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Metal–organic supramolecular architectures derived
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A series of new coordination compounds with 1-carboxymethylpyridinium-4-benzoate (L) and
transition metal ions have been synthesized. They are formulated as [M(L)2(H2O)4] � 4H2O
M¼Mn (1) and Co (2), {[M(L)2] �xH2O}n M¼Mn, x¼ 1 (3); M¼Co, x¼ 2 (4), and M¼Cu,
x¼ 3 (5). In 1 and 2, the zwitterionic dicarboxylate ligand is monodentate through only one
carboxylate to generate mononuclear molecules. The molecules are assembled through
O–H � � �O interactions to give 3-D pillared layer-like architectures, in which interesting 1-D
tape-like hydrogen bonding motifs are connected into 2-D layers via carboxylate-mediated
hydrogen bonds. In 3–5, the organic ligands serve as bridges with one carboxylate monodentate
and the other chelating, and the metal ions are linked by double bridges to give 1-D polymeric
chains, which are zigzag (3) or stair-like (4 and 5) due to the cis or trans coordination geometry
around metal ions. The chains are further stabilized and associated into 3-D architectures
through intra- and interchain hydrogen bonding and/or �–� stacking interactions.

Keywords: Hydrogen bonds; Zwitterionic ligand; Manganese(II); Cobalt(II); Copper(II)

1. Introduction

Metal–organic architectures assembled through combined coordinative and non-
covalent interactions have gained widespread interest in supramolecular chemistry
and coordination chemistry due to their structural diversity and potential applications
[1–18]. The metal–ligand coordination may lead to discrete or extended coordination
motifs, the structures primarily dependent on electronic and geometric properties of the
organic ligands and metal ions. Other interactions, such as hydrogen bonding, may
reinforce the coordination motifs or assemble discrete or low-dimensional motifs into
higher-dimensional architectures [9–18]. Solvent molecules may also influence the final
supramolecular assemblies by participating in metal coordination and hydrogen
bonding. The final architecture can be regarded as the interplay between coordination
and hydrogen bonding forces [18–24]. The metal–ligand coordination can direct
hydrogen bonding patterns by gathering and disposing the hydrogen bonding sites
around metal ions in a specific fashion, and the hydrogen bonding may impose
perturbations on the coordination mode or the ligand conformation. Carboxylates can
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bind metal ions in various modes and form various hydrogen bonding motifs and hence
have been widely employed to construct metal–organic materials. Currently, the most
frequently used are di- and multi-carboxylate ligands with neutral spacers between
carboxylates [25–33]. The coordination chemistry of zwitterionic carboxylate ligands,
which contain positive groups such as pyridinium, has been studied for decades but to
less lower extent [34–38]. The previously used zwitterionic ligands are usually neutral
in the coordinated form (the negative carboxylate is charge compensated by the positive
group). Lying between ordinary and neutral ligands, zwitterionic ligands that contain
more carboxylates than positive groups and hence have reduced negative charge
have received little attention in coordination chemistry and crystal engineering [39–41].
The charge on the carboxylate will certainly influence the coordination and supramo-
lecular structures. In continuation of our recent work [39, 40], here we report five
coordination compounds derived from different transition metal ions and a new
zwitterionic dicarboxylate (L, scheme 1), which has not been explored in coordination
chemistry before. The compounds are [M(L)2(H2O)4] � 4H2O M¼Mn (1) and Co (2),
{[M(L)2] � xH2O}n M¼Mn, x¼ 1 (3); M¼Co, x¼ 2 (4), and M¼Cu, x¼ 3 (5).
Compounds 1 and 2 are mononuclear, while 3–5 are 1-D coordination polymers.
In all these compounds, hydrogen bonding and �–� stacking sustain the coordination
structure and associate the coordination motifs into 3-D architectures.

2. Experimental

2.1. Physical measurements

Elemental analyses were determined on an Elementar Vario ELIII analyzer. FT-IR
spectra were recorded from 500 to 4000 cm�1 using KBr pellets on a Nicolet NEXUS
670 spectrophotometer.

2.2. Synthesis

The reagents were obtained from commercial sources and used without purification.
The new ligand was prepared according to a procedure for similar compounds [42].

2.2.1. [Mn(L)2(H2O)4] . 4H2O (1). A mixture of MnCl2 � 4H2O (0.010 g, 0.050mmol)
and L (0.024 g, 0.10mmol) in H2O/CH3OH (3/2mL) was stirred at room temperature
and then filtered. Slow evaporation of the solution at room temperature yielded white
crystals of 1 within 2 days. Yield: 60%. Anal. Calcd (%) for C28H36MnN2O16:
C, 47.27; H, 5.10; and N, 3.94. Found (%): C, 47.59; H, 4.88; and N, 4.07.

Scheme 1. Chemical structure of L.
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IR (KBr, cm�1): 3372(w), 3073(m), 1647(s), 1565(m), 1536(m), 1474(w), 1374(s),
1322(w), 1245(w), 1203(m), 919(w), 785(w), 755(w), 728(w), 690(w), and 648(w).

2.2.2. [Co(L)2(H2O)4] . 4H2O (2). A procedure similar to that for 1 was followed to
prepare 2 using CoCl2 � 6H2O instead of MnCl2 � 4H2O. Red crystals were collected
within 3 days. Yield: 55%. Anal. Calcd (%) for C28H36CoN2O16: C, 47.00; H, 5.07; and
N, 3.92. Found (%): C, 47.13; H, 5.31; and N, 3.89. IR (KBr, cm�1): 3308(w), 3039(m),
1647(s), 1566(s), 1532(m), 1478(w), 1375(m), 1327(w), 1260(m), 1203(w), 920(w),
782(m), 754(w), 686(m), and 591(w).

2.2.3. {[Mn(L)2] .H2O}n (3). A mixture of MnCl2 � 4H2O (0.010 g, 0.050mmol) and
L (0.024 g, 0.10mmol) was dissolved in H2O (3mL) and CH3OH (2mL) in a Teflon-
lined stainless steel vessel (25mL), heated at 70�C for 3 days under autogenous pressure,
and then cooled to room temperature. Red block crystals were harvested. Yield: 54%
based on Mn. Anal. Calcd (%) for C28H22MnN2O9: C, 57.45; H, 3.79; and N, 4.79.
Found (%): C, 57.24; H, 4.15; and N, 4.50. IR (KBr, cm�1): 3368(w), 3261(m), 3074(m),
1641(s), 1567(m), 1535(m), 1378(s), 1320(w), 1203(m), 1012(w), 973(w), 922(w), 843(w),
822(w), 783(m), 727(w), 691(w), and 641(w).

2.2.4. {[Co(L)2] . 2H2O}n (4). A procedure similar to that for 3 was followed to
prepare 4 using CoCl2 � 6H2O instead of MnCl2 � 4H2O. Red crystals were obtained in
50% yield. Anal. Calcd (%) for C28H24CoN2O10: C, 55.36; H, 3.98; and N, 4.16. Found
(%): C, 55.27; H, 4.37; and N, 4.35. IR (KBr, cm�1): 3418(br), 3076(m), 2921(m),
2852(w), 1642(s), 1568(m), 1535(m), 1378(s), 1323(w), 1203(m), 1012(w), 974(w),
826(w), 784(w), 755(m), 727(w), 692(w), and 642(w).

2.2.5. {[Cu(L)2] . 3H2O}n (5). A procedure similar to that for 1 was followed to
prepare 5 using CuCl2 � 2H2O instead of MnCl2 � 4H2O. Blue crystals were obtained
in 55% yield. Anal. Calcd (%) for C28H26CuN2O11: C, 53.38; H, 4.16; and N, 4.45.
Found (%): C, 52.89; H, 4.33; and N, 4.40. IR (KBr, cm�1): 3487(m), 3375(m),
3063(m), 2921(m), 1642(s), 1600(w), 1560(w), 1538(w), 1375(s), 1305(w), 1199(m),
924(w), 848(m), 788(w), 760(w), 729(w), 698(w), and 648(w).

2.3. Crystal data collection and refinement

Diffraction data were collected at 293K on a Bruker Apex II CCD area detector
equipped with graphite-monochromated Mo-K� radiation (�¼ 0.71073 Å). Empirical
absorption corrections were applied using the SADABS program [43]. The structures
were solved by direct methods and refined by full-matrix least-squares on F2, with all
non-hydrogen atoms refined with anisotropic thermal parameters [44]. All hydrogens
attached to carbonwere placed in calculated positions and refined using the ridingmodel,
and the water hydrogens in 1, 2, 4, and 5 were located from difference maps.
The hydrogens of lattice water in 3, which is disordered with an occupancy of 0.5,
were not located. All calculations were carried out with the SHELXTL
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crystallographic software. A summary of the crystallographic data, data collection, and
refinement parameters for 1–5 are given in table 1.

3. Results and discussion

3.1. Description of the crystal structures

3.1.1. Compounds 1 and 2. Single crystal X-ray analyses revealed that 1 and 2 are
isomorphic with 3-D hydrogen bond networks. On going from Mn to Co, the M–O
distances and cell dimensions exhibit systematic decrease, consistent with the variation
in metal ionic radii. Otherwise, the two structures show only very minor difference,
so only the structure of 1 is described here in detail. The relevant parameters are given
in table 2. The structure consists of mononuclear [Mn(L)2(H2O)4] and lattice water.
The molecule has a site symmetry of 2/m, in which the Mn(II) assumes the trans-
octahedral coordination geometry completed by two equivalent carboxyl oxygens
(O1, O1C) at axial positions and four equivalent waters (O4, O4A, O4B, O4C) in the
equatorial plane (figure 1). The dicarboxylate ligand, with the methylenecarboxylate
moiety in the crystallographic m-plane and the 4-(4-pyridyl)benzenecarboxylate moiety
bisected by the plane, is monodentate, using only the methylenecarboxylate for
coordination, although the other carboxylate is also deprotonated.

The carboxylate groups and water molecules, which are gathered around the metal
ion in the specific geometry, provide a rich store of hydrogen bonding sites for
intermolecular interactions. The relevant hydrogen bonding parameters are given in
table 3. As shown in figure 1, the molecules are arranged in a complementary way so
that the uncoordinated carboxylate from one molecule can be doubly hydrogen bonded
to a pair of coordinated waters from another molecule, forming a hydrogen bonding
ring with graph-set symbol R2

2(8) (figure 1) [45]. Consequently, each molecule is linked
to two identical molecules via four pairs of hydrogen bonds to generate a chain along
the c-direction. The chain consists of centrosymmetric rectangular bimetallic rings that
share the metal corners. The two phenylene groups in the bimetallacycle are parallel and
overlapped with interplanar and center-to-center distances of 3.566(4) Å and 3.730(1) Å,
respectively, suggesting that the hydrogen-bonded chain is reinforced by �–�
interactions.

The remaining donor and acceptor sites are involved in complicated hydrogen
bonding with lattice water, which assemble the chains into 3-D architectures.
An interesting 1-D hydrogen-bonded tape-like motif is formed along the c-direction.
To form the main line of the tape, neighboring metal ions are doubly linked by pairwise
O–H � � �O � � �H–O hydrogen bonding bridges, in which the central bifurcate acceptors
are from lattice water (O5) and the donors are aqua ligands from different metal ions.
There are three independent hydrogen bonding rings in the tape. The largest one,
R2

4(12), is the central motif consisting of two metal ions (Mn � � �Mn¼ 7.122(1) Å), four-
coordinated water molecules as donors, and two lattice water molecules (O5) as
bifurcate acceptors. The second is the above-mentioned R2

2(8) motif consisting of a
Mn(II), two water ligands and a carboxylate as acceptors; the third consists of water
ligands as double donors, two lattice waters (O5 and O6) as donor and acceptor, and a
carboxylate oxygen as bifurcate acceptor [R3

4(8)]. To complete the four-coordination,
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the O5 from one tape is hydrogen bonded to the uncoordinated O2 of the monodentate
carboxylate from another tape. Consequently, the tapes are associated in a self-
complementary way to produce a hydrogen-bonded 2-D network along the ab-plane
(figure 2b). The whole 3-D structure may be regarded as a pillared multilayer
architecture, where the ligands serve as pillars between the hydrogen-bonded layers
(figure 2c).

3.1.2. Compound 3. The structure of 3 consists of 1-D coordination chains. The
chain structure is shown in figure 3(a), with selected bond distances and angles given

Table 3. Hydrogen bond lengths (Å) and angles (�) for 1 and 2.

D A[transformation] d(D–H) d(H � � �A) d(D � � � ) ff(DHA)

O4 O3[�xþ 1, �yþ 1, �z] 0.84(2) 1.87(2) 2.706(2) 172(2)
0.84(2) 1.88(2) 2.713(2) 161(3)

O4 O5 0.86(3) 1.87(3) 2.732 (2) 172(2)
0.77(2) 1.98(2) 2.741(2) 168(2)

O5 O2[�xþ 1/2, �yþ 1/2, �zþ 1] 0.91(4) 1.76(4) 2.673(3) 178(3)
0.79(4) 1.90(4) 2.686(2) 173(4)

O5 O6 0.82(4) 2.01(4) 2.799(3) 161(4)
0.85(4) 1.97(4) 2.803(3) 167(3)

O6 O3[�xþ 1, �yþ 1, �z] 0.85(3) 2.03(3) 2.853(2) 162(3)
0.75(3) 2.12(3) 2.840(2) 161(3)

D, donor; A, acceptor. For each entry, the first and second data are for 1 and 2, respectively.

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

1 (M¼Mn) 2 (M¼Co)

M1–O1 2.171(2) 2.085(1)
M1–O4 2.176(1) 2.096(1)
O1A–M1–O1 180.0 180.00(2)
O1–M1–O4A 92.11(5) 91.88(4)
O1–M1–O4 87.89(5) 88.12(4)
O4–M1–O4A 180.00(5) 180.00(4)
O4–M1–O4B 89.22(7) 90.83(6)
O4–M1–O4C 90.78(7) 89.17(6)

Symmetry transformations used to generate equivalent atoms: A: �xþ 1,
�yþ 1, �zþ 1; B: x, �yþ 1, z; C: �xþ 1, y, �zþ 1.

Figure 1. The 1-D coordination chain in which mononuclear molecules are linked by hydrogen bonds in 1.
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Figure 2. (a) A hydrogen-bonded tape in 1. (b) The 2-D hydrogen bonding layer structure. (c) The 3-D
pillared-layer-like architecture of 1.

Figure 3. (a) The 1-D coordination chain in 3. (b) A view of the �–� stacking and hydrogen bonds between
the chains. (c) The 3-D packing in 3.
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in table 4. The unique Mn(II) resides on a twofold axis and exhibits a highly distorted
octahedral coordination geometry occupied by four oxygens (O1, O2, O1C, and O2C)
from two equivalent chelating carboxylate groups and other two oxygens (O3A, O3B)
at cis positions from two equivalent monodentate carboxylates. The zwitterionic ligand
uses its two carboxylates to bind two Mn(II) ions in chelating and monodentate modes,
respectively. The adjacent Mn(II) centers are connected by a pair of zwitterionic ligands
to form a centrosymmetric and rectangular bimetallic ring, and adjacent rings share
the metal center to form a 1-D zigzag-like chain along the (1 0 1) direction. The
coordination chain is further reinforced by �–� interaction between the centrosym-
metry-related phenylene groups in the bimetallacycle (the interplanar and center-
to-center distances are 3.600(3) Å and 3.841(1) Å, respectively) and the weak C–H � � �O
hydrogen bonding between a pyridyl C–H group to the uncoordinated carboxylate
oxygen [C10 � � �O4 3.211(3) Å]. There are also interchain C–H � � �O hydrogen bonding
and �–� stacking interactions. Offset �–� interaction occurs between phenylene and
pyridyl rings from different chains with only edge-to-edge overlap [46], the interplanar
and center-to-center distances being 3.756(3) Å and 4.092(1) Å, respectively. Hydrogen
bonding involves the methylene C13–H from one chain and the coordinated O1 from
another chain [C13 � � �O1 3.495(1) Å]. These interchain interactions help to align the
zigzag chains in corner-in-corner fashion, generating a 2-D layer along the 1 0 �1

� �
plane

(figure 3b). The layers are further packed into the 3-D architecture through two
independent sets of weak hydrogen bonds [C6 � � �O4 3.456(3) Å and C11 � � �O1
3.067(4) Å] (figure 3c). The parameters for the weak hydrogen bonds are listed in the
‘‘Supplementary material’’ (supplementary table S1).

3.1.3. Compounds 4 and 5. Compounds 4 and 5 are pseudo-isomorphous, since they
crystallize in the same space group, exhibit similar crystal structures, but have different
numbers of lattice waters. The relevant parameters are given in table 5.

The coordination mode of the zwitterionic ligand in 4 and 5 is similar to that in
3, and the metal center is also six-coordinate by four carboxylates, two chelating, and
two monodentate. However, as shown in figure 4(a), the metal ion resides at a
crystallographic inversion center, and the equivalent carboxylates are at opposite
positions around the metal ion, generating a trans-octahedral configuration in contrast
to the cis one in 3. The metal ions in 4 and 5 are also doubly linked by the organic
ligands to give 1-D chains (along the 0 1 �1

� �
direction) consisting of centrosymmetric

and rectangular bimetallacycles. However, as a result of the change of the coordination

Table 4. Selected bond lengths (Å) and angles (�) for 3.

Mn1–O3A 2.086(2) Mn1–O1 2.311(2)

Mn1–O2 2.211(2)
O3A–Mn1–O3B 95.43(11) O3B–Mn1–O1 149.45(7)
O3A–Mn1–O2 110.67(7) O2–Mn1–O1 57.10(8)
O3B–Mn1–O2 94.29(8) O1–Mn1–O1C 107.21(12)
O2–Mn1–O2C 142.93(12) O2C–Mn1–O1 99.55(7)
O3A–Mn1–O1 86.40(8)

Symmetry transformations used to generate equivalent atoms: A: �xþ 1/2, �yþ 1/2,
�z; B: x� 1/2, �yþ 1/2, z� 1/2; C: �x, y, �z� 1/2.
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configuration from trans to cis, the chain in 4 and 5 has a stair-like, instead of zigzag-
like, shape, with all metal ions collinear along the chain. There is also intrachain �–�
interaction between the phenylene groups in 4 and 5 (the interplanar and center-
to-center distances being respectively 3.625(6) Å and 4.086(5) Å for 4, and 3.529(2) Å
and 3.972(2) Å for 5), but the intrachain C–H � � �O hydrogen bonding observed in 3 is
impossible in 4 and 5. As shown in figure 4(a), the chains in 4 and 5 are aligned in an

Figure 4. (a) The 1-D coordination chain in 4. (b) The 2-D layer in 4 assembled through hydrogen bonding
interactions.

Table 5. Selected bond lengths (Å) and angles (�) for 4 and 5.

4 (M¼Co) 5 (M¼Cu)

M1–O3A 2.042(3) 1.954(2)
M1–O1 2.135(3) 1.977(2)
M1–O2 2.163(3) 2.532(2)
O3A–M1–O3B 180.0 180.0
O3A–M1–O1 94.36(1) 94.69(6)
O3B–M1–O1 85.64(1) 85.31(6)
O1–M1–O1C 180.0 180.0
O3A–M1–O2 95.30(1) 97.25(6)
O3B––M1–O2 84.70(1) 82.75(6)
O1–M1–O2 61.32(1) 57.15(6)
O1C–M1–O2 118.68(1) 122.85(6)
O2–M1–O2C 180.0 180.0

Symmetry transformations used to generate equivalent atoms: A: x, y� 1,
zþ 1; B: �xþ 1, �yþ 1, �zþ 1; C: �xþ 1, �y, �zþ 2.
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edge-to-edge fashion to give a thin layer parallel to the (0 1 1) plane, and the
neighboring chains along the layer are associated via weak C–H � � �O hydrogen bonds
involving the methylene groups and coordinated oxygens (O2) and O–H � � �O hydrogen
bonds mediated by uncoordinated water. The water (O5) donates its hydrogens to an
uncoordinated oxygen (O4) from one chain and a coordinated oxygen (O1) from
another chain. There are also weak C–H � � �O hydrogen bonds between neighboring
layers (figure 5); the hydrogen bonding parameters for 4 and 5 are given in table S2.

Despite the above structural similarity of 4 and 5, the two compounds are different in
other aspects. In 4, the chelating carboxylate has two similar Co–O distances (2.163(3)
Å and 2.135(3) Å), but the distance for the monodentate carboxylate is shorter (2.042(2)
Å); so the trans-octahedral geometry around Co(II) is somewhat compressed along
the axis defined by the two monodentate carboxylates. By contrast, the chelating
carboxylate in 5 is highly asymmetric, with significantly different Cu–O distances,
2.532(2) Å and 1.977(2) Å. The shorter one is similar to that for the monodentate
carboxylate (1.954(2) Å); so the geometry around Cu(II) is significantly elongated along
one of the two axes defined by the two chelating carboxylates. The difference reflects
the larger Jahn–Teller effects of the Cu(II)-t62ge

3
g configuration than the Co(II)-t52ge

2
g

configuration. Besides the distance distortion, the geometry also exhibits very large
angular distortion due to the small bite angles of the chelating carboxylates (57.15(6)�

and 61.32(1)�), and the angle distortion in 5 is even larger than that in 4, which is related
to the highly asymmetric chelating mode in 5.

As mentioned above, both structures have a lattice water (O5) per asymmetric unit
that forms hydrogen bonds with carboxylates from different chains in the layer along
the (0 1 1) plane. Compound 5 has an additional lattice molecule (O6) per metal ion,
which is disordered over two equivalent positions sharing the hydrogens. However, the
presence of this molecule does not impose significant influence on the packing structure.
It is simply inserted between hydrogen bonded to two O5 waters associated with
different layers (figure 5b). In 4, the distance between the corresponding O5 atoms is
too close to allow insertion of the additional water. The subtle difference between 4 and
5 is presumed to be due to the interplay and compromise between the coordination
requirements of the metal ions and various supramolecular interactions, but it is
impossible to propose an explanation on the detailed mechanism.

4. Conclusions

We have described a series of metal–organic architectures derived from divalent
metal ions and a new zwitterionic ligand with overall �1 charge, which contains two

Figure 5. The 3-D packing of the layers in 4 (a) and 5 (b).
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carboxylates and a pyridinium-based spacer. The compositions and structures are quite
different from those for compounds with �2 charged dicarboxylates based on neutral
spacers or the neutral ones based on bis(pyridinium) spacers. Compounds 1 and 2

contain mononuclear molecules assembled into 3-D hydrogen-bonded architectures
through O–H � � �O interactions involving carboxylate and water. In 3–5, the organic
ligands serve as double bridges between metal ions to generate 1-D coordination chains,
which are zigzag (3) or stair-like (4 and 5) due to the cis or trans coordination geometry
around metal ions. The coordination chains, reinforced by intrachain �–� stacking
in 3–5 and also by intrachain weak C–H � � �O interactions in 3, are associated through
interchain hydrogen bonding interactions (and also �–� interactions in 3) to give 3-D
supramolecular architectures.

Supplementary material

Crystallographic data as .cif files for the structures reported in this article have
been deposited with the Cambridge Crystallographic Data Center. CCDC numbers
are 784769–784773. Copies of the data can be obtained free of charge from CCDC,
12 Union Road, Cambridge CB2 1EZ, UK.
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