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action system containing a divalent transition metal, alkali metal and H
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pdc, and were isolated under different crystalli-
zation conditions. In all complexes, [M(pdc)
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 units were included as independent components to connect to the alkali
metal chains or pdc units.  Alkali metal ions act as templates for inducing the organization of the [M(pdc)
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 compo-
nents into respective special architectures in different fashions. Complexes 
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 are isostructural with the same space
group and similar cell parameters, in which the [M(pdc)
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 units are bonded to the water-bridged K chains forming neu-
tral 2D lamellar-like polymers, while 
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 contains water-bridged Na chains correlated to Mn
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 cluster anions by hydro-
gen bonds, and 
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 is a discrete Ni
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 tetranuclear cluster consisting of Ni(pdc)
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pdc) units. The infrared spectra
of these complexes show a large difference between the asymmetrical and symmetrical stretching vibrations, 
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, for the carboxyl groups, indicating unidentate and unsymmetrical bridging coordination modes.  The vari-
able-temperature electrical conductivities of complexes 
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 were determined to display semiconductor features, and the
magnetic properties of 
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, 
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, 

 

4

 

 and 
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 were also studied.

 

Extensive research attention has been paid to the design and
synthesis of transition-metal complexation by dipicolinic acid
due to its versatile, yet unpredictable, coordination modes,
such as bidentate,

 

1

 

 terdentate
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 and bridging,

 

3

 

 and its interesting
properties, such as diverse biological activity,

 

4

 

 and an ability to
stabilize unusual oxidation states,

 

5

 

 as well as its application to
a diverse area of technology.
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  On the other hand, the chemistry
of heteropolymetallic complexes has been a hot subject on ac-
count of its intriguing magnetic interactions between metal
centers,
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 its relevance to the active site of multimetalloen-
zymes,
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 and its potential as a functional solid material.
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Template synthesis is commonly used to product a regular
metal-ligand framework,
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 and a number of such compounds
have been generated to show how an assembly of metal ions
and organic components can be successfully induced by coun-
terions.
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  However, the cases on metal ions, particularly hard
metal ions as template agents, are relatively rare.
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  This work
reports on systematical reactions of divalent transition metal
(Mn, Co, Zn, Ni) salts with dipicolinic acid in the presence of
alkali metal (Na or K) hydrate as a template reagent to induce
assembly.  Three types of hybrid transition metal-alkali metal
dipicolinato complexes possessing respective special architec-
tures and interesting properties are also included.

 

Results and Discussion

Structures.    Complexes 1–4:    

 

  Because the four com-
plexes are isostructural with each other, as confirmed by X-ray
diffraction, only the structure of 
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 is described as being a rep-
resentative. Selected bond lengths of these complexes and the
angles of 
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 are listed in Table 1.  Neutral polymer 
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in Fig. 1.  In the structure of [K
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, the potas-
sium centers exhibit six or seven-coordinate environments con-
sisting of two bridging carboxyl O atoms, as well as two bridg-
ing and two or three terminal water molecules. It is noticed that
the mean K–O

 

pdc

 

 distance of 2.82 Å (K2–O1, 2.7075(1) Å;
K1–O1, 2.9359(2) Å) is shorter than that of the mean K–O

 

aqua

 

of 2.91 Å (K1–O5, 2.8027(2) Å; K2–O5, 3.0202(2) Å), indi-
cating that the carboxyl O bridges may play a more important
role in stabilizing the [K
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 chain (K
chain), as shown in Fig. 2.  The separations between potassium
ions of 4.09–4.17 Å for 
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 are smaller than the sum of the van
der Waals radii, implying a possible weak intermetallic inter-
action.
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  In the structure of [Mn(pdc)
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, the Mn(
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) ion is
chelated by two terdentate pdc ligands to form a strongly dis-
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torted octahedron with the following axial angles: N–Mn–N#
(#: x, −y + 3/2, −z + 1/2) of 166.80(8)° and O3–Mn–O2 of
144.63(5)°, and other angles ranging from 72.42(5)° to
117.41(5)°.  The basic [MnK2(pdc)2(H2O)7] units develop
along the crystallographic bc plane to form a 2D lamellar
structure, as shown in Fig. 3, in which [Mn(pdc)2]2− fragments
lie between parallel K-chains and link the K-chains by carbox-
yl O atoms.  Taking vividly sinusoid-like features, the K-
chains wind their way between the [Mn(pdc)]2− units with an
interchain separation of 8.159 Å, and display a template effect
of inducing a regular arrangement of [Mn(pdc)]2− fragments

Table 1.   Selected Bond Lengths (Å) of 1–4 and Angles (°) of 1

1, M = Mn 2, M = Co 3, M = Zn 4, M = 0.5(Mn + Co)

M–N 2.1625(2) 2.028(2) 2.015(3) 2.088(2)
M–O3 2.2169(1) 2.1597(18) 2.170(2) 2.1835(18)
M–O2 2.2287(1) 2.1662(17) 2.195(3) 2.1891(19)
K1–O5 2.8027(2) 2.799(2) 2.803(3) 2.798(2)
K1–O6 2.9171(3) 2.8838(19) 2.889(3) 2.9060(19)
K1–O1 2.9359(1) 2.979(3) 2.961(4) 2.910(4)
K1≥K2 4.1693(4) 4.1279(5) 4.1140(7) 4.1447(5)
K2–O8 2.6651(4) 2.663(5) 2.661(7) 2.661(5)
K2–O1 2.7075(1) 2.7467(18) 2.723(3) 2.7295(19)
K2–O7 2.8021(2) 2.795(2) 2.803(3) 2.797(2)
K2–O5 3.0202(1) 2.960(2) 2.954(3) 2.985(2)

Selected Angles of 1
N#1–Mn–N 166.80(8)           O6–K1–O8#3 130.69(8)
N–Mn–O3 72.70(5)           O1–K1–O8#3 64.82(1)
N–Mn–O3#1 117.41(5)           O5–K1–O8#4 90.78(2)
O3–Mn–O3#1 89.67(7)           O6–K1–O8#4 58.53(1)
N–Mn–O2#1 97.95(5)           O1–K1–O8#4 130.07(1)
O3–Mn–O2#1 101.22(6)           O8–K2–O1 86.01(16)
N–Mn–O2 72.42(5)           O1#3–K2–O1 161.42(7)
O3–Mn–O2 144.63(5)           O8–K2–O7#3 145.37(17)
O2#1–Mn–O2 89.17(8)           O1–K2–O7#3 90.02(5)
O5#2–K1–O5 83.99(7)           O7#3–K2–O7 82.41(8)
O5–K1–O6#2 124.96(5)           O8–K2–O5 86.92(16)
O5–K1–O6 81.09(5)           O1–K2–O5 78.79(4)
O6#2–K1–O6 147.32(8)           O7–K2–O5 141.01(6)
O5–K1–O1 78.78(4)           O8–K2–O5#3 73.51(16)
O6–K1–O1 71.61(5)           O1–K2–O5#3 98.02(5)
O5–K1–O1#2 153.88(5)           O7–K2–O5#3 58.61(5)
O6–K1–O1#2 92.83(5)           O5–K2–O5#3 160.37(7)
O1–K1–O1#2 123.53(6)           K2–O1–K1 95.17(4)
O5–K1–O8#3 69.11(1)           K1–O5–K2 91.37(5)
K2–O8–K1#3 90.36(1)

Symmetry codes: #1, x, −y + 3/2, −z + 1/2; #2, x, −y + 3/2, −z − 1/2; #3, −x + 3/2,
−y + 1, z; #4, −x + 3/2, y + 1/2, −z − 1/2.

Fig. 1.   Structure of 1 with selected atom-labeling scheme
showing a [MnK2(pdc)2(H2O)7] unit and the extension of
the unit along bc plane.  All hydrogen atoms are omitted
for clarity.

Fig. 2.   A view of 1-D [K2(µ-H2O)(µ-Ocarboxyl)] chain in 1
showing the coordination environments of K centers.  Hy-
drogen atoms are omitted for clarity.
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along both sides of the chains.  These 2D layers are further
linked through extensive hydrogen bonds (listed in Table 2) to
produce a 3D layer-stack-like supramolecular architecture with
an interlayer distance of 10.61 Å.

Complex 5:    As shown in Fig. 4, the structure of 5 con-
tains a large Mn2Na2 cluster dianion, [Mn2Na2(pdc)4(H2O)8]2−,
which consists of a [Na2(µ-H2O)2(H2O)6]2+ dimer and two
[Mn(pdc)2]2− units linked together by carboxyl O atoms.  The
sodium dimer acts as a template to arrange two [Mn(pdc)2]2−

units on both sides of the dimer by the linkage of Na–Opdc.
The structural parameters of the [Mn(pdc)2]2− fragment are
very close to those in 1–4, just as listed in Table 3.

There are water bridged Na chains, [{Na2(µ-H2O)2}(µ-
H2O)]n, outside of the center Mn2Na2 cluster dianions, main-
taining the charge balance of the whole complex.  Hydrogen-
bonding interactions exist between the carboxyl groups and li-
gated water or solvate H2O (O37 and O38) molecules, as

shown in Fig. 4 caption.  These hydrogen bonds correlate the
Na chains and the Mn2Na2 dianions while generating a compli-
cated-hydrogen bonding network and a 3D supramolecular
framework, as shown in Fig. 5.  The Na chains and the Mn2Na2

dianions are arrayed alternately in the structure without any di-
rect covalent bonding interaction between them, except for hy-
drogen-bonding interactions.  Scheme 1 simplifies the su-
pramolecular structure of 5, showing the structural difference
between 1–4 and 5: (1) Na chains do not contain oxygen atoms
of pdc ligands, in contrast to the participation of pdc into the K
chains for 1–4; (2) Na chains contain both single and double µ-
O bridges different from the K chains, which contain only dou-
ble µ-O bridges, and (3) compared to the sinusoid-like feature
of the K chains, the tropism of the Na chains is irregular.

Complex 6:    The structure of 6 consists of a mixed Ni2K2

cluster dianion, [Ni2K2(pdc)4(H2pdc)2(H2O)2]2−, one counteri-

Fig. 3.   View of the lamellar structure of 1 showing the
[Mn(pdc)2]2− units alternately located at both the sides of
the K chain. The sinusoid-like K chains are embedded be-
tween two adjacent arrays of Mn units with the separation
of 8.159 Å in the bc plane.

Table 2.   Parameters (Å, °) for Hydrogen-Bonding Interac-
tions of 1

D–H≥A d (D–H) d (H≥A) < DHA d (D≥A)

O5–H5B≥O3a) 0.865 2.009 168.06 2.861
O5–H5C≥O7b) 0.852 2.109 146.10 2.856
O6–H6A≥O2 0.835 1.906 169.06 2.730
O6–H6B≥O4c) 0.807 1.998 167.01 2.791
O7–H7A≥O6d) 0.836 1.970 170.59 2.798
O7–H7B≥O4e) 0.809 2.102 171.71 2.905
O8–H8A≥O6f) 0.861 2.562 112.12 2.994 
O8–H8B≥O4g) 0.853 2.122 166.87 2.960

Symmetry codes: a) x + 1/2, −y + 3/2, z − 1/2; b) −x
+ 3/2, −y + 1, z; c) −x + 1, y + 1/2, z − 1/2; d) −x + 3/2,
y − 1/2, −z + 1/2; e) −x + 1, −y + 1, −z + 1; f) −x
+ 3/2, y − 1/2, −z − 1/2; g) −x + 1, −y + 1, −z.

Fig. 4.   ORTEP drawing of 5 with atom-labeling showing thermal ellipsoids at 30% probability.  Hydrogen bonds are listed as O≥O
separations (Å): O5≥O25, 2.810; O5≥O27, 2.828; O6≥O28, 2.933; O7≥O38, 2.777; O24≥O38, 2.754; O10≥O37, 2.722;
O19≥O37, 2.653.
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on, [Ni(H2O)6]2+, and two solvate water molecules.  Figure 6
and Table 4 show the structure of the Ni2K2 cluster anion and
the selected bond parameters, respectively.  The Ni2K2 cluster
anion consists of two [Ni(pdc)2]2− and two [K(H2pdc)(H2O)]+

subunits.  The Ni(Ⅱ) center displays a strongly distorted octa-
hedral geometry like those of [M(pdc)2]2− in 1–5, and is che-
lated by two pdc2− ligands with Ni–O distances in the range
2.120(3)–2.175(3) Å, Ni–N distances of 1.974(3) Å and
1.978(3) Å, and the most distorted angle, O8–Ni1–O6, of
154.01(1)°.  The K center is terdenatately chelated by a neutral
H2pdc with a K–N distance of 2.889(3) Å and K–O distances
of 2.734(3) and 2.938(3) Å; in addition, one water molecule
(K1–O13, 2.721(4) Å) and two other carboxyl oxygen atoms
from the neighboring two [Ni(pdc)2]2− fragments (K1–O2,
2.958(3); K1–O1#, 2.796(3) Å; #: −x + 1, −y − 1, −z + 1)
complete the six-coordinate structure.  The positioning of the
acidic H atom is based on the following: (1) The ESR spec-
trum confirms the Ni(Ⅱ) oxidation state (g = 2.4607 close to

Table 3.   Selected Bond Lengths (Å) and Angles (°) of 5

Mn1–N2 2.133(7) Na1–O19 2.344(1)
Mn1–N1 2.158(8) Na1–O17 2.375(8)
Mn1–O3 2.214(8) Na1–O18 2.416(9)
Mn1–O7 2.205(8) Na1–O22 2.468(1)
Mn1–O2 2.223(9) Na1–O21 2.476(9)
Mn1–O6 2.250(9) Na1–O13 2.504(9)
Mn2–N4 2.143(9) Na2–O24 2.351(1)
Mn2–O10 2.175(9) Na2–O21 2.449(1)
Mn2–N3 2.182(9) Na2–O23 2.457(9)
Mn2–O14 2.195(8) Na2–O22 2.532(1)
Mn2–O15 2.248(8) Na2–O4 2.529(1)
Mn2–O11 2.253(9) Na2–O20 2.522(9)

N2–Mn1–N1 169.9(3) O19–Na1–O17 88.9(4)
N2–Mn1–O3 110.9(3) O19–Na1–O18 100.9(4)
N1–Mn1–O3 73.4(3) O17–Na1–O18 89.1(3)
N2–Mn1–O7 72.2(3) O19–Na1–O22 171.8(4)
N1–Mn1–O7 117.6(3) O17–Na1–O22 98.7(4)
O3–Mn1–O7 87.3(3) O18–Na1–O22 82.4(4)
N2–Mn1–O2 105.1(3) O19–Na1–O21 87.1(3)
N1–Mn1–O2 71.2(3) O17–Na1–O21 176.0(5)
O3–Mn1–O2 144.1(3) O18–Na1–O21 91.0(3)
O7–Mn1–O2 103.9(4) O22–Na1–O21 85.3(3)
N2–Mn1–O6 71.9(3) O19–Na1–O13 89.3(3)
N1–Mn1–O6 98.2(3) O17–Na1–O13 86.7(3)
O3–Mn1–O6 104.4(4) O18–Na1–O13 168.9(4)
O7–Mn1–O6 144.1(3) O22–Na1–O13 88.1(4)
O2–Mn1–O6 86.4(4) O21–Na1–O13 93.9(3)
Na2–O21–Na1 96.0(4) Na1–O22–Na2 94.1(4)

Fig. 5.   Perspective view of the structure of 5 showing the 3D
framework generated from hydrogen-bonding interactions
(view along the a axis).

Scheme 1.   Supramolecular structure scheme of 5 showing
the correlation of Na chains and Mn2Na2 cluster units.  Dot
lines indicate hydrogen bonding interactions between both
the components.

Fig. 6.   ORTEP drawing of cluster anion of complex 6 with
independent atom-labeling showing thermal ellipsoids at
35% probability.
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the value reported in the literature );14 so as to keep the electro-
neutrality of the compound, two protons need to be added to
the pdc2− ligands.  (2) The strong IR absorption at 1714 cm−1

can be assigned to the asymmetrical stretching vibration of a
protonated carboxyl group, as reported for a complex contain-
ing diacid.15  (3) The large bond lengths of C15–O11 (1.315(5)
Å) and C21–O9 (1.296(5) Å) indicate that the H atoms should
be added to the O11 and O9 positions, which is also in agree-
ment with the case of [Zn(pdc)(H2pdc)]•2H2O.16  Four metal
atoms make a parallelogram framework in which an electrop-
ositive K ion acts as a template for inducing the formation of a
hetero-tetra-metal aggregate by linking electronegative car-
boxyl O atoms of two [Ni(pdc)2]2− fragments to the K ion.
Notably, as a novel mixed four-metal cluster, this complex
would provide a potential for modeling a heterometal nickel-
containing enzyme, and for homogeneous catalysis and molec-
ular tools in DNA cleavage as other dipicolinato complexes.17

Syntheses.    Complexes 1–6 were all generated through the
self-assembly system of dipicolinic acid, alkali and transition
metal ions under similar conditions.  Three types of the mixed
metal clusters were isolated.  A common feature of all of these
complexes is that transition-metal dipicolinate, [M(pdc)2]2−,
fragments exist in these complexes as a basic structural unit.
When KOH was used in the reaction, the [M(pdc)2]2− frag-
ments of complexes 1–4 were linked to a water-bridged alkali-
metal chain.  However, when NaOH was used to prepare 5, the
[M(pdc)2]2− fragments only existed in the Mn2Na2 cluster di-
anions, which are independent outside of the Na/H2O chain.
Contrary to the chain structure, complex 6 formed a hetero tet-
ranuclear, Ni2K2, cluster with the [Ni(pdc)2]2− fragment linked
by the [K(H2pdc)]+ unit.  Though the results of the self-assem-
bly are complicated and seemingly unpredictable, it is suggest-

ed that the construction of a specific architecture for these
complexes may be alkali metal-ion dependent.  Attempts to
produce the same polymeric structure as that of 1 by substitut-
ing NaOH for KOH in the reaction did not succeed, and com-
plex 5 was always obtained, indicating the influence of the size
of the alkali metal on the structure of the resulting product.  It
is clear that the difference in radii of 0.35 Å between the Na+

and K+ ions does not allow the same type of supramolecular
interactions, due to a higher steric crowding in Na+-containing
structures.  Consequently, only simple Mn2Na2 tetranuclear
moieties are produced together with independent Na chains.
On the other hand, the structurally dramatic difference of 6
should be attributed to the conditions of the reaction and isola-
tion.  Water was selected as the solvent instead of an organic
solvent, such as MeOH, in the preparation of 6.  The poor solu-
bility of a metal cluster in ether/H2O promotes the rapid depo-
sition of small molecules, while crystallization of other com-
plexes, 1–5, in MeOH needs a prolonged time (weeks).  How-
ever, the participation of alkali-metal ions is crucial to yield
these special structures from a heterotetranuclear Mn2Na2,
Ni2K2 cluster to supramolecular M/K complexes containing
water-bridged alkali chains.  According to the size of the alkali
metal ion and the reaction conditions, the alkali metal ions as
the template play an important role in for inducing a suitable
array of [M(pdc)2]2− fragments.

Infrared Spectra.    All of the complexes show obvious
widening peaks at ca. 3300–3550 cm−1, which stem from the
existence of many water molecules associated with the water-
bridged alkali metal chains of complexes 1–5.  Complex 6 con-
tains solvate H2O molecules, indicated by the peaks at 3448
and 3521 cm−1.  It is also noted that complexes 1–5 display
asymmetric stretching vibrations of the COO− groups in the
range from 1639 cm−1 to 1585 cm−1, and symmetric stretching
vibrations, νs(COO−) from 1429 cm−1 to 1362 cm−1.  In addi-
tion to the aforementioned absorptions, complex 6 shows a
high-frequency vibration at 1714 cm−1 (vide supra) associated
with the asymmetric stretching vibration of the protonated car-
boxyl group.  In these complexes, all of the carboxyl groups
coordinate to the transition and alkali metal ions in unsymmet-
rical bridging (M–O–C–O–M′) and unidentate (M–O–CwO)
modes, which are believed to associate with the large differ-
ence between the asymmetric and symmetric COO stretchings,
∆(νas − νs).18  For all of these complexes, the ∆(νas − νs) val-
ues are larger than 200 cm−1, which is a general indication18 of
unidentate or unsymmetrical bridging coordination.  Chelating
carboxyl leading to a small ∆(νas − νs) value was not found,
which is also in agreement with the spectral feature for these
complexes.

Electrical Conductivity.    The water-bridged alkali metal
chains are a common characteristic of complexes 1–5.  Ther-
mogravimetic analyses (TGA) revealed these complexes as be-
ing thermally stable below 393 K.  Accordingly, the electrical
conductivities of 1–5 were measured in the temperature region
between 286 and 383 K.  The conductivities vary over the
range from 1.18 × 10−5 to 5.26 × 10−5 S cm−1 at room tem-
perature for these complexes, and take on a rising trend (Fig. 7)
with increasing temperature, interestingly exhibiting semi-con-
ductivity.19  The corresponding activation energies were calcu-
lated to be 17.971, 6.139, 25.930, 14.883 and 8359 kJ mol−1,

Table 4.   Selected Bond Lengths (Å) and Angles (°) of 6

Ni1–N2 1.974(3) O1–C1 1.244(5)
Ni1–N1 1.978(3) O2–C1 1.269(5)
Ni1–O8 2.120(3) O3–C7 1.228(5)
Ni1–O4 2.129(3) O4–C7 1.273(5)
Ni1–O2 2.138(3) O5–C8 1.231(5)
Ni1–O6 2.175(3) O6–C8 1.272(5)
K1–O13 2.721(4) O7–C14 1.249(5)
K1–O10 2.734(3) O8–C14 1.258(5)
K1–O1#2 2.796(3) O9–C21 1.296(5)
K1–N3 2.889(3) O10–C21 1.218(5)
K1–O12 2.938(3) O11–C15 1.315(5)
K1–O2 2.958(3) O12–C15 1.213(5)

N2–Ni1–N1 175.84(1) O10–K1–N3 58.01(9)
N2–Ni1–O8 77.91(1) O1#2–K1–N3 127.70(1)
N1–Ni1–O8 101.24(1) O13–K1–O12 128.21(1)
N2–Ni1–O4 98.13(1) O10–K1–O12 114.06(9)
N1–Ni1–O4 77.80(1) O1#2–K1–O12 73.46(9)
O8–Ni1–O4 92.43(1) N3–K1–O12 56.11(9)
N2–Ni1–O2 106.28(1) O13–K1–O2 71.31(1)
N1–Ni1–O2 77.78(1) O10–K1–O2 73.88(9)
O8–Ni1–O2 92.12(1) O1#2–K1–O2 105.89(9)
O4–Ni1–O2 155.58(1) N3–K1–O2 125.69(9)
N2–Ni1–O6 77.17(1) O12–K1–O2 156.32(1)
N1–Ni1–O6 103.89(1) O13–K1–O10 92.01(1)
O8–Ni1–O6 154.80(1) O13–K1–O1#2 71.64(1)
O4–Ni1–O6 94.70(1) O10–K1–O1#2 162.32(1)
O2–Ni1–O6 91.30(1) O13–K1–N3 129.24(1)

Symmetry codes: #1 −x + 1, −y, −z + 1; #2 −x + 1,
−y − 1, −z + 1.
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respectively, by analyzing the conductivity curves.  The electri-
cal conductivity of a complex as one piece of evidences has
been provided to explain the weak interaction between the
metal ions in extended solid structures.20  It seems that the
semi-conductivity of these complexes should be correlated to
their common structural characteristic, such as alkali metal
chains containing H2O bridges in which the intermetallic sepa-
ration is smaller than the sum of the van der Waals radii, show-
ing the existence of a Malkali–Malkali weak interaction.  A com-
plex with a similar alkali metal chain, [Na2(µ-OH)2]n, has been
reported to have a semiconductor feature.21  Therefore, the al-
kali metal chains may provide a potential way to pass electrici-
ty.  It is noted that complexes (1, 3, 4) containing K-chains
have a higher conductivity than that of complex 5 containing
Na-chains, which appear to be more disordered in the crystal
structure when compared to the K-chains, and may decrease
the ability to pass electricity.  Some differences in the value of
the electrical conducting properties between these complexes
also imply that the transition-metal ions may also participate in
the passage of electricity, and would concern its passage.
Though it is difficult to explain why the Co/K complex (2) has
the lowest conductivity, the adulteration of the Mn ion obvi-
ously increases the conductivity of complex 4.  Consequently,
the influence of both the alkali and the transition metals on the
electrical conductivity is indicated.

Magnetic Properties.      Variable-temperature magnetic
susceptibility measurements of 1, 2, 4, and 5 were carried out
in the range of 5–300 K.  The temperature dependence of the
experimental effective magnetic moments (µeff) for these com-
plexes is shown in Fig. 8.  The paramagnetic sites, Mn(Ⅱ) and
Co(Ⅱ), in an octahedral environment are generally considered
to be in a high spin state, S = 5/2 for Mn(Ⅱ) and S = 3/2 for
Co(Ⅱ).  Because of a too long separation of the M(Ⅱ) centers
(M = Mn, Co) to transfer magnetic interactions, the magnetic
interactions between paramagnetic sites can be omitted.  The
magnetic behaviors of these complexes with the temperature
variation should be attributed to a zero-field splitting of Mn(Ⅱ)
in the ground state (6A1g) for Mn complexes (1, 5), or the ac-
tions of both the ligand field and the spin-orbit coupling for
Co(Ⅱ) complex 2.

The following theoretical expression22 for the zero-field

splitting of S = 5/2 spin was used to fit the variable-tempera-
ture susceptibilities for 1 and 5:

(1)

The actions of the ligand field and spin-orbit coupling for
Co(Ⅱ) can be expressed as follows, and was used for fitting the
magnetic data of complex 2.

(2)

The following equation was used to fit the magnetic data of
complex 4:

(3)

where χMn and χCo were calculated by Eq. 1 and Eq. 2, respec-
tively.

A least-squares fitting of the experimental data for each
complex led to D = 2.1 cm−1, g = 2.0 and R = 1.04 × 10−4

for 1, D = 2.2 cm−1, g = 2.0 and R = 8.7 × 10−6 for 5 and λ
= −102.1 cm−1, y = 1.15, and R = 1.23 × 10−3 for 2.  Here,
λ is the spin-orbit coupling parameter, y is a parameter repre-
senting the intensity of the ligand field, 1.0 < y < 1.5 was con-
sidered to be reasonable23 and R is the agreement factor, de-
fined as R = Σ[(χM)obs − (χM)calcd]2/Σ[(χM)obs

2].  According to
the zero-field splitting of Mn(Ⅱ) and the actions of both the
ligand field and the spin-orbit coupling of Co(Ⅱ), the fitting for
complex 4 also gave a reasonable result: D = 0.46 cm−1, g =

Fig. 7.   Plot of temperature-dependent conductance of com-
plexes 1, 2, 3, 4 and 5.

Fig. 8.   Temperature dependence of the experimental effec-
tive magnetic moments (µeff) per MK2 unit of complexes 1,
2 and 4 and per Mn2Na2 unit of complex 5.  The solid lines
represent the calculated values.
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2, λ = −65.3 cm−1, y = 1.31, and R = 1.25 × 10−4.

Experimental

All manipulations were performed under aerobic conditions,
and all commercially available reagents were used as received.  IR
spectra were recorded on a Magna-75-FT-IR spectrophotometer as
KBr pellets (4000–400 cm−1).  The variable-temperature suscepti-
bility was measured on a model CF-1 superconducting magnetom-
eter with a crystalline sample kept in a capsule at 5–300 K.  Dia-
magnetic corrections were made with Pascal’s constants for all of
the constituent atoms of the determined complexes.  Elemental
analyses were performed by a Germany Elemental Analyzer Vario
EL Ⅲ.

[MK2(pdc)2(H2O)7]n (M = Mn(1), Co(2), Zn(3)):     Dipi-
colinic acid (4 mmol) and KOH (8 mmol) were dissolved in 30 mL
of a H2O/CH3OH solution (v/v, ca. 1:2).  To the clear solution,
Mn(OAc)2•4H2O (2 mmol) in 5 mL of H2O was added dropwise
with continuous stirring.  The resulting yellow solution was al-
lowed to stand for three weeks at 4 °C to give yellow prismatic
crystals of 1 (yield, 91%).  Anal. Calcd for C14H20K2MnN2O15: C,
28.53; H, 3.42; N, 4.75; Mn, 9.32%; Found: C, 28.81; H, 3.24; N,
4.41; Mn, 9.25%. IR (KBr) 3454 (br s), 1628 (s), 1589 (s), 1379
(s), 1362 (s), 1277 (m), 1184 (m), 1078 (m), 1028 (m), 914 (m),
768 (s), 741 (s), 694 (m), 667 (s), 428 cm−1 (m).  The preceding
procedure was utilized to synthesize complexes 2–3 using the cor-
responding metal(Ⅱ) acetate instead.  Similar IR data of complex-
es 2–3 to those of 1 were observed, and satisfactory elemental
analyses were also obtained.

[Mn0.5Co0.5K2(pdc)2(H2O)7]n (4):    The preceding procedure
was utilized to synthesize complex 4 using Mn(OAc)2•4H2O
(1 mmol) and Co(OAc)2•4H2O (1 mmol) as a transition-metal ace-
tate.  Green-blue block crystals of 4 were obtained (yield, 77%)
after one week.  Anal. Calcd for C14H20Co0.5K2Mn0.5N2O15: C,
28.43; H, 3.41; N, 4.74; Mn, 4.64; Co, 4.98%; Found: C, 28.51; H,
3.35; N, 4.65; Mn, 4.78; Co, 5.07%. IR data of 4 were very close
to those of 1.

{[Na2(H2O)8(CH3OH)0.5][Mn2Na2(C7H3NO4)4(H2O)8]}n (5):
The replacement of KOH by NaOH in the procedure for prepara-
tion of 1 afforded a yellow powder, which was recrystallized from
20 mL of a H2O/CH3OH solution (v/v, ca 1:5) to give yellow pris-
matic crystals of 5 (yield, 64%) after two weeks.  Anal. Calcd for
C28.5H46Mn2N4Na4O32.5: C, 29.34; H, 3.97; N, 4.80; Na, 7.88; Mn,
9.42%; Found: C, 30.03; H, 3.01; N, 5.00; Na, 8.55; Mn, 9.98%.
IR (KBr) 3539 (s), 3447 (s), 3232 (br s), 1639 (s), 1628 (s), 1610
(s), 1585 (s), 1429 (s), 1379 (s), 1277 (m), 1184 (m), 1076 (s),
1028 (m), 914 (m), 779 (s), 735 (m), 698 (m), 667 (m), 434 cm−1

(m).  The crystals rapidly effloresce and may partly dehydrate
when exposed to air, leading to an unsatisfactory elemental analy-
sis result.

[Ni(H2O)6][Ni2K2(pdc)4(H2pdc)2(H2O)2]•2H2O (6):    The re-
action of H2pdc (4 mmol) with KOH (8 mmol) and NiSO4•4H2O
(2 mmol) in 20 mL of H2O under stirring at room temperature for
1 h resulted in a blue solution.  Slow diffusion of Et2O vapor into
the resulting solution produced blue-plate crystals of 6 (yield,
67%).  Anal. Calcd for C42H42K2N6Ni3O34: C, 35.30; H, 2.96; N,
5.88; O, 38.06; K, 5.47; Ni, 12.32%; Found: C, 35.38; H, 2.89; N,
5.97; O, 38.30; K, 5.53; Ni, 12.18%. IR (KBr): 3521 (s), 3448 (br
s), 3089 (s), 1714 (s), 1618 (s), 1591 (s), 1574 (s), 1443 (m), 1427
(s), 1398 (s), 1369 (m), 1356 (s), 1315 (s), 1281 (m), 1248 (s),
1186 (s), 1076 (s), 1038 (m), 1001 (m), 922 (m), 883 (m), 847
(m), 820 (s), 775 (s), 758 (m), 731 (s), 692 (s), 436 cm−1 (m). Ta
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X-ray Structure Determination.    All of the crystals suitable
for X-ray diffraction were selected from the reaction solutions for
complexes 1–4 and 6, while a single crystal of 5 was selected from
liquid paraffin and sealed in a glass capillary to prevent decay.
The diffraction data were collected on a Siemens SMART CCD
diffractometer with graphite-monochromated Mo Kα radiation (λ
= 0.71073 Å) using the ω-scan mode at 293 K.  The intensity data
were corrected for Lorentz-polarization factors, and an empirical
absorption correction was applied.  The structures were solved by
direct methods and Fourier techniques for each compound and re-
fined by a full-matrix least-squares calculation with SHELXL-97
program package24 on a DELL computer.  All the non-hydrogen
atoms were refined anisotropically, except for those of the solvate
methanol molecule in 5, which were disordered in the lattice with
an estimated occupancy of 0.25.  The alkali metal atoms Na3,
Na4, Na5 and Na6 locate at the respective position with the crys-
tallographically defined occupancy of 0.5 for each.  Hydrogen at-
oms were introduced geometrically, except for those of water mol-
ecules in 1, 2 and 6, which were located from the difference Fouri-
er syntheses.  No attempt was made to add hydrogen atoms to wa-
ter and methanol molecules in 3–5.  A summary of the crystallo-
graphic data is compiled in Table 5.
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