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U-shaped tripyridyl ligand 2,6-bis(pyridine-4-carboxamido)pyridine (L) was synthesized and
used to assemble metal complexes. The resulting new complexes [Mn(L)3(SCN)2]n (1) and
[Co(L)3(SCN)2]n (2) are isostructural, crystallizing in the monoclinic C2/c space group. In
compounds 1 and 2, each metal is in a slightly distorted octahedron ligated by six nitrogens
from four L and two SCN�. Complexes 1 and 2 possess infinite 1-D zigzag polymeric chain
structures where L adopts bridge and terminal coordination. These 1-D coordination polymers
assemble into 3-D supermolecules of compounds 1 and 2 through hydrogen bonds.
Fluorescence measurements and thermal analysis show that 1 emits strong fluorescence with
a single broad band centered at 410 nm upon excitation at 357 nm and the polymeric chain
structure is stable up to 340�C.

Keywords: Angular tripyridyl ligand; Crystal structure; Coordination polymer; Fluorescent
property

1. Introduction

Metal–organic architectures have drawn great interest in supermolecular and material
chemistry [1, 2], driven by the intriguing architectures [3–6] and promising applications
in magnetism, electric conductivity, ion exchange, separation, molecular adsorption,
heterogeneous catalysis [7–17], and fluorescent materials [18–25].

Pyridylcarboxamides have an important position in biochemistry and coordination
chemistry [26]. Especially, polytopic pyridinecarboxamide ligands combining rigidity
and flexibility were designed to synthesize well-defined functional architectures such as
metal-containing macrocycles, nanocages, and intriguing metal–organic frameworks
[27, 28]. Apart from their coordination ability, such spacers are endowed with other
special merits such as various conformations (sometimes displaying a dominant
conformer), potential helicity, and rich hydrogen-bonding sites which can be used to
direct self-assembly with metal ions. For example, assembly of U-shaped ligands 1,2-
bis(3-pyridylcarboxylamide)benzene and 1,2-bis(4-pyridylcarboxylamide)benzene with
d10 metal ions Ag(I), Au(I), and Hg(II) as well as Cu(II) resulted in macrocyclic or
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polymeric complexes; the metal-containing arrays can be further organized by hydrogen
bonds between amide substituents in the well-known patterns of the free bis(amidopyr-
idine) ligands [29, 30]. Our group used achiral N2,N6-bis((pyridin-2-yl)methyl)pyridine-
2,6-dicarboxamide to react with AgAsF6 and AgSbF6, obtaining two enantiomeric 3-D
chiral architectures with unusual (10,3) nets where the helical conformer of the ligand is
fixed in the resulting chiral 1-D coordination polymers with helical chirality expanding
along the chain [31].

Herein, we synthesized the symmetric U-shaped bispyridylcarboxamide ligand 2,6-
bis(pyridine-4-carboxamido)pyridine (L). As shown in scheme 1, L is a multifunctional
bridge with two isonicotinamide pendants symmetrically bonding at sites 2 and 6 of the
central pyridine. The structure L is a promising one and we obtain metal–organic
architectures. Self-assembly of L with Mn(II) and Co(II) resulted in [Mn(L)3(SCN)2]n(1)
and [Co(L)3(SCN)2]n (2), where 1-D coordination polymer chains assemble into 3-D
supermolecules through hydrogen bonds.

2. Experimental

2.1. General information and materials

In this study, 2,6-Diaminopyridine was purchased from Alfa Aesar and used as
received. Other chemicals were commercially available and used without purification.
Some reagents used in ligand preparation, such as pyridine and thionyl chloride, were
dried to remove water. IR data were recorded on a Nicolet IR-470 spectrophotometer
with KBr pellets from 400 to 4000 cm�1. Elemental analyses were performed with a
Carlo-Erba 1106 elemental analyzer. The fluorescence spectrum was determined in the
solid state at room temperature on a Hitachi F-4500 fluorophotometer with excitation
and emission slits 5 nm and response time 1 s. Thermal analyses were scanned from
30�C to 700�C in air on a STA 409 PC thermal analyzer.

2.2. Syntheses

2.2.1. Synthesis of 2,6-bis(pyridine-4-carboxamido)pyridine (L). A mixture of isonico-
tinic acid (2.5 g, 20mmol) and thionyl chloride (25mL) was heated to reflux for 6 h
under anhydrous conditions, and then excess thionyl chloride was removed by rotary
evaporation. The resulting yellowish isonicotinoyl chloride solid was dissolved in
anhydrous pyridine (15mL), to which a solution of pyridine-2,6-diamine (1.1 g,

Scheme 1. Schematic representation of L.

Angular tripyridyl ligand 2805
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10mmol) and anhydrous pyridine (20mL) was added dropwise with continuous
stirring. After addition, the mixture was stirred at room temperature for 5 h. The
resulting white precipitate was filtered, washed with water and methanol, and
recrystallized from anhydrous ethanol, giving white crystals of pure L (2.3 g; yield:
73%). Elemental analysis Calcd (%) for C17H13N5O2: C, 63.94; H, 4.10; and N, 21.93.
Found: C, 63.52; H, 4.13; and N, 21.73. Selected IR (KBr, cm�1): 3434(m), 1690(vs),
1591(s), 1557(s), 1518(s), 1490(s), 1448(s), 1310(s), 1243(s), 1153(m), 1128(m), 1065(m),
895(m), 907(m), 805(m), 751(m), and 700(m).

2.2.2. Synthesis of [Mn(L)3(SCN)2]n (1). An ethanol solution (10mL) of L (31.9mg,
0.1mmol) was added dropwise into 10mL methanol solution of MnCl2�4H2O
(19.89mg, 0.1mmol). To the resulting pale yellow solution, 5mL methanol solution
of KSCN was added dropwise (19.4mg, 0.2mmol), and then the mixture was stirred for
10min. After filtration, the filtrate was allowed undisturbed evaporation at ambient
temperature. One week later, pale yellow prismatic crystals of 1 suitable for X-ray single
crystal diffraction were collected (Yield: 45%). Elemental analysis Calcd (%) for
C53H39N17O6S2Mn1: C, 56.38; H, 3.48; N, 21.09; and S, 5.68. Found: C, 56.03; H, 3.52;
N, 21.23; and S, 5.60. Selected IR (KBr, cm�1): 3416(m), 3247(m), 2046(s), 1679(s),
1588(s), 1518(s), 1448(s), 1317(s), 1262(s), 1241(s), 1156(s), 1063(m), 808(m),
and 704(m).

2.2.3. Synthesis of [Co(L)3(SCN)2]n (2). A DMF solution (5mL) of L (31.9mg,
0.1mmol) was added dropwise into 10mL methanol solution of CoSO4�7H2O (28mg,
0.1mmol). To the resulting purple solution, 5mL methanol solution of KSCN was
added dropwise (19.4mg, 0.2mmol), and then the mixture was stirred for 30min. After
filtration, the filtrate was allowed to undergo undisturbed evaporation at ambient
temperature. One month later, dark red prismatic crystals of 2 suitable for X-ray single-
crystal diffraction were obtained (Yield: 34%). Elemental analysis Calcd (%) for
C53H39N17O6S2Co: C, 56.18; H, 3.47; N, 21.02; and S, 5.66. Found: C, 56.41; H, 3.43;
N, 20.87; and S, 5.73. Selected IR (KBr, cm�1): 3414(m), 3240(m), 2057(s), 1680(s),
1587(s), 1519(s), 1316(s), 1240(s), 1098(m), 806(m), 751(m), 705(m), and 611(m).

2.3. Single-crystal structure determination

Single-crystal data of 1 and 2 were collected on a Bruker SMART APEXII CCD single-
crystal diffractometer using Mo-K� radiation (�¼ 0.71073 Å) at 293(2)K. Absorption
corrections were performed using SADABS. Both structures were solved by direct
methods and refined with full-matrix least-squares on F2 using the SHELXTL program
package [32]. All non-hydrogen atoms were refined anisotropically. Hydrogens in
pyridyls were assigned with common isotropic displacement factors, while the
hydrogens on the nitrogen of carboxylamide groups were located from difference
Fourier maps and were constrained to ride on their parent atoms. Crystal data
are summarized in detail in table 1. Selected bond lengths and angles are listed in
tables 2 and 3.

2806 L. Wu et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

26
 1

3 
O

ct
ob

er
 2

01
3 



3. Results and discussion

3.1. IR spectra

For L, characteristic peaks for vibrations of N�H, C¼O, and C�N bonds in amides
appear at 3434, 1690, and 1518 cm�1. IR spectra of 1 and 2 are similar. The strong and

Table 2. Selected bond lengths (Å) and angles (�) for 1 and 2.

1a

Mn1–N1 2.150(3) Mn1–N1A 2.150(3)
Mn1–N2 2.321(2) Mn1–N2A 2.321(2)
Mn1–N7 2.321(2) Mn1–N7A 2.321(2)
N1–Mn1–N1A 180.0 N1A–Mn1–N2A 90.57(9)
N1–Mn1–N2A 89.43(9) N1A–Mn1–N2 89.43(9)
N1–Mn1–N2 90.57(9) N2–Mn1–N2A 180.0
N1A–Mn1–N7 90.84(9) N1–Mn1–N7 89.16(9)
N2A–Mn1–N7 83.83(8) N2–Mn1–N7 96.17(8)
N1A–Mn1–N7A 89.16(9) N1–Mn1–N7A 90.84(9)
N2A–Mn1–N7A 96.17(8) N2–Mn1–N7A 83.83(8)
N7–Mn1–N7A 180.0

2b

Co1–N1 2.060(3) Co1–N1A 2.060(3)
Co1–N2 2.213(2) Co1–N2A 2.213(2)
Co1–N7 2.221(2) Co1–N7A 2.221(2)
N1A–Co1–N1 180.00(19) N1A–Co1–N2 89.95(10)
N1–Co1–N2 90.05(10) N1A–Co1–N2A 90.05(10)
N1–Co1–N2A 89.95(10) N2A–Co1–N2 180.00(8)
N1A–Co1–N7A 91.09(9) N1–Co1–N7A 88.91(9)
N2–Co1–N7A 96.35(9) N2A–Co1–N7A 83.65(9)
N1A–Co1–N7 88.91(9) N1–Co1–N7 91.09(9)
N2–Co1–N7 83.65(9) N2A–Co1–N7 96.35(9)
N7A–Co1–N7 180.00(14)

aA: �xþ 3/2, �yþ 1/2, and �zþ 2.
bA: �xþ 3/2, �yþ 1/2, and �z.

Table 1. Crystal data and structure refinement for 1 and 2.

1 2

Empirical formula C53H43N17O6S2Mn C53H39N17O6S2Co
Formula weight 1133.10 1133.06
Temperature (K) 293(2) 293(2)
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
Crystal size (mm3) 0.219� 0.18� 0.137 0.287� 0.187� 0.107
Unit cell dimensions (Å,

�

)
a 19.745(4) 19.619(4)
b 21.497(4) 21.361(4)
c 15.445(3) 15.321(3)
� 90 90
� 127.23(3) 126.53(3)
� 90 90
Volume (Å3), Z 5219.7(18), 4 5159.4(17), 4
Calculated density (Mgm�3) 1.437 1.459
Goodness-of-fit on F2 1.022 1.052
Final R indices [I4 2�(I )] R1¼ 0.0433, wR2¼ 0.0934 R1¼ 0.0445, wR2¼ 0.0909
Largest difference peak and hole (e Å�3) 0.440 and �0.400 0.405 and �0.402
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broad absorptions at 3100�3400 cm�1 indicate the presence of –NH. Strong absorp-
tions at 1518 and 1680 cm�1 for 1 and 2 correspond to the C�N and C¼O stretches in
amide. In comparison with those of L, the absorptions of N�H, C�N, and C¼O of
amide in 1 and 2 slightly shift. Strong bands at 2046 and 2057 cm�1 in IR spectra of 1
and 2 indicate the existence of SCN�. IR spectra of 1 and 2 are consistent with the
single-crystal X-ray diffraction analyses.

3.2. Crystal structures of 1 and 2

Complexes 1 and 2 crystallize in the monoclinic C2/c space group. They are
isostructural and the structure of [Mn(L)3(SCN)2]n is described herein representatively.
In 1, every Mn(II) located at the inversion center reproduces the whole molecule
through the asymmetric unit consisting of one-half Mn(II), one and a half L, and one
SCN�. As shown in figure 1, each Mn(II) is a slightly distorted octahedron ligated by
four N atoms from four ligands L and two N atoms from two SCN�. In the equatorial
plane, the four 4-pyridyl rings from four L arrays around Mn(II) in the well-known
paddlewheel pattern with the in-plane angles being 180� and Mn�N bond lengths being
2.321(2) Å [33]; the two SCN� located at the axial sites are almost perpendicular to the
equatorial plane with Naxial–Mn–Nequatorial angles being very close to 90� and Naxial–
Mn–Naxial angle being 180�. Mn�N bond lengths are 2.150(3) Å. The Mn�Nequatorial

bond lengths are longer than Mn�Naxial and that of 2.277(3) Å in the literature [34].
The overall structure of 1 is an infinite 1-D zigzag chain presented in figure 2. Ligands

L in 1 use nitrogens from 4-pyridyl of isonicotinamido groups to coordinate with
Mn(II) in two coordination modes; one-third are bidentate bridging and the others
terminal. The Mn(II) � � �Mn(II) distance by bridging L is 15.792 Å. The bidentate
bridging L have C2 symmetry with the two-fold axis passing through the nitrogen of
central pyridyl of the Ligands L and the dihedral angle between 4-pyridyls of
isonicotinamido groups is 78.1�, while terminal ligands L have C1 or pseudo C2

symmetry with the dihedral angle between 4-pyridyls of isonicotinamido groups being
46.5�.

In 1, there are hydrogen-bonding interactions occurring between adjacent chains,
which direct the assembly of chain structures. Figure 2 shows the hydrogen-bonding
interactions between two adjacent chains arising from one NH of isonicotinamido of
bridging L in one chain to the carbonyl oxygen of terminal Ligands L in the other
[N8 � � �O2¼2.903(3) Å]. By this double hydrogen-bonding interaction, two adjacent
chains wind together. This linkage between the two adjacent chains is stabilized through

Table 3. Hydrogen bonds of 1 and 2.

D–H � � �A d(D–H) (Å) d(H � � �A) (Å) d(D � � �H) (Å) ff(D–H � � �A) (�)

1
a

N8–H8 � � �O2C 0.82(3) 2.08(3) 2.903(3) 175(3)

2
b

N8–H8 � � �O2C 0.95(0) 1.94(0) 2.888(3) 173.4(0)
N3–H3 � � �N6D 1.05(0) 2.07(0) 3.107(4) 168.6(0)

aC: �xþ 2, �yþ 1, �zþ 2.
bC: xþ 1/2, y� 1/2, z; D: �xþ 3/2, �yþ 3/2, and �z.

2808 L. Wu et al.
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weak interactions between S of SCN� and N of terminal Ligands L from the adjacent
chains (S1 � � �N¼ 3.313 Å) and � � � �� interactions between terminal L’s with a mean
distance from edge-to-centroid of 3.612 Å. Through the double hydrogen-bonding
interactions, every chain links with four adjacent chains (figure 3), and thus results in
the formation of a 3-D supramolecular architecture. The isostructural 1-D polymeric
chains in 2 display not only the hydrogen-bonding interaction pattern in 1 but also a
new hydrogen-bonding connection, as shown in figure 4. Through double hydrogen-

Figure 1. View of the coordination sphere around Mn(II) in 1 (hydrogens are omitted for clarity).

Figure 2. View of the two adjacent polymeric chains winding together through double hydrogen-bonding
interactions of N�H � � �O in 1.

Angular tripyridyl ligand 2809
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bonding interactions between N3 and N6 from terminal ligands L of different chains
[N3 � � �N6¼ 3.107(4) Å], each chain in 2 further bridges with two other chains.
Consequently, every 1-D polymeric chain in 2 connects with six adjacent chains through
hydrogen-bonding interactions (figure 5) to form a 3-D supramolecular architecture.

3.3. Thermal stability analysis

The DSC-TG curve of 1 (figure 6) was scanned from 30�C to 700�C on a STA 409 PC
thermal analyzer under air with a flow rate of 30mLmin�1 and a heating rate of
10�Cmin�1. At 340�C, a sharp weight loss was observed from 340�C and 464�C with a
broad endothermic peak centered at 457�C and a weight loss of 54.1%, indicating the
framework decomposition of 1, and perhaps corresponds to partial loss of
isonicotinamido groups of L. Successive mass loss of 34.31% at 464–640�C was
accompanied with a sharp exothermic peak at 576�C, indicating complete decompo-
sition of 1. The remaining 11.6% may be Mn2O3 (Calcd 7.0%) and unburned carbon.
Compound 1 is stable at 340�C, ascribed to coordination bonds and complicated
hydrogen-bonding interactions.

3.4. Photoluminescence properties

The solid-state photoluminescence of L and 1 are investigated at room temperature
(figure 7). Free L is photoluminescent. When excited at �max¼ 380 nm, it exhibits

Figure 3. Representation of linkage through N�H � � �O hydrogen-bonding interactions in 1, showing the
polymeric chain drawn in stick bridges with four adjacent chains drawn in ball-and-stick representation.

2810 L. Wu et al.
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Figure 5. View of hydrogen-bonding connections in 2, showing the polymeric chain drawn in stick binds
with six adjacent chains drawn in ball-and-stick form through types of hydrogen-bonding interactions.

Figure 4. View of typical N–H � � �N hydrogen bonds in 2.
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intense emission with a single broad band centered at 485 nm and a sharp weak
scattering peak at 454 nm. Complex 1 displays strong emission with a single broad band
centered at 410 nm and a sharp weak scattering peak at 380 nm upon excitation at
357 nm. In comparison with L’s fluorescence, the emission wavelength of 1 is blue-
shifted by 75 nm and its intensity increased by about five times. The emission of 1 is
mainly due to a ligand-centered emission state including significant charge transfer
character induced by the polar Mn(II). In 1, formation of coordination polymer chains
as well as hydrogen-bonding connections and � � � �� interactions between chains

Figure 6. DSC-TG curve of 1.

Figure 7. Solid-state photoluminescent spectra of free L (solid line) and 1 (dotted line).

2812 L. Wu et al.
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increase the rigidity of L, thereby reducing the non-radiative decay to enhance
intraligand fluorescence. This contrasts with the weak emission of our recently reported
dinuclear Mn(II) complex of a new polydentate double Schiff-base ligand derived from
1,10-phenanthroline [35].

4. Conclusions

Two new coordination compounds, [Mn(L)3(SCN)2]n (1) and [Co(L)3(SCN)2]n (2), have
been obtained through reactions of Mn(II) and Co(II) salts with U-shaped tripyridyl
ligand, 2,6-bis(pyridine-4-carboxamido)pyridine (L). Complexes 1 and 2 are isostruc-
tural and possess infinite 1-D zigzag polymeric chain structures where ligands L are
bridging and terminal. These 1-D coordination polymer chains assemble into 3-D
supermolecules of 1 and 2 through hydrogen bonds. Complex 1 is stable and can emit
intense purple fluorescence centered at 410 nm. This study shows that multifunctional
ligands L have excellent performance in supermolecular chemistry, and further
construction of metal–organic complexes with intriguing architectures is underway in
our laboratory.
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