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Abstract

High nuclearity paramagnetic, spin-coupled transition metal clusters and grids are fascinating chemists and physicists partly be
their structural beauty, and the challenge of creating them, but also because of their novel physical properties. Magnetic interactions
the spin centers are a primary focus. This review will examine a selection of Mn(II) polynuclear grids and clusters, with nuclearitie
range Mn4 to Mn9. Theoretical treatments of the magnetic properties are discussed, and approaches to solving the exchange pro
‘large’ spin systems related to computational difficulties. A freely available software package (MAGMUN4.1) is presented as a m
dealing simply with spin-coupled clusters in general, and symmetry reduction methods are discussed briefly as a means of dealing w
spin systems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Polynuclear coordination complexes with metal ions in
intramolecular spin communication have caught the imagi-
nation of synthetic and theoretical chemists alike, and have
been a focal topic among chemists and physicists with mutual
interests in the emerging area of ‘molecular magnetism’.
While a primary interest within this community rests with
the creation of molecules with magnetic memory, with appli-
cations at the molecular level as a target, such examples are
rare. As a result the creative instincts of synthetic chemists
have been piqued to provide synthetic ways of assembling
molecules with large numbers of magnetic subunits con-
nected by bridging groups, which provide magnetic (spin)
communication within a single molecular entity. A number
of magnetically bistable, low temperature nanomagnets have
been produced with examples of Mn12[1], Mn18[2], Mn22[3]
and Mn30 [4] clusters, containing mixtures of Mn(II), Mn(III)
and Mn(IV) centers. However, it is difficult to produce such
systems by design.

An effective approach to ‘specific’ high nuclearity sys-
tems is to use a ‘self assembly’ technique. This involves
the encoding of coordination information in a ligand in the
form of suitably disposed coordination pockets, which then
interact with a transition metal ion. The metal ion reads the
coordination information in terms of its own stereochemi-
c riate
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Fig. 1. Ditopic picolyl hydrazone ligands, and their different coordination
modes.

Scheme 1. Self-assembly mechanism for a [2× 2] grid using a ditopic
ligand.

coordination capacity, e.g. perchlorate[10,11]. Heptaden-
tate tritopic ligands, e.g. 2poap and its derivatives (Fig. 2),
self assemble in high yield to produce [3× 3] square grid
complexes (Scheme 2) involving nine six-coordinate metal
ions and six ligands with a [M9–(�-O)12] hydrazone oxygen
bridged core structure (M = Mn(II), Fe(III), Ni(II), Co(II),
Cu(II), Zn(II)) [12–20]. The Mn(II)9 complexes display rich
electrochemistry, with four Mn(II) ions oxidizing readily to
produce mixed oxidation state Mn(II)/Mn(III) grids, with
reduced electron content[12,20].

All of the polynuclear manganese complexes involve
metal ions bridged by oxygen groups with large Mn–O–Mn
bridge angles (>125◦), leading to intramolecular antiferro-

Fig. 2. Selection of tritopic picolyl hydrazone ligands.
al and bonding preferences, and if there is an approp
nformation match, a self-assembled structure results.
uclearity systems, particularly [n × n] grids, have been pro
uced successfully by this approach, with a significant de
f predictability.

In this review, polynuclear manganese(II) complexe
series of polytopic picolinic-hydrazone ligands will fo

he focus of discussion of the magnetic exchange proble
ystems with moderate nuclearity (M4–9), and the limits o
ealing with these ‘large’ spin systems will be brought

ocus in relation to the magnitude of the spin state matrix
ulations, and software and computer capabilities. Pre
eviews have dealt with some aspects of the magnetic
rties of grids in this class involving a variety of metal io

5–7].
Tetradentate hydrazone ligands, e.g. poap (Fig. 1) have

everal different coordination modes, with the most com
nvolving metal ion bridging through hydrazone oxygen
iazine nitrogen groups (Fig. 1a–c). Mn(II), Co(II), Cu(II),
i(II) and Zn(II) salts react with ligands in this class
roduce mainly square heteroleptic [2× 2] grid complexe
Scheme 1), in which four metal ions self-assemble in
resence of four tetradentate ligands to form the grid[8,9].
he ligands fill five donor sites per metal, which requires
xtra mono-dentate ligands to complete the six coordin
equirement for the four octahedral M(II) ions[8]. Another
ligomeric possibility is a self-assembled homoleptic c

er involving six ligands and five six-coordinate metal i
30 sites for each), and this is achieved for Mn(II), Co
nd Zn(II) examples, where the anion involved has a
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Scheme 2. Self-assembly mechanism for a [3× 3] grid using a tritopic
ligand.

magnetic exchange. The exchange situation can be dealt with
using a simple Kambe approach[21] to calculate the total
spin states (S′) and their energies for the Mn4 and Mn5 exam-
ples, but the complexity of the exchange situation for the
Mn9 systems requires a different approach. Examples within
each class will be discussed in terms of the most appropri-
ate methodology. A generalized software package built on
a WindowsTM platform (MAGMUN4.1) [22] will be dis-
cussed, which has general applicability for a wide variety
of cluster models.

2. MAGMUN4.1

2.1. Generalized exchange hamiltonian

High nuclearity metal ion assemblies can be assessed in
terms of a generalized spin Hamiltonian, which can include
interactions among all the spin centers, effects of the ligand
fields and Zeeman splitting terms (Eq.(1)).

H = −
∑
i<j

Jij · Si · Sj +
∑

i

Si · Di · Si + µB

∑
i

Si · gi · B

(1)
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Fig. 3. Input file models for dinuclear, trinuclear and tetranucler spin systems
for the calculation of *.spk files for use with MAGMUN4.1.

2.2. Using MAGMUN4.1

MAGMUN4.1 [22] provides a convenient platform to
model the magnetic properties of both simple and com-
plex polynuclear spin structures, without the necessity for
deriving exchange equations, which in some cases can be
non-trivial, or of defining the eigenstates of the exchange
problem directly. The spin state and energy calculations are
carried out after first of all defining the spin model, and sum-
marizing the exchange information from the model in an input
file (OW01.ini). Some simple spin models are shown inFig. 3
for dinuclear (a; case 1), trinuclear (b; case 2) and tetranuclear
(c; case 3) examples. Atoms are defined numerically in the
model, andJ values assigned in the normal way. Input files are
shown for each case with equivalentJ values for each connec-
tion. The spins are input in line 1 (any value ofS expressed as
integer spins), the coupling scheme in line 2 (e.g. 12, 23, etc.,
refer to connectivity between coupled atoms 1–2, 2–3, etc.),
the exchange energy is entered in line 3 for each exchange
connection specified (any value plus or minus can be input in
cm−1), and line 4 assigns the output file name. In a system in
which all theJ values are considered to be the same, either
through direct symmetry or imposed symmetry, an entry of
‘−1’ as the exchange energy is conveniently translated into
a ‘J’ factor in the non-linear regression analysis of the exper-
imental data (vide infra). Alternatively individual ‘J’ values
c thus
a rgy
M = Nβ2g2

3kT

∑
S′(S′ + 1)(2S′ + 1) e−E(S′)/kT∑

(2S′ + 1) e−E(S′)/kT
(2)

n an isotropic spin only situation, ignoring the ligand fi
erm

∑
iSi·Di·Si, and assuming identical and isotropicg fac-

ors for all spin centres, the molar susceptibility can be ca
ated using the general form of the Van Vleck equation
2)), for a particular temperature range.S′ specifies the tota
pin angular momentum, resulting from a summation o
pin angular momenta of all the individual ions of spinS.
(S′) represents the energy of a particular state derived

unction ofJij.
The dimension of the Hamiltonian matrix grows en

ously with increasing number of spin centers, and
uantum numbers (S), and an exact diagonalization of t
atrix quickly exceeds the capabilities of any compu
owever, within normal computer limits (e.g. 1 GB RAM
uite large calculations are possible.
an be input to define specific exchange connections,
llowing considerable flexibility with the exchange ene
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Fig. 4. General exchange coupling model for tetranuclear grid based sys-
tems.

profile, and variations inJ within the same molecular entity.
Also equivalent groups of exchange integrals can be dealt
with by expressing them in the form of a ratio ofJ values;
for example in Case 3J23 andJ14 could be represented as
−0.1 (Fig. 3d) to indicate that after the non-linear regression
analysis of the experimental data the absoluteJ values will
be related by a ratio of 1:10. Different spin states (i.e. differ-
ent metal ions or mixed oxidation state species) can also be
input in line 1 (e.g.Fig. 3e represents a Cu2Ni symmetric lin-
ear trinuclear system with no 1–3 coupling). Models are not
confined to 2D polygons, and three dimensional polyhedral
systems are dealt with in the same way.

Complex cases, e.g. a square model with three different
J values (Fig. 4; J1 �= J2 �= J3), can be fitted in terms of
some ‘fixed’ ratio of input energies, e.g.−1, −0.5, −0.1,
which would generate a ratio 1:0.5:0.1, respectively. Individ-
ual ‘J’ values cannot be evaluated directly with the current
package.

After the input file (OW0L.ini) has been written, the file
containing the profile of spin states (S′) and their energies
(***.spk) is generated using the program OW01.exe. The .spk
file can then be processed within the menu driven subroutines
available in MAGMUN4.1 to simulate magnetic profiles, and
fit the experimental data using built in non-linear regression
routines. The fitted results can be saved directly or exported
to a spread sheet. Magnetization versus field profiles can also
b and
fi ich
h

3

e
m
H
p ent
a s
f e
r 1)
a

Fig. 5. Structural representation of [Mn4(poapz-H)4(H2O)4](NO3)4·H2O
(1) (reprinted from Ref.[9]).

3.1. Magnetic properties of M4 [2 × 2] grids

In a general case a square (D4h) or distorted square
(D2d) [2 × 2] grid can be described by an exchange cou-
pling scheme involving three exchange integrals (J1, J2, J3)
according to the appropriate Hamiltonian expression (Eq.(3))
(Fig. 4).

Hex = −J1{S2 · S3 + S1 · S4} − J2{S1 · S2 + S3 · S4}
− J3{S1 · S3 + S2 · S4} (3)

J1 is the exchange along the vertical sides andJ2 along
the horizontal sides of the square. In most cases diagonal
terms (J3) can be set to zero because cross-coupling terms
are assumed to be small or insignificant. Using the conven-
tional spin-vector coupling model[21,23], eigenvalues of Eq.
(3) can be obtained analytically for aD4h [2 × 2] grid with
J = J1 =J2 andJ3 = 0. The eigenvalues are then given by Eq.
(4),

E(S′, S13, S24) = −J

2
[S′(S′ + 1)

−S13(S13 + 1) − S24(S24 + 1)] (4)

whereS13 = S1 + S3; S24 = S2 + S4; S′ = S1 + S2 + S3 + S4.
Another coupling situation which arises in the limit

J
f

H

w iffer-
e lues
a

E

e generated and fitted using standard Brillouin functions
tting routines. A tutorial is included in the program, wh
ighlights the essential features of MAGMUN4.1.

. [2 × 2] Mn grids

Examples of [2× 2] Mn(II)4 grids are rare. Th
olecular structure of the complex [Mn4(poapz-
)4(H2O)4](NO3)4·H2O (1) is shown in Fig. 5. Two
airs of parallel ligands form an asymmetric arrangem
bove and below the Mn4–(�-O)4 plane. Mn–Mn distance

all in the range 3.91–3.97̊A, with Mn–O–Mn angles in th
ange 127.9–129.3◦. Six-coordination is completed at Mn(
nd Mn(3) with four water molecules[9].
1 =J3 = 0 is that of a “dimer of dimers” (Eq.(5); seeFig. 4
or model), corresponding to the general Hamiltonian

ex = −J2{S1 · S2} − J2′{S3 · S4} (5)

here the horizontal coupling strengths might assume d
nt valuesJ2 andJ2′. Using the same method the eigenva
re obtained as (Eq.(6))

(S′, S12, S34) = −J2

2
[S12(S12 + 1)] − J2′

2
[S34(S34 + 1)]

(6)
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with S12 = S1 + S2; S34 = S3 + S4 andS′ = S12 + S34. All these
results are valid for arbitrary values of the spin quantum num-
bersSi (i = 1, . . ., 4).

Using the addition rules for spin vectors the allowed values
for S′, andS13, S24, or S12, S34, respectively can be obtained.
By substituting the appropriate energy terms into the modified
van Vleck equation (Eq.(7); E(S′) refers to the energy of each
spin state

χM = Nβ2g2

3k(T − θ)

∑
S′(S′ + 1)(2S′ + 1) e−E(S′)/kT∑

(2S′ + 1) e−E(S′)/kT
(1 − ρ)

+ Nβ2g2S(S + 1)ρ

3kT
+ TIP (7)

defined byS′), the susceptibility values can be computed for a
particular temperature range. In practice this can be achieved
by the use of simple programming techniques whereby iter-
ative procedures span the requiredS′ values for fitted values
of J in routines that allow regression of the experimental data
against Eq.(7). Best fit values ofg andJ are thus obtained,
allowing for paramagnetic impurity (fractionρ), temperature
independent paramagnetism (TIP), and a Weiss-like correc-
tive term (θ) to deal with small intermolecular exchange
effects. A comprehensive review by Murray[24] deals more
generally with the magnetic properties of tetranuclear com-
p

m-
p
J
o atrix
d or
J
S cted
f ange
e sing
t es
u ware
o ch is
t e

F
J

Fig. 7. Plot of magnetic moment per mole as a function of temperature for
[Mn4(poapz-H)4(H2O)4](NO3)4·H2O (1). The solid line represents the best
fit of the experimental data to Eq.(8) for g = 2.001(1),J =−2.77(1) cm−1

[9].

energy spectrum (S′, E) is calculated with an inputJ value
(e.g.−1 cm−1), and stored as the input ***.spk file. Theχ/T
(or µ/T) profile is then calculated, and compared visually
with the experimental data by scaling theJ value, and enter-
ing values for ‘g’ and other parameters (TIP,θ,ρ) as required.
Regression of the experimental data is then carried out with
iterations based on reasonably guessed fitting parameters.

3.2. Magnetic properties of
[Mn4(poapz-H)4(H2O)4](NO3)4·H2O (1)

The variable temperature magnetic data for1 are shown
in Fig. 7as a plot of magnetic moment per mole as a function
of temperature. The moment drops smoothly from 11.4�B
at 300 K to 3.5�B at 4.5 K, indicative of intramolecular anti-
ferromagnetic exchange[9]. The moment approaches zero,
expected for an even numbered grid in the low tempera-
ture antiferromagnetic limit. The data were fitted using Eqs.
(7) and (8), and MAGMUN4.1 [22], to give g = 2.001(1),
J =−2.77(1) cm−1, TIP = 0 cm3 mol−1, ρ = 0.04,

Hex = −J{S1 · S2 + S2 · S3 + S3 · S4 + S1 · S4} (8)

θ = 0 K (102R = 0.36;R = [
∑

(χobs. − χcalc.)2/
∑

χ2
obs.]

1/2.
This result is in good agreement with a previously determined
fit [9].

4

n
s (II)
s ers.
T tion
c etal
c e
o

lexes.
The [2× 2] Mn(II) grid 1 can be considered as a si

le case (Eq.(3)), in which S1–4= 5/2, for J = J1 =J2 and
3 = 0. Using the Kambe vector coupling scheme[21] a total
f 146 energy states are calculated, with the largest m
imension being 24. A plot ofS′ against relative energy f
=−1 cm−1 (antiferromagnetic case) is shown inFig. 6, with
′ values varying from 0 to 10 in integer steps, as expe
or a system with an even number of spin centers. Exch
quations can also be derived directly for this system, u

heS′ values and energies based onJ, and standard approach
sed to fit the experimental data using commercial soft
r in house programs. However, a much simpler approa

o use MAGMUN4.1 (vide supra)[22]. In the first step th

ig. 6. Spin state energy spectrum for a Mn(II)4 [2 × 2] grid with
1 =J2 =−1 cm−1.
. Trigonal bipyramidal clusters

The tetradentate hydrazone ligands (Scheme 1) have bee
hown to self-assemble with certain Mn(II), Co(II) and Zn
alts to produce homoleptic, trigonal bipyramidal clust
his usually occurs when the anion has weak coordina
apacity, and does not compete successfully for the m
oordination sites as the cluster forms[10,11]. The structur
f [Mn5(poap-H)6](ClO4)4·3.5MeOH·H2O (2) is shown in
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Fig. 8. Structural representation of [Mn5(poap-H)6](ClO4)4·
3.5MeOH·H2O (2) (reprinted from Ref.[10]).

Fig. 8looking down the ‘trigonal’ axis. The core structure is
shown inFig. 9, highlighting the hydrazone oxygen bridging
interactions. Mn(2) and Mn(5) are the apical metal centers,
which are connected to the three equatorial Mn(II) ions by
the bridging oxygen atoms only. Mn–Mn separations fall in
the range 3.90–3.97̊A, with Mn–O–Mn angles in the range
128–131◦. These dimensions are similar to those observed in
the square [2× 2] Mn4 grid.

Fig. 10. Spin exchange model for trigonal bipyramidal cluster.

4.1. Magnetic properties of the Mn(II)5 trigonal
bipyramid

The magnetic exchange model for2 (Fig. 10) involves six
exchange pathways, which for simplicity may be regarded as
equal, based on the structure. The vector coupling scheme for
this trigonal bipyramidal model may be summarized using
exchange Hamiltonian (Eq.(9)), and the subsequent equa-
tions,

Hex = −J{S1 · S3 + S4 · S3 + S5 · S3 + S1 · S2

+ S2 · S5 + S2 · S4)

= −J{S3 · (S1 + S4 + S5) + S2 · (S1 + S4 + S5)}
= −J{S2 + S3) · (S1 + S4 + S5)}
= −J(S23 · S145)

= {−J/2}(S′2 − S2
23 − S2

145) (9)

whereS23 = S2 + S3; S15 = S1 + S5; S145= S15 + S4; S′ = S23 +
S145.

The eigenvalues areE(S′, S23, S145) ={−J/2}[S′(S′ + 1)−
S23(S23 + 1)− S145(S145+ 1)].

The allowed values ofS′, S23 andS145, and their appro-
priate energies are substituted into the van Vleck equation in
the usual way to create a susceptibility profile as a function
of temperature. The procedure of generating the exchange
e what
d G-
P pic
e
a

.1,
i n
i er
o fact
t d
a ri-
a
H
T o
5 g-
Fig. 9. Core structural representation for2.
quation itself for such a large system presents a some
aunting task, and so the use of MAGMUN4.1, or e.g. MA
ACK (MAGPACK includes both isotropic and anisotro
xchange terms, and single ion anisotropic effects[25,26]) is
really attractive alternative method.
TheS′ energy spectrum, calculated using MAGMUN4

s illustrated in Fig. 11. The largest matrix dimensio
s 120 (S′ = 7/2), with a total dimension (total numb
f energy states) of 780. What is interesting is the

hat the lowest calculatedS′ value is 5/2, which woul
llow us to predict anS′ = 5/2 ground state. The va
ble temperature magnetic moment data for [Mn5(poap-
)6](ClO4)4·3.5MeOH·H2O (2) are shown in Fig. 12.
he moment drops from 12.5�B (per mole) at 300 K t
.7�B at 2 K, indicative of intramolecular antiferroma
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Fig. 11. Spin state energy spectrum for a Mn(II)5 trigonal bipyramidal clus-
ter with J =−1 cm−1.

Fig. 12. Plot of magnetic moment per mole as a function of temperature for
[Mn5(poap-H)6](ClO4)4·3.5MeOH·H2O (2). The solid line represents the
best fit of the experimental data to Eq.(9) for g = 2.010(4),J =−3.4(4) cm−1

[11].

netic exchange. The low temperature value suggests an
S′ = 5/2 ground state. The data were fitted to the exchange
Hamiltonian (Eq.(9)) for a trigonal bipyramidal arrange-
ment ofS = 5/2 spin centers arranged according toFig. 10,
within MAGMUN4.1. An excellent fit gaveg = 2.010(4),
J =−3.4(4) cm−1, ρ = 0.005, TIP = 0 cm3 mol−1, θ =−0.4 K,
102R = 0.45. The solid line inFig. 12is calculated with these
parameters. Magnetization versus field data at 2 K are con-
sistent with theS′ = 5/2 ground state[11].

5. [3 × 3] Nona-nuclear grids

5.1. Mn(II)9 ‘45 electron’ grids

Tritopic picolinic dihydrazone ligands (Fig. 2) have
proven to be classic examples of ligands which can be pre-
pared simply, and encoded readily with coordination informa-
tion necessary to promote self-assembly. Mn(II)9 self assem-
bled [3× 3] grids form readily and in high yield (Scheme 2)

Fig. 13. Structural (POVRAY©) representation of [Mn9(2poap-
2H)6](ClO4)6·3.6CH3CN·H2O (3) [12].

[6,12–20]. The ligands can be easily functionalized to take
advantage of variable electronic effects (e.g. R = H, Cl, OMe),
which have a pronounced influence on electrochemical prop-
erties, and also provide tethers for surface binding applica-
tions (gold; R = Cl, SEt, SMe)[19].

The structure of a typical Mn(II)9 grid complex
[Mn9(2poap-2H)6](ClO4)6·3.6CH3CN·H2O (3) is shown in
Fig. 13, and the core structure is illustrated inFig. 14. Six
ligands encompass the square grid core arrangement of nine
Mn(II) ions bridged by twelve deprotonated hydrazone oxy-
gen atoms. Mn–Mn distances are in the range 3.9–4.0Å, with
Fig. 14. Core structural representation for3.
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Fig. 15. Plot of magnetic moment per mole as a function of temperature for
[Mn9(2poap-2H)6](ClO4)6·3.6CH3CN·H2O (3). The solid line represents
the best fit of the experimental data to Eq.(10) for g = 2.0,J1 =−3.8 cm−1,
J2 = 0 cm−1 [15].

Fig. 16. Spin exchange model for [3× 3] nona-nuclear grid.

Mn–O–Mn angles in the range 126.6–130.0◦ [12]. A plot of
µmol/(T) for 3 is illustrated inFig. 15. The moment drops
from 16.9 to 6.4�B at 4 K. This behavior is consistent with
the presence of significant antiferromagnetic coupling within
the grid, with a room temperature moment consistent with
nine high spin Mn(II) centers, and a low temperature moment
close to what would be expected for one ‘uncoupled’ Mn(II)
center, i.e. anS′ = 5/2 ground state. Other Mn(II)9 grids in
this class behave in exactly the same fashion. Magnetization
data as a function of field at 1.8 K confirm this for3 [15], with
a good fit to the appropriate Brillouin function for anS′ = 5/2
spin system in the range 0–3 T. An isotropic exchange model
for this type of grid (Eq.(10); Fig. 16) should include

Hex = −J1{S1 · S2 + S2 · S3 + S3 · S4 + S4 · S5 + S5 · S6

+ S6 · S7 + S7 · S8 + S1 · S8} − J2{S2 · S9 + S4 · S9

+ S6 · S6 + S8 · S9} (10)

two exchange integrals, and a full spin Hamiltonian should
also include dipole–dipole terms, second order ligand field
terms and Zeeman terms. Such an analysis is impeded by the
enormous dimensions of a typical calculation (vide infra),

and in order to simplify the exchange situation the grid can
be considered in the simple isotropic limit as the sum of
a ring of eight Mn(II) centers (atoms 1–8;Fig. 16), cou-
pled to the central Mn(II) ion (atom 9;Fig. 16). Since the
magnetic properties of the system are clearly dominated by
antiferromagnetic exchange, and since the ground state is
S′ = 5/2, it is reasonable to assume thatJ1 is negative and
dominates the exchange situation, and thatJ2 can effectively
be ignored. The data for3 have been successfully fitted to
an isotropic exchange model based onFig. 16, with g = 2.0,
J1 =−3.8 cm−1, J2 = 0 cm−1 [15]. The solid line inFig. 15
corresponds to these fitted parameters for3. J1 values for
all compounds in this class are similar, and are compara-
ble with the exchange integral found for the [Mn4(�-O)4]
square grid complex [Mn4(poapz-H)4(H2O)4] (NO3)4·H2O
(1) (J =−2.85 cm−1) [9], in keeping with the similar struc-
tural elements present in both systems.

A simpler alternative approach is to consider the outer
ring of eight Mn(II) centers as an isolated chain, which is
reasonable for a chain length of eight spin centers, and assume
that there is effectively no coupling between the ring (chain)
and the central Mn(II) ion. This can be accomplished using
the Fisher model (Eqs.(11)and(12)) for anS = 5/2 chain[27],
where the large local spin (S = 5/2) is treated as a classical
vector.
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The complex [Mn9(2poap-2H)6](C2N3)6·10H2O (4) [19]
as a comparable structure to3, with Mn–Mn distance

n the range 3.886–3.923̊A, and Mn–O–Mn angles in th
ange 126.7–126.9◦. The variable temperature magnetic p
le for 4 is very similar to that of3, with a low temper
ture moment indicative of anS′ = 5/2 ground state. Th
agnetic data for4 were fitted to Eqs.(11)–(13), with

he susceptibility scaled for eight spin-coupled Mn(II) c
ers in a chain, and corrected for temperature indepen
aramagnetism (TIP), paramagnetic impurity fractionα),

ntermolecular exchange effects (θ—Weiss like temperatur
orrection), and the central, ‘isolated’ Mn(II) center (
13)). A good data fit for4 gaveg = 2.028,J =−4.7 cm−1,
= 0.001, TIP = 0 cm3 mol−1, θ = 0 K (102R = 1.9; R =∑

(χobs. − χcalc.)2/
∑

χ2
obs.]

1/2) [19]. The data are we
eproduced over the whole temperature range indicating
he chain model is reasonable down to 2 K, and tha
ssumption thatJ2 can be ignored is not unreasonable. W
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Fig. 17. Spin dipole model for an anti-ferromagnetically coupled Mn(II)9

[3 × 3] grid.

the data fit is good in this case, and the result is consistent
with the ring model for4 and other related systems, some
doubt should be expressed concerning the assumption that
J2 = 0 cm−1. In fact inelastic neutron scattering experiments,
and low temperature high-field torque measurements indicate
thatJ1≈ J2[28]. A general spin model for the Mn(II)9 grids is
shown inFig. 17, with an alternation of Mn(II)S = 5/2 dipoles
around the ring (chain) creating an effectiveS′ = 0 ground
state at low temperatures, thus resulting in anS′ = 5/2 ground
state overall when the central manganese atom is included.

6. Mixed oxidation state Mn(II)/Mn(III) grids

6.1. [Mn(III)3Mn(II)6(Cl2poap-2H)](ClO4)9·7H2O (6),
[Mn(III)4Mn(II)5(2poap-2H)](ClO4)10·10H2O (7)

The Mn(II)9 grids show a remarkable ability to undergo
reversible oxidation and reduction, both electrochemically
and chemically, to produce Mn(II)/Mn(III) derivatives. The
complex [Mn9(Cl2poap-2H)6](ClO4)6·8H2O (5) (Cl2poap;
Fig. 2, R = Cl) [17] has a similar structure to3, and exhibits
rich electrochemistry, with a quasi-reversible wave in cyclic
voltammetry (Fig. 18) at E1/2≈ 0.7 V (�Ep = 216 mV) (ver-
sus Ag/AgCl), corresponding to a four electron redox pro-
c es at
h -
m rly,
a e is
a en-
t our
o four
M nd
3 four
c

Fig. 18. Cyclic voltammetry (CH3CN vs. Ag/AgCl) for [Mn9(Cl2poap-
2H)](ClO4)6·8H2O (5).

The possibility of isolating Mn(II)/Mn(III) grids, with
the potential for novel magnetic properties, prompted us
to explore means of producing such derivatives. Chem-
ical oxidants with oxidation potentials close to the first
four-electron wave, e.g. Cl2(aq), Br2(aq), were found to
oxidize 5 smoothly, with the formation of the complex
[Mn(III) 3Mn(II)6(Cl2poap-2H)6](ClO4)9·7H2O (6) as the
major product in both cases. An X-ray structure of6
revealed that the grid remained intact, but three of the cor-
ner manganese centers were oxidized to Mn(III), as indi-
cated by substantially shortened Mn–L contacts[17,19,20].
Bulk electrolysis on3 in acetonitrile produced the complex
[Mn(III) 4Mn(II)5(2poap-2H)6](ClO4)10·10H2O (7), which
was shown by X-ray crystallography to have a grid struc-
ture with all four corner Mn(II) centers oxidized to Mn(III)
[20].

The plots of magnetic moment and susceptibility per mole
as a function of temperature for6 are shown inFig. 20.
A broad, shallow maximum appears at∼40–50 K in the
susceptibility profile, which does not show up for5. This
is a clear indication of intramolecular antiferromagnetic
exchange. The room temperature moment is typical of the

F
[

ess, followed by three one-electron, more reversible wav
igher potential (1.1–1.6 V)[17]. Differential pulse voltam
etry (DPV) (Fig. 19) shows these events much more clea
nd reveals a fourth high potential wave. The first wav
ssociated with the oxidation of the four corner Mn(II) c

ers to Mn(III), while the higher potential sequence of f
ne-electron waves is associated with oxidation of the
n(II) centers on the sides of the grid to Mn(III). Compou
exhibits similar electrochemical responses, but with

learly defined one-electron waves[12,20].

ig. 19. Differential pulse voltammetry (CH3CN vs. Ag/AgCl) for

Mn9(Cl2poap-2H)](ClO4)6·8H2O (5).
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Fig. 20. Plots of molar susceptibility and magnetic moment as a function of
temperature for [Mn(III)3Mn(II)6(Cl2poap-2H)](ClO4)9·7H2O (6).

Mn(II) grids as a whole, but the low temperature moment at
2 K (2.95�B) is much lower than that observed for the parent
compound, and is more typical of a system with two unpaired
electrons (S = 2/2; e.g. Ni(II)). Magnetization versus field data
(Fig. 21) show a near perfect fit for anS = 2/2 system at 2 K
(g = 2.0) (solid line calculated using the appropriate Brillouin
function for anS = 2/2 spin system). The divergence above
3.5 T is typical of the manganese grids as a whole, and is
associated with a field dependent population of upper excited
states in the complex spin manifold of the 42 electron grid
[15].

The magnetic profile for7 is shown inFig. 22. The clear
difference from6 surrounds the appearance of a pronounced
maximum inχmol, which is shifted to a higher temperature
(∼60 K), and the drop in moment at 2 K to 1.83�B. The
shift of the maximum inχmol to higher temperature signals
enhanced exchange coupling, and the moment at 2 K is typical
of a system with one unpaired electron (S = 1/2). Magnetiza-

F
2

Fig. 22. Plots of molar susceptibility and magnetic moment as a function
of temperature for [Mn(III)4Mn(II)5(2poap-2H)](ClO4)10·10H2O (7). The
solid line corresponds to a best comparison forg = 2.0,J1 =J2 =−7 cm−1

(see text).

tion data as a function of field at 2 K confirm the ground state
to beS = 1/2. The room temperature moments for6 (16.3�B)
and7 (15.3�B) are indicative also of a reduced electron count
in the grid, since typically for the Mn(II)9 grids the moment
exceeds 17�B [20].

The ground state spins for6 and7 can be rationalized quite
simply usingFig. 16. 6 has three cornerS = 4/2 (Mn(III))
centers (e.g. 1, 3, 5), with the rest being Mn(II) (S = 5/2).
Considering this spin subset forJ1≈ J2, in the antiferromag-
netic low temperature limit, the ground state spin for the outer
ring (1–8) would be 2/2. This corresponds to a ferrimagnetic
system. Coupling of the ‘ferrimagnetic’ ring to the central
metal ion would then lead toS′ = 5/2–3/2 = 2/2 in the ground
state, in agreement with observation. For compound7, with
four cornerS = 4/2 centers the resultant spin for the outer ring
would be 4× 1/2, which when coupled to the central metal
ion would lead to anS′ = 5/2–2/2 = 1/2, again in agreement
with observation.

7. Big spin systems—how to handle them?

7.1. Using lower dimensional systems to observe and
rationalize trends

The largest matrix dimension for a fully isotropic calcula-
t
J B
o nd
t
M ring
5 ed
t re
n la-
t he
g . the
m ing a
g

ig. 21. Magnetization vs. field data for [Mn(III)3Mn(II)6(Cl2poap-
H)](ClO4)9·7H2O (6) at 2 K.
ion for the Mn(II)9 grid (S = 5/2;
∑

S = 45/2), including two
values (Fig. 16), is 88,900, which would require 60.3 G
f computer RAM (8 bit architecture). This is clearly beyo

he capability of even very large work stations. For anS = 4/2
9 grid the largest dimension would be 25,200, requi

.1 GB. For anS = 3/2 grid the largest dimension is reduc
o 5300, requiring only 225 MB of RAM. While it is therefo
ot possible to carry out a fully isotropic spin only calcu

ion for the Mn(II)9 grids, the novel spin properties of t
rids, and an appreciation for the ground states of, e.g
ixed oxidation state systems, can be obtained by us
rid with a lower dimensionality[15]. A (d3)9 system is a
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Fig. 23. Spin state energy spectrum for a (d2)(d3)8 grid with
J1 =J2 =−1 cm−1 (refer toFig. 16).

useful comparative model, amenable to study with the aver-
age computer.

The (d3)9 case would be equivalent to the (d5)9 spin sys-
tem in the sense that it has an odd number of spins andS �= 0
ground state. For negativeJ1 the ground state for the outer
ring would beS = 0, since there are an even number of spins.
This then leads to anS = 3/2 ground state for the complex,
regardless of the value ofJ2. Removing an electron from one
corner site (e.g. 1 inFig. 16; (d2)(d3)8) clearly must now
introduce spin interactions between the resultant spin in the
ring, and the central ion. The totalS′/energy profile for this
system is shown inFig. 23(calculated using MAGMUN4.1),
as a plot ofS′ against relative energy (energies calculated for
J1 =J2 =−1 cm−1). The S′ value with the lowest energy is
S′ = 2/2, which defines the ground state, and can be under-
stood readily by considering the fact that the ring must have
a ground state ofS′ = 1/2 in the low temperature antiferro-
magnetic limit, which would then couple with the central
ion to give anS′ = 3/2–1/2 = 2/2 ground state. Other simi-
lar plots are shown for (d2)4(d3)5 (Fig. 16; 1 = 3 = 5 = 7 = d2)
and (d2)3(d3)6 (Fig. 16; 1 = 3 = 5 = d2) (Figs. 24 and 25,

F
J

Fig. 25. Spin state energy spectrum for a (d2)3(d3)6 grid with
J1 =J2 =−1 cm−1 (refer toFig. 16).

respectively), which by the same reasoning have ground
states ofS′ = 1/2 and 0, respectively, in the low tempera-
ture antiferromagnetic limit. A plot of moment per mole
for all four spin state combinations is illustrated inFig. 26,
which shows appropriate values forS′ = 0, 1/2, 2/2, 3/2 for
J1 =J2 =−10 cm−1.

The trends resulting from the theoretical substitutions of
d2 sites into a (d3)9 grid are directly applicable to the d4

substituted (d5)9 grids6 and7, and the ground states are in
exact agreement with the general model, assuming that the
outer ring and the central metal ion are treated as independent
magnetic subunits.

7.2. Symmetry reduction as a means of solving the
exchange problem

The square [3× 3] grids are an ideal platform for symme-
try reduction techniques in the spin state calculations, given
the nominal four-fold symmetry which can be applied.D4
symmetry would be appropriate assuming equivalent spin
sites, and twoJ values (Fig. 16). Such an approach has

F ixed
s

ig. 24. Spin state energy spectrum for a (d2)4(d3)5 grid with
1 =J2 =−1 cm−1 (refer toFig. 16).
ig. 26. Plot of moment per mole as a function of temperature for m
pin state [3× 3] grids withS′ = 0, 1/2, 2/2, 3/2 ground states.
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Table 1
Total spin quantum number states and symmetry assignments for a (d5)9

[3 × 3] grid calculated using imposedD4 symmetry

2S′ A1 A2 B1 B2 E
∑

States

1 3373 3322 3350 3350 6690 26775
3 6414 6312 6363 6363 12726 50904
5 8847 8703 8772 8772 17526 70146
7 10468 10282 10375 10375 20750 83000
9 11224 11014 11121 11121 22210 88900

11 1142 10908 11025 11025 22050 88200
13 10379 10142 10258 10258 20484 82005
15 9108 8868 8988 8988 17976 71904
17 7578 7353 7467 7467 14898 59661
19 5970 5760 5865 5865 11730 46920
21 4474 4288 4379 4379 8730 34980
23 3168 3006 3087 3087 6174 24696
25 2133 1997 2066 2066 4108 16478
27 1350 1240 1295 1295 2590 10360
29 812 725 767 767 1520 6111
31 452 388 420 420 840 3360
33 239 192 216 216 422 1707
35 114 84 99 99 198 792
37 53 33 42 42 80 330
39 20 10 15 15 30 120
41 8 2 5 5 8 36
43 2 0 1 1 2 8
45 1 0 0 0 0 1

been demonstrated for square, hexanuclear and octanuclear
ring structures, and relies on block factorizing the Hamilto-
nian matrix on the assumption that interchange of the spin
sites meets the demands of the point group concerned[29].
Applying spin rotational andD4 spatial symmetry the spin
state spectrum for a Mn(II)9 grid can be calculated.Table 1
shows the distribution ofS′ values (listed as 2S′ for conve-
nience), and their associated symmetries. The largest matrix
dimension is 22,210 (E symmetry forS′ = 9/2), which requires
∼3.9 GB of computer RAM. This is clearly beyond the capa-
bility of the average PC. It is of interest to note that there are
398,400 different energy states, many of which are degener-
ate.

However, the calculation has been completed for a
(d4)4(d5)5 grid. Table 2shows theS′ values (listed as 2S′
for convenience) and their energies, and the largest matrix
dimension is 12,486, requiring∼1.25 GB of RAM. A series
of independent calculations has been carried out with several
differentJ1 andJ2 values in the range−0.1 to−10 K [30].
A first approximation to a fit based on a ‘best’ comparison
of calculated magnetic profiles with the experimental data
givesg = 2.0 andJ1 =J2 =−7.0 cm−1. Experimental data for
7, and a theoretical line forJ1 =J2 =−7.0 cm−1 are shown in
Fig. 22. Given the size of the spin state spectrum calculations,
and the resulting complexity of the necessary non-linear
regression analyses, it will be some time before a full fitting
o

7

oth
S sites.

Table 2
Total spin quantum number states and symmetry assignments for a (d4)4(d5)5

[3 × 3] grid calculated using imposedD4 symmetry

2S′ A1 A2 B1 B2 E
∑

States

1 2032 1990 2011 2006 4013 16065
3 3828 3747 3794 3781 7575 30300
5 5212 5095 5162 5149 10291 41200
7 6052 5908 5991 5969 11960 47840
9 6340 6174 6263 6246 12486 49995

11 6100 5925 6025 6000 12025 48100
13 5482 5302 5402 5385 10757 43085
15 4603 4432 4529 4506 9035 36140
17 3647 3485 3571 3557 7103 28466
19 2704 2563 2642 2625 5267 21068
21 1897 1772 1840 1831 3648 14636
23 1240 1140 1195 1185 2380 9520
25 768 685 727 723 1436 5775
27 436 376 408 404 812 3248
29 235 189 213 212 415 1679
31 113 84 99 98 197 788
33 53 33 42 42 80 330
35 20 10 15 15 30 120
37 8 2 5 5 8 36
39 2 0 1 1 2 8
41 1 0 0 0 0 1

Fig. 27. Spin exchange model for [4× 4] hexa-decanuclear grid.

The extended hexa-decanuclear [4× 4] grid shown inFig. 27
can be calculated easily for a Cu16 system, with 12,870 spin
states (Table 3; S = 1/2; no imposed symmetry required). The
complex exchange Hamiltonian (Eq.(14)) has 24 terms, and
assuming an idealized situation, where the same exchange
integral exists between each spin site connection, the energy

Table 3
Total spin quantum number states and symmetry assignments for a (d1)16

[4 × 4] grid

2S′ A1 A2 B1 B2 E
∑

States

0 209 169 201 171 340 1430
2 414 430 402 442 872 3432
4 484 440 468 456 896 3640
6 315 313 301 331 644 2548
8 175 149 161 159 308 1260

10 56 52 48 60 112 440
12 18 10 14 14 24 104
14 2 1 1 3 4 15
16 1 0 0 0 0 1
f the data for these systems can be achieved.

.3. Larger grids

Limitations with total spin state calculations involve b
values at each spin center, and the number of spin
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Fig. 28. Spin state energy spectrum for a [4× 4] Cu16 grid.

profile (Fig. 28) would lead to a singlet ground state for neg-
ativeJ values.

Hex = −J{S1 · S2 + S2 · S3 + S3 · S4 + S4 · S5 + S5 · S6

+ S6 · S7 + S7 · S8 + S8 · S9 + S9 · S10 + S10 · S11

+ S11 · S12 + S1 · S12 + S12 · S13 + S13 · S14

+ S14 · S15 + S15 · S16 + S16 · S17 + S2 · S13

+ S3 · S14 + S5 · S14 + S6 · S15 + S8 · S15

+ S9 · S16 + S11 · S16} (14)

Extending this approach to a comparable Ni16 [4 × 4] grid
system (S = 1) leads to an enormous, and impractical cal-
culation even withD4 imposed symmetry, involving a total
of 5,196,627 energy states. Diamagnetic Pb16 [4 × 4] grid
complexes have recently been reported with 4,6-disubstituted
pyrimidine based tetratopic ligands[31,32], and there is every
reason to believe that paramagnetic analogues will be pro-
duced. However, it is clear that with what is a relatively
simple grid system exchange coupling calculations will not
be feasible with normal computers. Simple extension of the
tritopic ligands based on poap (Fig. 1) and 2poap (Fig. 2),
can be achieved by reaction of the precursor hydrazides with
keto-esters, followed by elaboration with hydrazine and suit-
a opic
a
m that
p
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lyl-
h dels,
w of
t state
s er to
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nated hydrazone oxygen atoms in [2× 2], and [3× 3] square
grids, and in the trigonal bipyramidal Mn(II)5 clusters, with
large Mn–O–Mn angles (>125◦), which lead to intramolec-
ular antiferromagnetic exchange in all cases. The Mn(II)4
and Mn(II)5 exchange models can be fitted readily, and best
fits achieved without computing difficulties. The Mn(II)9 and
mixed Mn(II)/Mn(III) nona-nuclear grids present a special
challenge, which can be overcome using a computer with
sufficient RAM. Current efforts using 2GB of RAM have
been successful with the (d4)4(d5)5 case usingD4 spatial
symmetry, but the RAM requirements for the Mn(II)9 case
(∼3.8 GB) indicate that dealing with such a large system will
await the use of a much larger computer.

Exchange integrals (J) for the Mn(II)4 and Mn(II)5
systems are in the range−3 to −5 cm−1. The oxidized
Mn(III) 4Mn(II)5 grid 7, has a larger exchange coupling,
which is consistent with the larger Mn–O–Mn angles. The
extent of oxdidation in the mixed spin state [3× 3] grids can
be assessed readily through variable temperature and variable
field magnetic studies, and as electrons are removed from the
grid the spin states follow a logical sequence based on the
exchange situation within the outer ring of metal ions, and
the interaction of this ferrimagnetic ring with the central metal
ion.

The use of convenient software packages for complex
magnetic calculations simplifies the approach to understand-
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ble terminating end groups. This would lead to tetrat
nd pentatopic ligands, respectively, with [4× 4] and [5× 5]
olecular grids as targets. Preliminary results indicate
entatopic ligands can be synthesized by such routes[33].

. Conclusion and outlook

Mn(II) grids and clusters based on polytopic pico
ydrazone ligands are a rich source of magnetic mo
hich provide a theoretical challenge for the solution

he intramolecular exchange problem when the spin
pectrum becomes too large for the average comput
andle. The manganese spin centers are bridged by de
 -

ng the magnetic properties of polynuclear spin-coupled c
ers. However they have their own limitations. One cur
imitation with MAGMUN4.1 (written in MS Visual Basic
s the file size it can read. The current upper limit is 32
nergy states. Efforts are underway to increase this.
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