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Six complexes based on a flexible tripodal ligand H3TTTA (2,20 ,200-[1,3,5-triazine-2,4,6-triyltris(thio)]-

tris-acetic acid) have been hydrothermally synthesized and structurally characterized. X-ray single-crystal

diffractions reveal that they have rich structural chemistry: mononuclear, [Zn(HTTTA)(2,20-bpy)(H2O)3]n

(1); dimeric metallamacrocycle, [Zn(HTTTA)(2,20-bipy)(H2O)]n (2) and [Cd(HTTTA)(2,20-bipy)(H2O) �H2O]n

(3); two-dimensional networks with binodal (3,6)-connected CdI2 topology based on linear trinuclear

M3(m2–CO2)4(m2–CO2)2 SBUs (Secondary Building Units), [M3(TTTA)2(2,20-bipy)2(H2O)m �nH2O]n (M¼Zn �4,

m¼0, n¼4; Cd �5 and Mn �6, m¼2; n¼2). The value of pH and the metal ions has large influences on the

resulting structures. The flexible tricarboxylic acid exhibits four coordination modes from monodentate to

m6-bridge. Fluorescence and magnetic properties of the complexes have also been investigated in details.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Supramolecular coordination assemblies attract much interest
in recent years, stemming from the potential applications in the
areas including gas storage, molecular sieves, ion-exchange,
catalysis, magnetism and optoelectronics, as well as their intri-
guing variety of architectures and topologies, such as molecular
grids, bricks, herringbones, ladders, rings, boxes, diamondoids and
honeycombs [1–16]. Of great interest is the construction of
supramolecular architectures based on rigid or flexible carboxylic
acid ligands [17–27]. Rigid ligands with comparably predictable
coordination conformations are also employed in predesigned
syntheses. Flexible ones, however, can adopt different conforma-
tions to decrease the geometric constrain and steric hindrance, so
may form unpredictable intriguing topologies and properties. In
addition, various kinds of intermolecular weak interactions, such
as O–H?O (N) hydrogen bonds, weak C–H?X (X¼O, N, p) and
p?p stacking interactions, are always observed [28–36]. They
can cooperate with metal–ligand coordination bonding, leading to
interesting supramolecular architectures.

We are interested in the latter and their extended structures.
Systematic investigation has been made on the coordination
chemistry of a series of tripodal acid ligands containing the
–OCH2–, –NHCH2– and amide groups [37–40]. In our recent
ll rights reserved.
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manuscript, the lanthanide chemistry of H3TTTA ligand (2,20,200-
[1,3,5-triazine-2,4,6-triyltris(thio)]tris-acetic acid) with –SCH2–
group has revealed that three types of structures from three-
dimensional networks, one-dimensional chains to metallamacro-
cycle molecules are observed from light metal ions to heavy ones
[41]. The synergistic effect of lanthanide contraction and flexible
tripodal ligands should be responsible for the progressive change
of these complexes.

For further investigation on coordination chemistry of this ligand
with transition metal centers, six complexes were obtained: mono-
nuclear, [Zn(HTTTA)(2,20-bipy)(H2O)3]n (1); metallamacrocycles,
[Zn(HTTTA)(2,20-bipy)(H2O)]n (2) and [Cd(HTTTA)(2,20-bipy)
(H2O) �H2O]n (3); two-dimensional binodal (3,6)-connected CdI2
networks, [M3(TTTA)2(2,20-bipy)2(H2O)m �nH2O]n (M¼Zn �4, m¼0,
n¼4; Cd �5 and Mn �6, m¼2; n¼2). The multicarboxylic acid
exhibits different deprotonation modes (HTTTA2� and TTTA3�)
and coordination conformations (monodentate, bisdentate and
m6-bridge). For mono- and metallamacrocycle complexes, the non-
covalent interactions between the molecules induce different pack-
ing modes to form diverse supramolecular networks. Fluorescence
properties of these complexes have been also investigated.
2. Experimental section

2.1. General methods

The H3TTTA ligand was prepared according to the previous
procedure [40]. All the other reagents were commercially
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Table 1
Crystal data and refinement of the complexes.

Complex 1 2 3

Empirical formula C19H21N5O9S3Zn C38H34N10O14S6Zn2 C38H38N10O16S6Cd2

Formula weight 624.96 1177.85 1307.94

Space group P21/n C2/c C2/c

a (Å) 7.6656(10) 20.733(2) 21.796(11)

b (Å) 33.813(4) 10.5492(9) 10.584(5)

c (Å) 10.403(2) 21.9589(18) 22.132(11)

a (deg.) 90.00 90.00 90.00

b (deg.) 111.586(2) 104.089(2) 108.221(8)

g (deg.) 90.00 90.00 90.00

V (Å3) 2507.5(7) 4658.4(7) 4849.55(3)

Z 4 4 4

Dcalcd. (g cm�3) 1.655 1.679 1.791

m (mm�1) 1.289 1.376 1.215

R1, wR2a [I42s(I)] 0.0347, 0.0819 0.0360, 0.0688 0.0785, 0.2179

GOF 1.007 1.019 1.069

Complex 4 5 6

Empirical formula C38H36N10O16S6Zn3 C38H36N10O16S6Cd3 C38H36N10O16S6Mn3

Formula weight 1277.24 1418.33 1245.95

Space group P�1 P�1 P�1

a (Å) 8.883(3) 9.3334(7) 9.4300(6)

b (Å) 11.713(4) 11.0008(8) 10.7611(7)

c (Å) 12.813(4) 13.0536(5) 13.0175(8)

a (deg.) 111.027(4) 108.19 (4) 107.80(5)

b (deg.) 108.443(4) 107.53 (3) 108.68(3)

g (deg.) 92.013(5) 94.23 (6) 93.26(2)

V (Å3) 1163.7(7) 1193.01(2) 1173.80(2)

Z 1 1 1

Dcalcd. (g cm�3) 1.823 1.974 1.763

m (mm�1) 1.886 1.669 1.144

R1, wR2a [I42s(I)] 0.0582, 0.1412 0.0532, 0.0937 0.0686, 0.1506

GOF 0.943 1.040 1.090

a R1¼
P

:Fo9�9Fc:/9Fo9, wR2¼[
P

w(
P

Fo
2
�Fc

2)2/
P

w(Fo
2)2]1/2.

Table 2
Geometrical parameters of hydrogen bonds in the complexes.

D–H?A d(H?A) d(D?A) +(DHA) Symmetry codes

Complex 1
O(2W)–H(2WA)?O(2) 2.06 2.691(3) 130.2

O(6)–H(6)?O(4)a 1.76 2.573(3) 168.9 x�1/2, �yþ3/2, zþ1/2

O(2W)–H(2WB)?O(4)b 1.93 2.691(3) 147.6 �xþ2, �yþ2, �zþ1

O(3W)–H(3WA)?O(3)b 2.17 2.762(3) 126.2 �xþ2, �yþ2, �zþ1

O(3W)–H(3WB)?N(3)c 2.38 2.949(3) 124.9 �xþ2, �yþ2, �zþ2

O(1W)–H(1WB)?O(3)d 2.04 2.802(3) 148.6 �xþ1, �yþ2, �zþ1

Complex 2
O(1W)–H(1WA)?O(2)d 1.97 2.755(3) 152.8 �xþ1, �yþ2, �zþ1

O(1W)–H(1WA)?O(1)a 1.94 2.784(3) 172.0 �x, �y, �z

O(1W)–H(1WC)?O(5)b 2.22 2.783(3) 124.2 x, y�1, z

O(3)–H(3)?O(2) 1.79 2.602(3) 169.7

C(17)–H(17)?O(4)c 2.68 3.290(4) 123.5 �xþ1/2, yþ1/2, �zþ1/2

C(6)–H(6B)?N(2) d 2.41 3.377(4) 171.0 �xþ1/2, y�1/2, �zþ1/2

C(13)–H(13)?O(6) e 2.64 3.277(5) 126.4 xþ1/2, y�1/2, z

Complex 3
O(3)–H(3)?O(2) 1.89 2.640(10) 150.9

O(2W)–H(2WC)?O(4) 2.11 2.787(14) 136.1

O(1W)–H(1WA)?O(6)a 2.03 2.702(9) 135.3 x, y�1, z

O(1W)–H(1WA)?O(1)b 2.34 3.037(9) 139.3 �xþ2, �yþ1, �zþ2

O(1W)–H(1WB)?O(2W)c 2.01 2.850(14) 167.2 x, �yþ1, zþ1/2

O(2W)–H(2WB)?O(5)d 2.51 2.934(17) 111.9 �xþ2, y�1, �zþ3/2

Complex 4
O(1W)–H(1WA)?O(2W)a 2.33 3.005(6) 137.0 x, y, zþ1

O(1W)–H(1WC)?O(6)b 2.33 2.847(4) 119.3 �x, �yþ1, �zþ1

O(2W)–H(2WD)?O(1W)c 2.45 3.028(6) 125.5 �xþ1, �yþ1, �zþ1
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Table 2 (continued )

D–H?A d(H?A) d(D?A) +(DHA) Symmetry codes

Complex 5
O(1W)–H(1WA)?O(6) a 1.96 2.648(6) 137.1 xþ1, y, z

O(2W)–H(2WC)?O(1W)b 2.47 2.951(6) 116.6 �xþ1, �yþ2, �zþ1

O(2W)–H(2WD)?O(1)c 2.45 3.043(6) 127.8 �xþ1, �yþ1, �zþ1

Complex 6
O(1W)–H(1WA)?O(6)a 2.61 3.108(5) 118.9 xþ1, y, z

O(2W)–H(2WC)?O(1W)a 1.98 2.747(5) 150.3 x, y�1, z

O(2W)–H(2WD)?O(1) 2.19 2.966(5) 150.9
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available and used as purchased. The elemental analysis was
carried out with a Perkin-Elmer 240C elemental analyzer, at the
Center of Materials Analysis, Nanjing University. The FT-IR spectra
were recorded from KBr pellets in the range of 4000–400 cm�1 on
a VECTOR 22 spectrometer. Thermal analyses were performed on
a TGA V5.1A Dupont 2100 instrument from room temperature to
700 1C with a heating rate of 10 1C/min under flowing nitrogen,
and the data are consistent with the structures. The emission/
excitation spectra were recorded on a Hitachi 850 fluorescence
spectrophotometer. Magnetic measurements were carried out on
a Quantum Design MPMS-5XL SQUID system in a field 2 KOe.
2.2. Syntheses of the complexes

2.2.1. [Zn(HTTTA)(2,20-bipy)(H2O)3]n (1) and [Zn2(HTTTA)2

(2,20-bipy)2(H2O)2] (2)

A mixture of H3TTTA (0.010 g, 0.025 mmol), 2,20-bipy (0.004 g,
0.025 mmol), Zn(OAc)2 �6H2O (0.011 g, 0.05 mmol) with 10 mL
H2O was placed in a Parr Teflon-lined stainless steel vessel and
heated to 80 1C for 24 h. Then the reaction system was cooled to
room temperature slowly and colorless block crystals of 1 and 2
were obtained. After filtration, the crystals were washed with
water and dried in air.
Fig. 1. (a) View of the coordination environment of Zn(II) ion in 1. (Hydrogen
2.2.2. [Zn2(HTTTA)2(2,20-bipy)2(H2O)2] (2)

A mixture of H3TTTA (0.010 g, 0.025 mmol), 2,20-bipy (0.008 g,
0.05 mmol), Zn(OAc)2 �6H2O (0.011 g, 0.05 mmol) with 10 mL
H2O was placed in a Parr Teflon-lined stainless steel vessel and
heated to 80 1C for 24 h. Then the reaction system was cooled to
room temperature slowly and colorless block crystals of 2 were
obtained. After filtration, the crystals were washed with water
and dried in air (Yield 50% based on Zn(OAc)2 �6H2O).
C38H34N10O14S6Zn2 (1177.85): calcd. C 38.71, H 2.89, N 11.89;
found C 38.89, H 3.02, N 11.66. IR (KBr pellet): 3424(w), 1743(m),
1629(m), 1581(m), 1472(s), 1395(w), 1272(m), 1215(w), 852(m),
771(m) cm�1.
atoms are omitted for clarity.) (b) View of the two-dimensional layer along the

ac plane, showing the O–H?O and O–H?N hydrogen bonding interactions

between the mononuclear units. (c) View of the three-dimensional structure

along the c-axis, showing the O–H?O and C–H?O interactions.
2.2.3. [Cd2(HTTTA)2(2,20-bipy)2(H2O)2 �2H2O]n (3)

A mixture of TTTA (0.010 g, 0.025 mmol), 2,20-bipy (0.008 g,
0.05 mmol), Cd(OAc)2 �6H2O (0.013 g, 0.05 mmol) with 10 mL
H2O was placed in a Parr Teflon-lined stainless steel vessel and
heated to 80 1C for 24 h. Then the reaction system was cooled to
room temperature slowly and colorless block crystals of 5 were
obtained. After filtration, the crystals were washed with water
and dried in air. (Yield 58% based on Cd(OAc)2 �6H2O). C38H38N10

O16S6Cd2 (1307.94): calcd. C 34.86, H 2.91, N 10.70; found C 34.96, H
3.02, N 10.56. IR (KBr pellet): 3427(m,br), 2900(w), 1722(v),
1591(m), 1481(s), 1439(w), 1396(m), 1270(m), 1229(m), 1170(w),
847(m,), 769(m) cm�1.
2.2.4. [Zn3(TTTA)2(2,20-bipy)2 � 4H2O]n (4)

H3TTTA (0.010 g, 0.025 mmol) was dissolved in 10 mL H2O, and
the pH value is adjusted to 4.6 with NaOH. After 2,20-bipy (0.008 g,
0.05 mmol) and Zn(OAc)2 �6H2O (0.013 g, 0.05 mmol) were added,
the whole mixture was placed in a Parr Teflon-lined stainless steel
vessel and heated to 80 1C for 24 h. Then the reaction system was
cooled to room temperature slowly and colorless block crystals of
4 were obtained. After filtration, the crystals were washed with
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water and dried in air. (Yield 70% based on Zn(OAc)2 �6H2O).
C38H36N10O16S6Zn3 (1277.24): calcd. C 35.70, H 2.82, N 10.96;
found C 35.62, H 2.72, N 11.04. IR (KBr pellet): 3448(m,br),
2978(vw), 1611(s), 1491(s), 1475(s), 1443(m), 1406(s), 1364(m),
1270(m), 1246(m), 1211(m), 856(w), 770(w), 680(vw) cm�1.
2.2.5. [Cd3(TTTA)2(2,20-bipy)2(H2O)2 �2H2O]n (5)

H3TTTA (0.010 g, 0.025 mmol) was dissolved in 10 mL H2O,
and the pH value is adjusted to 4.6 with NaOH. After 2,20-bipy
(0.008 g, 0.05 mmol) and Cd(OAc)2 �6H2O (0.013 g, 0.05 mmol)
were added, the whole mixture was placed in a Parr Teflon-lined
stainless steel vessel and heated to 80 1C for 24 h. Then the
reaction system was cooled to room temperature slowly and
colorless block crystals of 5 were obtained. After filtration, the
crystals were washed with water and dried in air. (Yield 71%
based on Cd(OAc)2 �6H2O). C38H36N10O16S6Cd3 (1418.33): calcd. C
32.15, H 2.54, N 9.87; found C 32.30, H 2.66, N 9.75. IR (KBr
pellet): 3464(w,br), 1610(s), 1490(s), 1475(s), 1406(s), 1364(m),
1270(m), 1246(m), 1211(m), 856(w), 770(w) cm�1.
2.2.6. [Mn3(TTTA)2(2,20-bipy)2(H2O)2 � 2H2O]n (6)

A mixture of TTTA (0.010 g, 0.025 mmol), 2,20-bipy (0.008 g,
0.05 mmol), Mn(OAc)2 �6H2O (0.013 g, 0.05 mmol) with 10 mL
H2O was placed in a Parr Teflon-lined stainless steel vessel and
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Scheme 2. Syntheses
heated to 80 1C for 24 h. Then the reaction system was cooled to
room temperature slowly and light yellow block crystals of 6
were obtained. After filtration, the crystals were washed with
water and dried in air. (Yield 70% based on Mn(OAc)2 �6H2O).
C38H36N10O16S6Mn3 (1245.95): calcd. C 36.60, H 2.89, N 11.24;
found C 36.43, H 3.05, N 11.32. IR (KBr pellet): 3384(w,br),
1608(s), 1485(s), 1445(w), 1410(s), 1361(m), 1263(m), 1246(m),
1205(m), 853(w), 772(w), 676(w) cm�1.

2.3. X-ray crystallographic study

Suitable single crystals were selected for indexing and inten-
sity data were measured on a Siemens Smart CCD diffractometer
with graphite-monochromated Mo Ka radiation (l¼0.71073 Å) at
293 K. The raw data frames were integrated into SHELX-format
reflection files and corrected using SAINT program. Absorption
corrections based on multiscan were obtained by the SADABS
program. The structures were solved with direct methods and
refined with full-matrix least-squares technique using the
SHELXS-97 and SHELXL-97 programs, respectively [42]. The
coordinates of the non-hydrogen atoms were refined anisotropi-
cally, and the positions of the H-atoms were generated geome-
trically, assigned isotropic thermal parameters, and allowed to
ride on their parent carbon atoms before the final cycle of
refinement. Basic information pertaining to crystal parameters
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and structure refinement is summarized in Table 1, and selected
bond lengths and angles are listed in Table 2. CCDC 793233(1),
787392(2), 787393(3), 787396(4), 787397(5), 787395(6) for the
complexes contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
Fig. 2. (a) View of the coordination environment of Zn(II) ion in 2. Symmetry

codes to generate the atoms: A, �x, 1�y, �z. (b) View of the one-dimensional

chain along the c axis with O–H?O hydrogen bonding interactions along the

b-axis. (c) View of the three-dimensional network connected by C–H?O and

C–H?N weak interactions between adjacent chains along the ac plane. (Hydrogen

atoms are omitted for clarity.)
2.4. Calculation details

Density functional calculations were performed, employing
the Gaussian03 suite of programs, at the B3LYP level. The basis set
used for C, O, N, S and H atoms was 6–31 G while effective core
Fig. 3. (a) View of the coordination environment of Cd(II) ion in 3. Symmetry

codes to generate the atoms: A, 2�x, 2�y, 2�z. (b) View of the one-dimensional

chain along the c axis with O–H?O hydrogen bonding interactions along the

b-axis. (c) View of the three-dimensional network connected by C–H?O and

C–H?N weak interactions between adjacent chains along the ac plane. (Hydrogen

atoms are omitted for clarity.)

www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
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potentials with a LanL2DZ basis set were employed for transition
metals. The contour plots of MOs were obtained with the Gauss-
view 3.0 graphic program.
3. Results and discussion

3.1. Syntheses

It is well known that generation of supramolecular architec-
tures are governed by the crystallization conditions, such as
temperature, solvent, template, guest, concentration and so on.
The reactions under different pH values for different metal salts in
two kinds of ratio have been carried out. PXRD was measured to
confirm the purities of the complexes (see Supporting
Information). As can be seen from Scheme 2, the resulting
products are largely dependent on the values of pH. For Zn system,
the influence is more significant. Within the pH value of 3.8–4.6,
low values gave rise to simple structures while high values
resulted in complicated ones, which may be related with the
deprotonation degrees of the multicarboxylate ligands. Reactions
of higher pH values, such as 5.0, may lead to the decomposition of
the carboxylate ligand and the hydrolysis of the metal centers.

3.2. Structural description

3.2.1. Mononuclear structure. [Zn(HTTTA)(2,20-bpy)(H2O)3]n (1)

X-ray diffraction indicates complex 1 features a mononuclear
molecule. The asymmetric unit is composed of one metal center,
one HTTTA2� ligand, one chelating 2,20-bpy and three coordi-
nated aqua molecules (Fig. 1(a)). The Zn(II) center adopts a six-
coordinated geometry. One monodentate carboxylate oxygen
atom from HTTTA2� ligand, two nitrogen atoms from chelating
Fig. 4. (a) View of the coordination environments of Zn(II) ions in 4. Symmetry codes

�1þz; E, 1þx, y, z; F, x, y, �1þz. Hydrogen atoms are omitted for clarity. (b) View

dimensional sheet along the ac plane. (d) Scheme representation of (3,6)-connected Cd

connected nodes, respectively.
2,20-bpy molecule as well as one aqua oxygen atom composed the
equatorial plane. The other two aqua oxygen atoms occupy the
axial positions. The Zn–O and Zn–N bond lengths are in the range
of 2.045(2)–2.165(2) Å. The N4–Zn–N5 angle is 77.11, indicating
the octahedral coordination sphere is much distorted. The tripo-
dal ligand is incompletely deprotonated and adopts a simple
monodentate mode with one carboxyl group almost coplanar
with the central triazine ring (Scheme 1(a)).

Analysis of the supramolecular structure showcases the impor-
tance of the non-covalent intermolecular interactions in directing a
network topology (Fig. 1(b) and (c)). The aqua molecules O1w,
O2w and O3w form strong O–H?O interactions with the carbox-
ylate oxygen atoms O2, O3, O4 and triazine nitrogen atom N3,
resulting into two-dimensional layers along the ac plane, which
is stabilized further through the C–H?O weak interactions
between the bpy carbon atom C12 and carboxylate oxygen atom
O2. These layers are linked further through O–H?O interactions
between the carboxylic oxygen atom O6 and carboxylate oxygen
O4, extending the layers into a three-dimensional supramolecular
structure.
3.2.2. Dimeric metallamacrocycle. [Zn2(HTTTA)2(2,20-bipy)2(H2O)2]n

(2) and [Cd2(HTTTA)2(2,20-bipy)2(H2O)2 �2H2O]n (3)

As shown in Fig. 2(a), complex 2 is a metallamacrocycle
molecule, composed of two metal centers, two HTTTA� ligands,
two 2,20-bpy ligands and two aqua molecules. The Zn(II) center is
five-coordinated with two monodentate carboxylate oxygen
atoms, two nitrogen atoms of chelating bpy and one water
molecule, resulting in much distorted triangular bipyramidal
geometry. The incompletely deprotonated ligand acts as a
m2-bridge, linking two metal centers with the separation of
Zn1?Zn1ii (symmetry code: ii, 2�x, 2�y, 2�z.) being 8.59(1) Å.
to generate the atoms: A, 1�x, �y, 1�z; B, �x, �y, �z; C, 1�x, �y, �z; D, x, y,

of the trinuclear SUBs. Symmetry code: A, 1�x, �y, �z; (c) View of the two-

I2 topology. The TTTA3� ligands and trinuclear SBUs are represented by 3- and 6-
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The neighboring molecules are arranged into 1-D chains along
the b axis by strong intermolecular hydrogen bonding interactions
between the coordinated molecule O1w and the carboxylate
oxygen atoms O1 and O5, respectively, in which M2O2 rings are
formed with the metal–metal separation of 4.740 Å (Fig. 2(b)).
Adjacent chains are connected further through weak C–H?O
interactions between phen carbon atoms (C13, C17) and carbox-
ylate oxygen atoms (O6, O4), as well as C–H?N interactions
between methyl carbon atom C6 and triazine nitrogen atom N2,
resulting into a 3D framework (Fig. 2(c)).

The molecule structure of complex 3 is similar to that of
complex 2. Due to the larger radii, Cd(II) ion is six-coordinated by
two chelating carboxylate groups, two chelating nitrogen atoms
and one aqua molecule (Fig. 3(a)). The bond length of Cd1–O2 is
2.710(2) Å, much longer than other bonds, and the comparable
Cd1–O5 and Cd1–O6 bonds suggest the symmetric coordination
of the carboxylate group. Thus, the environment around the metal
center is much distorted. Additionally, free aqua molecules are
observed, which are involved in the weak hydrogen bonding
interactions connecting these dimeric molecules into three-
dimensional supramolecular architectures (Fig. 3(b) and (c)).
Fig. 5. (a) View of the coordination environments of Cd(II) ions in 5. Symmetry

codes to generate the atoms: A, 2�x, 1�y, 2�z; B, 1�x, 1�y, 1�z; C, 2�x, 1�y,

1�z; D, x, y, �1þz; E, 1þx, y, z; F, x, y, �1þz. (b) View of the coordination

environments of Mn(II) ions in 6. Symmetry codes to generate the atoms: A, 1�x,

1�y, 1�z; B, �x, 1�y, �z; C, 1�x, �y, �z; D, x, y, �1þz; E, 1þx, y, z; F, x, y,

�1þz. Hydrogen atoms are omitted for clarity.
3.2.3. Two-dimensional complexes. [M3(TTTA)2(2,20-

bipy)(H2O)m �nH2O]n (M¼Zn � 4, m¼0, n¼4; Cd �5 and Mn �6, m¼2,

n¼2)

Complex 4–6 exhibit high-dimensional networks. As illu-
strated in Fig. 4(a), the fundamental unit consists of two crystal-
lographically independent Zn(II) ions. Zn1 is surrounded by six
monocarboxylate oxygen atoms from discrete TTTA3� ligands,
resulting in octahedral coordination geometry. The Zn–O dis-
tances are in the range of 2.233(2)–2.320(3) Å. Zn2 shows a
distorted square pyramidal coordination sphere. The equatorial
plane is composed of chelating bpy ligand and two monodentate
carboxylate oxygen atoms from two TTTA3� ligands. The apical
positions are occupied by one carboxylate oxygen atom from
TTTA3� ligand. In addition, there are also p?p stacking interac-
tions between the triazine ring and the bpy ring with the average
plane-to-plane separation of 3.54(5) Å.

The tricarboxylate ligand is completely deprotonated. Three
arms show significant deviation from the aromatic ring and
exhibit different coordination modes: m2–Z1:Z1 fashion (each of
the carboxylate oxygen atoms coordinates with one metal cen-
ter); m2–Z1:Z1 fashion and m2–Z2 (only one carboxylate oxygen
atom coordinates with two metal centers). As a result, the whole
ligand functions as a m6-bridge, linking six metal centers.

The most interesting feature of the complex is the presence of
linear [Zn3(m2–O)2(CO2)4] SBUs (Fig. 4(b)). Zn1 center is located at
the vertex and triply bridged to the central Zn2 by two bidentate
carboxylate groups in syn–syn conformation and one oxygen atom
from the monodentate-bridging group. The Zn1?Zn2 distance is
3.611(2) Å. The assembly of these trinuclear SBUs with TTTA3�

ligands leads to a 2D compact and neutral framework along the ac

plane. Within the sheet, each Zn3 SBU is connected with other six
ones (Fig. 4(c)). Adjacent aromatic rings are separated with the
central distance of 3.307 and 3.327 Å, respectively, exhibiting
strong p?p stacking interactions. The free aqua molecule O2w
can form O–H?O hydrogen bonds with O1w and the carboxylate
oxygen O4, connecting these sheets into a three-dimensional
network.

To classify the network, suitable nodes should be confirmed.
The Zn3 SBUs and the geometrical centers of the triazine ring of
the TTTA3� ligands can be viewed as six-connected nodes as
three-connected nodes, respectively. The 2D layer is composed of
4-gons sharing edges or vertices, corresponding to the well-
known (3,6)-connected CdI2 topology with the short Schäfli
symbol of (43)2(46, 66, 83) (Fig. 4(d)) [43]. It is well known
that high-dimensional nets with mixed connectivity, such as
(3,6)-, (4,6)- and (4,8)-connected architectures, are still quite rare
[44–47]. Only several (3,6)-connected structures have been
observed in Metal-Organic Frameworks (rutile, pyrite and ana-
tase), other reported examples are inorganic materials (a-PbO2,
g-ZnO2, brookite and PrI2) [4,48–51].

Complex 5 and 6 are isostructural and similar to complex 4,
except the coordination environments of the metal centers
(Fig. 5(a) and (b)). In these two cases, two crystallographically
independent metal centers both exhibit six-coordinated distorted
octahedral coordination environment. As shown in Fig. 5(a), six
monocarboxylate oxygen atoms around Cd1 center come from
discrete TTTA3� ligands. Cd2 shows a distorted octahedral coordi-
nation sphere, with the equatorial plane composed of chelating bpy
ligand and two monodentate carboxylate oxygen atoms from two
TTTA3� ligands, as well as one carboxylate oxygen atom from the
third TTTA3� ligand and one water molecule in the apical positions.
3.2.4. Structural progression of the complexes

A structural comparison shows the structural progression of
the six complexes. Apparently, pH of the reaction system has large
influence on the final products. Higher pH always leads to higher-
dimensional structures, which is in agreement with the previous
reports [52,53]. It may have control over the deprotonation
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and thus a higher connectivity of the carboxylate ligand and
consequently more complicated high dimensional structure.
Additionally, metal centers also demonstrate pH-dependence.
Fig. 7. View of the solid luminescence properties of complex 2 (a), 3 (b), 4 (c)

Fig. 6. Overlay of the H3TTTA acid in the complexes, showing the flexibility of the

ligand.

Table 3
Conformational parameters of the H3TTTA molecule.

Complex a (deg.) b (deg.) g (deg.) Conformation

1 9.3 84.4 105.5 syn, syn, anti

2 88.9 101.5 90.0 syn, syn, anti

3 90.0 77.9 89.9 syn, syn, anti

4 119.3 19.7 74.1 syn, syn, anti

5 131.1 15.0 70.8 syn, syn, anti

6 121.6 13.3 73.8 syn, syn, anti
The same pH for different metal centers may not often result in
the same structures. Depending on the coordination requirement
of the metal center and a particular network formation, the
flexible ligand can adopt different conformations via bending,
stretching, or twisting. A superimposed picture of the ligand in
1–6 will put this into perspective (Table 3 and Fig. 6). The
conformational variations can broadly be quantified by two groups
of parameters: (i) the dihedral angles between the triazine ring and
the three carboxylate groups, a, b and g; (ii) syn or anti conforma-
tion of the three arms. Moreover, the existence of N, O and S atoms
as well as aromatic ring is important to the construction of the
supramolecular framework, especially for the low-dimensional
ones (mononuclear and dinuclear units). Anyway, these special
structures may enrich the frameworks of multicarboxylate system
to some extent.
3.3. Properties of these complexes

3.3.1. FT-IR spectra

The IR spectra show features attributable to the carboxylate
stretching vibrations of the complexes. For different deprotona-
tion of the ligands, significant signals can be found. For complex
1–3, the presence of signals in the range of 1760–1680 cm�1

indicates the incompletely deprotonation of the ligands, while for
4–6 with the completely deprotonated ligands, these signals are
absent. The characteristic bands of carboxylate groups are shown
in the range of 1560–1620 cm�1 for asymmetric stretching and
1370–1490 cm�1 for symmetric stretching. The absorption in the
range of 1500–1420 cm�1 is characteristic of the CQN and CQC
bonds of the aromatic ring. Weak absorptions observed in the
range of 2900–2950 cm�1 can be assigned to the uCH2 of the
ligand. The broad bands at ca. 3300 cm�1 are corresponding to
the vibration of the water molecules in the complexes.
and 5 (d) at room temperature, respectively. Inset: the excitation spectra.
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3.3.2. Fluorescence of the complexes

The solid fluorescence properties of these complexes were
measured at the ambient temperature. As depicted in Fig. 7, com-
plex 2–5 shows strong fluorescent emissions at 361, 418, 431 and
421 nm upon excitation at 346, 358, 387 and 360 nm, respectively.
Significant enhancement in the intensity is realized compared with
the free H3TTTA and 2,2-bpy ligands, of which the former shows
very weak luminescence while the latter exhibits emissions at both
365 and 385 nm [54]. The intensity increase blue- or red-shift of the
luminescence may be attributed to the chelation of the ligand to the
metal center, which increases the rigidity of ligand and reduces the
nonradiative relaxation process [55–57]. For further verification
based on the experimental geometries, the MO calculations of
the binuclear complexes 2 and 3 have been carried out (Fig. 8).
The contour plots of the relevant HOMOs and LUMOs for these two
complexes show large difference. For complex 2, the HOMO is
mainly associated with the p-bonding orbital from the triazine rings
and S atoms of the TTTA ligands, while the LUMO is mainly
associated with the pn-antibonding orbital from the bpy rings. For
complex 3, however, both HOMO and LUMO are mainly associated
with the Cd–O and Cd–N s-bonding orbital around the metal
centers, which is localized more on the N and O atoms, respectively.
Fig. 9. Magnetic behavior of 6 in the form of wMT vs. T and wM
�1 vs. T plots for

complex 6. The solid line shows the best fit.
3.3.3. Magnetic properties

The thermal dependence of wMT and the simulated curves for
polycrystalline samples of complex 6 are shown in Fig. 9. The value
of wMT was 12.45 cm3 mol�1 K at 300 K, slightly smaller than the
value for three isolated S¼5/2 MnII center (13.125 cm3 mol�1 K),
which might be caused by the weak antiferromagnetic coupling
between the metal centers. The wMT values decrease steadily with
the decreasing temperature. Below 50 K, the value decreases dra-
matically and reached 4.37 cm3 mol�1 K at 1.8 K, consistent with
the resulting spin ground state of S¼5/2 and further indicating the
antiferromagnetic interaction between the MnII ions.

An inspection of the structure of the complex allows us to
account for the observed antiferromagnetic coupling. Because of the
long metal–metal distance between the metal centers of different
trinuclear SBUs, only the coupling interactions between the metal
centers within them are considered. For the triply bridged metals,
Fig. 8. The contour plots of the relevant LUMOs and HO
each bridge contributes to the coupling between the metal centers.
Firstly, two carboxylate groups bridge the metal centers in syn–syn

fashion, which always leads to possible antiferromagnetic interac-
tions [58,59]; secondly, for the Z2–O bridge, the magnetic coupling
between the metal centers depends on the Mn–O–Mn angle to a
large extent. The Mn–O–Mn angle of 105.5(1)1 may also lead to
antiferromagnetic exchange interactions [60,61].

In order to evaluate the exchange interactions between neigh-
boring Mn(II) centers, the susceptibility measurements were
fitted in all temperature region assuming the isotropic spin-
coupling Hamiltonian H¼�2J(S1 � S2þS1A � S2) [62]. The best fits
with the parameters of g¼1.99 and J¼�1.44 cm�1 are consistent
with other reported values of similar structures [63,64].
4. Conclusions

Six complexes based on a flexible tripodal ligand H3TTTA have
been hydrothermally synthesized and structurally characterized.
They exhibit diverse structures from discrete mono- and binuc-
lear molecules to extended two-dimensional layers. pH of the
MOs for 2 (a and b) and 3 (c and d), respectively.
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reaction system and the metal ions has large influence on the final
products. The flexible multicarboxylic acid ligand exhibits diverse
different coordination modes ranging from monodentate to m6-
bridge. These special structures may enrich the frameworks of
multicarboxylate system to some extent.
Supporting information available

Additional figures of complex 3 and crystallographic data for
all the complexes. These data can be obtained free of charge
via /http://www.ccdc.cam.ac.uk/conts/retrieving.htmlS or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (þ44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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