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The coordination chemistry of the long rigid bidentate Schi4-
base ligands 1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene (L1),
2,5-bis(3-pyridyl)-3,4-diaza-2,4-hexadiene (L2), and of the 6ex-
ible ligand 1,3-bis(4-pyridyl)propane with Co(NCS)2 ' xH2O has
been investigated. Three new coordination polymers were pre-
pared and fully characterized by infrared spectroscopy, elemen-
tal analysis, thermogravimetric analysis, and single-crystal
X-ray di4raction. The magnetic behavior of all compounds was
also investigated and found to follow the Curie law.
[Co(NCS)2(L1)2 ' 2CH2Cl2]n (1, monoclinic, C2/m ; a 5
11.995(2) A_ , b 5 14.596(3) A_ , c 5 10.846(2) A_ , b 5 110.99(3)3,
Z 5 2) features a two-dimensional non-interpenetrating distorted
square pattern. [Co(NCS)2(L2)2]n (2, monoclinic, P21/n; a 5
9.5315(19) A_ , b 5 17.299(4) A_ , c 5 9.6646(19) A_ , b 5 99.11(3)3,
Z 5 2) features a one-dimensional ring-like chain motif. Impor-
tant C+H2S hydrogen bonding interactions exist in 2, which
play a signi5cant role in aligning the polymer strands in the
crystalline solid. [Co(1,3-bis(4-pyridyl)propane)2(NCS)2 ' 0.33
H2O]n (3, monoclinic, P21/n; a 5 18.701(4) A_ , b 5 16.593(3) A_ ,
c 5 20.696(4) A_ , b 5 114.45(3)3, Z 5 4) exhibits a polymeric
pattern similar to that of 1. All three compounds feature similar
{CoN6} pseudooctahedral coordination spheres. ( 2000 Academic Press
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INTRODUCTION

Within the "eld of inorganic}organic coordination poly-
mers, e!orts to simultaneously utilize transition metal ions
and organic spacers to form new extended framework struc-
tures have yielded diverse new materials (1}16), some of
which have potential for applications such as catalysis,
nonlinear optics, gas separation, magnetic devices, and mo-
lecular recognition (17}23). In the long run, research per-
formed today may well enable us in the future to actually
predict the topology and/or the connectivity of crystalline
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lattices based on the molecular structures of the small build-
ing blocks used in their assembly. This will, ideally, lead to
the rational design of framework materials for speci"c ap-
plications. Currently, the most e$cient approach to prepar-
ing framework materials is via direct chemical combination
of functional inorganic and organic components, a method
which has proven quite fruitful (1}16).

Several rigid bidentate N-donor ligands, such as
4,4@-bipyridine, 1,2-bis(4-pyridyl)ethene, 1,2-bis(4-pyridyl)
ethyne, as well as #exible N-donor ligands like 1,2-bis(4-
pyridyl)ethane and 1,3-bis(4-pyridyl)propane (&&4,4@-
trimethylenedipyridine''), have been utilized by us (24}29)
and numerous other research groups (1}3) to construct
novel coordination polymers. These ligands, shown in
Fig. 1, are an important class of organic ligands for the
design and synthesis of new framework materials, often
having unusual structures. However, the above-mentioned
ligands do not contain free, active, polar organic functional
groups such as }C,N, }CR"N}, }COOH, }CHO, }OH,
which are believed to play a central role in the construction
of molecule-based functional materials (30, 31). Recently, we
designed and synthesized two new long, conjugated Schi!-
base ligands, namely, 1,4-bis(3-pyridyl)-2,3-diaza-1,3-bu-
tadiene (L1) and 2,5-bis(3-pyridyl)-3,4-diaza-2,4-hexadiene
(L2) (28, 29). The structures of these ligands, including the
relative orientations of the terminal nitrogen donors and the
zig-zag conformation of the spacer moiety (}CR"N}N"
CR}, R"H, }CH

3
) between the two pyridyl groups (Fig. 1),

might lead to the formation of coordination polymers with
network patterns not achievable by other common rigid
linking ligands (4,4@-bipyridine, etc.). Moreover, the nitrogen
atoms in the }CR"N}N"CR} functional group in these
ligands can potentially form hydrogen bonds (acting as the
acceptors) with donor groups to generate supramolecular
systems with interesting host}guest chemistry (28). Herein,
we wish to report three new coordination polymers, namely
Co(L1)

2
(NCS)

2
) 2CH

2
Cl

2
(1), Co(L2)

2
(NCS)

2
(2), and

Co(1,3-bis(4-pyridyl)propane)
2
(NCS)

2
)0.33H

2
O (3), gener-

ated from the reaction between the new rigid Schi!-base
3
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FIG. 1. Rigid and #exible organic bipyridyl-based ligands used in the construction of coordination polymer frameworks.
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ligands L1, L2, the long #exible ligand 1,3-bis(4-pyridyl)
propane, and Co(NCS)

2
)xH

2
O in a CH

2
Cl

2
}MeOH mixed

solvent system. In this paper we again demonstrate the
successful use of these new Schi!-base ligands to link metal
centers and to generate new coordination polymers with
novel structures. Moreover, we have con"rmed that the
}CH"N}N"CH} spacer in L1 can indeed act as a hydro-
gen bond acceptor, aiding it in binding organic guest mol-
ecules within framework cavities.

EXPERIMENTAL

Materials and Methods

Co(NCS)
2
)xH

2
O and 1,3-bis(4-pyridyl)propane were

purchased from Aldrich and used without further puri"ca-
tion. The syntheses of L1 and L2 will be published elsewhere
(28, 29). IR spectra were recorded on a Perkin-Elmer 1600
FTIR spectrometer as KBr pellets in the 4000}400 cm~1

range. Thermogravimetric analysis (TGA) was carried out
on a TA Instruments SDT 2960 simultaneous DTA-TGA in
a helium atmosphere using a heating rate of 103C/min.
Compounds 1}3 were heated from 20 to 6003C. The
magnetic susceptibilities of 1}3 were measured as a function
of temperature using a Quantum Design MPMS XL
SQUID magnetometer in an applied "eld of 5 kOe.
Clear gelatin capsules were used as sample containers.
Elemental analysis was performed by National Chemical
Consulting.
Synthesis of Co(NCS)2(1,4-bis(3-pyridyl)-2,3-diaza-1,3-
butadiene)2 ) 2CH2Cl2 (1). A methylene chloride solution
(7 mL) of 1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene (126 mg,
0.66 mmol) was allowed to di!use into a methanol solution
(8 mL) of Co(NCS)

2
) xH

2
O (53 mg, 0.30 mmol) in a test

tube for 1 week. Large orange crystals formed at the methyl-
ene chloride/methanol interface. Crystals were collected
by "ltration and washed several times with n-hexane (yield
75%, based on Co(NCS)

2
) xH

2
O). IR (KBr, cm~1): 2072.5

(s), 1692.1 (w), 1631.8 (s), 1548.4 (w), 1530.2 (w), 1483.4 (s),
1413.3 (s), 1383.2 (s), 1322.2 (s), 1190.1 (s), 1021.9 (s), 881.9 (s),
696.0 (s), 641.7 (s), 481.5 (m), 453.8 (m), 402.7 (m). Anal.
Calcd. for CoC

28
H

26
Cl

4
N

10
S
2
: C, 43.78; H, 3.39; N,

18.24%. Found: C, 43.55; H, 3.38; N, 17.98%.

Synthesis of Co(NCS)2(2,5-bis(3-pyridyl)-3,4-diaza-2,4-
hexadiene)2 (2). The procedure is similar to that described
for the preparation of compound 1, except 2,5-bis(3-py-
ridyl)-3,4-diaza-2,4-hexadiene (0.66 mmol) was used instead
of 1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene. Yield of red
crystals, 72% (based on Co(NCS)

2
)xH

2
O). IR (KBr, cm~1):

2052.7 (s), 1692.5 (w), 1613.2 (s), 1484.0 (s), 1414.7 (s), 1307.5
(s), 1196.9 (s), 1089.4 (s), 1043.5 (s), 819.9 (s), 781.6 (s), 702.9
(s), 643.6 (s), 573.1 (w), 483.1 (m), 428.4 (m), 414.9 (s). Anal.
Calcd. for CoC

30
H

28
N

10
S
2
: C, 55.24; H, 4.30; N, 21.48%.

Found: C, 55.34; H, 4.22; N, 21.20%.

Synthesis of Co(SCN)2(1,3-bis(4-pyridyl)propane)2 (3).
Compound 3 was obtained upon carefully layering a
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solution of Co(NCS)
2
)xH

2
O (60 mg, 0.34 mmol) in meth-

anol (8 mL) onto a solution of 4,4@-trimethylenebipyridine
(131 mg, 0.66 mmol) in methylene chloride (8 mL). Large
red-orange crystals formed at the methanol/methylene
chloride interface in about 2 weeks, and were collected by
"ltration in 75% yield (based on Co(NCS)

2
) xH

2
O). IR

(KBr, cm~1): 2943.8(s), 2854.8(m), 2054.0(s), 1613.7(s),
1557.7(s), 1500.4(s), 1422.7(s), 1352.1(w), 1223.0(s), 1069.6(s),
1017.1(s), 964.9(w), 853.1(m), 841.6(w), 808.0(s), 762.7(m),
732.6(w), 612.1(m). Anal. Calcd. for Co

2
C

56
H

56.66
N

12
O

0.33
S
4
: C, 58.51; H, 4.93; N, 14.63%. Found: C, 58.32; H,

4.90; N, 14.20%.

Single-crystal structure determination. Single crystals of
1}3 suitable for di!raction studies were selected and epoxied
in air onto thin glass "bers. Intensity measurements were
made at 213C using a Rigaku AFC6S four-circle di!rac-
tometer equipped with MoKa radiation (j"0.71069 A_ ).
For each compound, the initial unit cell was determined
from 15 re#ections randomly located using the AFC6 auto-
matic search, center, index, and least-squares routines. After
data collection, each cell was re"ned using 25 high-angle
re#ections in the range 353(2h(2h

.!9
. Three standard

re#ections measured every 150 re#ections showed no signi"-
cant decay during data collection for each crystal. All struc-
tures were solved and re"ned by a combination of direct
methods and di!erence Fourier syntheses, using SHELXTL
(32). After locating and re"ning all nonhydrogen atoms with
TABL
Crystallographic

Formula: CoC
28

H
26

N
10

S
2
Cl

4
1

Formula weight 767.44
Crystal system Monoclinic
Space group C2/m
a (A_ ) 11.995(2)
b (A_ ) 14.596(3)
c (A_ ) 10.846(6)
a (3) 90
b (3) 110.99(3)
c (3) 90
< (A_ 3) 1772.6(6)
Z 2
o calc. (g/cm3) 1.438
k (MoKa) (cm~1) 9.532
Temperature (3C) 21
No. of re#ections (I'3p) 1648
Residualsa

R1; wR2 (all data) 0.068; 0.176
Goodness-of-"t 1.056

a R1"+ DDF
0
D!DF

#
DD/+ DF

0
D. wR2"M+[w (F2

0
!F2

#
)2]/+[w(F2

0
)2]N1@2; GOF

parameters). w"1/[p2(F2
0
)#(aP)2#bP], where P is [2F2

#
#max(F2

0
, 0)]/3
isotropic thermal parameters, an absorption correction
(DIFABS) (33) was applied. Subsequently, all nonhydrogen
atoms were re"ned with anisotropic displacement para-
meters. Hydrogen atoms were placed in the calculated posi-
tions and re"ned using a riding model. Crystal data, data
collection parameters, and re"nement statistics for 1}3 are
listed in Table 1. Important interatomic bond distances and
bond angles for 1}3 are given in Tables 2}4.

RESULTS AND DISCUSSION

Synthesis

The coordination polymers 1}3 are readily synthesized by
solution reactions between the new ligands 1,4-bis(3-py-
ridyl)-2,3-diaza-1,3-butadiene (L1), 2,5-bis(3-pyridyl)-3,4-
diaza-2,4-hexadiene (L2), and the #exible ligand 1,3-bis
(4-pyridyl)propane with Co(NCS)

2
)xH

2
O. When a solu-

tion of L1, L2, or 1,3-bis(4-pyridyl)propane in methylene
chloride was treated with Co(NCS)

2
)xH

2
O in methanol in

a molar ratio of 1:2 (metal-to-ligand), compounds 1}3,
respectively, were obtained as polymeric materials. Com-
pounds 1 and 3 feature two-dimensional nets, while com-
pound 2 adopts a one-dimensional chain pattern. Single
crystals of compound 3 can also be grown out of other
solvent combinations, such as CH

3
COCH

3
/H

2
O, THF/

CH
3
CN, or CH

2
Cl

2
/CH

3
CN. The crystals are identical to

those grown out of the CH
2
Cl

2
/MeOH mixture, as con-

"rmed by X-ray powder di!raction. We were not able to
E 1
Data for 1+3

CoC
30

H
28

N
10

S
2

Co
2
C

56
H

56.66
N

12
O

0.33
S
4

2 3

568.49 543.69
Monoclinic Monoclinic

P2
1
/n P2

1
/n

9.5315(19) 18.701(4)
17.299(4) 16.593(3)
9.6646(19) 20.696(4)

90 90
99.11(3) 114.65(3)

90 90
1573.4(5) 5846(2)

2 4
1.376 1.305
7.353 5.385
21 21

2463 10326

0.048; 0.086 0.064; 0.130
1.093 1.010

"M+[w(F2
0
!F2

#
)2]/(n!p)N1@2 (n"No. of re#ections; p"No. of re"ned

.



TABLE 2
Interatomic Distances (A_ ) and Bond Angles (3) with ESDs ( )

for 1

Co}N(1) 2.221(3) Co}N(3) 2.091(4)
S}C(7) 1.613(5) N(3)}C(7) 1.159(7)
C(1)}N(1) 1.346(5) C(1)}C(2) 1.370(6)

N(3)}Co}N(3)a 180 N(1)}Co}N(3) 90.03(11)
N(1)}Co}N(1)a 180 N(3)}C(7)}S 178.5(5)
C(7)}N(3)}Co 171.9(4)

a Symmetry equivalent atoms.

TABLE 4
Interatomic Distances (A_ ) and Bond Angles (3) with ESDs ( )

for 3

Co(1)}N(6) 2.093(5) Co(1)}N(5) 2.116(5)
Co(1)}N(4) 2.166(4) Co(1)}N(2) 2.166(4)
Co(1)}N(3) 2.189(4) Co(1)}N(1) 2.201(4)
S(1)}C(27) 1.622(6) S(1)}C(28) 1.630(6)
N(1)}C(5) 1.327(5) C(1)}C(2) 1.372(7)

N(6)}Co(1)}N(5) 177.59(16) N(6)}Co(1)}N(2) 90.71(16)
N(4)}Co(1)}N(2) 177.87(16) N(6)}Co(1)}N(1) 89.94(16)
N(3)}Co(1)}N(1) 175.70(14) N(2)}Co(1)}N(1) 94.47(14)

a Symmetry equivalent atoms.
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grow single crystals of compounds 1 and 2 suitable for X-ray
di!raction from other mixed solvent systems (e.g.,
CH

3
COCH

3
/H

2
O, THF/CH

3
CN, CH

2
Cl

2
/CH

3
CN). Tol-

uene and 1,4-dioxane were also tried, however, again only
poor quality crystals were obtained. Compounds 1}3 are
air-stable and are insoluble in water and common organic
solvents.

Structures

Compound 1. Single crystal X-ray analysis reveals that,
as shown in Fig. 2, each Co(II) center sits on a 2/m symmetry
site, with the crystallographic mirror plane passing through
two NCS~ counterions. The coordination sphere of each
Co(II) metal center is de"ned by four nitrogen donors from
four equivalent bridging L1 ligands (N(1)}Co"2.221(3)
A_ (]4)) and two nitrogen donors from two N-coordinated
coordinated NCS~ counterions (N(3)}Co"2.091(4) (]2)).
The sulfur atoms remain uncoordinated. The coordination
geometry can be described as an equatorial plane consisting
of four N(1) nitrogen donors, with the axial positions occu-
pied by two N(3) nitrogen donors. The Co}N(1) (L1) and
Co}N(3) (NCS~) bond distances are quite similar to corre-
sponding distances in Co(NCS)

2
(pyrazine)

2
and Co(NCS)

2
(4,4@-bipyridine)

2
) 2(CH

3
CH

2
)
2
O (34) and in Co(NCS)

2
(py-

rimidine)
2

(35). The NCS~ group is almost linear with
a N}C}S angle of 178.5(5)3. It is worth pointing out that the
connection between the Co(II) center and the NCS~
TABLE 3
Interatomic Distances (A_ ) and Bond Angles (3) with ESDs ( )

for 2

Co}N(1) 2.225(3) Co}N(5) 2.071(3)
Co}N(4) 2.221(3) S}C(15) 1.616(4)
C(15)}N(5) 1.156(5) C(8)}N(3) 1.280(5)

N(5)}Co}N(5)a 180 N(5)}Co}N(1) 89.76(13)
N(1)}Co}N(1)a 180 N(4)a}Co}N(1) 92.39(12)
N(5)}C(15)}S 179.0(4) C(15)}N(5)}Co 170.1(3)

a Symmetry equivalent atoms.
counterion is also linear, with a Co}N(3)}C(7) angle of
171.9(4)3. This angle is noticeably larger than that found in
the related compounds Co(NCS)

2
(pyrazine)

2
(158.8(3)3),

and Co(NCS)
2
(4,4@-bipyridine)

2
) 2(CH

3
CH

2
)
2
O (153.2(3)3)

(34). The four long L1 ligands do not lie in the [CoN
4
] plane

but are located above and below the plane to produce an
&&X-shaped'' building block (Fig. 2). The two 3-pyridyl rings
in each L1 ligand are coplanar.

In the solid state, the &&X-shaped'' building blocks connect
to each other to generate a novel two-dimensional, non-
interpenetrating distorted square framework, shown in
Fig. 3. Each square unit consists of four Co(II) atoms and
four L1 ligands, which form a 44-membered ring structure
(Fig. 3a). The Co2Co contact in each distorted square is
12.66(3) A_ and the e!ective (crystallographic) cross section is
ca. 12.66]12.66 A_ (36). This cross section is signi"cantly
larger than that in related compounds generated from 4,4@-
bipyridine and transition metals (Zn, Ni, Cu, Cd), which
crystallize with a similar square pattern (crystallographic
dimensions ca. 8]8 A_ ) (17, 37}39). There are two sets of
FIG. 2. ORTEP drawing of 1, showing the coordination of cobalt.
Ellipsoids are shown at the 30% probability level.



FIG. 3. (a) Two-dimensional non-interpenetrating distorted square network in 1 (viewed down the crystallographic a-axis). One framework set is
highlighted. (b) Non-interpenetrating stacking of networks in 1. Co(II) centers are shown as black circles, carbon atoms as open circles. Nitrogen atoms are
shown as gray circles. NCS~ counterions and hydrogen atoms are omitted for clarity.
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equivalent two-dimensional nets in 1, which stack together
in an &&2ABAB2'' fashion down the crystallographic
a axis, such that the Co(II) centers in one net occupy the
center of the channels formed by the other (Fig. 3a). The
closest Co2Co contact between the two adjacent layers is
9.45(4) A_ . A view of how these undulating layers stack upon
one another is given in Fig. 3b. Although this stacking
arrangement e!ectively reduces the void volume present in
the structure, considerably large distorted square channels
running along the [101] crystallographic direction still re-
main. These channels, shown in Fig. 4, have crystallographic
dimensions of 9.45]9.45 A_ (36), in which disordered
CH

2
Cl

2
guest molecules are located. There are two crystal-

lographically independent CH
2
Cl

2
molecules per metal

atom, which are all oriented so that they are weakly hydro-
gen bonded to the nonterminal nitrogen atoms (N(2)) in the
}CH"N}N"CH} linkages of the L1 ligands (N(2)2H(9A)
"2.62(3) A_ , N(2)2C(9)"3.53(4) A_ , and N(2)2H(9A)}
C(9)"156.22(4)3) (28, 40). These C}H2N hydrogen bond-
ing interactions described here, though weak, have an
important in#uence on both the clathration ability and
stability of 1. The capability of 1 to engage in hydrogen



FIG. 4. View down the channels in 1, in which CH
2
Cl

2
guest molecules are located. Co(II) centers are shown as black circles, carbon atoms as open

circles. Chlorine and nitrogen atoms are shown as large and small gray circles, respectively. NCS~ counterions and hydrogen atoms on L1 ligands are
omitted for clarity. C}H2N hydrogen bonds are shown as dotted lines.
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bonding with solvent molecules via the inner nitrogen
atoms in the ligand L1 is a possible explanation for the
relative stability of 1 compared to Co(NCS)

2
(4,4@-bi-

pyridine)
2
) 2(CH

3
CH

2
)
2
O (34) and Co(NO

3
)
2
(1,2-bis(4-py-

ridyl)ethene)
1.5

) 3CHCl
3

(41), both of which lose their guest
molecules immediately upon removal from the mother
liquor. In the latter compounds, there are no stabilizing
interactions between the organic guest molecules and the
host framework structure, due to the absence of hydrogen
bonding acceptors on the linking ligands.

Compound 2. The coordination environment of Co(II)
in 2 is similar to that found in 1. As shown in Fig. 5, each
Co(II) center adopts a slightly distorted octahedral MCoN

6
N

coordination geometry, with the equatorial plane de"ned by
four pyridyl nitrogen donors from four crystallographically
equivalent L2 ligands; the axial positions are occupied by
FIG. 5. ORTEP drawing of the coordination environment of cobalt in
2. Ellipsoids are shown at the 30% probability level.
two nitrogen atoms from two crystallographically equiva-
lent NCS~ counterions. The Co}N (L2) bond lengths are
2.221(3) and 2.225(3) A_ , respectively, which are comparable
to the corresponding bond distances in 1. The Co}N
(NCS~) bond distance is 2.071(3) A_ , which is slightly shorter
than that found in 1. The NCS~ group is nearly linear with
a N}C}S angle of 179.0(4)3. In contrast to the L1 ligand, the
two 3-pyridyl rings in each L2 ligand are no longer cop-
lanar. The dihedral angle between the terminal pyridyl
groups is 903, which, presumably, is due to the steric conges-
tion of the two methyl groups. The two methyl groups are
located in the a positions relative to the two C"N groups
and the contacts between the methyl carbons (C(7) and C(9))
and the nitrogens (N(2) and N(3)) in the }C(CH

3
)"N}

N"C(CH
3
)} spacer are quite close (N(2)2C(7)"N(3)2

C(9)"2.44(3) and N(2)2C(9)"N(3)2C(7)"2.75(4) A_ ),
suggesting that the uncoordinated nitrogen atoms interact
with methyl carbon atoms by weak electrostatic forces (26).
Consequently, the two methyl groups in each L2 ligand
should be weakly acidic. As shown in Fig. 5, the orientation
of the terminal nitrogen donors on the 3-pyridyl rings are
di!erent from those in 1, in spite of the fact that the building
block of 2 also exhibits a &&X-shaped'' arrangement.

In the solid state, as shown in Fig. 6, compound 2 adopts
a one-dimensional chain motif, with the Co(II) centers lin-
ked together via the four crystallographically equivalent L2
ligands. This results in an undulating, one-dimensional
chain running along the crystallographic [101] direction.
The individual &&links'' in the chains consist of Co

2
(L2)

2
units, which can be viewed as 22-membered rings enclosed



FIG. 6. One-dimensional chain structure of 2. Co(II) centers are shown as black circles, carbon atoms as open circles. Sulfur and nitrogen atoms are
shown as large and small gray circles, respectively. Hydrogen atoms are omitted for clarity.

NEW INORGANIC}ORGANIC COORDINATION POLYMERS 149
by two Co(II) atoms and two L2 ligands. The approximate
dimensions of the rings are 12]5 A_ (36). The intrachain
Co2Co separation is 12.45(4) A_ . The NCS~ ions are
FIG. 7. (a) Three-dimensional hydrogen-bonded network of linked 1D
crystallographic [101] (chain) direction. Co(II) centers are shown as black cir
large and small gray circles, respectively. Hydrogen atoms are omitted for c
located on both sides of the Co
2
(L2)

2
ring planes. Interest-

ingly, there are two sets of one-dimensional Co
2
(L2)

2
chains

in 2. Each set stacks together in a face-to-face fashion to
chains, viewed down the crystallographic a-axis. (b) View down the
cles, carbon atoms as open circles. Sulfur and nitrogen atoms are shown as
larity. C}H2S hydrogen bonds are shown as dotted lines.



FIG. 8. ORTEP drawing of the coordination environment at the co-
balt atoms in 3. Ellipsoids are shown at the 30% probability level.
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generate elliptical channels along the crystallographic
[101] direction, shown in Fig. 7a. The interchain Co2Co
contact is 9.531(4) A_ . In addition, these two sets of one-
dimensional chains are linked together by weak interchain
C}H2S hydrogen bonding interactions into a three-di-
mensional network (Fig. 7b). The C}H2S hydrogen bond
involves the uncoordinated S atoms of the monodentate
NCS~ and H(9C) on the weakly acidic methyl group of an
L2 ligand in an adjacent chain. The S2H(9C) contact is
2.831(4) A_ . The S2C(9) distance and S2H(9C)}C(9) angle
are 3.719(4) A_ and 154.25(13)3, respectively. The existence
and structural importance of weak C}H2X (X"hetero-
atom) hydrogen bonding interactions are now well
established (40) and are present in many molecular and
polymeric compounds. The C}H2S hydrogen bonding
interaction is especially attractive because it has been
proven to be a very important factor in the formation of
organic conducting and superconducting compounds (42).
The S2H}C hydrogen bonds described here, although
weak, contribute signi"cantly to the structural organization
of 2 in the crystalline phase. The structure of 2 and of
Fe(NCS)

2
(1,2-bis(4-pyridyl)ethane)

2
(43) are related. Both

structures contain one-dimensional chains consisting of
M

2
(L)

2
rings. In the Fe(II) compound, the intrachain

Fe2Fe distance is 9.995(3) A_ , which is remarkably shorter
than the intrachain Co2Co contact in 2 (12.45(4) A_ ). The
Fe2Fe interchain distance (10.768(4) A_ ), however, is longer
than the interchain Co2Co contact in 2. In addition,
C}H2S hydrogen bonding interactions are also found in
the Fe compound, where they serve as links to connect
Fe(NCS)

2
(1,2-bis(4-pyridyl)ethane)

2
one-dimensional chains

into a two-dimensional network.
Varying the R group (from H in L1 to CH

3
in L2) on the

}CR"N}N"CR} spacer, is, for the same solvent system
and metal-to-ligand ratio (1:2), a decisive factor in determin-
ing the orientation of the nitrogen donors on the terminal
pyridyl groups, and, moreover, the topologies of the poly-
meric products.

Compound 3. In order to further investigate the func-
tionality of bidentate pyridyl-containing ligands, the #exible
ligand 1,3-bis(4-pyridyl)propane (also known as 4,4@-trime-
thylenedipyridine) was reacted with Co(NCS)

2
) xH

2
O using

analogous reaction conditions as with the rigid bidentate
ligands L1 and L2. The structure of the resulting compound
3 is similar to that of 1. The #exible 1,3-bis(4-pyridyl)pro-
pane ligands bridge Co(II) centers, and the NCS~ counter-
ion serves as an N-bound terminal ligand. Figure 8 shows
the local coordination of the Co(II) center. There are two
crystallographically independent Co(II) centers (Co(1) and
Co(2)) in 3. Only the coordination environment of Co(1) is
shown in Fig. 8 and discussed here, because the structural
features of the two independent coordination spheres and
resulting polymeric networks are essentially the same
(Table 4 includes only selected bond lengths and bond
angles for Co(1)). In harmony with compounds 1 and 2,
Co(1) also features a MCoN

6
N distorted octahedral coord-

ination sphere de"ned by nitrogen donors from four 1,3-
bis(4-pyridyl)propane ligands and from two monodentate
NCS~ groups. The Co}N (1,3-bis(4-pyridyl)propane) bond
lengths range from 2.116(4) to 2.201(4) A_ , which are slightly
shorter than those in 1 and 2. The Co}N (NCS~) bond
distance is 2.093(5) A_ , which is almost identical with those in
1 and 2. Two terminal NCS~ groups are again close to
linear, with N}C}S angles of 179.2(6) and 178.9(6)3, respect-
ively.

The polymeric motif in compound 3 is quite similar to
that in 1. Two crystallographically independent Co(II)
centers (Co(1) and Co(2)) are bridged by 1,3-bis(4-pyridyl)
propane ligands, respectively, into two sets of undulating
two-dimensional nets with a distorted square motif involv-
ing a 48-membered ring structure. In 3, though, the two sets
of two-dimensional sheets interlock each other in the same
plane (the crystallographic ab plane) to generate a twofold
interpenetrating network (Figs. 9a and 9b), in which two sets
of Co(1,3-bis(4-pyridyl)propane) layers are staggered rela-
tive to each other (Fig. 9a). The Co2Co contacts in each
distorted square unit are 12.23(4) and 12.78(4) A_ , compara-
ble to the corresponding distances in 1. These interpenet-
rated pairs of networks stack upon one another along the
c-axis, generating a three-dimensional layered structure.
The combination of interpenetration and e$cient layer
stacking e!ectively eliminates the void space accessible to
solvents, and indeed only a small amount of water (0.33
molecules per formula) is present between the layers.



FIG. 9. (a) Two-dimensional interpenetrating distorted square network in 1 viewed down the crystallographic [101] direction. (b) View down the
a-axis. One set of frameworks is highlighted. Co(II) centers are shown as black circles, carbon atoms as open circles. Nitrogen atoms are shown as gray
circles. Hydrogen atoms are omitted for clarity.
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Thermogravimetric analyses. Thermogravimetric ana-
lyses were carried out using a TA Instrument SDT 2960
simultaneous DTA-TGA under #owing helium at a heating
rate of 103C/min. Compounds 1}3 were heated from 30 to
6003C. TGA showed that 1 is stable up to 2003C, with the
"rst weight loss of 22.1% from occurring in the range 200}
2563C, and corresponding to the loss of the two CH

2
Cl

2
guest molecules per formula (calculated 22.2%). In the tem-
perature range of 260}5503C, 1 underwent complicated
multiple weight loss steps, with the total weight loss corre-
sponding to loss of three of the four L1 ligands (observed
40.9%, calculated 41.0%). Further weight loss was observed
above 5503C; the "nal product is black and amorphous. The
thermal decomposition behavior of 2 is quite di!erent from
that of compound 1. The TGA data for 2 shows that the "rst
weight loss (36.4%) occurs from 210 to 3003C, correspond-
ing to the loss of two L2 ligands (calculated 36.5%). On
further heating, another weight loss between 305 and 3883C
was observed, corresponding to the loss of the third L2
ligand (observed 18.3%, calculated 18.2%). Further weight
loss was observed when 2 was heated above 4003C and
a black, amorphous product remained. As for compound 3,
about 1.0% weight loss was observed in the temperature
range of 55}753C, which corresponds to the loss of water
solvent molecules (calculated 1.0%). A second weight loss of
34.8% occurred between 200 and 2103C, which agrees well
with a calculated value of 34.4% for the loss of two 1,3-
bis(4-pyridyl)propane ligands. This ligands loss is followed
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by a 34.5% (calculated 34.4%) weight loss from 280 to
3383C, corresponding to the release of the rest of the 1,3-
bis(4-pyridyl)propane ligands. Further weight loss was ob-
served above 3903C, accompanied by the decomposition of
the Co(NCS)

2
unit. A black amorphous residue remained.

Magnetic properties. The magnetic susceptibilities of
polycrystalline powders of compounds 1}3 were measured
from 2 to 300 K in an applied "eld of 5 kOe. The plots of the
inverse magnetic susceptibility versus temperature for all
compounds were found to be linear down to the lowest
temperature measured. The data follow the Curie Law (44).
The experimental e!ective magnetic moments (k

%91
) were

4.62 k
B

for 1, 4.71 k
B

for 2, and 4.68 k
B

for 3, which are
slightly lower than the theoretical value (4.80 k

B
) but none-

theless agree well with other experimentally observed e!ec-
tive magnetic moments for Co(II). These magnetic data
clearly show that the Co(II) centers are not interacting with
each other as hoped for, and can be treated as isolated
magnetic centers.

CONCLUSIONS

This study demonstrates that the long conjugated rigid
bidentate ligands 1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene
(L1) and 2,5-bis(3-pyridyl)-3,4-diaza-2,4-hexadiene (L2) are
capable of coordinating transition metal centers through
both of the terminal 3-pyridyl nitrogen donors, generating
novel coordination polymers. Three new coordination poly-
mers 1}3 were synthesized from reactions of L1, L2, and the
#exible 1,3-bis(4-pyridyl)propane ligand with Co(NCS)

2
)

xH
2
O. The Co(II) center in all three compounds resides in

a MCoN
6
N six-coordinate environment. A comparison be-

tween 1 and 2 shows that varying the R group from H to
}CH

3
on the }CR"N}N"CR} spacer is, for the same

solvent system and metal-to-ligand ratio (1:2), a decisive
factor in determining the orientation of the nitrogen donors
on terminal pyridyl groups, and, moreover, the topologies of
the polymeric products. Comparing 1 to 3 demonstrates the
role of the functionalized }CH"N}N"CH} spacer in clath-
rating small polar organic guest molecules, such as CH

2
Cl

2
.

We are currently extending these results by preparing new
Schi!-base ligands similar to L1 and L2 with di!erent
R functional groups and with di!erent orientations of the
nitrogen donors on the pyridyl rings. We anticipate this
approach to be useful for the construction of a variety of
new coordination polymers with novel polymeric patterns.
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