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Abstract

Four novel tetranuclear macrocyclic compounds [Cdy(1n2-0,CFcCO;),(2,2'-bpy)2(H,0),] - 2H,0 (1), [Zn,(n?-0,CFcCO,),(2,2'-
bpy)»(H20),]- CH30H-H,O  (2), [C02(02CFcCO,),(2,2'-bpy)a(12-OH,),]- CH30H - 2H,0  (3), and [Niy(0,CFcCO,)»(2,2'-
bpy)2(12-OH,),] - CH30H - 2H,0 (Fe = (n’-CsHy)Fe(n’-CsHy) (4) have been synthesized and structurally characterized by single
crystal diffraction. The magnetic behaviors for compounds (3) and (4) are studied in the temperature range of 5.0-300 K. The results
show that the antiferromagnetic coupling of Co'-Co!! pairs occurs in (3), and unusual global ferromagnetic coupling between nickel
(IT) ions exists in (4). The solution-state differential pulse voltammetries of compounds (1)—(4) all show two peaks with large sep-
arations (AE) that indicate strong interactions between two ferrocene moieties. Their fluorescent and thermal properties were also

investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Polycarboxyl ligands play an important role in the
field of coordination chemistry due to the diversity co-
ordination modes such as monodentate mode, biden-
tate-bridging  mode,  bidentate-chelating  mode,
tridentate-bridging mode, tetradentate-bridging mode
and so on. Up to date, a large number of complexes
containing carboxylate ligands have been prepared and
most of them are polymeric [1-15].

On the other hand, ferrocene is one of the most im-
portant compounds not only in the field of organome-
tallic chemistry but also in the field of coordination
chemistry. In the viewpoint of constructing functional
compounds, it may be interesting to incorporate car-
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boxyl group to ferrocene moiety. In this context, ferro-
cenedicarboxylic acid or its sodium salt as a very
important carboxylate derivative has attracted much
attention. It has been exploited as a multifunctional li-
gand due to the size and the strong inductive effect of
ferrocene and the versatile coordination modes of car-
boxylate anions [16-27]. Scheme 1 illustrates the re-
ported coordination modes of ferrocenedicarboxylate
anions. However, so far, most of the coordination
frameworks are built by simple ferrocenecarboxylate
unit. There are only several reported examples con-
taining ferrocenecarboxylate anions and organic li-
gands, such as O-ferrocenecarbonyl benzoic acid and
4,4 -bipyridine, O-ferrocenecarbonyl benzoic acid and
1,2-bis(4-pyridyl)ethane, sodium ferrocenecarboxylate
and 1,2-bis(4-pyridyl)ethane, sodium ferrocenecarboxy-
late and N,N’-bis(3-pyridylmethyl)thiourea, sodium
ferrocenecarboxylate and 4,4’-trimethylene-dipyridine
[28,29].
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Scheme 1. Typical coordination modes for the ferrocenedicarboxylate ligand.

It is well known that the introduction of chelate li-
gands such as 2,2'-bpy are capable of “passivating” metal
sites via the N donors of the organic groups and may
induce new structural evolution [30-33]. Our recent ef-
forts are focusing on designing new coordination com-
pounds containing mixed multifunctional ligands and
investigating their characteristics. Here, we use 1,1’-fer-
rocenedicarboxylic acid and 2,2'-bpy to react with
CdCl, - 2.5H,0, or ZnCl, -6H,0, or CoCl,-6H,0, or
NiCl, - 6H,O in the existence of NaOH and obtain four
novel tetrametallic macrocyclic frameworks [Cds(n?-
02CFCC02)2(2,2’—bpy)2(H20)2]-2H20 (1), [an(nz-OQ
CFcCO0,)»(2,2'-bpy)2(H,0),]- CH;0H -H,0 (2), [Co,
(OzCFCCOz)z(2,2/-bpy)2(pz-OH2)2] -CH30H - 2H,0 (3),
and [Niy(O,CFcCO,)1(2,2'-bpy)a(n2-OHy),] - CH30H -
2H,0 (Fc = (n’-CsHy)Fe(n’-CsHy) (4). In addition, the
electrochemical and fluorescent and thermal properties
of compounds (1)-(4) and the magnetic properties of
compounds (3) and (4) have also been investigated.

2. Results and discussion
2.1. Synthesis
It has been reported that electron-withdrawing sub-

stituent on the cyclopentadienyl ring for ferrocene de-
rivatives may provide a greater photolability, and can

CdCl, 2.5H,0

undergo photolysis in some solvents to cause both ring-
metal and ring-carbonyl cleavages, giving Fe’* cation
and some free radicals [34-38]. If the mixture of metal
ions, 2,2-bpy, I,l’-ferrocenedicarboxylic acid and
NaOH in methanol-water solution are under light, it
could turn from orange to dark-brown solution and then
produce brown precipitate, whose composition cannot
be identified, compounds (1)—(4) could not be obtained.
So, single crystals suitable for X-ray crystallography for
(1)—-(4) were obtained in the dark. The formations of
compounds (1)—(4) are shown in Scheme 2.

All the four complexes are stable in the air. They are
not soluble in common organic solvents, such as MeOH,
EtOH, MeCN, and THF, but just soluble in high-polar
solvents DMSO or DMF.

2.2. Crystal structure of [Cd:(’-0,CFcCO,)5(2,2-
bpy),(H,0);]-2H,0 (1)

The crystal structure analysis by X-ray diffraction
demonstrates that compound (1) exhibits a tetrametallic
macrocyclic framework, where two Cd(II) centers (with
the Cd1-Cdl1A distance of 5.156 A) bridged by two
ferrocenedicarboxylate anions (with the Fel-FelA dis-
tance of 10.138 A). The four coplanar metals Cdl,
Cd1A, Fel, and Fel A form a slightly distorted rhombus
with the sides of 5.440 A (Cdl-FelA and Cdl1A-Fel)
and 5924 A (Cdl-Fel and CdlA-FelA) and the

CH,OM+H,0” €4 N 0,CFeC0,)y(2,2-bpy)y(Hy0),12H,0 1

ZnCl, 6H,0 \

Cf}ll (§H+12{ 3 [Zny(N% 0,CFcCO,),(2,2-bpy),(H,0),]CH;0H H,0 2
Fc(CO,H),+2,2-bpy+NaOH+| 2 2

fﬁ%ﬁiﬁ% [Cox(0,CFeCO,);(2,2-bpy)yHa2- OH,),]CH;OH 2H,0 3

3 2
NiCl, 6H,0 . .
™ INi(O:CFeC0;),2.2-bpy)y - O ICHOH 21,0 4

Scheme 2.
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interior angles of 53.8° and 126.2°, respectively. The
carboxyl groups are deprotonated, in agreement with
the IR data in which no strong absorption peaks around
1678 cm~! for COOH are observed. This molecule
crystallizes in the space group P1. The perspective view
of (1) together with the atomic numbering scheme is il-
lustrated in Fig. 1(a).

Each cadmium atom is coordinated by six donors,
two nitrogen atoms from one chelate 2,2'-bpy ligand,
one oxygen atom from coordination water molecular
and three oxygen atoms belonging to two ferrocenedi-
carboxylato groups. Around the central Cd(Il) atom,
the bond lengths of Cd1-N are 2.334(4) and 2.360(5) A,
respectively; the bond lengths of Cd1-O are in the range
of 2.281(4)-2.426(5) A; the O5-Cd1-N1 bond angle
(176.33(18)°) is close to 180°; O1A, O2A, O3, N2, and
Cdl atoms are nearly co-planar (the mean deviation
from plane is 0.2188 A). So the local environment
around the Cd(II) atom can be best described as a dis-
torted octahedron geometry. It should be noted that the

Fig. 1. (a) Perspective view of compound (1) with atom labeling
scheme. The hydrogen atoms are omitted for clarity. (b) View of one-
dimensional chain in compound (1) showing the intermolecular m—n
interactions.

two 2,2-bpy ligands are equivalent; the two ferrocen-
edicarboxylato ligands are equivalent too. In each 2,2'-
bpy, the dihedral angle between two pyridine rings is
8.9°. In each ferrocenyl moiety, cyclopentadienyl rings
are planar and nearly parallel with a dihedral angle of
2.7°, the intra C-C distances range from 1.414(9) to
1.437(9) A, which are close to those observed in 1,1'-
ferrocenedicarboxylic acid. Furthermore, in every fer-
rocenedicarboxylato moiety (such as in Fel moiety), one
carbonyl group as bidentate-chelating fashion coordi-
nates to Cd1A, another carbonyl group as monodentate
fashion binds to Cdl. The coordination modes are dif-
ferent from those reported tetrametallic compounds
[Zn(1,1'-ferde)(1-methylimidazole),], [39] and [Cu(l,1'-
ferde)(Py)(DMF)(H,0)]2(1,1'-Hyferde = 1,1’-ferrocen-
edicarboxylic acid) [25], in which all the carbonyl groups
are monodentate fashion. The overall conformation of
the ferrocenedicarboxylato moiety in compound (1) can
be regarded as a synclinal (staggered) conformation with
the torsion angle for the moiety being 49.6°, which is
similar to that in [Zn(1,1’-ferdc)(1-methylimidazole),],
[39], and different from the synperiplanar conformation
of free 1,1’-ferrocenedicarboxylic acid (the torsion angle
of the disubsituted ferrocene is 0.3°) and [Cu(l,l’-
ferdc)(Py)(DMF)(H;0)], (the torsion angle of the di-
subsituted ferrocene is 0.1°) [25].

There are two kinds of hydrogen bonds in (1), one is
between O6 (from the crystallized water molecule) and
02 (from the bidentate-chelating coordinated carboxyl),
and the other is between O6 and O5 (from coordinated
water molecule). These hydrogen bonds stabilize the
heterotetrametallic rings. The 06-O2 and 06-O5 dis-
tances are 2.771 and 2.834 A, respectively.

We also found that pyridine rings between adjacent
tetrametallic units are arranged in almost parallel fash-
ion (the dihedral angle between the pyridine rings is
8.9°) with the interplanar distance of av. 3.45 A. Tet-
rametallic macrocyclic units are linked one by one by
these m—7 interactions forming one-dimensional infinite
chains (Fig. 1(b)).

2.3. Crystal structure of [Zny(’-0,CFcCO,);(2,2'-
bpy).(H>0):]- CH;0H -H,0 (2)

The crystal structure of compound (2) is similar to (1).
It contains two kinds of tetrametallic Zny(n3-
0,CFcCO0,),(2,2'-bpy)2(H,0), groups. Each Znl ion is
bonded to two nitrogen atoms from one chelate 2,2-bpy
ligand and four oxygen atoms from one coordination
water molecular and two ferrocenedicarboxylato groups
to furnish a significantly distorted octahedron geometry.
Around Znl ion, OlA, O2A, O3, and N2 atoms are
nearly co-planar (the mean deviation from plane is
0.1302 A), the O5-Zn1-N1 bond angle (170.21(17)°) is
close to 180°, two Znl-N bond lengths are nearly equal
(Zn1-N1=2.174(5) A, Zn1-N2=2.173(4) A, and the
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four Zn1-O bond lengths are 1.916(4), 2.103(4), 2.132(4),
and 2.363(4) A, respectively. Two Znl atoms are linked
by two bridging O,CFcCO3~ leading to a centrosym-
metric tetrametallic ring. In the ring, the four coplanar
atoms Znl, ZnlA, Fel, and FelA form a slightly dis-
torted rhombus with the sides of 5.202 and 5.687 A and
the interior angles of 52° and 128°, respectively. The
Znl-ZnlA and Fel-FelA distances are 4.793 and 9.790
A, respectively. The dihedral angle between two pyridine
rings from one 2,2'-bpy ligand is 7.8°.

Around Zn2 ion, O6A, O7A, 08, and N3 atoms are
nearly co-planar (the mean deviation from plane is
0.0216 A), the O10-Zn2-N4 bond angle is 171.52(16)°,
the Zn2-N bond lengths (2.002(4) and 2.132(4) A) are
shorter than those of Zn1-N, the Zn2-O bond lengths
are ranging from 2.082(4) to 2.463(5) A. In the
tetrametallic  macrocycle  (Zn2),(0,CFcCO,),(2,2'-
bpy)2(H20),, Zn2, Zn2A, Fe2, and Fe2A are coplanar
and form a slightly distorted rhombus with the sides of
5.313 and 5.846 A and the interior angles of 51.2° and
128.8°, respectively. The Zn2-Zn2A and Fe2-Fe2A
distances (4.842 and 10.67 A) are slightly longer than
those in (Znl);(0O,CFcCO;),(2,2'-bpy)2(H,0), unit.

1221

The dihedral angle between two pyridine rings of one
2,2'-bpy ligand is 3.6°; the cyclopentadienyl rings from
the same ferrocenyl moiety are nearly parallel with a
dihedral angle of 2.0°. But the overall conformation of
the ferrocenedicarboxylato moiety is different from that
in (Zn1),(0,CFcCO5),(2,2'-bpy),(H,0), unit and com-
pound (1), it is regarded as a synclinal (eclipsed) con-
formation with the torsion angle of 59.3°.

Separated discrete molecular units (Znl),(O,CFc
C02)2(2,2’—bpy)2(H20)2, HZO, CH3OH, and (Zn2)2
(0,CFcC0,),(2,2"-bpy)2(H,0), are linked orderly by
three kinds of O-H- - -O hydrogen bonds leading to one-
dimensional infinite chains (Fig. 2). The O1B-O11C(W),
O11C(W)-O12A(CH30H) and OI12A(CH3;0H)-09%A
separations are 2.721, 2.598 and 2.665 A, respectively.
Pyridine rings between adjacent two (Znl), (O,

CFcC0,)1(2,2'-bpy)2(H,0), are arranged in face to face
fashion with the av. distance of 3.49 A, and pyridine
rings between adjacent two (Zn2),(0,CFcCO,),(2,2'-
bpy)2(H20), units are stacked with interplanar distance
of av. 3.60 A. Although the m—r interactions are weak,
these kinds of interactions are important in the molecular
assembly.

09AB ¢

RN

XN N
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Fig. 2. View of one-dimensional chain in compound (2) showing the n—7 interactions between the chains.
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2.4. Crystal structure of [Coy(O0,CFcCO;),(2,2-
bpy):(p-OH: )] - CH;OH -2H>0 (3)

The crystal structure of compound (3) is different
from those of (1) and (2). Two cobalt atoms are bridged
by two oxygen atoms from two coordination water
molecules forming a slightly distorted rhombus (Col-
05-Col1A-O5A) with the sides of 2.122 and 2.229 A and
the interior angles of 79.20° and 100.80°. At the same
time, two cobalt atoms are also bridged by two
0,CFcCO3~ ligands leading to a slightly distorted
rhombus (Col-Fel-ColA-FelA) with the sides of
5.654 and 5.712 A and the interior angles of 34.3° and
145.7°, respectively. So the separation between Col and
ColA (3.013 A) is obviously shorter than those of Cd1-
Cdl1A, Znl-ZnlA, and Zn2-Zn2A, but the Fel-FelA
distance (10.860 A) is longer than those in compounds
(1) and (2). The two rhombus planes are arranged at
almost right angle (the dihedral angle between the two
planes is 91.2°).

Each cobalt atom is at a six-coordinated geometry in
which two nitrogen atoms come from one 2,2'-bpy li-
gand, four oxygen atoms from two ferrocenedicarb-
oxylate ligands and two coordinated water molecules,
respectively. The distances of Col-O are ranging from
2.053(2) to 2.229(2) A, the Col-N distances are 2.092(3)
and 2.136(3) A, respectively. N1, N2, O5, O5A, and Col
are nearly coplanar (the mean deviation from plane
is 0.0246 A), and the bond angle of O1A-Col-O4
(176.05(8)°) is close to 180°.

The dihedral angle between the two pyridine rings is
6.2°, the cyclopentadienyl rings are nearly parallel with
the dihedral angle of 1.4°. The carbonyl groups have the
same monodentate coordination mode, which is similar
to those reported Zn(II) and Cu(Il) tetrametallic com-
pounds, [25,39] but different from those in compounds
(1) and (2). The overall conformation of the ferrocen-
edicarboxylato moiety can be regarded as a synperipla-

nar conformation with the torsion angle for the moiety
being 13.2°, which is similar to the synperiplanar con-
formations of 1,l’-ferrocenedicarboxylic acid, but dif-
ferent from the synclinal conformation of ferrocene
moiety in compounds (1) and (2).

Furthermore, two adjacent Co,(0,CFcCO»),(2,2'-
bpy)2(12-OH3), units are bridged by two H,O molecules
through the O-H- - -O hydrogen bonds resulting to one-
dimensional infinite chains (Fig. 3). The O3AA-
O7A(W) and O7A(W)-OIB separations are 2.823 and
2.900 A, respectively.

2.5. Crystal structure of [Niy(O,CFcCO,),(2,2-
bpy):(p-OH> )] - CH;OH -2H>0 (4)

Compound (4) has the same structure as compound
(3). Two nickel atoms are bridged by two oxygen atoms
from two coordination water molecules as well as
bridged by two O,CFcCO3~ ligands forming two
slightly distorted rhombus (Nil-O5-NilA-O5A and
Nil-Fel-NilA-FelA) with the sides of 2.108, 2.138 and
5.628, 5.680 A, respectively. The distance between Nil
and NilA (3.249 A) is longer than that of Col-ColA.

Each nickel atom is coordinated by two nitrogen at-
oms from one 2,2'-bpy ligand and four oxygen atoms
from two coordinated water molecules and two ferro-
cenedicarboxylate ligands. The bond lengths of Nil-N
(2.043(3) and 2.084(3) A) are slightly shorter than those
of Col-N, and the Nil-O bonds lengths are in the range
2.047(3)-2.138(3) A. Nil, N1, N2, OS5, and O5A are
nearly coplanar (the mean deviation from plane is
0.0191 A), and the bond angle of O1-Nil-O3A
(179.33(11)°) is close to 180°.

In compound (4), the coordination modes of the two
carbonyl groups as well as the overall conformation of
ferrocenedicarboxylato moieties (synperiplanar confor-
mation with the torsion angle of 13.1°) are the same as

Fig. 3. View of one-dimensional chain in compound (3) showing the intermolecular hydrogen bonds.
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those in compound (3). In addition, the presence of
hydrogen bonds among Niy(O,CFcCO,)»(2,2'-bpy)a(2-
OH;),, CH30OH and H,O stabilize the heterotetrame-
tallic ring.

2.6. IR spectroscopy

The infrared spectra of compounds (1)—(4) are quite
similar. The band belonging to H,O occurs at 3418 cm™!
for (1), 3372 cm™~! for (2), 3435 cm™! for (3), and 3432
cm ™! for (4). The bands in 3085-3096 and 487-495 cm™!
regions are the characteristic IR bands of the ferrocenyl
group, which are close to the previous reported com-
pounds [40-42]. The characteristic absorption of 2,2’-
bpy are observed as four strong or medium bands in
1563-1571, 1384-1393, 1017-1028, and 772-798 cm~!
ranges. The strong absorption bands at 1563-1571 and
1384-1393 cm~! ranges can be assigned to v,,(COO™)
and v(COO™) vibrations, respectively, which is consis-
tent with the known complexes [43-45].

2.7. Thermogravimetric analysis (TGA)

The TG-DTA of compounds (1)—(4) was determined
in the range of 20-1000 °C in air. The TG curve of
compound (1) exhibits three continuous weight loss
stages in the ranges 73-160, 212-324 and 324-392 °C,
corresponding to the concomitant release of the crys-
tallized water and coordinated water molecules, and the
decomposition of 2,2’-bpy and Fc(COO);~ anions. Fi-
nally, a plateau region is observed from 392 to 1000 °C.
A brown amorphous residue of 2CdO + Fe,O; (ob-
served 36.82%, calculated 36.11%) is remained. There
are one weak endothermic peak (142 °C) and two very
strong exothermic peaks (282 and 364 °C) in the DTA
curve of (1). The TG curve of compound (2) shows that
it loses weight from 46 to 212 °C corresponding to the
losses of solvent molecules (H,O, CH3;OH) and the co-
ordinated water, then keeps losing weight from 212 to
314 °C corresponding to the losses of 2,2'-bpy, and fi-
nally loses weight from 314 to 428 °C corresponding to
the decomposition of the Fc(COO)%* anions. One weak
endothermic peak (184 °C) and two strong exothermic
peaks (304 and 378 °C) in the DTA curve also record the
weight loss processes of various groups. One endother-
mic peak (176 °C) and two exothermic peaks (297 and
381 °C) can also be observed in the DTA curve of
compound (3), it first loses the solvent molecules (H,O,
CH;0H) and the coordinated water from 41 to 211 °C,
secondly goes through weight loss steps in the temper-
ature ranges of 211-324 and 324-417 °C corresponding
to the decomposition of 2,2'-bpy and the Fc(COO)3~
anions. The DTA curve of compound (4) is similar to
that of compound (3). There are also one endothermic
peak (168 °C) and two exothermic peaks (256 and 368
°C) in the DTA curve of compound (4). The weight

losing from 56 to 206 °C is corresponding to the de-
parture of the H,O and CH3;OH, the weight losing from
236 to 288 °C is corresponding to the decomposition of
the 2,2’-bpy, and the weight losing from 288 to 384 °C is
corresponding to the decomposition of the Fc(COO);~
anions.

2.8. Photoluminescent properties

The photoluminescent properties were investigated in
the solid state at room temperature. Compared with the
free 1,1’-ferrocenedicarboxylic acid, the fluorescent in-
tensities of the compounds (1)—(4) are slightly weakened.
Their luminescent spectra as well as 1,1’-ferrocenedi-
carboxylic acid are shown in Fig. 4. Excitation at 241
nm leads to broad violet-fluorescent emission bands at
390 nm for (1), 392 nm for (2), 393 nm for (3), and 391
nm for (4), which are near to the maximum emission at
390 nm for 1,l’-ferrocenedicarboxylic acid under the
same conditions. Therefore, the emissions observed in
compounds (1)—(4) are neither MLCT (metal-to-ligand
charge transfer) nor LMCT (ligand-to-metal charge
transfer) in nature, and can tentatively be assigned to the
intraligand fluorescent emission. In our previous paper,
similar photoluminescences have been reported for the
two-dimensional layered polymers {{M(1>-O,CFcCO>-
N?)(12-1%-0,CFcCO3-1?-p2)o.5(H20),] - mH2 0}, (Fe=
(n°-CsHy)Fe(n’-CsHy), M=Tb*", B, Y3 ;m=1or
2) and one-dimensional wave-shaped polymer {[Cd(n?-
0,CFcCO;-n%)(H,0)3] - 4H,0}, with maximum emis-
sion at 393 nm [26].

2.9. Redox properties

The solution-state differential pulse voltammetries of
compounds (1)-(4) and 1,1’-ferrocenedicarboxylic acid
are shown in Fig. 5. It can be seen from Fig. 5 that these
compounds all show two peaks with half-wave poten-
tials (E}/) at 0.54 and 0.71 V for (1), 0.60 and 0.71 V
for (2), 0.45 and 0.85 V for (3), 0.50 and 0.82 V for (4),

5000 1,1'ferrocenecarboxylic acid

T T T T T T T T T T T it
350 400 450

Fig. 4. Emission spectra of 1,1’-ferrocenecarboxylic acid and com-
pounds (1)—(4) in solid state.
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T T T T T T T T
1.00 080 080 070 080 050 0.40 030
E/V (vs. SCE)

Fig. 5. Differential pulse voltammogram of compounds (1) (b), (2) (a),
(3) (d), (4) (c) and the 1,1'-ferrocenecarboxylic acid (e) (~1.0 x 10~ M)
in DMF containing n-BusNCIO4 (0.1 M) at a scanning rate of 20 mV
s~! (vs. SCE).

and 0.71 and 0.90 V for 1,1'-ferrocenedicarboxylic acid,
respectively, corresponding to the two single-electron
oxidations of the ferrocenyl moieties. Obviously, the
half-wave potentials of (1)—(4) are shifted to lower po-
tentials compared with those of 1,1’-ferrocenedicarb-
oxylic acid. It is apparent that metal ions Cd(II), Zn(II),
Co(II), or Ni(I) have large influence on the half-wave
potentials of the ferrocenyl moieties. The AE values of
ca.0.17 V for (1), 0.11 V for (2), 0.40 V for (3) and 0.32
V for (4) indicate strong interactions between two fer-
rocene moieties. Similar separations (AE) have also
been found in compounds Cu,(1,1’-ferdc),(Py),(DMF),
(H;0); (AE =0.15 V) and Niy(1,1’-ferdc),(Py)4(H,0)
(AE =0.26 V) [25].

2.10. Magnetic properties of [Co,(O,CFcCO,),(2,2'-
bpy):(H;0):]- CH;OH -2H,0 (3)

Variable-temperature magnetic study on compound
(3) was carried out over the temperature range 5.0-300
K. The temperature dependence of yy{ and y T per Co
is depicted in Fig. 6. The thermal evolution of yy obeys
Curie-Weiss law, yy = C/(T — 0) over the whole tem-
perature range with Weiss constant, 6, of —3.61 K and
the Curie constant, Cp, of 2.92 cm?® K mol~!. The ef-
fective magnetic moment per metal atom at room tem-
perature, 4.81 ug, is larger than the spin-only value of
high-spin cobalt (II) (3.87 ug, uso = [4S(S + 1)]"/%;
S = 3/2) but close to the value expected when the spin
momentum and orbital momentum exist independently
[5.20 g, s = [L(L+1) +4S(S+1)])"/* L =3,5 =3/2].
This indicates that an important contribution of the
orbital angular momentum typical for the *T;, ground
term is involved. From 300 to 46 K, the magnetic mo-
ments decrease with the decreasing temperature imply-
ing the existence of an antiferromagnetic coupling
between the paramagnetic Co(II) centers. On further
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2.6 -180
2.4+ 60

2.24 40

X, T/em’ mol" K
wo [oux/r”)(
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Fig. 6. Plots of x,(,[] and y\ T vs. T for (3). Solid line is theoretical curve
obtained with 2 = —80, x = 0.94, 4 =440 and J = 0 cm™.

decreasing the temperature below 46 K, there is a
strange up-down-up behavior. This deviation below 46
K is mainly due to the impurity. One possibility is a
mixing of transmetallated species such as [Fey(O;
CFcC0,)»(2,2-bpy)2(H,0),]- CH30H - 2H,0. Another
possibility is a mixing of metal oxide or metal from
spatula and so on. Very small amount of the paramag-
netic impurity causes a deviation.

In order to further investigate the interaction between
Co'! and Co' ions, we use the magnetic equations re-
ported by Hiroshi Sakiyama et al. [46] to analyze our
experimental data. The data were well simulated in the
temperature range 46-300 K, and the calculated curve is
also shown in Fig. 6. Fitting parameters were 1 = —80,
k=0.94, A =440 and J =0 cm~'. The g values were
calculated as g, = 2.16 and g, = 4.94. The discrepancy
factor R =[5 (obs — Zeate) / - (Zobs) ']/ i the least-
squares fits is 1.99 x 1073,

The spin—orbit coupling A for Co(Il) ions is theoret-
ically expected to be —172 cm™!, but the 4 value for
compound (3) is much smaller than —172 cm~!. The
orbital reduction factor x means the reduction of the
orbital momentum caused by the delocalization of
the unpaired electrons, but it also contains the admix-
ture of the upper *T4(*P) state into *Ty4(*F;) ground
state. In the free Co(Il) ion, k is known to be ~0.93
[47,48]. Known values of the axial splitting parameter A
are in the range 200-800 cm™! [49]. The parameters of x
and 4 obtained for compound (3) are normal. The J
value of 0 cm™! indicates that the magnetic interaction
between the Co(II) ions is very small.

2.11. Magnetic properties of [Niy(O,CFcCO,),(2,2-
bpy).(H:0).]- CH;0H -2H,0 (4)

The variable-temperature magnetic susceptibility
measurements were performed in the temperature range
of 5.0-300 K. The 11(41 and y\ 7T vs. T curves are shown
in Fig. 7. The thermal evolution of y;; obeys Curie—
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Fig. 7. Plot of XK/[] and y\ T vs. T for (4). Solid line is theoretical curve
obtained with g = 2.085,J = 8.15 cm™.

Weiss law, yy = C/(T — 0) over the whole temperature
range with Weiss constant, 6, of 7.19 K and the Curie
constant, Cyy, of 2.238 cm® K mol~!. It can be seen from
Fig. 7, at 300 K, y\T is equal to 2.265 cm® K mol~!,
which is close to the value of the reported dinuclear
nickel complex [Niy(L g),][ClO4] 2(H,0) (L =2-((bis
(2-aminoethyl)amino)methyl)phenol) [50]. When the
temperature is lowered from 300 to 5 K, y\ 7 values
increased continuously. This behavior indicates an un-
usual global ferromagnetic coupling between the nickel
(IT) 1ons. The effective magnetic moment per metal atom
of 3.01 up at room temperature is close to that of the
known complex [Niy(L)(N3)(H,0)] [CF3SOs3]5-4H,0
(L=N[(CH2),NHCH,(C¢H4-m)CH, ~ NH(CH»),]sN)
(terr = 2.85 ug) [51]. The data have been quantitative
analyzed based on the equation [52] deduced from the
isotropic spin Hamiltonian operation, H = —2J8,5,
with quantum numbers S} =S, =1,y may be ex-
pressed by Eq. (1)

_2NP’g* [ exp(2J/KT)+ Sexp(6J /KT)
M TR | T+ 3exp(2J/KT) + Sexp(6 /KT)

+ No,

(1)
where y,, denotes the susceptibility over binuclear
complexes, No is temperature independent paramagne-
tism (Mo = 200 x 107° ¢cm® mol™") and the other sym-
bols have their usual meaning. The experimental data
were well simulated in the temperature range 20-300 K
and the calculated curve is also given in Fig. 7. The best-
fit parameters are J = 8.15 cm™!, g = 2.085. The dis-
crepancy factor R = [Z(Xobs - Xcalc)z/ E(Xobs)z]l/z in the
least-squares fits is 7.89 x 107°.

Researchers have studied the relationship between the
Ni—O-Ni bridging angle and the magnetic behavior, and
pointed out that the antiferromagnetic or ferromagnetic
exchange interactions are influenced by the Ni—O-Ni
bridging angles involved in the superexchange pathway
[53-55]. The ferromagnetic behavior of compound (4)
can be explained by the presence of Ni-O-Ni bridging

angle of 99.83° and the accidental orthogonality of the
magnetic orbital. The compounds with large Ni—-O-Ni
angle always show antiferromagnetic behavior with
the exchange coupling constant J < 0, for example,
[Niz(L1)(py)2](ClOy4), (L1 =tetraaminediphenol macro-
cyclic ligand; 105.7°) [56], [Niy(L2)im],]J(ClO4), (L2=
tetraamino diphenol macrocyclic ligand; 105.7°),
[Niz(L2)(MeOH),(ClOy4)5] - 2NHEt;ClO4 (101.3°), [Ni,
(L2)(H20)4](ClO4), - 4NH,CONH;  (99.5°), [Niy(L2)
(NCS),(H,0),]- 2Me;NCHO  (99.2°). The ferromag-
netic behavior with the exchange coupling constant
J > 0 often appears in the compounds with smaller Ni—-
O-Ni angle, for example, dinuclear nickel(II) complexes
[Nip(L3)(NCS)3;(MeOH)] (HL3 =2-{N-[2-(dimethyl-
amino)ethyl]liminomethyl}-6-{N-methyl-N-[2-(dimethyl-
amino)ethyl]Jaminomethyl}-4-bromophenol; 101.5°) [53],
[Niy(L4)(OAc),]- 10H,O (L4 =2,6-di(aminomethyl)-4-
methylphenol macrocyclic ligand; 95.6°) [54] and
[Nip(L5)(p-O2,CCH2NH;3)(H20),] - (ClO4)2 - 2H,0 (L5 =
tetraaminediphenol macrocyclic ligand; 93.8°) [57], poly-
nuclear nickel(I) complexes [Ni(OMe)(salal)(EtOH)]4
(salal = salicylaldehydato; 97.7°) [58] and [Ni(2,2'-bipy),
(OH),(Hj,btec)]3, (beta=1,2,4,5-benzenctetracarboxyl-
ate; 86.01° and 88.56°) [7].

3. Experimental
3.1. General information and materials

All chemicals were of reagent grade quality obtained
from commercial sources and used without further pu-
rification. Carbon, hydrogen and nitrogen analyses were
carried out on a Carlo-Erba 1106 elemental analyzer. IR
data were recorded on a Nicolet NEXUS 470-FTIR
spectrophotometer with KBr pellets in the 400-4000
cm~! region.

3.2. Preparation of ligand

1,1’-Ferrocenedicarboxylic acid was prepared ac-
cording to the literature method [59,60]. Anal. Calcd. for
CasHyoFesOp6 (%): C, 52.59; H, 3.68. Found: C, 52.62;
H, 3.64. IR (KBr)/cm™~': 3423 m, 3010 w, 1678 s, 1490 s,
1403 s, 1301 s, 1168 s, 1031 m, 839 m, 750 m, 514 m,
488 m.

3.3. Preparation of [Cdy(n?-0,CFcCO;);(2,2"-bpy);
(H,0):]-2H,0 (1)

A methanol solution of 2,2’-bpy (0.05 mmol, 3 ml)
was added into the 2 ml methanol solution of
CdcCl, - 2.5H,0 (0.05 mmol), then 4 ml mixture metha-
nol-water solution of Fc¢(CO;H), (0.05 mmol) and
NaOH (0.1 mmol) was added dropwise to the above
mixture. The resulting orange solution was allowed to
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stand at room temperature in the dark. Good quality
red crystals were obtained after several days. Crystals of
(1) are stable in the air. Yield: 54%. Anal. Calcd. for
C44H40Cd2F62N40122 C, 45.82; H, 3.50; N, 4.86. Found:
C, 46.02; H, 3.47; N, 4.73%. IR (cm~!, KBr): 3418 m,
3085 w, 1571 s, 1476 s, 1393 s, 1163 s, 1017 m, 772 m,
736 m, 516 m, 495 m.

3.4.  Preparation of  [Zny(’-0,CFcCO,),(2,2'-
bpy):(H>0):]- CH;OH - H,0 (2)

The procedure was the same as that for (1), except
that ZnCl, - 6H,O was used instead of CdCl, - 6H,0.
Yield: 62%. Anal. Calcd. for C4sH4Fer;N4O(2Zn,: C,
50.36; H, 3.94; N, 5.22. Found: C, 50.83; H, 4.02; N,
5.17%. IR (cm~', KBr): 3372 m, 3094 w, 1571 s, 1470 s,
1384 s, 1177 s, 1022 m, 798 m, 769 m, 517 m, 495 m.

3.5. Preparation of [Coy(O;CFcCO;);(2,2"-bpy),( 1t2-
OH,),]-CH;0H -2H,0 (3)

The procedure was the same as that for (1), except
that CoCl, - 6H,O was used instead of CdCl,-6H,0.
Yield: 58%. Anal. Calcd. for C45H44C02F€2N4013Z C,

50.12; H, 4.11; N, 5.20. Found: C, 49.86; H, 4.15; N,
5.13%. IR (cm~!, KBr): 3435 m, 3096 w, 1567 s, 1486 s,
1392 s, 1185 s, 1027 m, 772 m, 754 m, 519 m, 487 m.

3.6. Preparation of [Niy(O;CFcCO;);(2,2-bpy);( 1z-
OH,),]-CH;0H -2H,0 (4)

The procedure was the same as that for (1), except
that NiCl, - 6H,O was used instead of CdCl,-6H,O.
Yield: 60%. Anal. Calcd. for C4sHysFerNyNi,Oq3: C,
50.20; H, 4.11; N, 5.20. Found: C, 50.46; H, 4.07; N,
5.28%. IR (cm~!, KBr): 3432 m, 3086 w, 1563 s, 1482 s,
1392's, 1184 s, 1028 m, 775 m, 759 m, 520 m, 492 m.

3.7. Crystal structure determination

All measurements were made on a Rigaku RAXIS-IV
imaging plate area detector with graphite monochro-
mated Mo-Ka radiation (4 =0.71073 A). Red single
crystals  of (1) (0.23x0.20x0.19 mm?), (2)
(0.20 x 0.20 x 0.20 mm?), (3) (0.23 x 0.20 x 0.20 mm?),
and (4) (0.22x0.18 x0.17 mm?®) were selected and
mounted on a glass fiber. All data were collected at a

Table 1
Crystal data and structure refinement for compounds (1)-(4)

Compounds (1) 2) A3) 4)

Formula C44H40Cd2F€2N4012 C45H42F62N40122n2 C45H44C02F€2N4013 C45H44F62N4Ni2013

Formula weight 1153.30 1073.27 1078.40 1077.96

Temperature (K) 291(2) 291(2) 291(2) 291(2)

Wavelength (A) 0.71073 0.71073 0.71073 0.71073

Color Red Red Red Red

Crystal syst Triclinic Triclinic Triclinic Triclinic

Space group Pl P1 Pl P1

a (A) 8.9347(18) 12.431(3) 9.1856(18) 9.2193(18)

b (A) 10.936(2) 16.966(3) 11.628(2) 11.521(2)

c (A) 12.359(3) 10.847(2) 11.897(2) 11.848(2)

o (deg) 112.65(3) 107.58(3) 99.99(3) 99.65(3)

p (deg) 108.27(3) 98.56(3) 108.79(3) 108.68(3)

7y (deg) 94.63(3) 82.29(3) 109.96(3) 110.23(3)

V (A3) 1029.9(4) 2146.9(7) 1071.8(4) 1062.2(4)

4 1 2 1 1

D, (g cm™) 1.860 1.660 1.671 1.685

Absorption coefficient (mm™") 1.781 1.836 1.497 1.616

F(000) 576 1096 552 554

Crystal sizes (mm) 0.23 x0.20 x 0.19 0.23 x0.20 x0.20 0.23 x 0.20 x 0.20 0.20 x 0.18 x 0.17

0 range for data collection 1.93-27.49 1.26-25.00 1.91-27.54 1.91-27.46 x

(deg)

Index ranges -11 <h <11, 0< h< 14, -11 < h <10, -11 < h <10,
0<k<eo, -19 < k €20, 0<k<15 0 <k < 14,
-l6<1 <14 -11 <1< 12 -15<1< 15 -15<1I<15

Reflections collected/unique 2260/2260 5930/5930 3918/3918 3652/3652

Data/restraints/parameters 2260/1/306 5930/0/589 3918/1/321 3652/4/314

Goodness-of-fit on F? 1.076 1.026 1.081 1.006

Final R indices [ > 2a(/)] R, =0.0313 R, =0.0494 R, =0.0363 R, =0.0431
wR, = 0.0769 wR, = 0.1293 wR, = 0.0909 wR, = 0.1058

R indices (all data) R, =0.0398 R, =0.0667 R, =0.0481 R, =0.0607
wR, = 0.0793 wR, = 0.0667 wR, = 0.0944 wR, =0.1123
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temperature of 291(2) K using the w-20 scan technique
and corrected for Lorentz-polarization effects. A cor-
rection for secondary extinction was applied.

The four structures were solved by direct methods
and expanded using the Fourier technique. The non-
hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included but not re-
fined. The final cycle of full-matrix least squares refine-
ment was based on 2260 observed reflections and 306
variable parameters for (1), 5930 observed reflections
and 589 variable parameters for (2), 3918 observed re-
flections and 321 variable parameters for (3), and 3652
observed reflections and 314 variable parameters for (4).
All calculations were performed using the SHELX-97
crystallographic software package [61]. Crystal data and
experimental details for compounds compounds (1)—(4)
are contained in Table 1. Selected bond lengths and
bond angles are listed in Table 2. Electronic supple-
mentary information available: the structural units of
compounds (2)—(4).

Table 2 .
Selected bond lengths (A) and angles (deg) for compounds (1)—(4)

3.8. Determination of TGA-DTA

TGA-DTA measurements were performed by heat-
ing the sample from 20 to 1000 °C at a rate of 10 °C
min~! in air on a Perkin-Elmer DTA-7 differential
thermal analyzer.

3.9. Determination of photoluminescent properties

The luminescent spectra were measured on powder
samples at room temperature using a model F-4500
Hitachi Fluorescence Spectrophotometer. The excita-
tion slit was 5 nm and the emission slit was 5 nm too, the
response time was 2 s.

3.10. Determination of differential pulse voltammetry
Differential pulse voltammetry studies were recorded

with a CHI650 electrochemical analyzer utilizing the
three-electrode configuration of a Pt working electrode,

Polymer (1)*

Cd(1)-0(3) 2.281(4)
Cd(1)-N(2) 2.344(4)
Cd(1)-0O2)#1 2.379(4)
0O(3)-Cd(1)-0(5) 92.84(17)
O(5)-Cd(1)-N(2) 107.34(18)
O(5)-Cd(1)-N(1) 176.33(18)
Polymer (2)°

Zn(1)-0(3) 1.916(4)
Zn(1)-N(1) 2.174(5)
Zn(2)-N(3) 2.002(4)
Zn(2)-0(10) 2.215(4)
0O(3)-Zn(1)-0O(5) 91.74(17)
O(5)-Zn(1)-N(2) 96.60(17)
O(3)-Zn(1)-N(1) 86.67(18)
N(3)-Zn(2)-0(7)#2 144.14(19)
N(3)-Zn(2)-N(4) 80.15(18)
O(7)#2-Zn(2)-N(4) 93.82(17)
Polymer (3)¢

Co(1)-0(4) 2.053(2)
Co(1)-N(1) 2.092(3)
Co(1)-N(2) 2.136(3)
N(1)-Co(1)-N(2) 77.70(11)
0(4)-Co(1)-0(5) 88.90(10)
N(1)-Co(1)-O(5) 178.09(11)
Polymer (4)¢

Ni(1)-N(2) 2.043(3)
Ni(1)-O(1) 2.078(3)
Ni(1)-O(5)#1 2.108(3)
N(2)-Ni(1)-O(3)#1 88.21(13)
O(3)#1-Ni(1)-O(1) 179.33(11)
O(1)-Ni(1)-O(5)#1 89.96(13)

Cd(1)-0(5) 2.305(5)
Cd(1)-N(1) 2.360(5)
Cd(1)-0(1)#1 2.426(5)
0(3)-Cd(1)-N(2) 134.57(17)
0(3)-Cd(1)-N(1) 87.31(16)
N(2)-Cd(1)-N(1) 70.16(17)
Zn(1)-0(5) 2.103(4)
Zn(1)-O(1)#1 2.363(4)
Zn(2)-0(8) 2.082(4)
Zn(2)-O(6)#2 2.463(5)
0(3)-Zn(1)-N(2) 102.54(17)
O(2)#1-Zn(1)-N(2) 137.47(16)
0(5)-Zn(1)-N(1) 170.21(17)
O(8)-Zn(2)-O(7)#2 96.91(16)
O(8)-Zn(2)-N(4) 101.70(16)
N@3)-Zn(2)-0(10) 92.00(16)
Co(1)-O(1)#1 2.086(2)
Co(1)-0(5)#1 2.122(3)
Co(1)-0(5) 2.229(2)
O(5)#1-Co(1)-N(2) 177.90(10)
O(1)#1-Co(1)-O(5) 87.50(10)
O(5)#1-Co(1)-0(5) 79.20(10)
Ni(1)-O(3)#1 2.047(3)
Ni(1)-N(1) 2.084(4)
Ni(1)-0(5) 2.138(3)
N(2)-Ni(1)-0(1) 92.35(12)
N(2)-Ni(1)-N(1) 79.94(14)
N(1)-Ni(1)-O(5)#1 178.18(13)

#Symmetry transformations used to generate equivalent atoms in polymer (1): #1 —x+1,—y +2,—z+ 1.

®Symmetry transformations used to generate equivalent atoms in polymer (2): #1 —x + 1, —y 4+ 1, —z 4+ 2#2 — x, —y, —z.
¢ Symmetry transformations used to generate equivalent atoms in polymer 3): #1 —x+ 1, -y + 1, —z.

4 Symmetry transformations used to generate equivalent atoms in polymer (4): #1 —x — 1, —y, —z.
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a Pt auxiliary electrode, and a commercially available
saturated calomel electrode as the reference electrode
with a pure N, gas inlet and outlet. The measurements
were performed in DMF solution containing tetraethyl
ammonium perchlorate (n-BuyNCIO4) (0.1 moldm™)
as supporting electrolyte, which has a 50 ms pulse width
and a 20 ms sample width. The potential was scanned
from +0.3 to +1.0 V at scan rate of 20 mV s~!.

Caution! Although no problems were encountered in
this work, the salt perchlorates are potentially explosive.
They should be prepared in small quantities and handled
with care.

3.11. Determination of magnetic properties

Variable-temperature magnetic susceptibility data
were obtained on a SQUID susceptometer (Quantum
Design, MPMS-5) in the temperature range 5-300 K
with an applied field of 500 G. All data have been cor-
rected for diamagnetism by using Pascal’s constants [62].
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