figure 8.14) are considered to be isolated centres, thus

representing Curie contributions. Second, the connections 2-13, 3-14, 5-14, 6-15, 8-15,
9-16, 11-16, and 12-13 are orthogonal (Figure 8.12 and 8.14), and any resulting weak

ferromagnetic exchange will be overshadowed by much stronger antiferromagnetic
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exchange components. Next, the connections between 2-3, 14-15, 8-9 and 13-16 consist
of double f.J-NN/p-0 bridges (Figure 8.11 and 8.14). The orbital connections via the f.l-0
pathways are orthogonal, while those via the p-NN pathway are non-orthogonal (Figure
8.12) and should contribute significantly to the observed antiferromagnetic exchange.
This exchange coupling is represented by the term Jl (Figure 8.14). Finally, the
connections between 5-6, 11-12, 13-14 and 15-16 also consist of double f.J-NNI f.l-0
bridges (Figure 8.11 and 8.14), however, here both pathways are non-orthogonal, and
should contribute significantly to the overall antiferromagnetic exchange. These double
bridges are assigned one exchange coupling constant, J2 (Figure 8.14), which
encompasses the contribution via both the p-NN and f.J-0 pathways, and is therefore
expected to he significantly larger in magnitude than Jl. The exchange can therefore he
modeled as the sum of four dinuclear terms and one tetranuclear term, as defined by the

exchange Hamiltonian given in equation 8.3.

Ha = -Jl{S, ·S, +S, ·S,}-J2{S, ·S, +S 11 ·S,}IJI{Su · s,. + s .. · S,J + J2{S 13 • S 1, + S 1, • S 1,JI

(8.3)

Exchange equations were written for the dinuclear and tetranuclear components

which were then factored and combined with a Curie correction for the four isolated
comer sites and a correction for TlP (see Appendix 2). The experimental data were then
fitted to the susceptibility expression to give g.,. = 2.21 , Jl = -45 cm- 1, J2 = -350 cm- 1,
TIP = 800x lO_. cm3 mor 1, 102 R = 2.3 and the solid lines in Figure 8.13 were calculated
with these values. As predicted from the model the magnitude of J2 is significantly
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larger than that of J I, and both values are in agreement with magnetic couplings reported

for compounds with similar exchange pathways. As a comparison, the dinuclear complex
[Cu2(PPD)CL,] [159], exhibits magnetic exchange via a single pyridazine bridge, with an

exchange coupling of -65 em·I, in agreement with the magnitude and the exchange
environment for J1 in this model. For compounds with double ,u-NN,,;,.,;.,J,u-OH
bridges between Cu(II) centres, antiferromagnetic exchange coupling with magnitudes
between 375-450 em-' have been reported [157,158], also in agreement with the

magnitude and the exchange environment for J2 in this model.

A final piece of experimental evidence that supports the proposed model comes
from the magnetization data which show a rise to a value of 4.4 NP at 5 T (Figure 8.15),

with no evidence for saturation. The profile is consistent for a ground-state system with
the sum of four independent S=l/2 centres (Figure 8.15; solid line), corresponding to the

four isolated comer sites in 8.2.
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Figure 8.15: Variable field magnetization data for 8.2; g =2.21, T =2 K, S'= 4 x Y,.
Table 8.4: Selected bond distances (A) angles C) and torsion angles (") for 8.2.
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)

N(l6)
N(4)
N(l3)
N(l)
0(3)
0(1)

1.919(4)
1.932(4)
2.179(4)
2.223(4)
2.237(4)
2.254(3)

Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)

N(lO)
N(l8)
0(2)
0(3)
N(7)
0(7)

1.920(4)
2.040(4)
2.098(3)
2.134(4)
2.164(4)
2.250(2)

Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

0(5)
N(22)
N(6)
0(1)
0(4)
N(l9)

1.9459(18)
1.990(3)
2.004(3)
2.042(3)
2.324(3)
2.467(4)

Cu(4)
Cu(4)
Cu(4)
Cu(4)
Cu(4)
Cu(4)

0(8)
0(4)
N(24)
N(l2)
0(2)
0(6)

1.9255(18)
1.979(3)
1.993(3)
2.080(3)
2.193(3)
2.451(2)

Cu(2)
Cu(3)
Cu(3)
Cu(4)
Cu(2)
Cu(4)
Cu(3)
Cu(4)

0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
0(7)
0(8)

Cu(l)
Cu(4)
Cu(l)
Cu(2)
Cu(2")
Cu(4")
Cu(3")
Cu(4')

Cu(2)
Cu(4)
Cu(3)
Cu(4)

N(6)
N(l2)
N(l8)
N(24)

139.96(14)
139.44(14)
140.37(15)
131.38(12)
123.84(19)
96.91(14)
111.92(18)
121.00(19)
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N(6") Cu(2")
N(l2") Cu(4")
N(l8") Cu(3')
N(24') Cu(4 ')

180.0
180.0
180.0
180.0

8.3.1.3: [(2pdoapm-2H)sCu,. ](CF, S0, ),,-2.8H, O (8.3)
The structure of the cationic fragment of8.3 and its unit cell are shown in Figures
8.16a and 8.16b respectively, and significant bond lengths and angles are listed in Table
8.5.
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Figure 8.16: a) Ball-and-stick depiction of the cationic moiety 8.3. Hydrogen atoms

ontitted for clarity. b) The unit cell of8.3, looking down the a-axis; anions omitted for
clarity.
The structure of8.3 is similar to that of8.2 in that it reveals eight ligands

encompassing sixteen copper ions in an arrangement of four [2x2] Cl4-(j.L-Ohydrawne)4
moieties. No exogenous oxygen atoms are present, however, and instead each C114(p-Dhydrazone)4 subunit is bridged to two adjacent subunits by ,u-NNpyridazine bridges only
(Figure 8.17). During the experimental preparation, base was ontitted, but instead
KAg(CN) 2 was added. This was done in an attempt to replace the adventitious secondary
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bridging oxygen atoms, present in 8.2, with Ag(CN) 2. anions that could possibly then link

two grids together via a Cugrid A-N-C-Ag-C-N-Cugrid 8 motif. Instead, however, this
resulted in an unusual redox reaction and the formation of a mixed oxidation state
Cu(JI),Cu(I), grid (vide infra). The absence of secondary oxygen bridges may therefore
be the result, aided by the ability of copper to adopt coordination numbers of 4, 5 and 6,

negating the requirement for extra ligands to fill vacant coordination sites.

Figure 8.17: Ball-and-stick depiction of the core structure of 8.3.
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Cu-Cu distances mediated by p-0 bridges fall in the range 3.8999(13)3.9943(13) A, with Cu-0-Cu angles in the range 131.1(3)- 140.1(3)", while distances
between copper centres that are p-NN bridged fall in the range 3.3171(13)- 3.8575(13)
A, with Cu-NN-Cu torsion angles of 165.6 and 173.8°. The metallic core dimensions for
8.2 are approximately 10.92 x 10.92

A2.

Figure 8.18 depicts a quarter of the metallic grid core, and clearly shows the

coordination environment of the four unique copper centres. Cu(l) and its symmetry
related counterparts are four-coordinate with N202 environments and distorted tetrahedral
geometry (L-Cu(l)-L angles 71.5(2)- 145.5(2)"). Cu(2), Cu(4) and their symmetry

related centres have N3 0 2 coordination environment and slightly distorted squarepyramidal geometries (<c,(2J = 0.13; <c,<•J = 0.12 [94)), while Cu(3) and its symmetry
related atoms are distorted octahedral and cis-CuN40 2 coordinated. BVS values [92] for
Cu(2), Cu(3) and Cu(4) are 1.39, 1.42, 1.45 respectively, while for Cu(l) the value is
0.65. While these numbers do not agree with expected integer values, the large
difference between Cu(l) and the other copper atoms clearly reflects the presence of

different metal oxidation states. Comparable values for comer, side and centre sixcoordinate sites in 4.6, a [3x3] Cu(Il)ggrid, are 1.40, 1.38 and 1.30 respectively and
therefore, Cu(2), Cu(3) and Cu(4) are assigned an oxidation state of +2, while Cu(l) is in
the + 1 oxidation state. The assignment ofCu(l) as +l is also consistent with the unusual

tetrahedral geometry observed for these centres. This gives a charge of +28 from the
metal ions that must be balanced. Each ligand is presumed to have the normal charge of
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-2, and twelve weJJ-defined CF3S03" anions are present, therefore the overaJJ charge is

balanced in agreement with the assignment of the metal oxidation states.

Figure 8.18: One-quarter of the cationic core of8.3; arrows highlight the Jahn-TeJJer
axes.

Cu(2) and Cu(4) exhibit Jahn-TeJJer elongation (d,z-,z magnetic ground states),
with long axial contacts to N(7) (2.296(6) A) and 0(1) (2.213(6) A) with shorter
remaining equatorial Cu- L distances (1.890(7)- 2.047(7) A). Cu(3) also exhibits JahnTeJJer elongation (d,z-,z magnetic ground state), with long contacts to 0(2) and N(J2)
(2.340(5)- 2.386(7) A), and shorter remaining Cu- L bond distances (1.918(7)- 2.061(6)
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A). The connections between Cu(2), Cu(3) and Cu(4) are orbitally orthogonal and should

therefore lead to ferromagnetic spin exchange.
The hydrolysis of Ag(CN),-, followed by the copper mediated oxidation of CN- to
OCN- by air may explain the observed presence ofCu(l) [160-162]. A UV-visible

experiment was performed in acetonitrile to confirm the mixed valency of the copper
cations, however only a single absorption at 402 nm with an extinction coefficient of200
192 dm3mor1cm· 1 was observed. This extinction coefficient far exceeds what would be
expected for Laporte forbidden d-d transitions, and is more likely the result of a metal to
ligand charge transfer (MLCT). While it is still possible that d-d transitions occured, the
strong MLCT would likely have dominated the absorbance spectrum.
A Cu(JJ),Cu(l)"l7 cluster that formed the primary building unit of a metalorganic framework has been reported [163], in which the presence and ratio of the metal

ions was supported by magnetic measurements and by X-ray photoelectron spectroscopy
(XPS). While an XPS experiment was not performed for 8.3, the variable-temperature

magnetic data were collected and are shown in Figure 8.19. A drop in moment from 7.1
JiB at 300 K to 6.4 JiB at 30 K is present, suggestive of the possible presence

anti ferromagnetic exchange component, followed by a rise to 6.9 .us at 2 K, indicative of
the presence of ferromagnetic exchange as well.
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Figure 8.19: Variable temperature magnetic data for 8.3; g ~ 2.072, J ~ 4.23 em·', z ~ 2,

J' = -0.08 em·' , TIP = 1200 x I 0_. cm 3 mo1' 1, p = 0.02, I 02 R = 0.636.
The four diamagnetic Cu(l) ions will not contribute to the observed magnetic
properties and are unlikely to act as a conduit for magnetic exchange across the grid
between distant Cu(ll) ions. Examination of the outer square framework of the grid,
consisting of twelve Cu(ll) ions (Figure 8.17 and 8.18) shows that all of the bridging
connections between adjacent metal centres are orbitally orthogonal and should therefore
lead to ferromagnetic exchange between p-0 bridged centres based on a comparison to
Cu(II)• and Cu(II)9 grids with the same magnetic ground states, orbital alignment and
similar large M-0-M bond angles [59,63,66,69,71 ,96]. The long, thJee bond, f-1'
NNpyridazinc bridges (N6-N7) are also not expected to contribute significantly to the
exchange situation, therefore a magnetic model consisting of four p-Ohydrazone bridged
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trinuclear subunits, with a molecular field correction to account for the interaction
between subunits via the ,u-NNpyridazine bridge was considered. This model is shown in
Figure 8.20.

Figure 8.20: Magnetic exchange model for 8.3. Yellow circles represent Cu(Il) (S ~ 1/2)
centres and green circles represent Cu(I) (S ~ 0) centres.

A Hamiltonian to describe this exchange situation is expressed in equation 8.4.

(8.4)
A molecular field approximation [142] is introduced into the susceptibility

expression in equation 8.5:
=

z..,

Np 2 g 2
L S'(S'+l)(2S'+l)e -£(•')f.I:T 1- +
3k(T-zJ'z.,_l
L (2S'+I)e _,,s.,m
< Pl
NP'g'S(S+ I )p +TIP
3kT

(8.5)

The data were fitted to equation 8.5 (see Appendix 2) to give g ~ 2.072, 1 ~ 4.23
em·', z ~ 2, 1' ~ -0.08 em·' , TIP ~ 1200 x l0_. cm3mo1' 1, p ~ 0.02, 102R ~ 0.636. The solid
line in Figure 8.19 was obtained with these parameters, and the positive sign and
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magnitude of the exchange coupling J is consistent with other ferromagnetically

dominated Cu(ll) grid systems [59,63,66,69,71,96]. TIP is expected to contribute
significantly in such an array of twelve Cu(II) centres, and accounts for the rise in

moment !Tom 30 K to 300 K, that was observed experimentally.
Magnetization data as a function of field at 2 K show a rise to I 0. 7 N~ units at 5 T
(Figure 8.21 ). The dashed blue line in Figure 8.21 was calculated using the appropriate
Brillouin function for a ground state of S' = 12/2. This is the expected ground state if the
outer Cu(ll) 12 square was treated as a simple, alternating chain of orthogonally connected
centres. The experimental data does not appear to agree with that situation, but instead

appears to approach the calculated (red) line for an S' = 4 x 3/2 ground state, more
consistent with the proposed model used to fit the variable temperature data.
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Field/Oe

Figure 8.21: Variable field magnetization data for 8.3; solid red line calculated for g =
2.072, S' = 4 x 3/2, T = 2 K and dashed blue line calculated for g = 2.072, S' = 12/2, T = 2
K using the appropriate Brillouin function.
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Table 8.5: Selected bond distances (A) angles (0 ) and torsion angles(") for 8.3.
Cu(l)
Cu(l)
Cu(l)
Cu(l)

N(l8) 2.107(8)
N(l9"")2.161(7)
0(4"') 2.286(5)
0(3) 2.348(5)

Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)
Cu(3)

N(4 ')
N(9)
0(1 ')
N(l ')
0(2)
N(12)

Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

N(l6)
0(2)
0(3)
N(l3)
N(7)

1.890(7)
1.941(5)
1.982(6)
2.047(7)
2.296(6)

Cu(4)
Cu(4)
Cu(4)
Cu(4)
Cu(4)

0(4"') 1.952(6)
N(6) 2.013(6)
N(24"')2.014(7)
N(21"' )1.903(7)
0(1) 2.213(6)

Cu(3)
Cu(2)
Cu(2)
Cu(4)

0(1)
0(2)
0(3)
0(4)

Cu(4)
Cu(J)
Cu(l)
Cu(l)

140.1(3)
131.1(3)
134.4(3)
134.7(3)

1.918(7)
1.978(7)
2.021(5)
2.061(6)
2.340(5)
2.386(7)

Cu(2) N(7) N(6) Cu(4) 165.6
Cu(l) N(l8) N(l9) Cu(l ') 173.8

8.4: Summary:
Results of the reactions between tetratopic ligands 2pyoapm (2.9) and 2pdoapm
(2.10) with Cu(II) salts were presented and their magneto-structural relationships

discussed. For 8.1 , the steric constraint associated with a central dinucleating pyrazole
moiety of2pyoapm (2.9) leads to the adoption of a ketonic syn conformation by the
ligand, and produced a hydrogen bonded Cu(II)2 network based on dinuclear subunits.

Strong anti ferromagnetic coupling was expected based on the non-orthogonal overlap of
the magnetic orbitals and the large Cu-0-Cu and Cu-NN"""""·Cu angles. The
experimental temperature dependent magnetic data, however, could not be adequately
modeled using a simple dinculear approach. Based on the structurally characterized
presence of extensive hydrogen bonding between Cu(II) dirners (Figure 8.7), an
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alternating chain model was used to describe the exchange situation, leading to a much
better fit of the experimental data.
Compound 8.2 was a 2x[4x4] Cu(II),. grid, that was isostructural with 7.1 and

7.2a. The experimental magnetic data were typical of intramolecular antiferromagnetic
exchange, with a change in slope in the moment as a function of temperature plot,
suggestive of at least two exchange constants with significantly different magnitudes.
Although the structure revealed a complicated network of magnetic exchange pathways,

the identification of the Jahn-Teller axes, and a combination of orthogonal and nonorthogonal orbital connections, allowed for a fairly simple magnetic model to be devised.
An excellent fit to the experimental data was achieved, with coupling constants that

agreed with literature precedent. A magnetization study provided further evidence that
the proposed model was valid.
The report of an incomplete Cu(II)12(Ll)s (Ll; Figure 8.1) picture frame complex,
based on a [4x4] topology [146], differs from the fully metalated 2x[4x4] Cu(II) 1• grid
reported here (8.2), likely due to the addition of base (NaOH) in the preparation of8.2,
leading to deprotonation of the ligand, 2.10. In the preparation of8.3, base was also
omitted, but instead KAg(CN)2 was added. This resulted in an unusual redox reaction
and the formation of the mixed oxidation state Cu(li)12Cu(l), grid. While multiple
exchange pathways were again present for 8.3, the presence of four diamagnetic Cu(l)
centres helped to simplify the task of proposing a magnetic model. Structural
characterization lead to the observation of magnetic orbital orthogonality between Cu(ll)
centres that were ,u-Ohy"""""" bridged, while the three bond Cu-NN,,..--cu connection
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was too long to be considered magnetically significant. These structural interpretations
lead to a magnetic model that gave fitted parameters agreeing well with the experimental

data.
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Chapter 9: General Conclusions
Metallo-supramolecular [nxn] Mn2 transition metal grid arrays (with n ~ 2, 3 and

4) were synthesized by self-assembly reactions with new ditopic imidazole hydrazone,
tritopic picolinic dihydrazone and tetratopic pyridazine bis(hydrazone) ligands.
Mono-, di-, trinuclear, [2x2) M. grid and trigonal-bipyramidal clusters formed by
self-assembly reactions with the ditopic ligands 2.2 and 2.3 and were discussed in
Chapter 3. These results demonstrated the dynamic and variable nature of the
coordination process, and illustrated the effects of the available ligand conformational

options, the influence of steric congestion by ligand substituents, and the thermodynamic
stability of the [2x2) grid arrangement in the nickel and copper cases. The structural
results from 3.1-3.8 suggest a possible route to the self-assembly of [2 x2) M, grid and
trigonal-bipyrarnidal architectures.
[3 x3) M, (M ~ Mn(ll), Co(ll), Cu(ll) and Zn(ll)) grids synthesized by selfassembly reactions between MX2 salts and 2pmoap (2.4; Chapter 4) were characterized
structurally and all exhibited the same [M.-{J.l-0)12) core framework. In reactions where
the metal nitrate salt was used, the Zn(II),, Mn(II), and Cu(II), complexes (4.1, 4.2 and
4.5, respectively) were found to be isostructural, crystallizing in the tetragonal space
group 14[/acd (#142), with extremely similar lattice parameters. Similarly, [3 x3)
Mn(ll),Cu(ll),, Mn(ll),Zn(ll), and Mn(li)Cu(ll)s heterobimetallic grids (5.2, 5.1 and 5.4,
respectively) produced with 2pmoap and M(NO, ), salts and were found to be
isostructural with the homometallic grids, all crystallizing in the l4J /acd space group
(Chapter 5).
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The structural characterizations of these [3x3) grids formed the basis for magnetic
interpretation and modeling and the Mn(ll)9 and Cu(ll)9 cases deserve particular
attention. In the Mn(ll)9 case (4.2), large, similar Mn-0-Mn bridging angles lead to

anti ferromagnetic exchange between metal centres throughout the grid, while in the
Cu(ll)9 cases (4.5 and 4.6), the effect oflarge Cu-0-Cu bridging angles for the ring of
eight metal centres was negated by the presence of Jahn-Teller distortions leading to
magnetic orbital orthogonality and dominant ferromagnetic exchange. For the Cu(ll)9

grids, a second magnetic effect, due to the presence of a dz2 Jahn-Teller distortion for the
central Cu(ll) ion, lead to antiferrornagnetic exchange between the central Cu(IJ) ion and

the side metal sites. Jahn-Teller distortions were also present, and characterized
structurally, in the Cu(JJ) containing heterobimetallic grids (5.2 and 5.4), resulting in a
ferrimagnetic magnetic profile for 5.2.
Chapter 6 reported [3x3) Mn(11)9, Cu(ll)9 and Co(ll)sCo(JIJ)4 grids synthesized by
self-assembly reactions between metal salts and ligands with quinoline-type eodpieces
(2po45nq (2.7) and 2po34nq (2.8)). A Cu(JJ)9 grid and a Mn(ll)9 grid (6.4 and 6.6,
respectively) were structurally characterized and their intramolecular properties (structure

and magnetism) were found to be similar to those previously reported for
ferromagnetically dominated Cu(ll)9 and anti ferromagnetic Mn(J1)9 grids. This was
despite the presence of intermolecular edge-to-face and face-to-face n-n interactions

between terminal quinoline moieties of adjacent grids, leading to long-range structural
motifs. The absence of any detectable long range magnetic ordering is sensible in light of
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the weak nature of n-n interactions and the long distances between metal centres in
neighboring grids, with no direct bridging connections.
Three isostructural4x[2x2] M(II)16 (M = Mn(II), Co(ll) and Cu(ll)) grids were
synthesized by self-assembly reactions between metal salts and 2pdoapm (2.10). All
three crystallized in the orthorhombic space group Pmmn (#59), with very similar lattice
parameters, as presented in Chapters 7 and 8. Interpretation of the magnetic properties of

the Co 16 grid was complicated by the apparent inconsistency between the metal oxidation
states in the single crystal of 7.2a and the bulk sample, 7.2b. The preparation was
repeated under N2(g), leading to a bulk material with experimental magnetic data

consistent with the presence of 16 Co(II) centres. The magnetic properties of the
Mn(Il)16 and Co(II)J6 grids were modeled as compartmental [2x2] M.-(u-Ohyd""'"o)<

squares with a molecular field correction introduced into the susceptibility expression to
account for interactions between the [2x2] subunits via the double fJ-NN,yri,.,;,,/fJ-0
bridges. The structure of the Cu(ID16 grid revealed a complicated network of magnetic

exchange pathways, however, the characterization of Jahn-Teller axes leading to a
combination of orthogonal and non-orthogonal orbital connections, allowed for a fairly
simple magnetic model to be devised.

Finally, several unique and unexpected results worthy of special mention were
reported in this thesis. An antiferromagnetic 3x [1 x3] Mn(II)o rectangle (6.2) was
synthesized using a tritopic ligand with a quinoline-type endpiece (2po56hq; 2.5). The

magnetic properties of 6.2 were successfully modeled using a linear triad to represent the

1'-o,,,""'"' bridged Mn(II) centres, with a molecular field correction to account for the
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interaction between triads via the ,u-NNdiaz.ine bridges. The first antiferromagnetic [3x3]
Cu(Il)9 grid was reported (6.3), also from a tritopic ligand with a quinoline-type endpiece
(2po56nq; 2.6). Each Cu(Il) centre exhibited axial compression and a d,2 magnetic
ground state, leading to antiferromagnetic coupling via to the large Cu-0-Cu bridging
angles between both the ions in the ring and between the central ion and its neighbors.
Reactions between tetratopic ligands 2pyoapm (2.9) and 2pdoapm (2.1 0) with
Cu(Il) salts also lead to two unusual results. For 8.1, the steric constraint associated with
a central dinucleating pyrazole moiety of 2pyoapm (2.9) lead to the adoption of a ketonic
syn conformation by the ligand, and produced a hydrogen bonded Cu(Il), network based

on dinuclear subunits. In the preparation of 8.3. a Cu,6 grid. base was omitted. and
instead a solution of KAg(CN), was added. This resulted in an unusual redox reaction
and the formation of a mixed oxidation state Cu(Il) 12Cu(I)4 grid. While multiple
exchange pathways were again present for 8.3, the presence of four diamagnetic Cu(l)
centres and magnetic orbital orthogonality between the remaining Cu(II) centres, lead to

a simple magnetic model.
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Appendix I: Vector coupling approach to magnetic modelling:
Al.l: Dinuclear compounds:

The coupling in dinuclear complexes may be approached by the Kambe [48]
approach.
The Hamiltonian to describe a dinuclear complex (with the exchange coupling
expressed as 2J) is:
(Al.l)
We will now define

(Al.2)

S'=S 1 +S2
Squaring and rearranging equation A 1.2 gives

(S, +S1 ) 1 =(S'·S')=2S(S+I)+2(S,·S,)

(Al.3)

2(S, · S,) = (S'·S')- 2S(S +I)

(Al.4)

which can be substituted back into equation Al.l to give:
H a =-J,[(S'·S')-S(S+l)]

(A1.5)

This is now a general fonn of the Hamiltonian suitable for addressing dinuclear
clusters.

Note:S'= (S, + S,)..~S, -S,I in integer steps, therefore (S'·S') will have ]S'(S'+l)]
eigenvalues.
Therefore energies for this system are expressed in equation (Al.6) as:

E(S') = - J[S'(S'+I) - 2S(S + I)]
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(A1.6)

Which may now be substituted into the modified Van Vleck expression in order to
evaluate magnetic susceptibility as a function of temperature. Note that the degeneracy
w(S 1 = I for dinuclear clusters.:

zM

NP'g' L S'(S'+I)(2S'+I)Q(S')e - E(S")/lT 13k(T- 0)

L (2S'+I)Q(S')e E(S")/lT

(

+

p)

(AI.7)

NP'g'S(S+I)p +TIP
3kT
Magnetic susceptibility as a function of temperature may now be evaluated.

While a closed-form of the equation can be obtained by manually, by calculating the spin
states and energies and then substituting those into the Van Vleck equation, a different

approach can also be used to evaluate this problem. A Turbo Basic v. 1.0© (1987;
Borland International, Inc.) routine that evaluates the numerator and denominator of the
Van Vleck equation separately for each possible energy state by a series of nested loops,
and then sums and recombines these to generate a complete susceptibility profile as a

function of temperature, can be employed. Figure Al.l gives the core of this program. S
is an input required from the user, which is then defined to be equal to S, and S2•
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Evaluate:
Espin~: muo# = 0: muu# = 0
Jl =Jl / 1.4388
Sstar = Sl + S2
For SK = Sstar to abs(SI-S2) step -I
ifSK<O, then SK~ SK
a = SK*(SK+ I)
b= 1+(2*SK)
Sp=S*(S+ I)
term] = Jl*(a-2*Sp)
Espin = term I
Espin = Espin!T
top# = (a*b)*(eAEspin)
bot# = b*(eAEspin)
muo# = muo# +top#
muu# = muu# +bot#
next SK
chi = muo#/muu#
chi=chi •const•g• g/(3 *(T-th))
chi=chi*(l-ro)+TIP+ro*const*g*g*S*(S+ I )/(3*T)
Jl =JI*I.4388
Return

Figure AI. I: The core of a Turbo Basic routine for evaluating susceptibility as a function
of temperature for a homometallic dinuclear system.
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A1.2: Trinuclear Compounds:

51

~

,"~
53

(a)
(b)
Figure A1.2: General scheme for the coupling in a) an equilateral triangle and b) a linear

triad of spin centers.
The Hamiltonian to describe either of these cases (with the exchange coupling
defined as 2J) is:
(AI.8)

Hex= -2J[(S1 ·S,)+(S, ·S,)+a(S, · S,)]

(Al.9)

Two summations are now defined in equations Al.l 0 and A 1.11:
(Al.IO)
and
(Al.ll)
Squaring equation Al.IO leads to:
(S, +S, +S3 ) 2 = (S'·S') = 3S(S+1)+2(S,·S2 )+2(S, · S 3 )+2(S, · S,)
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(Al.l2)

Which can be rearranged to give equation Al.l3.
2(S, · S 1 )+2(S, ·S,)= (S'·S')-3S(S+1)-2(S, ·S,)

(A1.13)

Squaring equation A 1.11 leads to:
(S, +S 1 } 1 = (S* ·S*)= 2S(S+1)+2(S, · S,)

(A1.14)

Which can be rearranged to give equation Al.l5.
2(S3 • S,) = (S * ·S*)- 2S(S + 1)

(AI. IS)

Equations AI.I3 and Al.l5 can now be substituted back into equation Al.9 to give:
H a = -J(S'·S')- 3S(S + 1)- (S * ·S*) + 2S(S + 1) + a{(S * ·S*)- 2S(S + 1)}] (A1.16)

Gathering terms leads to equation Al.l7, which is a general form of a

Hamiltonian suitable for addressing either an equilateral triangle or a linear triad.
H a = -J({(S'·S')- (S * ·S*)- S(S + 1)) + a{(S * ·S*)- 2S(S + 1))]

= -J[(S'·S')- (1-a)(S *·S*)-(1 + 2a)(S(S + 1))]

(Al.l7)

Note that S* = (S, + S, )..i S, -S, Jin integer steps, therefore(S * ·S*) will have
[S * (S * +1)] eigenvalues and S'= (S * +S).. i S • -SJin integer steps, therefore (S'·S')
will have [S'(S'+1)] eigenvalues.

Finally, for an equilateral triangle where J31 = Jl2 = J23 = J,:. a= 1 the
Hamiltonian (A 1.17) simplifies to:

Ha

= -J[(S'·S')-3(S(S +1))]

with energies:
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(A1.18)

E

~

- J(S'(S'+I) - JS(S + I)(

And for a linear tri ad with a negli gibl e 1-3 interaction Jl2 = J23 = J ;JJ) l'::< 0

(A 1.1 9)
·. a ~

0 and

the Hamiltoni an (A 1.17) simplifies to:
Hu

- J((S'·S') - (S * ·S* ) - (S(S + 1))(

(A I.20)

- J(S'(S'+I) - S * (S *+ 1) - S(S + I)(

(AI.2 1)

~

with energies:
E

~

For either case the e nergies may now be substituted into the modified Van Vl eck
expression (equation A 1. 7) in order to evaluate magnetic susceptibility as a function of

temperature. Whil e a closed-form of the equation can be obtained by manually
calcul ating the spin states and energies and then s ubstituting those into the Van Vlec k
equation, a different approach can also be used to evaluate thi s problem. A Turbo Basic
v. 1.0© ( 1987; Borl and lntem ational, Inc.) ro utine that evaluates the numerator and
denominator of the Van Vl eck equation separately fo r each possible e nergy state by a
seri es o f nested loops, and then sums and recombines these to generate a complete
susceptibility profil e as a fun cti on o f temperature, can be employed . Fi gure A 1.3 gives
the core o f thi s program for an equilateral triangle expression. S is an input required
from the user, which is then defined to be equal to S 1, S 2 and S 3•

3 10

Evaluate:
Espin=O: muo# = 0: muu# = 0
JJ ~JJ / 1.4388

+ S2
For SK ~ Sstar to abs(S J-S2) step -I
hi~S K+S3: lo ~ SK-S3
iflo<O then lo=-lo
ifhi <lo then swap hi,lo
ForST = hi to lo step - 1
a ~ ST*(ST+ I)
d~ !+(2*ST)

Sstar ~ SJ

S~S*(S+ l )
tenni ~ J l*(a-3*Sp)
Espin = term 1
Espin = Espinff
top#~ (a*d)*(e' Espin)
bot# ~ d*(e' Espin)
muo# = muo# +top#
muu# = muu# +bot#
Next ST

next SK
chi = muo#/muu#
chi~chi*const*g*g/(3*(T-th))

chi=chi *( 1-ro)+ Tl P+ro*const*g*g*S*(S+ 1)1(3 *T)
JJ ~JJ * l.43 88

Return
Figure A 1.3: The core of a Turbo Basic routine for evaluating susceptibility as a function
of temperature for an equilateral triangle.
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Al.3: Tetranuclear Compounds:
A general tetranuclear exchange model is illustrated in Figure A 1.4.

S1

\

J~,S\2

~--,:::'
JJ/
"-

J

:

:'

J1

----~~~

:'

-- -sJ

.~
S4

Figure Al.4: General scheme for the coupling in a tetranuclear complex.
A general Hamiltonian to describe this exchange situation is:
H a = - 2Jl(S, ·S, +S, ·S,)- 2J2(S, ·S, + S, ·S,) - 2J3(S, ·S, +S, ·S,) (AI.22)

We will now define

(AI.23)
Squaring equation A 1.23 gives:
(S, +S, + S, +S,)2=(S'.s')= 4S(S + l )+2(S, ·S,)+2(S, · S,) +
2(S, ·S,) + 2(S, ·S, )+2(S, ·S,)+2(S, ·S,)

(AI.24)

Which can be rearranged to give equation A 1.25.
2(S, ·S, +S, ·S,) =(S'·S') - 21(S, ·S, )+(S, · S,)+(S, ·S,)
+(S, ·S,)+ 2S(S + 1)1
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(AI.25)

The following wi ll also be defined, squared and rearranged:
S**=S 1 +S 2

(AI.26)

(S , +S,)' = (S**·S**) = 2S(S + I)+2(S, ·S,)
2(S, · S,) = (S**· S**)- 2S(S + I)

(AI.27)
(AI.28)

S H = SJ+S~

(AI.29)

(S, +S,)' = (S" ·S")= 2S(S+ 1) + 2(S, ·S,)

(AI.30)

2(S, · S,) = (S " ·S")- 2S(S +I)

(A 1.3 1)

S*=S 1 +S 3

(A 1.32)

(S, +S,)' = (S*·S*) = 2S(S + I) +2(S , ·S,)

(A 1.33)

2(S, ·S,) = (S '·S*)- 2S(S + I)

(A 1.34)

s•

=

S2

+S~

(A 1.35)

(S, +S,)' = (S ' ·S') = 2S(S +I)+ 2(S, · S,)

(AI.36)

2(S, ·S,) = (S ' · S') - 2S(S + I)

(A 1.37)

Substitut ing equat ions A 1.28, A 1.3 1, A 1.34 and A 1.37 into A 1.25 gives:
2(S, ·S, + S, · S,) = (S'·S') - (S**· S **)+ 2S(S + 1) - (S" ·S")+2S(S + 1) (S*·S')+ 2S(S + 1) - (S ' ·S')+ 2S(S + 1) - 4S(S + I) (A\.38)

Gathering terms and di viding by 2 gives equation A 1.39:

S, ·S, +S, ·S,

= ~(S'·S') - ~(S*·S*) - ~(S' ·S')-~(S**
~(S"
2

·S")+2S(S+ I)

S*') (A 1.39)

A new, geneml exchange Hamiltonian for tetranuclear clusters may now be defined:
H " = - JI(S'( S '+ I) - S **(S**+ 1) - S"(S" + 1) - S'(S' + 1) - S*(S*+I) J21S " (S " + I) + S**(S**+ 1)1 J31S *(S*+ I) +S ' (S' + I) - 4S(S + 1)1
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(AI.40)

The general tetranuclear Hamiltonian can be simplified to represent specific
cases. If J3 = 0, then the model represents a rectangular system with no cross coupling.
The exchange Hamiltonian for this system is:
H .,= - JI(S'(S'+I) - S **(S **+ 1) - S .. (S .. + 1) -

s•(s•

+ 1) - S*(S *+I) -

J2(S**(S**+I)+S"(S " +I)(
For a square with cross coupling, J I

(A1.41)

= J2 and the exchange Hamiltonian becomes:

H ., = - JI(S'(S'+I) - S*(S*+I) - S'(S' + l)f -

J3(S *(S*+I) + s•(s• + 1) -4S(S + I)(

(AI.42)

For a square without cross coupling, the exchange Hamiltonian becomes:
II.,= - JI(S'(S'+ I) - S*(S*+I) -

Finally, if Jl

s•(s• +I)(

(AI.43)

= J2 = J3, the model can represent a tetrahedron:

II., = - JI(S'(S'+ I)-4S(S + I)(

(AI.44)

Again, simple computer programs can be written to model magnetic data using
these expressions.
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Appendix 2: Magnetic models, turbo basic routines, OWOI.ini files, and spk files:
A2.1. 1: Simple Dinuclear Complexes- 8.1
The exchange Hamiltonian for a simple dinuclear compound is:
H a=-J{S, ·S,}

The input OWO I.ini file for a Cu(ll)2 complex is:
Spins: I I
Couplings: 12
Strengths: -I
Output: Cu2

And the • .spk file generated by OWO l.exe is:
MDA 01.00 S PK 00
#PROGRAM:
Program OWOL, (c) Oliver Waldmann. Version 11 .5.01
#HAM ILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
Spins = 1/2 1/2
Couplings = I -2
#PARAMETER:
Strengths = - I
Emin = -0.75
#COMMENT:
sorted spektrum with classification
#DATA:
~(Column one is the relative energy, and column two is 2 S')

0

0
0
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A2.1.2: Dinuclear Complexes by an alternating chain model- 8.1

The exchange Hamiltonian for an alternating chain [155, 156] model of hydrogen bonded
dinuclear compounds is:
H~ =

- 2!J{S, ·S,., }+a.f{S,. , · S,., }l

The experimental data is fitted to the susceptibility expression by non-linear regression
using a TurboBasic routine with the following "core'':

.............................................
'***Calculation ofmu (eft)
EvaJuate:
xx# = -J 1/kk!f

tcnn I = -0.12587+0.22752'al
temt2 = 0.019111-0.13307'al+0.50967'alA2-1.3 167'aiA) + ! .0081'a1A4
term) = 0. 10772+ 1.4192'al
tenn4 = -0.0028521-0.42346'al+2.1953'a1A2-0.824 12'aiA)
tenn5 = 0.37754-0.067022'al+6.9805'aiA2-21 .678'a1AJ + 15.838'a1A4
chi = (con • g • g)/(Tth)*(0.25+tenn l *xx#+tern12* xx#A2)/( I+tenn3*xx#+tenn4 •xx#A2+tenn5 *xx#"' 3)
rub = (con' g' g' S' (S + I)' alpha) I (3' kk' T)
chi=(chi'(l-alpha)) + rub + tip
chi=2*chi

RETURN
The constants are defined as:

The values that are fitted by this routine. and
their initial values are:

'N = 6.02205. (10 A23)
'beta = 9.27408 • (I 0 A-24)
'e = 2. 71828182846#
'k = 1.38066. ( JO A·23)
con = 0.37513
kk=0.69503
s = 0.5

th = 0
J=O
'rho = 0
alpha = 0
Jl = -1
J2 = -1
g=2
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A2.2: Trinuclcar Complexes - 3.2
The exchange Hamilto nian for a trinuclear compound with J
= J 12 = J23 and with J 13 ac;sumed to be negligible is:
H

a~

- J(S, · S , + S , · S , )

The input OWOI.ini file fora Mn( ll) 3 complex is:
Spins: 55 5
Couplings: 12 23
Strengths: - I -1
O utput: Mn3

s~
J13S2~
53

And the •.spk file generated by OWOI.exe is:
MDA 01.00 SPK 00
#PROGRAM:
Program O WOL, (c) O liver Waldmann, Version 11 .5.01
#HA MILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
S pins ~ 5/2 512 5/2
Couplings ~ 1-2 2-3
#PARAMETER:
Strengths = - 1 - 1
Emin = -1 5
#COMM ENT:
sorted spektrum with classification
#DATA:
0
0
~ Note the non-zero ground state associated with the odd
2.5
0
number of spins present in the cluster.
3.5
0
5
I

5

0

6.5

8
8
8.5
9
9.5
11.5
12
12.5

I

2

2

3 17

13
13.5
14
IS
15.5
17
17.5
18.5
20
20
22.5
25
27.5

9
II
5
5
7

9
7
II
9
13
II
13
15

I
3
0
2

Note: Clearly, with increasing numbers of magnetic centres and exchange pathways the

number of non-degenerate spin states becomes significantly larger. For this reason, all of
the data contained within the •.spk files will not be given for further examples, however,
these are all contained on the disk of magnetic and crystallographic data.
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A2.3: Tetranuclear Complexes- 3.3, 3.4, 3.5 and 3.7
The exchange Hami ltonian for a tetranuclear
compound with J

= J I = J2 and J3 assumed to be

negl igibl e is:

The input OWOI. ini fi le for a Ni(l1 )4
compl ex is:

The input OWOI.in i file for a Cu(II )4
com plex is:

Spins: 2 2 2 2
Couplings: 12 23 344 1
Strengths: - I - I -I - I
Output: Ni4

Spins: I I I I
Couplings: 12 23 34 41
Strengths: - I -I - I -I
Output: Cu4

And the abbreviated *.spk fi le generated by
OWOI.exe is:

And the abbreviated* .spk fi le generated by
OWO l .exe is:

#SYSTEM:
Sp in s ~ 2/2 2/2 2/2 2/2
Co uplin gs ~ 1-22-33-4 4- 1
# PARAMETER:
Strength s ~ - ] -1- 1 -1
Emin = -6
#DATA:

#SYSTEM:
S pin s ~ 1/2 1/2 1/2 1/2
Co up l in gs ~ 1-22-33-44- 1
# PARAMETER:

0

Strengths ~ -J-1-1-1

Emin = -2
#DATA:
0

etc ..
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A2.4: Pentanuclcar Clusters- 3.8
The exchange Hamiltonian for a pentanuclear cluster is:

H er= - J(S 1 ·S3

+S~

· S3

+S~

·S3 +S 1 ·S1

+S5 ·Sz + S4 ·Sz)

The input OWOI.ini file for an Mn(ll)s complex is:
Spins: 55 55 5
Couplings: 12 23 14 52 53 54
Strengths: -I - I -I -I -I -I
Output: Mn5

1

2~4
5

And the • .spk file generated by OWO l.exe is:
MDA 01.00 SPK 00
#PROGRAM:
Program OWOL, (c) Oliver Waldmann, Version 11 .5.01
#HAMILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
Spins = 5/2 5/2 5/2 512 5/2
Couplings = 1-2 1-3 1-4 5-2 5-3 5-4
#PARAM ET ER:
Strengths = - ! -1 - 1 -1 -1 - 1
Emin = -42.5000000000002
#COMM ENT:
soned spektrum with classification
#DATA:
0
5
3.5
7
5
3
5
3
7.5
5
7.5
5
8
9
7
8.5
10
I
10
I
10
II
etc ..

320

A2.5: 13x31 M(ll), Grids
The exchange Hamiltonian for an isotropic [3x3] M9 grid
is:

Hu =-JI{S1 ·S2 +51 ·Sl + SJ ·S4 +S4 ·S5 +S5 ·S,

+S, ·S, +S1 ·S8 +S1 ·S8 }
- J2{S2 ·S, +S,. ·S9 +S, ·S9 +S8 ·S,}

:rn:
7

6

5

A2.5.1: [3 x3] Co(ll), Grids · 4.3
!fit is assumed that J=Jl =J2 and that orbital contributions can be ignored, then the input
OWOl.ini file for a Co(ll)9 grid complex is:
Spins: 3 3 3 3 3 3 3 3 3
Couplings: 12 23 34 45 56 67 78 81 29 49 69 89
Strengths: -I -I - I -I -I -I -I - I -I - I -I - I
Output: Co(ll)9
And the •.spk fi le generated by OWO I.cxe is:
MDA 01.00 SPK 00
#PROGRAM:
Program OWOL, (c) Oliver Waldmann, Version 11.5.01
#HAMILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
Sp ins~ 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2
Couplings ~ 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-1 2-9 4-9 6-9 8-9
#PARAMETER:
Strengths ~ - I -I - I - I -I - I - I - I -I -I - I - I
Em in ~ -32.084208489536
#COMMENT:
sorted spektrum with classification
#DATA:
0

1.502661438
2.354 198636
2.354 198636
etc ..

~There

are 30 276 non·degnerate spin states for this system!
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A2.5.2: [3x3] Cu(II)9 Grids- 4.5, 4.6, 6.3 and 6.4

For [3 x3] Cu(11)9 grids JI and J2 are not equal in magnitude, and for 4.5. 4.6 and 6.4 the
couplings are also not equal in sign (that is, Jl is ferromagnetic while J2 is
antiferromagnetic). An input OWOI.ini file for a Cu(ll)9 grid complex with both ferroand anti ferromagnetic contributions is:

Spins: I I I I I I I I I
Couplings: 12 23 34 45 56 67 78 81 29 49 69 89
Strengths: -0.1 -0. 1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 I I I I
Output: Cu(ll)9
And the • .spk file generated by OWO l.exe is:

MDA 01.00 SPK 00
#PROGRAM:
Program OWOL, (c) Oliver Waldmann, Version 11 .5.01

#HAMILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
Spins ~ 1/2 1/2 1/2 112 112 112 1/2 1/2 1/2
Couplings ~ 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-1 2-9 4-9 6-9 8-9
#PARAMETER:
Strengths ~ -0.1 -0. 1 -0.1 -0. 1 -0.1 -0.1 -0.1 -0. 1 I I I I
Emin ~ -1.30136333 119542
#COMMENT:
sorted spektrum with classification
#DATA:
0

0.06499966915
0.141364005
0.141364005
0.1536708092
0.172625541
0.2489343583
0.2520729535
0.2520729535
0.2833504458
etc ..

Note: If, for example, MAGMUN4.1 returns a fitted J = I 0, then JI = I cm- 1 and J2 = -I 0
cm· 1• Since these values are detennine from a fixed ratio, the fitted values from the nonlinear regression are not rigorous, however, they are sensible in light of the structural
analysis.
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A2.5.3: [3x3] Cu(ll)sMn(ll) 1 Grid- 5.4
A similar approach as that used for the [3x3} Cu(l1)9 grids may be employed where JI
and J2 are not equal in magnitude or sign and the identity of the central ion is not the
same as those in lhe ring. The input OWOI.ini file for a Cu(li)8Mn(ll) 1 grid complex

with both ferro- and anti ferromagnetic contributions is:
Spins: I I I I I I I I 5
Couplings: 12 23 34 45 56 67 78 8 1 29 49 69 89
Strengths: -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 I I I I
Output: Cu(11)9
And the • .spk file generated by OWOI.exe is:

MDA 01.00 SPK 00
#PROGRAM :
Program OWOL, (c) Oliver Waldmann, Version 11 .5.01

#HAMILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
Spins ~ 1/2 112 112 1/2 112 1/2 112 1/2 512
Couplings ~ 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8- 1 2-9 4-9 6-9 8-9
#PARAM ETER:
Strengths ~ 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 - I -I -I -I
Emin ~ -7.24002235653721
#COMM ENT:
sorted spektrum with classification
#DATA:
0
0.091653421 33
0.091 65342133
0.09601322388
0.2282804404
0.2360949702
0.2722473489
I
0.2722473489
2
0.2759967665
3
0.2937650477
0
1.664840164
0
1.697778044
I
1.697778044
2
etc ..
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A2.5.4: [3 x3] Mn(ll)9 Grids · 4.2, 6.6
An isotropic spin Hamiltonian would involve 45 e lectrons and an enonnous
matrix calculation. Instead the experimental data is fitted to a model based upon the
Fisher approach [73,74], defined by the following susceptibility expressions:
•

A~

= (8 xz,.,. +1.094xg' )x( l - p)+(I.094 x g ' )xp+TIP

T-0

T

u = cothi JS(S+ I ) I - 1~1
JS(S + I)

kT

ZM,.

=

Ng' P' S(S + 1)(1 + u)
3kT

(1- 11)

Non-linear regression is used to treat the susceptibility expression using a TurboBasic
routine with the following ..core":

.............................................
·••• Calculation of mu (efl)

Evaluate:
tcnnO = J I 'S'(S + I)Ikk
term I
term2

= T I tem10
=

termO I T

term) # = EXP(tenn2) + EXP(-tenn2)
tcnn6# = EXP(tenn2)- EXP(-tenn2)
tenn3 = term3# I tenn6#
u = term 1 - teml3
tenn4 = S • (S + I)
tenn5 = ( 1 - u) l ( l + u)
chi = con • g • g • term4 *termS / (3 • kk • (T-th))
tcnn7 = (2' J2 'chi) I (con • g' g)
bot = 1- tenn7
chi = chi I bot
rub = (con' g' g' S' (S + I)' alpha) I (3' kk ' T)
chi=(chi'(l-alpha)) + rub + tip
chi=chi *8
chi=chi+(con • g • g • S l • (S I + 1)) 1(3 • kk • T)
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'J ~ J I 1.439: J2
RETURN

~

J2 / 1.439

The constants are defined as:

'N ~ 6.02205. ( 10 A 23)
'be ta ~ 9.27408 • (10 A -24)
'e ~ 2. 71828182846#
'k ~ 1.38066. (10 A -23)
co n ~ 0.37513
kk ~0.69503

The values that are fitt ed by thi s routine. and
their initial values are:
th

~

0

J ~ O

'rho = 0
alpha ~

Jl
J2

0

~ -I

~ -I

g ~ 2

Additionall y, the spin sates for the atoms in the outer ring (S) and for the atom in the

centre position (S I) must be entered. For the case where all ions are Mn(ll). S = S I

(ic. 5/2).
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A2.6: 13x31 A58 4 Grids

The exchange Hamiltonian for an isotropic [3 x3] M9
grid is:

H u: = - Jt{S1 -S 2 +5 1 -S 3 +SJ ·S4

+S.,

-S~

+55 ·S,

+S, ·S 7 +S, -S 8 +S 1 -S 8 )
- J2{S 1 -S, +S 4 -S 9 +S, -S, +S8 ·S 9 }
A2.6.1: [3x3] Mn(ll)sCu( ll )4 and Co( ll )sCo( lll) 4
Grids-5.2

Both Mn(II) 5Cu( II )4 and Co(ll)5Co(lll) 4 grids can be treated by this model. In one case
and B~Co(lll) , while in the other A ~ Mn(ll) and B = Cu( ll). Here. the input
OWO I.ini file for the Mn(ll)sCu(ll)4 grid, with J = Jl = J2 is shown (Co(II) 5Co(lll)4 case
can be found on the disk of Magnetic and Crystallographic data).
A~Co( ll)

Spins: I 5 I 5 I 5 I 5 5
Couplings: 12 23 34 45 56 67 78 81 29 49 69 89
Strengths: -I - I -I - I -I -I -I -I -I - I -I - I
Output: Mn5Cu4
And the • .spk file generated

by OWOI.exe is:

MDA 01.00 SPK 00
#PROGRAM:
Program OWOL, (c) O li ver Waldmann, Version 11 .5.01

#HAMILTONIAN:
Heisenberg Hamiltonian

#SYSTEM:
Spins ~ 1/2 5/2 1/2 5/2 1/2 5/2 1/2 5/2 5/2
Couplings ~ 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-1 2-9 4-9 6-9 8-9
#PARAMETER:
Strengths = -I -I -I -I -I - I -I -I -I - I -I - I
Em in ~ -39.1468936196929
#COMMENT:
sorted spektrum with classification
#DATA:
0
II
~Theoretical ground state isS' = ll /2
3. 193490698 9
~Next lowest lying spin state is S' =912
3. 193490698 9
etc ...
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A2.6.2: [3x3] Mn(ll)sNi(ll), Grid- 5.3
If the metal ion A = Mn( II ) and B = Ni(ll ) and J=J l=J2 then the number of spin states
exceeds the number of lines than can be read by MAGMUN4.1. Oliver Waldmann' s
OWl L.exe reduced symmetry program [1 21] must instead by employed . The input

OW I L.ini fil e forth is Mn(ll )sNi(ll)4 grid is:
Spins: 2 5 2 5 2 5 2 5 5
Couplings: 12 23 34 45 56 67 78 81 29 49 69 89
Strengths: -1 -1 - I -1 -I -1 -1 - 1 -1 -1 -1 -1
Couplingscheme: 15x37xx26x48xxx9x
Symm etrye lements:

123 456789
5678 12349
781234569
3456781 29
765432 189
32 1876549
5432 18769
187654329
Symmetrygroup: 04

Output: Mn5Ni4
Here, it is the output • .eig file that must be used to generate a magnet ic simulat ion. The
• .eig file generated by OWl L.cxc is:
MDA 01.00 EIG OJ
#PROGRAM :
Program OW l L, (c) Oli ver Waldmann, Version 4.6.03
#HAM ILTON IAN:
Heisenberg Hamiltonian
#SYSTEM:
Sp in s ~ 2/2 5/2 2/2 5/2 2/2 5/2 2/2 5/2 5/2
Co uplin gs ~ 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8- 1 2-9 4-9 6-9 8-9
Couplingschcme: I 5 x 3 7 x x 2 6 x 4 8 x x x 9 x
Sym mctrygroup: 04

#PARAMETE R:
StrcngthF -1 -1 -1 - 1 -I -I - I -I - I -I - I -1
Symmetrye lements:
1 23 4 56789
5678 1 2349
781234569
345678 129
765432 189
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321876549
543218769
187654329
#COMMENT:
energies
~ The data is not in a format that can be read by a text based program
#DATA:
etc ..
The • .eig file is then input into the progam owXisg.exe, where values of g, J, TIP, and 0
can be entered by the user, and a *.mxi file is generated with the calcu lated x. xT and ).!err

values over a specified temperature range. The *.mxi file for this example follows.
#MDA OWXISG ASC
#PROGRAM:
Program OWXISG (pack3), (c) Oliver Waldmann, Release 21.11.2006
#HAMILTONIAN:
Spin Hamiltonian with Jij
#S YMMETRY:
No
#DIAGONALIZATION:
Diagonalization: QR
#SYSTEM:
Si: 2/2 512 2/2 5/2 2/2 5/2 2/2 5/2 5/2
CJij: 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8- 1 2-9 4-9 6-9 8-9
Jij: -1-1 - 1 -1-1 -1 -1-1 -1-1-1 -1
#PARAMETER:
Emin: -50.6931
EIG: ni4mn5a.eig

J: 3
g: 2.17
xiO: 0.00075
f- TIP
theta: 0.05
T: 2>300/3
#COMMENT:
magnetic susceptibility
#DATAFORMAT:
T (K) Xi (emu/mol) XiT (emu Klmol) mu eff
#DATA:
2
4. 79926
9.59851
8. 76288
9.21478
5
2.1228
10.6 14
8
1.54069
12.3255
9.92997
II
1.25852
13.8437
10.5238
etc .. to a max value of
299
0.0970991
29.0326
15.2401

328

Note that this method of data treatment does not regress the ex perimental data, but does
all ow the user to rapidly compare plots o f ex perimental data and calculated values for a
variety of manuall y input g, J, TIP and 9 values.

A2.6.3: [3x3] Mn(II) 5Zn(ll)4- 5.1
The substitution pattern here is slightly different than in

A

B

A

the previous exampl es. Here, A=Mn(ll ) (S=S/2) and
B:=:Zn(ll) (S=O). The exchange here is expected to be

B

A

B

weak. long-ran ge anti ferromagneti c coupling between
Mn(ll) centres via the intervening Zn(ll ) sites. An
exchange Hamiltoni an to describe thi s situation is:

A

B

A

This is equi valent to the exchange situation described for a nonnal pentanuclear Mn( ll )5
cluster (Section A2.4).
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A2.7: 3x (t x3 ( Mn(ll},-6.2
3x[ l x3 ] Mn(ll)9 rectangular grids cannot be
treated by full matrix calculations because of
the immensity of the calculations involved.
Instead, this is treated by three, linear trinuclear
subunits with a molecular filed correction to
account for nearest neighbor interactions. An
exchange Hamiltonian to express this situation
is:
H .... =-J{S , ·S. +S4 ·S7 }

7

8

9

And the susceptibility express ion

Non-linear regression is used to treat the susceptibility expression using a Turbo Basic
routine with the following "'core" :

•••Calc. ofmu (efl)
Evaluate:

Espin=O: muo# = 0: muu# = 0
J~J/ 1.4 388
JI~JI / 1.4 388

'Sstar ~ SI + S2 + S3
'Splus ~ S3 + S I
For SK ~ (S3 + Sl) to ABS(S3 • Sl) step ·I
'ifSK <O then SK~O
For SL ~ (SK + S2) to ABS(SK- S2) step -I
a ~ SL'(SL + I)

b ~ 1+(2'SL)
c ~ SK'(SK+ I)
d ~ S'(S + I)
tenn 1 ~ J'(a-c-d)+J l'(c-2'd)
Espin

=

top# ~
bot# ~

tenn I

Espin = Espin!f
(a*b)*(eAEsp in)
b*(eAEspin)

muo# = muo# +top#
rnuu# = muu# + bot#
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next SL
next SK
chi = muo#/muu#
th=zz* J2*chi

chi=chi'const'g'g/(3'(T-th))
chi=chi*( l -ro)+ TIP+ro*const*g*g*S*(S+ I )/(3*T)
chi=chi*3

JI =JI'J.4388
J=J' 1.4388
Return
The constants are defined as:

The values that are fitted by this routine, and
the ir initial values are:

'N = 6.02205' (10 '23)
'beta = 9.27408 • (10 ' -24)
'c = 2. 71828 182846#
'k = 1.38066. (10 ' -23)
consr=0.3751349

g=2
theta = 0
Jcm = 0
rho =O

alpha = 0
J=-1

Additionally, the spin states (S I) for the atoms must be the same and must be entered, as
well as the number of nearest neighbors in the extended structure (zz). In this example

S I = 2.5 (that is 5/2) and zz = 1.333 (that is 4/3).
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A2.8: 4x 12x21 M,. grids -7.1, 7.3, 7.4
[4 x4] M(ll) 16 grids (M ~ Mn and Co) cannot be treated
by full matri x calculations because of the immensity of
the calculations involved. Instead, they are treated as a
set of four compartmentali zed [2x2] M4-(JL--0hydra:ronc)4
squares with a molecular fil ed correction to account for
nearest neighbor interacti ons via the double pNNp)Tidvinel,u-0 bridges. An exchange Hamiltonian to
ex press this situati on is:

And the susceptibility ex pression is:

Non-linear regression is used to treat the susceptibility expression using a Turbo Basic
ro utine with the fo ll owing "core":

•ucalc. of mu (efl)
Evaluate:
s ~ s I :S2 ~ S

I : S3 ~ S I : S4 ~S I

Espin=O: mu=O: muo

=

0: muu = 0 : muc =0

JI ~JJ / 1 .43 8
J2 ~J 2/ 1.4 3 8

Ss tar ~

Splus

~

S l + S3
S2 + S4

For SK = Sstar to 0 step -I
For S L = Splus to 0 step -1
hi ~S K + S L : lo ~ SK-SL

ifl o<Othen Jo=-lo
if hi <lo then swap hi ,lo
For ST = hi to lo step -I
a ~ S T '(S T+ l )

lr SK' (S K+ l )
c~S L '(S L+ I )
d~

1+(2'ST)
SFS'(S+ I)
Jl '(a-b-c)

te nnJ ~
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Espin = term I
Espin = Espinff
top = (a*d)*(e" Espin)
bot = d*(e" Espin)
muo = muo +top
muu = muu +bot
Next ST
next SL
next SK
chi = muo/muu
chi=chi*const*g*gi(3*T -z• J2*chi)
'chi =chi/ 10
chi=chi* ( l-ro)+ TIP+ro*const*g*g*S*(S+ 1)/(3*T)
chi=chi *4
JJ ~JI ' I.4 38

J2 ~J 2' 1.4 38

Return

The constants are defined as:

N ~ 6.02205 • (I 0 A 23)
beta ~ 9.27408 • ( 10 A -24)
e ~ 2.7 1828 182846
k ~ 1.38066. (10 A -23)
co n st~0.375134

The values that are fitt ed by this routine. and
their initial values are:
g~2

theta = 0
J2 ~ -5
rho = O
alpha ~ 0
J ~- 1

Additionally, the spin states (S I) for the atoms must be the same and must be entered, as
well as the number of nearest neighbors in the ex tended structure (z). For both Mn(ll) 16
~ 1.5 (that is 3/2), respecti vely.

and Co(! I),., z ~2, whil e S I ~ 2.5 (that is 5/2) and S I
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A2.9: 4xf2x2J M 16 grids with four diamagnetic centres -7.2 b, 8.3

Both 7.2b, a Co(II) 12 Co(III)4 grid, and 8.3, a Cu(ll ) 12Cu(l)4 grid, have one diamagnetic
centre in each of the of four compartmental [2x2] M4-(u-0hydrazorw:)4 squares. Therefore.
these grids may be treated as four trinuclear subunit with a molecular filed correct ion to
account for nearest neighbor interactions via the double p-NNP>Tidazincl,u-0 bridges. An
exchange Hamiltonian to express th is situati on is:

And the suscept ibility expression is:

Non-l inear regression is used to treat the suscepti bil ity expression using a TurboBasic
routine with the follo wing "core":

..........................................
'**Calc. ofmu (ell)

Evaluate:
Espin=O: muo# = 0: muu# = 0
J ~J / 1.4 388
JJ ~JI /1.4388
'Sstar ~ Sl + S2 + S3
'Sp lus ~ S3 + S I
For SK ~ (S3 + S l ) to ABS(S3- S l ) step -I
'i f SK<O then SK ~O
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For SL ~ (SK + S2) to ABS(SK- S2) step -I
a ~ SL'(SL+ I)

b ~ 1+(2'SL)
c ~ SK'(SK + I)

d ~ S'(S + I)
tenn I ~ J'(a-c-d)+ J l'(c-2'd)
Espin = tenn I
Espin = Espinff
top# ~ (a'b)'(eAEspin)
bot# = b*(e" Espin)
muo# = muo# +top#
muu# = muu# +bot#
next SL
next SK
chi = muo#/muu#
th=zz• J2*chi
chi ~chi'const'g'g/(3'(T-th))

chi=chi*(l-ro)+ TIP+ro*const*g*g*S*(S+ I )/(3*T)
chi=chi*4
JJ ~JI'I.4388
J ~J'I.4388

Return

The constants are defined as:

6.02205. (10 A23)
9.27408 • (10 A -24)
'e ~ 2.71828182846#
'k ~ 1.38066. (10 A -23)
cons""0.3751349
'N

~

'beta~

The values that are fitted by this routine. and
their initial values are:
g~2

theta = 0

Jcm = O
rho = 0
alpha ~

0

J ~-1

Additionally, the spin states (S I) for the atoms must be the same and must be entered, as
well as the number of nearest neighbors in the extended structure (zz). In both of these
cases, zz ~ 2, while Sl ~ 1.5 (that is 3/2) for 7.2b, a Co(11) 12 Co(111)4 grid, and Sl ~ 0.5
(that is 1/2) for 8.3, a Cu(11) 12 Cu(1)4 grid.
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A2. 10: 4x(2x2( C u(ll),. grid- 8.2
The 4x[2x2] Cu(ll ) 16 grid (8.2) consists of a
several different exchange pathways that were
discussed in Chapter 8. Si mply put, the
corners sites, I, 4, 7, and 10 do not participate
in any magnetic exchange with their nearest
neighbors and act as Curie centres. The
exchange pathways denoted by J I cons ist of
anti ferro magnetic coupling via pyridazinc pNN while those denoted by 12 consist of
anti ferromagnetic coupling via both p-NN and
p-0 bridges. An exchange Hamiltonian to
express thi s situation is:

2

12
J2

11

10

13

J1

J2

J1
16

14
J1

J2

J2

15

J1

H a = - Jt{S 2 ·53 +S 8 ·S 9 }- J2{S 5 ·S6 +S 11 · S 11 } -

(JI {Su ·S 16 + S 14 ·S 15 }+ J2{S 13 • S 14 +5 1!1 ·5 16 }1
Non-linear regression is used to treat the susceptibili ty expression and to correct for the
Curi e centres, using a Turbo Basic routine with the following "core" :

·••• Calculation of ch i
Evaluate:
k ~ .69503
ff# ~ G2 A2 + j I A 2 - j2 • j I) A S
gg# ~ EXP(ff# I k I T)
hh # ~ EXP(G I + ff# ) l k I T)
.ij # ~ EXP(G2 + ff#) I k I T)
kk# ~ EXP(G I + j2 + ff#) I k I T)
11 # ~ 6 • gg# + 6 • hh# + 6 • .ij# + 30 • kk#
mm# = I + gg#"' 2 + 3 • gg# + 3 • hh# + 3 • jj# + 5 • kk#
pp ~ .12505 ' g A 2 I T • (11 # I mm#)
n #~exp(-jllk!f)

chi I ~(2'gA2' .125045I(T)'( I +n #13JA- I)
f2#~exp( -j 2/k!f)
Ch l 2 ~(2'gA2' .1250451(T)'( I +f2 #13)A-I)

chi 3 = pp
c hi4~0.37513'gA2rf
c hi ~(2'c hi

I+2'chi2+chi3+chi4)'( l-alpha)+tip+.093 784 • gA2rf'alpha

RETURN
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The constants are defined as:
N ~ 6.02205. ( 10 A 23)
beta ~ 9.27408 * ( 10 A -24)
e ~ 2.71828 182846
k ~ J.38066 * ( JO A -23)
con=N • beta • beta I k

The values that are fitted by this routine. and
their initial values arc:
g~2

theta = 0
Jcm = O
rho = O
al pha ~ 0
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Appendix 3: Expanded structural data:
A3.1 : [(ioap-H)(ioap-2H)Co, (H, 0)4 ](BF4 )2(H, 0)2 JS (3.1)
A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Latt ice Type
Detector Position
Pi xel Size
Lattice Parameters

C22 H34.soB2Co2FsN1 20s.75
898.56
brown, prism
0.2 8 x 0.12 x 0. 10 mm
tricl inie
Primitive
40.00 mm
0.137 mm
a ~ 9.882(2) A
b ~ 14.623(3)A
c ~ 14.928(4) A
a. ~ I 07.465(3) o
~ ~ I 07. 784(3) o
y ~ 95.447(4) 0
v ~ 19 17.6(8) A3

Space Group
Z value

Fooo

PI (#2)
2
1.556 g/cm3
9 13

~ (Mo Ka)

9.64 em· I

Deale

B. Intensity Measuremen ts
Detector
Goniometer
Rad iation

Rigaku Saturn
Rigaku AFC8
MoKa (l. ~ 0.7 1070 A)
graphite monochromated
70 mm x 70 mm
780 exposures
- 15.0- 15.00
100.0 sec.fO

Detector Aperture
Data Images
w oscillation Range (x=O.O, ~=0.0)

Exposure Rate
Detector Swing Angle
w oscillation Range (x=l5.0.
Exposure Rate

15.1 1°
-75.0 - 105.00
100.0 see.fO

~~ 1 80 . 0)
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Detector Swing Angle
oscillation Range (x~5 4.0 ,

OJ

15. 11°
-75.0 -105.00

~~O.Q)

100.0 sec./O

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

15. 11°
40.00 mm
0.137 mm
61.8°
Total : 18471
Unique: 7865 (Rint ~ 0.0453)
Lorentz-polari zation
Absorption
(trans. factors: 0.8491 - 0.9356)
Secondary Extinction
(coefficient: 0.0021 ( 15))

26max
No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Direct Methods (SIR92)
Full-matri x least-sq uares on F2
l: w (Fo2 - Fc2)2

Structure Solution
Refinement
Function Minimi zed
Least Squares Weights

w ~ 1/ [ a2(ro2) + (0.1591 · P)2
+ 4.5988· P]
where P ~ (Max(Fo2 ,0) + 2Fc2)/3
53.00
All non-hydrogen atoms
7865
552
14.25
0.0988
0.1092
0.2902
1.077
0.000
1.33 e·JA3
-1.13 e·JA3

26max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residual s: R I (1>2.00cr(l))
Residual s: R (All reflections)
Residual s: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final DifT. Map
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A3.2: [(ioap),(ioap-HJ,Mn,(H,OJ,](N0,)4 (H,O) (3.2)
A. Crystal Data

Empirical Formula

C«H52Mn3N211019
1441.96

Formula Weight
Crystal Color, Habit
Crystal Dimens ions

orange, prism

0.32 x 0.21 x 0. 16 mm

triclinic
Primitive
39.90 mm
0. 137 mm
a ~ 10.7348( 13) A
b ~ 13.6851 (18)A
c ~ 23.480(3) A
a~ 88.283(5) o
p ~ 80.327(5) 0
y ~ 86.514(5)0
v ~ 3393.4(7) A3

Crystal System
Lattice Type
Detector Position
Pixel Size

Lattice Parameters

Space Group
Z value

P I (#2)

2
1.411 gicm3
1478
6.34 cm·l

Deale

rooo
~(MoKa)

B. Intensity Measurements

Rigaku Saturn
Rigaku AFC8
MoKa (), ~ 0.7 1 070 A)

Detector
Goniometer

Radiation

graphite monochromated
70mm >< 70mm
780 exposures

Detector Aperture

Data Images
w oscillation Range (x~o.o, $~0.0)
Exposure Rate

-15.0-15.00
I 04.0 sec.fO
15.100
-75.0- I 05.00
104.0 sccJO
15.10°
-75.0 - I 05.00

Detector Swing Angle
w oscillation Range (:<:=45.0, $~ 180.0)

Exposure Rate
Detector Swing Angle
w oscillation Range (:.:~54.0,

$~0.0)
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Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

104.0 sec./O
15. 100
39.90 mm
0. 137 mm
6 1.90
Total: 34286
Unique: 15289 (Rint

20max
No. of Renections Measured

~

0.038)

Lorentz-polarization
Absorption

Corrections

(trans. factors: 0.8627 - 0.9334)

Secondary Extinction
(coefficient: 0.0055(14))

C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least Squares Weights

Direct Methods (SHELX97)

Full-matrix least-squares on F2
~ w (Fo2 - Fc2)2

w ~ I I [ cr2(Fo2) + (0. 15 19 · P)2
+ 0.0000. p 1
where P ~ (Max(Fo2,0) + 2Fc2)t3

20max cutoff
Anomalous Dispersion
No. Observations (All renections)
No. Variables
Reflection/Parameter Ratio

55.0°

A II non-hydrogen atoms
15289
705
2 1.69
0.0738
0.0881
0.2393
1.042
0.00 1
0.95 e-fA3
-0.5 1 e-tA3

Residuals: R I (1>2.00cr(l))

Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final DifT. Map
Minimum peak in Final Diff. Map
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A3.3: [(ioap-I·I),Ni,(CF3S03)(H20)3](CF3S03),(1'F6) (3.3)
A. Crystal Data
Empirical Fonnula
Fonnula Weight
Crystal Color, Habit
Crystal Dimensions
Crysta l System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C47F1sN24Ni4016SJPI-Iso
1854.10
brown, prism
0.61 x 0.49 x 0.22 mm

trigonaJ
R-eentered
40.02 mm
0. 137 mm
a ~ 42.677(3) A
c ~ 22.0593( 15) A
v ~ 34795(4) A3

Space Group
Z value

rooo

R3 (#148)
18
1.593 glcm3
16884

~(MoKa)

11.70cm·l

Deale

B. Intensity Measurements

Detector

Rigaku Saturn
Rigaku AFC8
MoKa (A ~ 0.7 1070 A)
graphite monochromatcd
70mmx70mm

Goniometer
Radia tion

Detector Aperture
Data Images
OJ oscillation Range (x~o.o,
Exposure Rate
Detector Swing Angle
OJ oscillation Range (x~O.O,
Exposure Rate
Detector Swing Angle
OJ

9 10 exposures
-75.0 - I 05.00
70.0 scc./O
15.110

$~0.0)

$~90.0)

-75.0- 90.00
70.0 scc./0
15.11 0

oscillation Range (;(~.0, $~ 1 80 .0)

-55.0- 55.00

70.0 sec.JO
15. 11°
40.02 mm
0.137 mm

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size
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6 1.80
Total: 130730
Unique: 160 11 (Rint ~ 0.0337)
Lorentz-polarization
Absorption
(trans. factors: 0.5944 - 0.8270)

20max
No. of Renections Measured
Corrections

C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least Squares Weights

Direct Methods (SHELX97)
Full-matrix least-squares on F2
L w (Fo2 - Fc2)2
w ~ II [ a2(Fo2) + (0. 1504 · 1')2
+ 215.7550· P]
where P ~ (Max(Fo2,0) + 2Fc2)13

20max cutoff
Anomalous Dispersion
No. Observations (All renections)
No. Variables
Renection!Parameter Ratio
Residuals: R I (1>2.00a(l))
Residuals: R (All renections)
Residuals: wR2 (All renections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Oiff. Map
Minimum peak in Final Diff. Map

53.0°
All non-hydrogen atoms
16011
959
16.70
0.0883
0.0925
0.2520
1.089
0.002
1.62 e·tA3
-1.61 e-~A3
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A. Crystal Data
C ~2 l-l s6C1.4N 320 t 6

Empirical Formula
FomlUia Weight
Crystal Co lor, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Fooo

1639.45
green, prism
0.3 7 x 0.30 x 0.25 mm
tetragonal
)-centered
39.97 mm
0.137 mm
a ~ 18.9374( l l)A
c ~ 18.2748( 11) A
v ~ 6553.8(7) A3
14 1/a (#88)
4
1.66 1 glcm3
3344

~(MoKu)

13.73 em· I

Space Group
Z value
Deale

B. Intensity Measurements
Rigaku Saturn
Rigaku AFC8
MoKu (A ~ 0.71070 A)
graphite monochromated
70mm x 70mm
690 exposures
-75.0 - I 05.00

Detector
Goniometer
Radiation
Detector Aperture
Data Images
OJ osci llation Range (x~O.O ,
Exposure Rate
Detector Swing Angle

~~O.O)

oscillation Range (x~30.0,
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

OJ

46.0 sec./0
15.06°
~~ 180.0)

-75.0- 90.0°
46.0 sec.fO
15.06°
39.97 mm
0.137 mm
61.9°
Total: 29320
Unique: 3757 (Rint ~ 0.027)

29m ax
No. of Reflections Measured
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Lorentz-polarization Absorpti on
(trans. factors: 0.7720- 0.854 1)

Corrections

C. Structure So lution and Refinement
Structure Solution
Re finement
Functi on Minimi zed
Least Squares Weights

Direct Methods (S HELX97)
Full -matrix least-sq uares on F2
l: w (Fo2- Fc2)2
w ~ I I [ cr2(Fo2) + (0.0575 · P)2
+ 10.668 1 . p J
where P ~ (Max(Fo2 ,0) + 2Fc2)/3

28max cutoff
Anomalous Di spersion
No. Observations {A ll refl ect ions)
No. Variables
Refl ection/Parameter Rati o
Residuals: R I (1>2.00cr(l))
Residuals: R (A ll re fl ections)
Residuals: wR2 {All refl ections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Max imum peak in Final Diff. Map
Minimum peak in Final Di !T. Map

55.0°
All non-hydrogen atoms
3757
236
15.92
0.0403
0.0409
0. 1070
1. 107
0.001
0.58 e-tA3
-0.52 e-tA3
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A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Cs2.soHss.soC1.14F1 9.soN27.so01 o.soP2.soSt.so
1992.89
green, prism
0.35 x 0.14 x 0.10 mm
orthorhombic
Primitive
40.00 mm
0.137 mm
a ~ 26.4718(15)A
b ~ 20.6212( 13)A
c ~ 29 8235(18) A
v ~ 16280.1(17) A3
Pbca (#61)
8
1.626 g/cm3
8024

Space Group
Z value
Deale

Fooo

12.32 cm-1

~(MoKa)

B. Intensity Measurements
Rigaku Saturn
Rigaku AFC8
MoKa (1. ~ 0.71070 A)
graphite monochromated
70 mrn x 70 mm
390 exposures
-30.0-30.00
90.0 sec.JO
15.100
-75.0 - 60.00
90.0 scc.JO
15.10°
40.00 mm
0.137 mm
62.0°

Detector
Goniometer
Radiation
Detector Aperture
Data Images
w oscillation Range (x~O.O, ~~O.O)
Exposure Rate
Detector Swing Angle
w oscillation Range (x=l5.0, ~~90.0)
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size
26m ax
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No. of Reflections Measured

Total: 75953
Unique: 16823 (Rint ~ 0.045 1)
Lorentz-polarization
Absorption
(trans. factors: 0.7089- 0.9024)

Corrections

C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least Squares Weights

Direct Methods (SHELX97)
Full-matrix least-squares on F2
:>: w (Fo2 - Fc2)2
w ~ If [ a2(Fo2) + (0.1303 · P)2
+ 72.9980. p l
where P ~ (Max(Fo2,0) + 2Fc2)13

26max cutofT
Anomalous Dispersion
No. Observations {All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00o(l))
Residuals: R {All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final DifT. Map

53.0°
All non-hydrogen atoms
16823
11 27
14.93
0.0922
0.1035
0.2593
1.118
0.001
2.14 e·fA3
- 1.06 e·fA3
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A3.6:

ICu(ioapm)(C I04 )(C H3CN)](CI04)

(3.6)

A. Crystal Data

C1 2l-114ClzCuNgOg

Empiri cal Fonn ula
Formul a Weight
Crystal Co lor, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixe l Size

548.74
green, platelet
0.36' 0.32 '0. 10 mm
monoclinic
Primiti ve
39.89 mm
0.137 mm
a ~ 7.63 17(6) A
b ~ 9.1727(7) A
c ~ 28.53 1(3) A

Lattice Parameters

~ ~

93.058(2) 0

v~

Fooo

1994.4(3) A3
P2 1/c (# 14)
4
1.827 g/cm3
11 08.00

~(MoKa)

14.300 cm- 1

Space Group
Z value
Deale

B. Intensity Measurements
Rigaku Saturn
Rigaku AFC8
MoKa (l. ~ 0.7 1070 A)
graphite monochromated
70 mm x 70mm
680 exposures

Detector
Goniometer
Radiation
Detector Aperture
Data Images

w osc illati on Range

(x~o.o . ~~ 0.0)

15.0-75.00
34.0 sec./O

Exposure Rate
Detector Swi ng Angle
w osci ll ation Range

15.06°
-75.0 - I 05.00

(x~o.o. ~~ 18 0.0)

34.0 scc.JO

Exposure Rate
Detector Swing Angle
w osc illati on Range

15.06°
-50.0- 50.00

(x~ 30.0, ~~90.0)

Exposure Rate

34.0 sec./0
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15.060
39.89 mm
0.137 mm
61.80
Total: 18304
Uniq ue: 5449 (Ri nt ~ 0.025)
Lorentz-polarization
Absorption
(trans. factors: 0.31 03 - 0.5308)
Secondary Ext inction
(coeffi cient : 2.20000e-003)

Detector Swing Angle
Detector Position
Pixel Size
20m ax
No. of Refl ections Measured
Correcti ons

C. Structure Solution and Refinement
Struct ure Solution

Direct Methods (SIR92)
Full-matri x least-squares on F2
L w (Fo2- Fc2)2
w ~ 1/ [ cr2(Fo2) + (0.0772. P)2

Refinement
Function Minimized
Least Squares Weights

+ 1.9592. p J
where P ~ (Max(Fo2,o) + 2Fc2)13
6 1.8°
All non-hydrogen atoms
5449
345
15.79
0.0502
0.0525
0.1387
1.061
0.001
0.92 e-JA3
-0.59 e-JA3

20max cutoff
Anomal ous Dispersion
No. Observations (A ll refl ecti ons)
No. Variabl es
Refl ecti on/Parameter Ratio
Residuals: Rl (1>2.00cr( l))
Residual s: R (All refl ections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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A3.7: [Cll4(ioapm-I-1)4 ](CI0 4) 4 ·3 H20 (3.7)
A. Crystal Data

Empirical Formula
Formula Weight

C.,.!-4,CI.Cll4N3102o
1752.08

Crystal Color, Habit

green, prism

Crystal Dimensions
Crystal System

0.72

Lattice Type

Fooo

C-centered
39.86 mm
0.1 37 mm
a = 22.912(9) A
b = 2 1. 105(7)A
c = 18. 184(7)A
p = 128.679(7) 0
v = 6864(4) A3
C2/c (# 15)
4
1.695 g/cm3
3544

~t(MoKa)

14.71 cm·l

x

0.17

x

0.11 mm

monoclinic

Detector Position

Pixel Size
Lattice Parameters

Space Group
Z value
Deale

B. Intensity Measurements

Detector

Rigaku Saturn

Goniomete r

Rigaku AFC8
Mo Ka (1.. = 0.7 1070 A)

Radiation

graphite monochromated

w oscillation Range (x=O.O, ~ 180.0)

70 mrn x 70 mm
776 exposures
-75.0 - I 05.00
30.0 sec.fO
15. 19°
-75.0 - I 05.00

Exposure Rate

30.0 sec.JO

Detector Swing Angle

15.1 9°
44.0- 72.00

Detector A perture

Data Images
w oscillation Range (x=O.O, ~=0 .0)
Exposure Rate
De tector Swing Angle

w oscillation Range (x=JO.O, !f>=O.O)
Exposure Rate

30.0 sec.fO
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Detector Swing Angle
Detector Position
Pixel Size

15. 19°
39.86 mm
0.137 mm
62.0°
Total: 10270
Unique: 37 11 6 (Rint ~ 0.082)
Lorentz-polarization
Absorption
(trans. factors : 0.6225- 0.8358)
Secondary Extinction
(coe ffici ent: 0.00010(12))

2Bmax
No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Direct Methods (SHELX97)
Full-matrix least-squares on F2
l: w (Fo2- Fc2)2

Structure Solution
Refinement
Function Minimized
Least Squares Weights

w ~ I I [ cr2(fo2) + (0. 1466 · P)2

+ 53.5329. p 1
where P ~ (Max(Fo2,0) + 2Fc2)13
2Bmax cutoff
Anomalous Di spersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residual s: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in f-inal Cycle
Max imum peak in Final DifT. Map

62.0°
All non-hydrogen atoms
9417
471
19.99
0.1101
0.1217
0.2986
1.1 33
0.000
1.49e·JA3

Minimum peak in Final Diff. Map

-1.88 e·JA3
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A3.8: [Mn5(ioapm·H)6 ](CI04 )4-2.5 H 20 (3.8)
A. Crystal Data

Emp irical Formula

C60H 74N42029CI4Mns

Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

2264.01
red, prism
0.20 x 0.20 x 0.20 mm
monoclinic
Primitive
44.89 mm
0.137 mm
a ~ 16.8375(19) A
b ~ 23.483(3) A
c ~ 23.6 10(3) A

p ~ 96.970(3) 0
v ~ 9266.1(18) A3

Fooo

P2 1/n (#14)
4
1.623 g/cm3
461 2

~(MoKa)

8.77cm·1

Space Group
Z value
Deale

B. Intensity Measurements
Detector
Gon iometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (A ~ 0.7 1070 A)
graphite monochromated
70mmx70mm
340 exposures
-80.0- 90.00
120.0 sec./0

Detector Aperture
Data Images
ro osci ll ation Range (x=O.O, $=0.0)
Exposure Rate
Detector Swi ng Angle
Detector ]>osition
Pixel Size

10.12°
44.89 mm
0.137 mm

2Elmax

54.8°
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Total: 32353
Unique: 16 107 (Rint ~ 0.03 12)
Lorentz-po larization
Absorption
(trans. fac tors: 0.6677- 1.000)

No. or Refl ections Measured
Corrections

C. Structure So lution and Refinement
Di rect Methods (S HELX97)
Full-matri x least-squares on p2
~ w (Fo2- Fc2)2

Structure So lution
Refinement
Function Minimi zed
Least Squares Weights

w ~ 1/ [ a2(Fo2) + (0.1745 · P)2
+ 25.0992 . p ]
where P ~ (Max(Fo2 ,0) + 2Fc2)/3
54.8°
All non-hydrogen atoms
16 107
1222
13.1 8
0.0979
0. 1096
0.2906
1.062
0.000
1.48 e·tA3
-2.48 e·tA3

29max cutoff
Anomalous Di spersion
No. Observations (A ll re fl ecti ons)
No. Variables
Refl ection/Parameter Rati o
Res iduals: R I (1>2. 00a(l))
Residuals: R (A ll re fl ecti ons)
Residuals: wR2 (All refl ections)
Goodness o r Fit Indicator
Max Shift/Error in Final Cycl e
Max imum peak in Final Di ff. Map
Minimum peak in Final Diff. Map
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A3.9: [(2pmoap·2H)6 Zn 9 ](N03) 6· 15.5H 20 (4.1 )
A. Crystal Data

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C1o2 H109Nn04s.soZn9
3659.94
ye llow, prism
0.39 x 0.35 x 0.24 mm
tetragonal
1-ccntcred
39.77 mm
0.137 mm
a = 27.668(4) A
c = 38.890(7) A

v = 29770(8) A3
14 1/acd (# 142)

Space Group
Z value

8

Fooo

1.633 gicm3
14872

~(MoKa)

15.28cm·l

Deale

B. Intensity Measurements
Rigaku Saturn
RigakuAFC8
MoKa (l. = 0.71070 A)
graphite monochromated
70mmx70mm
720 exposures
-75.0 - 105.00

Detector
Goniometer

Radiation
Detector Aperture
Data Images
w oscillation Range (x=O.O, $=0.0)
Exposure Rate

80.0 scc ./0
15.280

Detector Swing Angle

w oscillat ion Range (x=45.0, ~=90.0)

-75.0 - I 05.00

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

80.0 sec .JO
15.28°
39.77 mm
0.137 mm

20m ax

62.2°
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Total: 104796
Unique : 6545 (Rint ~ 0.05 84)
Lorentz-po lari zation Absorption
(trans. factors: 0.6804 - 0. 7898)

No. of Re fl ections Measured
Corrections

C. Structure Solution and Refinement
Direct Methods (S HELX97)
Full -matri x least-squares on F2
l: w (Fo2- Fc2)2

Structure Soluti on
Refin ement
Function Minimi zed
Least Squares Weights

w ~ I I [ cr2(Fo2) + (0. 1762 · P)2
+2 10.7963 · I' ]
where P ~ (Max(Fo2,o) + 2Fc2)t3

26max cutoff
Anomalous Di spersion
No. Observations {A ll re fl ections)
No . Vari abl es
Refl ecti on/Parameter Ratio
Residuals: Rl (1>2.00cr( l))
Residuals: R {All refl ections)
Residuals: wR2 {A ll refl ecti ons)
Goodness o f Fit Indicator
Max Shi ft/E rror in Final Cycle
Max imum peak in Final Di ff. Map
Minimum peak in Final Diff. Map

50.0°
All non-hydrogen atoms
6545
540
12. 12
0.1275
0.13 18
0.3 481
1.253
0.000
1.42 e-tA3
-0.52 e-tA3
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A3.10: [(2pmoap-2H)6 Mn 9 ](N03)6·28H 20 (4.2)
A. Crystal Data

Cw2 H1 34Mn9Nn Oss

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Fooo

3791.07
red, ch ip
0.23 x 0.20 x 0. 17 mm
tetragonal
!-centered
40.02 mm
0. 137 mm
a ~ 27.9255(13) A
c ~ 40.2 17(2) A
v ~ 31362(3) A3
14dacd (# 142)
8
1.606 g/cm3
15512

f!(MoKa)

8.09 cm-1

Space Group

Z value
Deale

B. Intensity Measurements
Rigaku Saturn
RigakuAFC8
MoKa (l. ~ 0.71070 A)
graphite monochromated
70mmx70mm
690 exposures
-75.0- 105.00

Detector
Goniometer
Radiation
Detector Aperture
Data Images
OJ

osc illation Range

(x~o.o. $~0 . 0)

74.0 sec.JO
15.070

Exposure Rate
Detector Swing Angle
OJ osc illation Range (x~JO.O,

$ ~90.0)

-75.0- 90.00
74.0 sec./O

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

15.07°
40.02 mm
0.137 mm

29max

61.9°

356

Total: 15 1450
Unique: 11887 (Rint ~ 0.059)
Lorentz-polarization
Absorpti on
(trans. factors: 0.8901 - 0.9 176)

No. of Reflections Measured
Corrections

C. Structure So lution and Refinement

Direct Methods (SHELX97)
Full-matrix least-squares on F2
I: w (Fo2- Fc2)2

Structure So lution
Refinement
Function Minimized
Least Squares Weights

w ~ 1/ [ cr2(Fo2) + (0.0942 · P)2

+ 2 14.6007· I']
where P ~ (Max(Fo2,o) + 2Fc2)/3
6 1.90
All non-hydrogen atoms
11887
532
22.34
0. 1278
0. 1356
0.3049
1.348
0.000
1.01 e-tA3
-0.89 e-tA3

28max cutoff
Anomalous Dispersion
No . Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shifl/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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A3.11: [(2pmoap-2H)6Co,](N03) 6·2CH 3CN· II H20 (4.3)
A. Crystal Data

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Fooo

C 106H1 06C09N74041
3602.87
red, prism
0.64 x 0.60 x 0.53 mm
orthorhombic
F-centercd
40.03 mm
0.137 mm
a ~ 39.369(3) A
b ~ 39.416(3) A
c ~ 39.4 11 (3)A
v ~ 6 11 57(8)A3
Fddd (#70)
16
1.565 g/cm3
29296

~(MoKa)

10.51 em- I

Space Group

Z value
Deale

B. Intens ity Measurements

Rigaku Saturn
Rigaku AFC8
MoKa (l. ~ 0.71070 A)
graphite monochromated
70mm x 70mm
720 exposures

Detector
Goniometer
Radiation
Detector Aperture
Data Images
oo osci llation Range (x.=O.O, ~=0.0)

-75.0- 105.00
90.0 sec.fO
15.12°
-75.0-105.00
90.0 sec.fO
15. 120
40.03 mm
0.068 mm
62.0°

Exposure Rate
Detector Swing Ang le
w oscillation Range

(x~ 54.0 , $ ~ 0.0)

Exposure Rate
Detector Swi ng Angle
Detector Position
Pixel Size

29max

358

Total: 133536
Unique: 15853 (Rint ~ 0.0415)
Lorentz-polarization
Absorption
(trans. factors: 0.5634 - 0. 7400)

No. of Reflections Measured
Corrections

C. Structure Solut ion and Refinement

Refinement
Function Minimized

Direct Methods (SHELX97)
Full-matri x least-squares on F2
l: w (Fo2 - Fc2)2

Least Squares Weights

w ~ 1/ [ cr2(Fo2) + (0.1532 · P)2

Structure Solution

+ 480.5058 p J
where P ~ (Max(Fo2,o) + 2Fc2)i3
29max cutofT
Anomalous Dispersion
No. Observations (A ll reflections)
No. Variables
ReOection/Paramcter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (Al l reflections)
Residuals: wR2 (A ll reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map

53.0°
A ll non-hydrogen atoms
15853
1092
14.52
0.0988
0.1065
0.2877
1.185
0.002
1.35 e·tA3

Minimum peak in Final Dill. Map

-0.52 e-tA3
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A3.12: [(pmoapCOO)Cu](N03) (4.4)
A. Crystal Data

Empirical Formula

C12 H9CuN706
410.79

Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

blue, irregular

0.20 x 0.19 x 0.18 mm
monoclinic
Primitive

40.03 mm
0.137 mm
a ~ 8.6190(18) A
b ~ 9. 1399( 17)A
c ~ 18.120(4) A
p ~ 94.220(5 ) 0
v ~ 1423.6(5) A3
P2 1/n (#14)

Space Group
Z value

4

1.917 g/cm3
828
15.89cm·l

Deale
rooo
~(MoKa)

B. Intensity Measurements

Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (1c ~ 0.71070 A)

Detector Aperture
Data Images

graphite monochromated
70mm x 70mm
1208 exposures

Detector
Goniometer

w oscillation Range

(x~o.o, $~ 0.0)

-60.0- 0.0°
60.0 sec.JO

Exposure Rate
Detector Swing Angle
w osci llation Range

15.06°
-75.0 - I05.00
60.0 sec.fO
15.06°
-44.0 - 80.0°
60.0 sec./0

(x~45.0, $~ 180.0)

Exposure Rate
Detector Swing Angle
w oscillation Range

(x~54.0, $ ~90.0)

Exposure Rate

360

15.060
15.0-75.00
60.0 sec./O
15.06°
-75.0- 105.00
60.0 sec./0
15.060
40.03 mm
0.137 mm

Detector Swing Angle
w osc illat ion Range (x=O.O, $= 90.0)

Exposure Rate
Detector Swing Angle
w oscillation Range (x~54.0,
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

$~ 180.0)

61.6°
Total: 21924
Unique: 3280 (Rint ~ 0.0273)
Lorentz-polarization
Absorption
(trans. factors: 0.7709- 0.9025)

29m ax
No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Structure Solution

Direct Methods (SHELX97)
Full-matrix least-squares on F2
~ w (Fo2- Fc2)2
w ~ 1/ [ cr2(Fo2) + (0.0487 · P)2
+ 2.96 10 P]
where P ~ (Max(Fo2,o) + 2Fc2)13
55.00
All non-hydrogen atoms
3280
236
13.90
0.0405
0.0411
0.0998
1.043
0.000
1.01 e-tA3

Refinement
Function Minimized
Least Squares Weights

29max cutoff
Anomalous Dispersion
No. Observations (A ll reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (A ll reflections)
Goodness of Fit Indicator
Max Shift!Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

-0.68 e-tA3
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A3. 13: f(2pmoap-2H),Cu, ](N03),·20.5H,O (4.5)
A. Crystal Data

Empirical Fonnula

Space Group

C1o2 l-ll 19Cu9Nn0so.so
3733.43
brown, pri sm
0.5 1 x 0.24 x 0.19 mm
tetragonal
!-centered
40.00 mm
0.137 mm
F
27.84 1(2) A
c ~ 38.298(3) A
v ~ 29686(4) A3
14 1/acd (#142)

Z value

8

Dea le

Fooo

1.671 g/cm3
15200

~(MoKa)

13.72cm·1

Fom1Uia Weight
Crystal Co lor, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pi xe l Size
Lattice Parameters

B. Intensity Measurements

Detector

Rigaku Saturn
Rigaku AFC8
MoK a (A.~ 0.71070 A)
graphite monochromated
70mm x 70mm
360 exposures
-75.0-105.00
80.0 sec.JO

Goniometer

Radiation
Detector Aperture
Data Images
ro oscillation Range (x=-15.0,
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

~~ 0 . 0)

15. 15°
40.00 mm
0.137 mm
62.0°
Total: 60270
Unique: 7277 (Rint ~ 0.0403)
Lorentz-polarization Absorption
(trans. factors : 0.6946 - 0.8228)

28 max

No. of Reflections Measured
Corrections
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C. Structure Solution and Refinement
Direct Methods (S HELX97)
Full-matrix least-sq uares on F2
~ w (Fo2- Fc2)2
w ~ 1/ [ cr2(Fo2) + (0. 18 12 · r )2

Structure Solution
Refin ement
Functi on Minimi zed
Least Squares Weights

+ 194.6936. p 1
where r ~ (Max(Fo2,0) + 2Fc2)J3
29max cutoff
Anomalous Di spersion
No. Observations (All re flections)
No. Variables
Reflection/Parameter Rati o
Residual s: Rl (1>2. 00cr(l))
Residuals: R (A ll reflections)
Residuals: wR2 (A ll re flections)
Goodness of Fit Indicato r
Max Shi ft/Error in Final Cycle
Max imum peak in Final Diff. Map
Minimum peak in Final Diff. Map

52.0°
All non-hydrogen atoms

7277
537
13.55
0.1055
0. 1115
0.3060
1.1 47
0.00 1
2.0 1 e·JA3
- 1.30 e·tA3
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A3.14: [Cu9(2pmoap· 2Hh(2pmoap·H)4](CI0 4) 10·1 3.2H20

(4.6)

A. Crystal Data

Empirical Fo nnula
Fonnula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Positio n
Pixel Size
Lattice Parameters

C1o2H 108.4oClwCu9N6606s.zo
4228.43
brown, prism
0.17 x 0.11 x 0.09 mm
tetragonal
Primitive
39.97 mm
0. 137 mm
a ~ 20.9857(14) A
c ~ 17.3731(12)A
v ~ 7651.1(9) A3
P4,/n (#86)

Space Group
Z value

2

Fooo

1.835 g/cm3
4270.00

~(Mo Ka)

15. 173 em· I

Deale

B. Intensity Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (l. ~ 0.71070 A)
graphite monochromated
70 mmx70 mm
690 exposures
·75.0 . 105.00

Detector Aperture
Data Images
"'oscillation Range (x~O.O, ~~0.0)
Exposure Rate
Detector Swing Angle
"' oscillation Range (x~O.O, ~~90. 0)
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

60.0 sec.fO
15.05°
• 75.0 . 90.00
60.0 scc.fO
15.050
39.97 mm
0. 137 mm
61.90

28max

364

Total: 75957
Unique: I 0853 (Rint ~ 0.053)
Lorentz-polarization
Absorption
(trans. factors: 0. 76 I I - 0.8280)
Secondary Extinction
(coefficient: 0.00010(12))

No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Direct Methods (SHELX97)
Full-matrix least-squares on F2
L w (Fo2- Fc2)2

Structure Solution
Refinement
Function Minimized
Least Squares Weights

w ~ 1/ [ cr2(Fo2) + (0.0910 · 1')2

+ 23.3167· I']
where P ~ (Max(Fo2 ,0) + 2Fc2)t3
61.9°
All non-hydrogen atoms
10853
567
19.14
0.1023
0.1 127
0.2479
1.254
0.000
1.16 e-tA3
-1.40 e-tA3

20max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/ Parameter Ratio
Residuals: R I (1>2.00cr(J))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shill/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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A3.15: [(2pmoap-2H)6 Mn 5Zn,](N03)6·14H 20 (5.1)
A. Crystal Data

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C Jo2H1 06MnsNn 042zn4
3548.63
orange, prism
0.20 x 0.20 x 0.20 mm
tetragonal
!-centered
39.96 mm
0.1 37 mm
a ~ 27.958(3) A
c ~ 39.801(4) A

V ~ 3 1 I 12(5) A3
14 1/acd (# 142)

Space Group
Z value

8

Fooo

1.5 15 g/cm3
14424

~(MoKa)

10.94 em· I

Deale

B. Intensity Measurements
Detector
Goniometer
Radiation
Detector Aperture
Data Images
ro osci llation Range (x=O.O, $=0.0)

Rigaku Saturn
Rigaku AFC8
MoKa (A ~ 0.7 1070 A)
graphite monochromated
70mm x 70mm
540 exposures
-45.0- 75.00

Exposure Rate

120.0 scc ./0

Detector Swing Angle
w osc ill ation Range (x~54.0 .

15.080
$~0.0)

-75.0-75.00

Exposure Rate

120.0 sec.fO

Detector Swing Angle
Detector Position
Pixel Size

15.08°
39.96 mm
0.137 mm

29m ax

62.0°
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No. of Reflections Measured

Total: 96366
Unique: 7665 (Rint ~ 0.0992)
Lorentz-polarization
(trans. factors: 0.8324- 0.9111)
Secondary Extinction
(coefficient: 0.00002(2))

Corrections

C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least Squares Weights

Direct Methods (SHELX97)
Full-matrix least-squares o n F2
~ w (Fo2 - Fc2)2
w ~ 1/ ( cr2(Fo2) + (0.1062 · P)2
+ 291.2670. p l
where P ~ (Max(Fo2,0) + 2Fc2)/3
52.0°
All non-hydrogen atoms
7665
465
16.48
0.1168
0.1292
0.2855
1.187
0.001
2.18 e·JA3
-0.84 e-~A3

26max cutoff
Anomalous Dispersion
No. Observations {All reflections)
No. Variables
Re flection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 {All reflections)
Goodness of Fit Indicator
Max Shift!Error in Final Cycle
Maximum peak in Final Dill. Map
Minimum peak in Final Diff Map
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A3.16: [(2pmoap-2H)6 MnsCl4](N0,)6·24H, O (5.2)
A. Crystal Data

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C1o2H126Cl4MnsNnOs4
3753.44
brown, chunk
0.20 x 0.20 x 0.20 mm
tetragonal
1-centered
40.03 mm
0.1 37 mm
a ~ 27.6101( 16) A
c ~ 40.319(2)A
v ~ 30736(3) A3
14 1/acd (#142)

Space Group
Z value

8
1.622 glcm3
15320
10.47 cm-1

Deale

Fooo
~(MoKa)

B. Intensity Measurements

Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (A. ~ 0.7 1070 A)
graphite monochromated
70 mm x 70 mm
360 exposures
-75.0- 105.00
50.0 scc.fO
15.Q70
40.03 mm
0.137 mm
6 1.9°
Total: 77008
Unique: 11442 (Rint ~ 0.0407)

Detector Aperture
Data Images
w osci llation Range ()(:oQ.O, ~~O.Q)
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size
26max
No. of Reflections Measured
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Lorentz-polarization
Absorption
(trans. factors: 0. 7734 - 0.824 1)
Secondary Extinction
(coeffi cient 0.00008(3))

Corrections

C. Structure So lution and Refinement
Direct Methods (S HELX97)
Full -matri x least-squares on F2
l: w (Fo2- Fc2)2

Structure So lution
Refin ement
Function Minimi zed
Least Squares Weights

w = 1/ [ cr2(Fo2) + (0. 1304 · 1')2

+ 92.4439 · P 1
where P = (Max(Fo2 ,o) + 2Fc2)/3
6 1.9°
A ll non-hydrogen atoms
11 442
556
20.58
0. 1009
0.1 128
0.2837
1.2 19
0.00 1

26max cutoff
Anomalo us Dispersion
No. Observat ions (A ll re fl ecti ons)
No. Vari abl es
Refl ect ion/Parameter Ratio
Residuals: Rl (1>2.00cr( l))
Res iduals: R (All reflections)
Residuals: wR2 (A ll re fl ections)
Goodness of Fit Indicator
Max Shi ft/Error in Final Cycle
Max imum peak in Final Oi fT. Map
Minimum peak in Final OifT. Map

1.33 c-!A3
-0.8 1 c-tA3
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A3.17: [(2pmoap-2H),Mn 1Cus](N0, )6·15H,O (5.4)
A. Crystal Data

Empirical Fonnula
Formula Weight
Crystal Color, Habit
Crystal Dimensions

0.30 x 0.30 x 0.15 mm

Crystal System

tetragonal

Lattice Type
Detector Position
Pixel Size

!-centered
59.83 mm

Lattice Parameters

Fooo

a ~ 27.889(3) A
c ~ 39.039(4) A
v ~ 30365(5) A3
14 1/acd (#142)
8
1.591 g/cm3
14824

~(MoKa)

12.80 em· I

C1 o2 H12oCusMnNn 04s
3637.83
brown, chunk

0. 137 mm

Space Group

Z value
Deale

B. Intensi ty Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigak u AFC8
MoKa (1. ~ 0.71070 A)
graphite monochromated

Detector Aperture

70mm x 70mm

Data Images

406 exposures
-50.0-63.00
120.0 sec./O
10.09°
0.0. 90.00
120.0 sec./O
10.09°
59.83 mm
0. 137 mm
46.4°

w osci ll ation Range (x~O.O , ~~ 0.0)
Exposure Rate
Detector Swing Angle
w osci ll ation Range (X~45.0 , ~~0.0)
Exposure Rate

Detector Swing Angle
Detector Position

Pixel Size
28m ax
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No. of Reflections Measured

Total: 36621
Unique: 4959 (Rint ~ 0.0296)
Lorentz-polarization
Absorption
(trans. factors: 0. 7997 - 1.0000)

Corrections

C. Structure Solution and Refinement
Structure Solution

Direct Methods (SHELX97)

Refinement
Function Minimized
Least Squares Weights

Full-matrix least-squares on F2
1: w (Fo2- Fc2)2
w ~ 1/ [ cr2(Fo2) + (0.2000 · P)2
+ 0.0000. p]
where P ~ (Max(Fo2,o) + 2Fc2)13
46.4°
All non-hydrogen atoms
4959
542
9.15
0. 1079
0. 1126
0.3702
1.801
0.003
1.37 e·tA3
-1. 19e·tA3

29max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R l (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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A3.18: (2po56hq+2H)(BF4h(CI·130H) 1(H 20) 1 (6.1)
A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal Systcrn
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C211H21B2FsN704
699.17
colorless, prism
0.48 x 0.20 x 0.20 mm
triclinic
Primitive
40.03 mm
0.137 mm
a ~ 9.1217(8)A
b ~ 10.1336(8)A
c ~ 17.6705(19)A
a ~ 77.640(8) o
~~

82. 793(9) 0
68.011 (6)0
~ 1477.6(2) A3

y~

v
Space Group
Z value

PI (#2)
2
1.57 1 g/cm3
7 16
1.39cm·1

Deale

Fooo
~(MoKa)

B. Intensity Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (:\. ~ 0.71070 A)
graphite monochromated

70mm x 70 mm
1070 exposures
-75.0- 105.00
60.0 sec./0

Detector Aperture
Data Images
w osci llation Range
Exposure Rate

(x~o.o, ~~O.O)

Detector Swing Angle
ro oscillation Range (x=45.0, cp=O.O)
Exposure Rate
Detector Swing Angle

15.08°
-75.0-90.00
60.0 sec./0
15.080
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m oscillation Range

(x~54.0, ~ ~ 90.0)

-75.0-73.00
60.0 sec .JO

Exposure Rate
Detector Swing Angle
m oscillation Range

15.08°

(x~ 54.0 , ~~ 180.0)

-54.0--12.00

60.0 sec.fO
15.08°
40.03 mm
0.137 mm
61.8°
Total: 20929
Unique: 6703 (Rint ~ 0.0308)
Lorentz-polarization
Absorption
(trans. factors: 0.9597- 0.9873)

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

29m ax
No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Structure Solution

Direct Methods (SHELX97)

Refinement
Function Minimized
Least Squares Weights

Full-matrix least-squares on F2
~ w (Fo2 - Fc2)2
w ~ 1/ [ cr2(Fo2) + (0.0821 · P)2

+ 0.7465 . p 1
where P ~ (Max(Fo2,o) + 2Fc2)i3

Maximum peak in Final Diff. Map

55.0°
All non-hydrogen atoms
6703
444
15.10
0.0647
0.0714
0.1741
1.094
0.001
0.87 e-tA3

Minimum peak in Final Diff. Map

-0.55 e-tA3

28max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: Rl (1> 2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
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A3.19: [(2po56hq-2H)6 Mn,](CI0 4) 6 (6.2)
A . Crystal Data
Empirical Fom1ula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
i>ixel Size
Lattice Parameters

C1621-11o2CI6MngN420J6
3920.01
red, prism
0.20 x 0.20 x 0.20 mm
monoclinic
Primitive
39.92 mm
0.137 mm
a ~ 20.908(4) A
b ~ 27. 102(4)A
c ~ 32.492(5) A
p ~ 98.239(4) 0

Fooo

v ~ 18222(5) A3
P2 1/n (# 14)
4
1.429 g/cm3
7932

~(MoKa)

7.72 em· I

Space Group
Z value
Deale

B. Intensity Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (l. ~ 0.7 1070 A)
graphite rnonochromated
70mm x 70mm
720 exposures
-75.0- 105.00
150.0 scc./O
15.21°
-75.0 - I 05.00
150.0 sec.JO

Detector Aperture
Data Images
w oscillation Range (;.:_~0.0, $~0.0)
Exposure Rate
Detector Swing Angle
w oscillation Range (x=54.0, tFO.O)
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

15.21°
39.92 mm
0. 137 mm

20max

62.2°
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Total: 137797
Unique: 37263 (R int ~ 0.0513)
Lorentz-po larizat ion
Absorption
(trans. facto rs: 0.6309 - 1.000)

No. of Reflections Measured
Corrections

C. Structure Soluti on and Refinement
Direct Methods (SHELX97)
Fu ll-matri x least-squares on F2
E w (fo2 - Fc2)2
w ~ 1/ [ cr2(fo2) + (0. 1111 · P)2

Structure Soluti on
Refinement
Function Minimized
Least Squares Weights

+ 25.5808 . p l
where P ~ (Max(fo2,0) + 2Fc2)t3
2Bmax cutoff
Anomalous Dispersion
No. Observations (A ll reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: Rl (1>2.00cr(l))
Residuals: R (A ll reflections)
Residuals: wR2 (A ll re flecti ons)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map

55.0°
A ll non-hydrogen atoms
37263
2297
16.22
0.0936
0.1268
0.2597
1.044
0.001
0.94 e·tA3

Minimum peak in Final DifT. Map

-0.69 e·tA3
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A3.20: [(2po56nq-2H)6Cu,](BF,)6·6.4H,O (6.3)
A. Crystal Data

Empirical Fonn ula

C1621-1126.soB6C u9Fz4Ns401 s.4o
42 17.07

Fom1Uia Weight

Crystal Color, Habit
Crystal Dimensions
Crystal System

red, prism
0.60 x 0.49 x 0.4 1 mm

triclinic
Primitive
39.94 mm
0.137 mm
a ~ 15.604(3) A
b ~ 23. 136(4)A
c ~ 26.4 11 (5)A
<l ~ 93.403(4) 0
~ ~ 100.014(5) 0
y ~ 90.626(5) 0
v ~ 9371(3) A3

Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Space Group
Z value

2

PI (#2)

Deale
FOOO

1.494 g/cm3
4262

~(MoKa)

10.99 em· I

B. Intensity Measurements
Detector

Ri gaku Saturn
RigakuAFC8
MoKa (l. ~ 0.71070 A)
graphite monochromated
70mm x 70mm
780 exposures
-15.0- 15.00
240.0 sec./O
15.200
-75.0- 105.00
240.0 sec./O
15.200

Goniometer

Radiation
Detector Aperture
Data Images

osci ll ation Range (x~O.O , $~0.0)
Exposu re Rate
Detector Swing Angle
OJ osci ll ation Range (x~45.0 , $~0.0)
Exposure Rate
Detector Swing Angle
OJ
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w osc illation Range

(x~ 54.0, $~ 180 .0)

-75.0 - I 05.00
240.0 sec.JO
15.200
39.94mm
0. 137 rum

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

62.0°
Total: 81553
Unique: 33798 (Rint
Lorentz-po larization

29max
No. of Reflections Measured
Corrections

~

0.0445)

Absorpt ion

(trans. factors: 0.63 74- 0. 7964)
C. Structure Soluti on and Refinement
Patterson Methods (DIRDI F99 ORIENT)
Full-matrix least-squares on F2
l: w (Fo2- Fc2)2

Structure So lution
Refinement

Function Minimized

w ~ 1/ [ cr2(fo2) + (0.2000 · 1')2
+ 0.0000. p l
where P ~ (Max(Fo2,o) + 2Fc2)13
5J.00
All non-hydrogen atoms
33798
2306
14.66
0.0987
0. 11 53
0.3167
1.154
0.001
3.24 e·iA3
-1.94e-!A3

Least Squares Weights

2Eimax cutoff
Anomalous Dispersion
No. Observations (A ll re fl ections)
No. Variables
Reflection/ Parameter Ratio
Residuals: Rl (1>2.00cr(I))
Residuals: R (All reflections)
Residuals: wR2 (A ll reflections)
Goodness of Fit Indicator
Max Shi ft/Error in Final Cycle
Maximum peak in Final Oiff. Map
Minimum peak in Final Oiff. Map

377

A3.21: [(2po45nq-2H),Cuss](CF,SO,)L4(PF6)J.,·3H,O (6.4)
A. Crystal Data
Empirical Formula
Fonnula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C16J.40H 12oCus.soF2s.soNs4019.2oPJ 60S1.40
4333.79
brown, prism
0.39 x 0.38 x 0.28 mrn
tetragonal
Primitive
39.92 mm
0.137 mm
a ~ 20.580(3) A
c ~ 22.970(4) A
v ~ 9729(3) A3
1'42/n (#86)

Space Group
Z value

2

Deale
Fooo

1.479 g/cm3
4374.2

~(MoKa)

10.53 cm-1

B. Intensity Measurements

Detector
Goniometer
Radiation

Rigaku Saturn
RigakuAFC8
MoKa (l. ~ 0.71070 A)
graphite monochromated
70mm x 70mm
720 exposures
-75.0- I 05.00
140.0 scc./0

Detector Aperture
Data Images
oscillation Range (x~o.o. ~~0.0)
Exposure Rate
Detector Swing Angle
OJ oscillation Range (x~5.0. ~~O.O)
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size
OJ

15.16°
-75.0- I 05.00
140.0 scc./O
15.160
39.92 mm
0.137 mm
62.1°

28max
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Total: 75221
Unique: 9535 (Rint ~ 0.0410)
Lorentz-polarization
Absorption
(trans. factors: 0. 7 165 - 0.8284)

No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized

Direct Methods (SHELX97)
Full-matrix least-squares on F2
E w (Fo2- Fc2)2
w ~ I I [ cr2(Fo2) + (0.2000 · P)2
+ 0.0000. p l
where P ~ (Max(Fo2,o) + 2Fc2)13
52.0°
All non-hydrogen atoms
9535
722
13.2 1
0. 1174
0. 1232
0.37 17
1.683
0.001
2.79 e-tA3
-1.46 e·tA3

Least Squares Weights

29max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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A3.22 : [(2po34nq-2 H)6 Mn, ](CF,SO,)J(NO,h(H, 0)3.8 (6.6)
A. Crystal Data
Empirical Fonnula
Fonnula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lauicc Type
Detector Position
J>ixel Size
Lattice Parameters

C16JI-I121.60F9Ns70 JJ.soS3Mn9
4181.12
red, prism
0.68 x 0.36 x 0.35 mm
triclinic
Primitive
39.86 mm
0. 137 mm
a = 20.514(5) A
b = 20.643(4) A
c = 25.948(6) A
a = 90.917(4) o
~ = I 08.365(7) o
y= 90.517(7) 0
v = 10426(4) 3

P I (#2)

Space Group
Z value

2

Fooo

1.332 g/cm3
4246

~(MoKa)

6.41 cm-1

Deale

B. Intensity Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (1. = 0.7 1070 A)
graphite monochromated
70mm x 70mm
780 exposures
-15.0- 15.00
90.0 sec./0
15.290

Detector Aperture
Data Images
w oscillation Range (x=O.O, .p=oO.O)
Exposure Rate

Detector Swing Angle
w oscillation Range (x=45.0, ~=0.0)

-75.0 - 105.00
90.0 scc.JO

Exposure Rate
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Detector Swing Angle
w oscillation Range

15.29°
-75.0- 105.00
90.0 sec.fO

(x~54.0, ~~ 180.0)

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

15.29°
39.86 mm
0.137mm
62.1°
Total: 97528
Unique: 42546 (Rint ~ 0.0576)

20m ax
No. of Reflections Measured

Lorentz~po l arization

Correct ions

Absorption
(trans. factors: 0.9287- 0.9695)
C. Structure So lution and Refinement
Structure Solution
Refinement
Function Minimized
Least Squares Weights

Patterson Methods (DIRDIF99 ORIENT)
Full~matrix least~squares on F2
l: w (Fo2 - Fc2)2
w ~ 1/ [cr2(Fo2) + (0.1637 P)2
+ 0.0000. p l
where P ~ (Max(Fo2,o) + 2Fc2)13
53.00
All non~hydrogen atoms
42546
2207
19.28
0.0889
0.1171
0.2794
1.004
0.00 1
1.46 e-tA3

20max cutoff
Anomalous Dispersion
No. Observations (A ll reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (A ll reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indi cator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

-0.54 e-~A3
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A3.23: [(2pdoapm-2 H)sMn 16 0,(0H)4 )(PF,)4-2 1.2H, O (7. 1)
A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Fooo

C 12sH142.40F24Mn 16N9604.s.2oP4
5207.6 1
red, needle
0 .45 x 0.14 x 0. 10 mm
orthorhombic
f>rim iti ve
39.97 mm
0.137 mm
a ~ 25.845(3) A
b ~ 29.547(4) A
c ~ 16420(2) A
v ~ 12539(3) A3
Pmmn (#59)
2
1.379 g/cm3
5240

M(MoKu)

8.95 cm-1

Space Group
Z value
Deale

B. Intensity Measurements
Detector
Goniometer
Radiation

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

Rigaku Saturn
Rigaku AFC8
MoKu (l. ~ 0.71070 A)
graphite monochromated
70mm x 70mm
390 exposures
- 15.0- 45.00
180.0 sec./O
15.14°
-75.0 - 60.00
180.0 sec./O
15.140
39.97 mm
0.137 mm

28m ax

61.9°

Detector Aperture
Data Images
w oscillation Range (x=O.O, q,=O.O)
Exposure Rate
Detector Swing Angle

w osci ll ation Range (x=O.O, q,=90.0)
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No. of Reflections Measured

Total: 56060
Unique: 128 15 (Rint ~ 0.05 10)
Lorentz-polarization
Absorption
(trans. factors: 0.8144 - 0.9450)

Corrections

C. Structure Solution and Refinemem
Structure Solution
Refinement
Function Minimized

Direct Methods (SHELX97)
Full-matrix least-squares on F2
r w (Fo2 - Fc2)2

Least Squares Weights

w ~ 1/ [ cr2(Fo2) + (0.1427 · P)2

+ 20.7219· P]
where P ~ (Max(Fo2,0) + 2Fc2)t3
2Bmax cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All re flections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

52.0°
All non-hydrogen atoms
12815
716
17.90
0.0928
0. 1208
0.2793
1.070
0.000
1.04 e·tA3
-0.42 e·tA3
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A3.24: [(2pdoapm-2H)sCo 16(0H)s](BF 4 )s·I9.8H,O (7.2a)
A. Crysta l Data

Empirical Formula
Formula We ight
Crystal Co lor, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Fooo

Ct zsl-lt o .60BsCoi 6Fn N960o.so
5364.92
Dark red, prism
0.27 x 0.19 x 0. 18 mm
orthorhomb ic
Primitive
39.97 mm
0.137 mm
a = 25.5 17(3) A
b = 29.451(3)A
c = 15.8 192( 16) A
v = 11888(2) A3
Pmmn (#59)
2
1.499 g/cm 3
5388

ft(MoKet)

11.90cm·l

Space Group
Z value
Deale

B. Intensity Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKet (A = 0.7 1070 A)
graph ite monochromated
70mm x 70mm
646 exposures
-75.0- 105.00
170.0 scc./O

Detector Aperture
Data Images
w oscil lation Range (z=O.O, $=0.0)
Exposure Rate

Detector Swing Angle
w osc illation Range (x=54.0, $= 180.0)
Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

15.12°
-55.0- 88.00
170.0 scc./O
15.12°
39.97 mm
0.137 mm
62.0°

29max
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Total: 93316
Unique: 12830 (Rint ~ 0.0658)
Lorentz-polarization
Absorption
(trans. factors: 0. 7795 - 0.8804)

No. of Reflections Measured
Corrections

C. Structure Solution and Refinement
Structure Solution
Refi nement

Direct Methods (SHELX97)
Full-matrix least-squares on F2
~ w (Fo2 - Fc2)2
w ~ 1/ [ cr2(Fo2) +(0.1464 · 1')2
+ 27.2928 . p 1
where P ~ (Max(Fo2,0) + 2Fc2)13
53.0°
All non-hydrogen atoms
12830
726
17.67
0.0955
0. 1072
0.2806
1. 142
0.001
1.37 e-;A3
-0.90 e-tA3

Function Mini mized
Least Squares Weights

28max cutoff
Anomalous Dispersion
No. O bservations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shi fVError in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map
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A3.25: [(2pdo56hq-2H)s Mn 160 4(0H)4J(N03)4-32H20 (7.4)
A. Crystal Data

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C2osH196Mn16N6s06s
5615.26
red, prism
0.4 1 x 0.28 x 0.28 mm
tetragonal
J>rimitive
39.91 mm
0.137 mm
a ~ 22.856(2) A
c ~ 27.634(3) A
v ~ 14436(2) A3

Space Group

P4 2 1c (# 114)
2

Z value

Fooo

1.292 g/cm3
5728

~(MoKa)

7.53 em· I

Deale

B. Intensity Measurements
Detector
Goniometer
Radiation
Detector Aperture
Data Images
w oscillation Range (x~o.o.

Rigaku Saturn
RigakuAFC8
MoKa (l. ~ 0.7 1070 A)
graphite monochromated
70 mm x 70mm
720 exposures
-75.0 - I 05.00
170.0 scc.fO

$~0.0)

Exposure Rate
Detector Swing An gle
oo oscillation Range (x=54.0, cjJ=O.O)
Exposure Rate

15.18°
-75.0- 105.00
170.0 sec.fO

Detector Swing A ngle
Detector Position
Pixel Size

15. 18°
39.91 mm
0.137 mm

26max

62.0°
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No. of Reflections Measured

Total: 114457
Unique: 14185 (Rint ~ 0.0574)
Lorentz-polarization
Absorption
(trans. factors: 0.8172- 0.9105)
Secondary Extinction
(coefficient: 0.0036(4))

Corrections

C. Structure Solution and Refinement
Structure Solution
Refinement
Function Minimized
Least Squares Weights

Direct Methods (SHELX97)
Full-matrix least-squares on f2
l: w (Fo2- Fc2)2
w ~ II [ u2(Fo2) + (0.1802 · P)2
+ 22.4926 . p 1
where P ~ (Max(Fo2,0) + 2Fc2)13

29max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: Rl (1>2.00u(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final DifT. Map
Minimum peak in Final DifT. Map

52.0°
All non-hydrogen atoms
14185
827
17.15
0.0934
0.0946
0.2707
1.111

0.001
1.11 e-~A3

-0.68 c-tA3
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A3.26: [(2pyoapm-H)Cu(OH)](C I0 4 ),-1.6H 20 (8. 1)
A. Crystal Data
Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

Cl sH16_60ChCu2N1 201 2.110
767.77
Light blue, prism
0.36 x 0.17 x 0. 14 mm
tricl inic
Primitive
39.40 mm
0.137 mm
a ~ 12.180(6)A
b ~ 14.450(6)A
c ~ 16.120(7)A
a ~ 68.36(5) o
p ~ 77.37(4) 0
~ 75.81(5) 0
v ~ 2530.7(20) A3

y

PI (#2)

Space Group
Z value

4

Fooo

2.015 g/cm3
1540

~(MoKa)

19.83 em· I

Deale

B. Intensity Measurements
Detector
Gon iometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKa (J. ~ 0.7 1070 A)
graphite monochromated
70mm x 70mm
770 exposures
45.0- 75.00
90.0 sec .JO
15.550

Detector Aperture
Data Images
w osc illation Range (x=O.O, cj>=O.O)
Exposure Rate
Detector Swing Angle

w osci ll ation Range (x=l5.0, $~0.0)

-75.0-90.00
90.0 sec.JO
15.550

Exposure Rate
Detector Swing Angle
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oscillation Range (x~54.0,
Exposure Rate
Detector Swing Angle
OJ oscillation Range (x~54.0,
OJ

~~90.0)

-75.0 - 73.0°
90.0 sec.fO
15.55°
-54.0- -12.00

~~ 180.0)

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

90.0 sec./O

29max

62.5°
Total: 21786
Unique: 9766 (Rint ~ 0.0789)
Lorentz-polarization Absorption
(trans. factors: 0.6837- 0.8732)

15.55°
39.40 mm
0.137 mm

No. of Reflections Measured

Corrections

C. Structure Solution and Refinement
Structure Solution
Refinement

Direct Methods (SHELX97)
Full-matrix least-squares on F2

Function Minimized

~ w (Fo2- Fc2)2

Least Squares Weights

w ~ I I [ cr2(ro2) + (0.1279 · P)2

+ 18.4632. p l
where P ~ (Max(Fo2,0) + 2Fc2)/3

29max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R I (1>2.00cr(l))
Residuals: R (All reflections)
Residuals: wR2 (All reflections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Oiff. Map
Minimum peak in Final Dill. Map

52.0°
All non-hydrogen atoms
9766
829
11.78
0.1204
0.1388
0.3189
1.144
0.000
1.43 e-iA3
-1.05 e-/A3
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A3.27: [(2pdoapm-2H)6 (2pdoapm-3H)zCu 160 2(0H).(H 2 0)z](CF3S03) 6 ·21.4H 2 0 (8.2)
A. Crystal Data
Empi rical Formula
Formula Weight
Crysta l Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector !>osition
Pixel Size
Lattice Parameters

C134H144.soCu16F1sN9606340S6
5665.49
brown, need le
0.68 x 0.15 x 0. 14 mm
orthorhombic
Primitive
45.0 1 mm
0. 137 mm
a ~ 25.797(2) A
b ~ 29. 199(2)A
c ~ 16.5920(13) A
v ~ 12497.5(18) A3
Pmmn (#59)

Space Group
Z value

2

1.505 g/cm3
5700
14.82 cm-1

Deale
Fooo
~(MoKu)

B. Intensity Measurements
Detector
Goniometer
Radiation

Rigaku Saturn
Rigaku AFC8
MoKu (). ~ 0.71070 A)
graphite monochromated

Detector Aperture
Data Images
w osc illation Range

70mm x 70mm

450 exposures
-70.0- 20.00
120.0 sec./O
20.10°
-36.3- 98.80
120.0 sec./O
20.10°
45.01 mm

(x~o.o, ~~ 0.0)

Exposure Rate
Detector Swing Angle
w osci llation Range (x~54.0,
Ex posure Rate
Detector Swing Angle
Detector Position
Pixel Size
28m ax

~~180.0)

0.137 mm

62.7°

390

Total: 56226
Unique: 12804 (Rint ~ 0.03 18)
Lorentz·polarizati on
Absorpti on
(trans. fac tors: 0.6534 - 0. 8847)
Secondary Extinction
(coe ffi cient : 0.00006(8))

No. of Refl ecti ons Measured
Corrections

C. Structure Soluti on and Refinement
Structure So lution
Re finement
Function Minimized
Least Squares Weights

Direct Methods (S HELX97)
Full-matrix least-squares on F2
l: w (Fo2 - Fc2)2

20max cuto ff
Anomalous Di spersion
No. Observations (A ll refl ections)
No. Variables
Refl ection/Parameter Ratio
Residuals: R I (1>2.00cr( l))
Residuals: R (A ll re fl ections)
Residuals: wR2 (All refl ections)
Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

52.0°
All non-hydrogen atoms
12804
741
17.28
0 .0639
0.0707
0. 1825
1.037
0.001
1.24 e·JA3
- 1.1 6 e-JA3

w ~ 1/ [ cr2(Fo2) + (0 .1003 · 1')2
+ 36.4907 . p J
where P ~ (Max(Fo2 ,0) + 2Fc2)13
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A3.28: [(2pdoapm-2H)8 Cu 16](CF3S03) 11 ·2.8H 20 (8.3)
A. Crystal Data
Empi ri cal Formula
Formula Weight
Crystal Co lor, Habit
Crystal Dimensions
Crystal System
Lattice Type
Detector Position
Pixel Size
Lattice Parameters

C140H1o1 .60Cu1 6FJ6N960 54.8oS1 2

6090.75
red-brown, prism
0.56 x 0.45 x 0.25 mm
tetragonal
Primiti ve

40.01 mm
0.137 mm

a = 23.579(3) A
c = 22.196(2) A
v = 12341(2) A3
P4,/n (#86)

Space Group
Z value

2

Fooo

1.639 g/cm3
6064

~(MoKu)

15.63 cm·1

Deale

B. Intensity Measurements
Detector
Goniometer
Radiation

RigakuAFC8
MoKu (l. = 0.71070 A)

Rigaku Saturn

Detector Aperture
Data Images

graphite monochromated
70mm x 70mm
184 exposures

w osci ll ation Range (x=O.O, $=90.0)

-10.0 - 82.00

Exposure Rate
Detector Swing Angle
Detector Position
Pixel Size

15.15°
40.01 mm
0.137 mm

2Elmax

61.8°

180.0 sec.fO

392

No. of Reflections Measured

Total: 26597
Unique: 11965 (Rint ~ 0.0335)
Lorentz-polarization
Absorption
(trans. factors: 0.6241- 0.7983)
Secondary Ex tinction
(coeffic ient: 0.0033(6))

Corrections

C. Structure Solution and Refinement
Direct Methods (SHELX97)
Full-matrix least-squares on F2
l: w (Fo2 - Fc2)2
w ~ 1/ [ cr2(Fo2) + (0.2000 · P)2
+ 0.0000. p l
where P ~ (Max(Fo2,0) + 2Fc2)/3
52.00
All non-hydrogen atoms
11965
663
18.05
0.1133
0.1334
0.3400
1.245
0.000
3.47 c-JA3
-0.89 e-~A3

Structure Solution
Refinement
Function Minimized
Least Squares Weights

29max cutoff
Anomalous Dispersion
No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: Rl (1 >2.00cr( l))
Residuals: R (All reflections)
Residuals: wR2 (A ll reflections)
Goodness of Fit Indicator
Max Sh ift!Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

,.
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