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Abstract*One dinuclear ðMn1"hfac#3"m!pyz#"H1O#1Ł1H1O "0# and three mononuclear complexes ðMn"hfac#1
"pym#"H1O#Ł "1#\ ðMn"hfac#1"pydz#1Ł "2#\ and ðMn"hfac#1"mpydz#1Ł "3# "Hhfac�0\0\0\4\4\4!hexa~uoropentane!
1\3!dione\ pyz�pyrazine\ pym�pyrimidine\ pydz�pyridazine\ and mpydz�2!methylpyridazine# have been
synthesized and their crystal structures and cryomagnetic properties have been investigated[ Complex 0 has a
centrosymmetric dinuclear structure with two adjacent manganese atoms linked by a pyz ligand[ The geometry
about each manganese atom is distorted octahedral with NO4 coordination sphere[ The structure of complex
1 is a mononuclear manganese complex with a distorted octahedral geometry of NO4 coordination sphere[ The
crystal structures of complexes 2 and 3 consist of mononuclear manganese complex with the cis!N1O3 six!
coordination sphere[ The temperature dependence of magnetic data for 0 revealed a dinuclear spin
"S0�S1�4:1# weak antiferromagnetic exchange interaction with J� −9[36 cm−0[ Complexes 1Ð3 play a cryo!
magnetic behaviour followed the CurieÐWeiss law[ Þ 0887 Elsevier Science Ltd[ All rights reserved

Keywords] crystal structure^ magnetic properties^ manganese complexes^ binuclear complexes^ diazine
complexes[
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INTRODUCTION

The coordination chemistry of manganese has
achieved remarkable progress in the past decade due
to the increased recognition of this metal|s role in
the biological system involved in the oxygen!evolving
complexes of photosystem II of green plants ð0\ 1Ł and
catalases ð0\ 2\ 3Ł[

A number of manganese!containing\ non!haem
catalases have\ in recent years\ been isolated and char!
acterized ð2\ 3Ł[ This important class of metalloprotein
catalyses the disproportionation of hydrogen peroxide
to dioxygen and water very e.ciently[ Recently\ some
studies have been achieved in the preparation of a
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number of functional\ non!haem catalase mimics of
the model manganese complexes ð4\ 5Ł[

As part of our continuing studies into the magneto!
structural correlation of manganese"II# complexes
with 1\1?!dipyrimidine "bpym# ð6Ł\ very recently\ we
have prepared three complexes of bis"1\3!penta!
nedionate#manganese"II# with diazine ligands and
these complexes exhibited high catalytic activity for
H1O1 disproportionation ð7Ł[ Heterocyclic diazines\
such as pyrazine\ pyrimidine and pyridazine\ are
known to be an excellent bidentate ligand when coor!
dinated to metal ions ð8Ł[ In our laboratory\ we have
continually prepared four new bis"0\0\0\4\4\4!hexa!
~uoropentane!1\3!dionate#manganese"II# complexes
with diazines] ðMn1"hfac#3"m!pyz#"H1O#1Ł1H1O "0#\
ðMn"hfac#1"pym#"H1O#Ł "1#\ ðMn"hfac#1"pydz#1Ł "2#
and ðMn"hfac#1"mpydz#1Ł "3# "pyz�pyrazine\ pym�
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Scheme 0[

pyrimidine\ pydz�pyridazine\ and mpydz�2!methyl!
pyridazine# "Scheme 0#[ Here\ we reported on the syn!
thesis\ X!ray crystal structure and cryomagnetic
properties[

EXPERIMENTAL

1[0[ Preparation of compounds

Bis"0\0\0\4\4\4!hexafluoropentane!1\3!dionate#man!
ganese"II# dihydrate\ Mn"hfac#1 = 1H1O\ was prepared
from the metal acetate by the literature procedures
ð09Ł[ Pyrazine "pyz#\ pyrimidine "pym#\ pyridazine
"pydz# and 2!methylpyridazine "mpydz# were pur!
chased from a commercial source "Aldrich Chemical
Co[# and used without further puri_cation[

ðMn1"hfac#3"m!pyz#"H1O#1Ł1H1O "0#\ ðMn"hfac#1
"pym#"H1O#Ł "1#\ ðMn"hfac#1"pydz#1Ł "2# and
ðMn"hfac#1"mpydz#1Ł "3# were synthesized by mixing
the absolute ethanol solutions of an equimolar quan!
tity of the complex Mn"hfac#11H1O and the diazines[
The solutions were allowed to stand for a few days\
orangeÐyellow crystals of 0 "64) yield#\ light!yellow
crystals of 1 "74) yield#\ 2 "64) yield# and 3 "79)
yield# were _ltered o}\ air dried and characterized
initially by elemental analysis and then by single!crys!
tal X!ray di}ractional analysis[ "Found] C\ 15[4^ H\
0[3^ N\ 1[6[ Calc[ for C13H05F13N1Mn1O01 "0#] C\ 1[53^
H\ 0[4^ N\ 1[5)[ IR "KBr disc#] 0549 vs\ 0461 m\ 0429
m\ 0491 s\ 0149 vs\ 0199 s\ 0041 vs\ 790 m\ 569 s\
599 m cm−0 Found] C\18[4^ H\ 0[3^ N\ 3[8[ Calc[ for
C03H7F01N1MnO4 "1#] C\ 18[5^ H\ 0[3\ N\ 3[8)[ IR
"KBr disc#] 0537 vs\ 0483 m\ 0450 m\ 0424 s\ 0380 s\
0143 vs\ 0198 vs\ 0036 vs\ 0968 m\ 793 s\ 604 m\ 555
s\ 476 m cm−0[ Found] C\ 23[1^ H\ 0[6^ N\ 7[8[ Calc[
for C07H09F01N3MnO3 "2#] C\ 23[2^ H\ 0[5^ N\ 7[8)[
IR "KBr disc#] 0541 vs\ 0478 m\ 0418 m\ 0491 vs\ 0349
m\ 0312 m\ 0148 vs\ 0113 vs\ 0088 vs\ 0032 vs\ 0989
m\ 0957 m\ 861 s\ 685 s\ 654 m\ 594 vs\ 475 m cm−0[
Found] C\ 25[2^ H\ 1[1^ N\ 7[4[ Calc[ for
C19H03F01N3MnO3 "3#] C\ 25[4^ H\ 1[0^ N\ 7[4)[ IR

"KBr disc#] 0537 vs\ 0480 m\ 0444 s\ 0415 s\ 0348 vs\
0338 s\ 0142 vs\ 0105 s\ 0086 s\ 0036 vs\ 0984 m\ 710
m\ 683 s\ 552 s\ 470 m cm−0[

Physical measurements

IR spectra were recorded on a Bio!Rad FTS39!
FTIR spectrophotometer as KBr pellets in the 3999Ð
399 cm−0 region[ X!band EPR spectra at 14>C for the
complexes in powder were recorded on a Bruker ESC!
095 spectrometer[ Temperature dependence of mag!
netic susceptibilities of the polycrystalline samples
were measured between 3 and 299 K at _eld 0 T\ using
a Quantum Design Model MPMS computer!con!
trolled SQUID magnetometer[ Corrections for the
diamagnetism of the complexes were estimated from
Pascal|s constants ð00Ł[

Crystal structure determination

Crystallographic data for complexes 0Ð3 were col!
lected on an EnrafÐNonius CAD!3 di}ractometer
with graphite!monochromatized MoÐKa radiation
"l�9[6096 Aý# at 14>C[ Crystallographic parameters
and pertinent re_nement results are summarized in
Tables 0 and 1[ The structures were solved by the
heavy!atom method using a Patterson map and
re_ned by a full!matrix least!squares method based
on F\ using the NRCVAX software package ð01Ł^ the
function minimized was Sw"=Fo=−=Fc=#1 with
w�0:s1"Fo# and unit weights were used[ All non!
hydrogen atoms were readily located and re_ned with
anisotropic thermal parameters[

RESULTS AND DISCUSSION

2[0[ Crystal structures of complexes 0Ð3

Perspective views with the atomic numbering of
complexes 0\ 1\ 2\ and 3 are shown in Figs 0Ð3\ respec!
tively[ The selected bond distances and angles relevant
to manganese coordination spheres are given in Tables
2Ð5[

Complex 0 has a centrosymmetric dinuclear struc!
ture and two adjacent manganese atoms\ 4[857"3# Aý
apart\ are linked by a pyz bridging ligand[ This inter!
metallic separation is expected for a weak intra!
molecular antiferromagnetic exchange interaction
between two Mn"II# atoms[ The geometry about each
manganese atom is distorted octahedral with NO4

coordination sphere[ The axial positions are _lled with
the nitrogen atom of the bridging pyz ligand and the
oxygen atom ðO"4#Ł of the water molecule\ while the
four equatorial positions are occupied by four oxygens
ðO"3#\O"1#\O"2#\O"3#Ł from the bidentate hfac ligands[
It is notable that F"09#\ F"00# and F"01# of the CF2

group of the hfac ligand are rotationally disordered
about the C"00#ÐC"01# bond[
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Table 0[ Crystallographic data for complexes 0Ð1

0 1

Formula C13H05F13N1Mn1O01 C03H7F01N1Mn1O4

Formula weight 0989[11 456[03
Space group Monoclinic\ P10:c Triclinic\ P0¹
a "Aý# 00[3231"08# 7[7689"03#
b "Aý# 13[826 "5# 09[7816"11#
c "Aý# 6[996"2# 00[648"2#
a "Aý# 009[626"06#
b "Aý# 093[06"2# 89[240"04#
g "Aý# 092[955"04#
V "A� 2# 0826[0"00# 0920[3"2#
Z 1 1
Dcalc "g cm−2# 0[758 0[715
F"999# 0961 447
Unit!cell detectionl 1u range 14^ "03[69Ð13[09# 14\ "04[41Ð13[55#
Scan type u:1u u:1u

1u scan width "># 1"9[79¦9[24tanu# 1"9[59¦9[24tanu#
1u range "># 34[9 49
m"MoÐKa# "cm−0# 3[915 6[451
Crystal size "mm# 9[94×9[94×9[49 9[39×9[39×9[4
Temperature "K# 187 187
No[ of uniqueness re~ections 1413 2527
No[ of observed re~ections ðI×1s"I#Ł 0087 1834
R\ Rw

a 9[946^ 9[940 9[949^ 9[940
GoF 0[66 0[47
"D:s#max 9[9130 9[9907
"Dr#min\max "e A� −2# −9[279^ 9[349 −9[329^ 9[409

a R�ðS=Fo−Fc=:FoŁ\ Rw�Swð=Fo−Fc=1:Sw"=Fo=1#Ł0:1[

Table 1[ Crystallographic data for complexes 2Ð3

2 3

Formula C07H03F01N3MnO3 C19H03F01N3MnO3

Formula weight 522[142 546[16
Space group Monoclinic\ P10:c Monoclinic\ P10:n
a "Aý# 02[222"2# 03[882"6#
b "Aý# 00[9479"02# 7[464"2#
c "Aý# 06[409"2# 10[090"3#
b "Aý# 000[771"05# 81[78"2#
V "A� 2# 1284[6"6# 1698[3"06#
Z 3 3
Dcalc "g cm−2# 0[634 0[500
F"999# 0159 0297
Unit!cell detection^ 1u range 14\ "07[53Ð29[99# 14^ "03[85Ð11[21#
Scan type u:1u u:1u

1u scan width"># 1"9[69¦9[24tanu# 1"9[79¦9[24tanu#
1u range "># 49 34
m"MoÐKa# "cm−0# 5[375 4[683
Crystal size "mm# 9[19×9[29×9[49 9[19×9[19×9[19
Temperature "K# 187 187
No[ of uniqueness re~ections 3103 2628
No[ of observed re~ections ðI×1s"I#Ł 1606 0701
R\ Rw

a 9[953^ 9[959 9[954^ 9[954
GoF 0[22 1[26
"D:s#max 9[9603 9[9096
"Dr#min\max "e A� −2# −9[489^ 9[589 −9[289^ 9[359

a R�ðS=Fo−Fc=:FoŁ\ Rw�Swð=Fo−Fc=1:Sw"=Fo=1#Ł0:1[
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Fig[ 0[ Molecular structure of ðMn1"hfac#3"pyz#"H1O#11H1O 0 with the atomic numbering scheme "29) probability thermal
ellipsoids#[

Fig[ 1[ Molecular structure of ðMn"hfac#1"pym#"H1O#Ł 1 with the atomic numbering scheme "29) probability thermal
ellipsoids#[
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Fig[ 2[ Molecular structure of ðMn"hfac#1"pydz#1Ł 2 with the atomic numbering scheme "29) probability thermal ellipsoids#[

Fig[ 3[ Molecular structure of ðMn"hfac#1"mpydz#1Ł 3 with the atomic numbering scheme "29) probability thermal ellipsoids#[
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Table 2[ Selected bond distances "Aý# and angles "># for 0

MnÐN 1[221"07# MnÐO"0# 1[019"5#
MnÐO"1# 1[052"5# MnÐO"2# 1[039"5#
MnÐO"3# 1[025"5# MnÐO"4# 1[061"6#
Mn = = = Mn 4[857"3#

NÐMnÐO"4# 061[5"2# O"0#ÐMnÐO"2# 067[6"2#
O"1#ÐMnÐO"3# 064[0"2# O"0#ÐMnÐO"1# 73[13"13#
O"2#ÐMnÐO"3# 73[35"14# O"1#ÐMnÐO"2# 84[1"2#
O"0#ÐMnÐO"3# 84[83"13# O"1#ÐMnÐN 78[52"14#
O"2#ÐMnÐN 78[60"14# C"0#ÐNÐC"1# 004[8"7#
MnÐNÐC"1# 011[4"5#

Table 3[ Selected bond distances "Aý# and angles "># for 1

MnÐN"0# 1[174"2# MnÐO"0# 1[021"2#
MnÐO"1# 1[043"2# MnÐO"2# 1[021"2#
MnÐO"3# 1[028"2# MnÐO"4# 1[103"2#

N"0#ÐMnÐO"4# 065[89"02# O"0#ÐMnÐO"2# 065[51"01#
O"1#ÐMnÐO"3# 065[56"01# O"0#ÐMnÐO"1# 72[73"01#
O"2#ÐMnÐO"3# 73[80"00# O"0#ÐMnÐN"0# 89[37"01#
O"1#ÐMnÐO"4# 78[79"02# O"2#ÐMnÐO"4# 74[05"01#
O"3#ÐMnÐN"0# 89[87"01# O"0#ÐMnÐO"3# 85[70"01#
O"1#ÐMnÐO"2# 83[17"00# MnÐN"0#ÐC"3# 011[1"2#
MnÐN"0#ÐC"0# 011[9"2#

Table 4[ Selected bond distances "Aý# and angles"># for 2

MnÐN"0# 1[169"4# MnÐN"2# 1[147"4#
MnÐO"0# 1[029"3# MnÐO"1# 1[077"3#
MnÐO"2# 1[007"3# MnÐO"3# 1[084"3#

N"0#ÐMnÐO"3# 057[63"06# N"2#ÐMnÐO"1# 060[67"06#
O"0#ÐMnÐO"2# 064[0"06# O"0#ÐMnÐO"1# 13[25"04#
O"2#ÐMnÐO"3# 71[17"04# O"0#ÐMnÐN"0# 80[62"06#
O"1#ÐMnÐO"3# 76[39"06# O"3#ÐMnÐN"2# 80[93"02#
N"0#ÐMnÐN"2# 89[61"08# O"2#ÐMnÐN"2# 83[95"07#
MnÐN"0#ÐC"00# 011[0"3# MnÐN"0#ÐN"1# 010[7"3#
MnÐN"2#ÐN"3# 011[9"3# MnÐN"2#ÐC"04# 011[4"3#

The average MnÐO ð1[004 AýŁ bond distances of
MnÐO"0#\ MnÐO"1#\ MnÐO"2# and MnÐO"3# are
somewhat shorter than those of MnÐO"4# ð1[061"6# AýŁ
and MnÐN ð1[221"7# AýŁ Table 1[ The bond angles of
NÐMnÐO"0# ð80[35"14#>Ł and NÐMnÐO"3# ð84[1"2#>Ł
are larger than those of NÐMnÐO"1# ð78[52"14#>Ł and
NÐMnÐO"2# ð78[60"14#>Ł[ Furthermore\ the resultant
bond angle of the axial NÐMnÐO"4# ð061[5"2#>Ł devi!
ated from 079>[

The structure of 1 is a mononuclear manganese"II#
complex with a distorted octahedral geometry of NO4

coordination sphere[ The manganese coordination

sphere consists of two chelating hfac ligands\ one
monodentate pym ligand and one water molecule[ The
axial positions are occupied by nitrogen ðN"0#Ł of the
pym and oxygen ðO"4#Ł of the water molecule\ and
the four equatorial positions are occupied by oxygen
atoms from the bidentate hfac ligands that form a
tetragonal plane[ The in!plane equatorial average
MnÐO bond distances of 1[028 Aý are somewhat shor!
ter than the axial MnÐO"4# ð1[103"2# AýŁ and MnÐN"4#
ð1[174"2# AýŁ bond distances[

The crystal structure of 2 consists of the neutral
ðMn"hfac#1"pydz#1Ł units[ The complex has an approxi!
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Table 5[ Selected bond distances "Aý# and angles "># for 3

MnÐN"0# 1[122"6# MnÐN"2# 1[136"6#
MnÐO"0# 1[034"2# MnÐO"1# 1[066"5#
MnÐO"2# 1[026"4# MnÐO"3# 1[063"4#

N"0#ÐMnÐO"1# 055[22"13# N"2#ÐMnÐO"3# 056[03"12#
O"0#ÐMnÐO"2# 069[27"41# O"0#ÐMnÐO"1# 79[86"10#
O"2#ÐMnÐO"3# 70[47"10# N"0#ÐMnÐO"2# 091[2"2#
N"2#ÐMnÐO"0# 87[59"14# N"0#ÐMnÐO"3# 75[93"13#
N"2#ÐMnÐN"0# 76[02"13# N"2#ÐMnÐO"2# 75[66"13#
O"0#ÐMnÐO"0# 74[89"14# N"0#ÐMnÐN"2# 80[0"2#
MnÐN"0#ÐN"1# 098[3"4# MnÐN"0#ÐC"0# 029[8"5#
MnÐN"2#ÐN"3# 009[3"4# MnÐN"2#ÐC"5# 017[8"5#

mate C1 axis of symmetry[ The coordination geometry
of Mn belongs to the six!coordination type by virtue
of two bidentate hfac and two pydz ligands\ in which
two pydz ligands are of cis arrangement[ The three
oxygens ðO"1#\O"2#\O"3#Ł from the hfac and one nitro!
gen ðN"0#Ł from the pydz ligand are approximately
coplanar and the atoms of nitrogen ðN"2#Ł of pydz and
oxygen ðO"1#Ł lie on an axial perpendicular to this
plane[ The bond distances of MnÐO"1# ð1[077"3# AýŁ
and MnÐO"3# ð1[084"3# AýŁ show longer lengths than
those of MnÐO"0# ð1[029"3# AýŁ and MnÐO"2#
ð1[007"3# AýŁ[ Both of the MnÐO"1# and MnÐO"3#
bonds are trans to the two pydz basic ligands\ are
lengthened compared with the others of MnÐO"0# and
MnÐO"2# bonds due to a trans e}ect of the pydz
ligands[ The bond angles of O"0#ÐMnÐO"2#
ð064[54"06#>Ł are somewhat larger than those of O"1#Ð
MnÐN"2# ð060[67"06#>Ł and O"3#ÐMnÐN"0#
ð057[63"06#>Ł[ Furthermore\ The bond angles of MnÐ
N"0#ÐN"1# ð010[7"3#>Ł\ MnÐN"0#ÐC"00# ð011[0"3#>Ł\
MnÐN"2#ÐN"3# ð011[9"3#>Ł and MnÐN"2#ÐC"04#
ð011[4"3#>Ł are similar and normal ð02Ł[

The crystal structure of 3 is also a mononuclear
manganese"II# complex[ The coordination geometry
of Mn also belongs to the N1O3 distorted octahedral
type\ being similar to that of Mn in complex 2[ The
two pydz molecules are coordinated by the less hin!
dered 0!nitrogen atoms ðN"0# and N"2#Ł[ MnÐO"1#
ð1[066"5# AýŁ and MnÐO"3# ð1[063"4# AýŁ bonds show
longer lengths than MnÐO"3# ð1[034"4# AýŁ and MnÐ
O"2# ð1[026"4# AýŁ as well as in complex 2\ these elon!
gations are also due to a trans e}ect of the mpydz
ligands[ The bond angles of MnÐN"0#ÐN"1# ð098[3"4#>Ł
and MnÐN"2#ÐN"3# ð009[3"4#>Ł are smaller than those
of MnÐN"0#ÐC"0# ð029[8"5#>Ł and MnÐN"2#ÐC"5#
ð017[8"5#>Ł[ These di}erent angles are probably due to
the substantial steric interactions between the methyl
groups of mpydz and the tri~uoromethyl groups of
hfac ligands[ The resultant bond angles of O"1#ÐMnÐ
N"0# and O"3#ÐMnÐN"2# are 055[22"13#> and
056[03"12#>\ respectively[ Comparison of the MnÐ
N"0# and MnÐN"2# bond distances for 3 and 2 give
1[122"6# vs[ 1[169"6# Aý and 1[136"6# vs[ 1[147"4# Aý[

This may result from the rather higher basicity of the
mpydz than the pydz ligand[

EPR spectra and cryoma`netic properties

The powder X!band EPR spectra "8[79 GHz# at
299 K of complexes 0 and 1 display ca 9[951 and
9[984 T\ respectively\ symmetric broad resonance
absorptions with the same ` value of 1[91[ Whereas\ at
299 K\ the EPR spectra\ without discernible hyper_ne
structure of 44Mn\ for 2 and 3 are observed with res!
onances at `] 4[3 "w#\ 2[07 "w#\ 1[92 "s# and 0[31 "w#
for 2^ 5[6 "w#\ 1[69 "w#\ 0[85 "s# and 0[36 "w# for 3[
These data thus indicate that\ in complexes 2 and 3\
and even in complexes 0 and 1\ there exist weak mag!
netic interactions or zero!_eld splitting interactions
"D#[ Although the low temperature EPR spectrum for
the present complexes has not been determined\ in our
case however\ for octahedral high!spin Mn"II#\ due to
its smaller JahnÐTeller e}ect\ in general\ the values of
D for the present species are of the order of 09−1 cm−0

ð03\ 04Ł[
The cryomagnetic behavior of complex 0 rep!

resented by the plots of molar magnetic susceptibility\
xm and xmT vs[ T is depicted in Fig[ 4[ At 299 K\
xmT�7[04 cm2 Kmol−0\ a value somewhat smaller
than expected for two uncoupled manganese"II# ions^
xmT slowly decreases upon cooling and reaches a value
of 6[23 cm2 Kmol−0 at 3 K[ Such a behavior is charac!
teristic of a weak antiferromagnetic interaction
between two high!spin manganese"II# ions[ We have
attempted to reproduce theoretically the experimental
magnetic data of dinuclear complex 0 by use of the
temperature!dependent magnetic susceptibility
expression eq[ "0# ð05Ł\

xm � "1N`1mB:kT#"A:B#\ "0#

based on the isotropic Heisenberg model
"H� −1JS0S1#\ without intermolecular interaction
and the Mn"II# single!ion zero!_eld considerations\
coupling for S0�S1�4:1\ where A�x17¦4x13¦
03x07¦29x09¦44\ B�x29¦2x17¦4x13¦6x07¦8x09¦



D[!M[ Hong et al[2461

Fig[ 4[ Plots of xm "�# and xmT "r# vs[ T for ðMn1"hfac#3"pyz#"H1O#1Ł1H1O 0[ The solid line is the _t provided by equation
"0# "see text#[

00 and x�exp "−J:kT#^ the other symbols have their
usual meanings[ The temperature!independent para!
magnetics for Mn"II# are assumed to be zero[ Values
of −9[36 cm−0 and 1[91 were obtained for J and `\
respectively[ The best data _ts\ as shown in Fig[ 4 "the

Fig[ 5[ Plots of x−0
m "�# and xmT "r# vs[ T for ðMn"hfac#1"pydz#1Ł 2[ The solid line is the _t provided by equation "1# "see

text#[

solid lines#\ display that a satisfactory match to the
experimental data is achieved[ Consequently\ the
weak antiferromagnetic coupling J for 0 most likely
accounts for the longer metalÐmetal separation
"4[86 Aý# through the bridged pyrazine ligand[
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Magnetic susceptibility measurements for mono!
nuclear complexes 1Ð3 were made on powder samples
in the temperature range 3Ð299 K[ The values of xmT
at 299 K are in the range 3[29Ð3[27 cm2 Kmol−0 and
are close to the spin!only value "3[266 cm2 Kmol−0# of
the high!spin Mn"II# ion[ The x−0

m and xmT vs[ T plots
for 1Ð3 show a typical behavior for the paramagnetic
species which obey the CurieÐWeiss law[ The pre!
sentative plots of x−0

m and xmT vs[ T for complex 2\ as
shown in Fig[ 5 and the xmT values decrease as the
temperature below ca 04 K[ The drop in xmT below
04 K may be the result of an intermolecular antiferro!
magnetic interaction or zero!_eld splitting "D# of the
spin multiples ð03Ð05Ł[ Since the inverse susceptibility
plots are linear as a function of temperature for com!
plexes 1Ð3\ the CurieÐWeiss law eq[ "1#\ without zero!
_eld splitting consideration\ was used in the pre!
liminary _ts of the data[

xm � N`1mBS"S¦0#:2k"T−u# "1#

The solid lines in Fig[ 5 for complex 2 are the _t of the
data to the susceptibility eq[ "1#\ using the parameters
`�1[90\ and u� −0[94 K[ Similarly\ the cry!
omagnetic properties of 1 and 3 are also well repro!
duced by eq[ "1#[ The best!_tting magnetic parameters
are `�1[9 with u� −0[14 K for 1 and `�1[91 with
u� −0[34 K for 3[ The molecular _eld exchange con!
stant\ J?\ may be calculated from u�zJ?S"S¦0#:2k
ð06Ł and z is the number of the nearest neighbours[
The values obtained for zJ? in this manner are −9[14\
−9[29 and −9[23 cm−0 for 1\ 2 and 3\ respectively[
These zJ? values indicate the existence of very weak
intermolecular antiferromagnetic interactions in com!
plexes 1Ð3[
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