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Six coordination complexes were solvothermally synthesised: a 3D framework [Cd(tmtt)2]n (1), 2D architectures
[Zn(tmtt)2]n (2) and [Pb(tmtt)2]n (3), 1D chain structures [Ni(tmtt)2�(H2O)2]n (4) and [Co(tmtt)2�(H2O)2]n (5), and
a mononuclear structure [Hg(tmtt)2] (6). The complexes, based on self-assembly of different metal ions with a newly
designed mercapto-thiadiazole ligand tmttH (tmttH¼ 5-[(1H-1,2,4-triazol-1-yl)methyl]-1,3,4-thiadiazole-2(3H)-thione),

were characterised by single crystal X-ray diffraction analyses. Crystal structure analyses reveal that complex 1 exhibits a
four-fold interpenetrating 3D framework with {64.82} topology based on two kinds of right-handed single-helical chains,
2 displays a bilayer structure, 3 presents a crown-shaped network, 4 and 5 show 1D double–helical chain structures, and 6

is a mononuclear structure. Moreover, the thermal stabilities of crystalline samples 1–6 have been investigated, and the
luminescent properties of complexes 1, 2, 3, 6, and the free ligand have been studied. The results of photoluminescent
measurements illustrate that 2 and 3 may serve as excellent candidates for potential photoactive materials.
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Introduction

The construction of metal–organic frameworks (MOFs) with

metal ions and multifunctional organic ligands is currently a hot
research topic that covers diverse areas of chemical science, with
a particular emphasis on crystal engineering amongst other areas.
The intense interest in building MOFs is driven by their intrinsic

architectural beauty and aesthetically pleasing structures, as well
as potential applications such as catalysis, molecular magnets,
photoluminescence, ion exchange, adsorption, and phase sepa-

ration.[1] In general, the self-assembly of MOFs are frequently
influenced by many factors,[2,3] and greatly depends on the
selection of organic ligands with appropriate functional groups

which can extend the metal ions in a predetermined fashion, to
produce the target network-based materials with specific struc-
tures and properties.[4] Minor structural changes of a ligand such
as the angle, distance, and relative orientation of the donor or

functional groups can also result in variation of the coordination
framework.[5] Therefore, it is still a synthetic challenge to predict
and control the synthesis of final products at this stage.

Recently, the selection of thiol and nitrogen-containing
ligands (e.g. sulfhydryl imidazole, sulfhydryl triazole, and
sulfhydryl pyridine ligand) have aroused increasing interest in

the self-assembly of MOFs.[6–8] As a five-membered nitrogen
containing heterocycle, neutral triazole or its deprotonated
anion contains three potential metal binding sites, which can

form a MOF through multiple bonding interactions, and can
exhibit diverse coordination modes under different synthetic
conditions.[9] Thus, triazole and its derivatives have been

broadly used for the construction of frameworks and their
properties have been examined.[10–13]

Our recent findings show that ligands based on mercapto-
thiadiazole are promising for constructing MOFs.[14] As an
extension of this work and in order to elucidate details of
the assembly process of this kind of ligand with different metal

ions, we herein disclose a flexible, functionalised ligand con-
taining both triazole and mercapto-thiadiazole groups, namely,
5-[(1H-1,2,4-triazol-1-yl)methyl]-1,3,4-thiadiazole-2(3H)-thione

(tmttH, Scheme 1), which is expected to be a versatile bridge in
forming complexes. In this paper, a series of new complexes
with a variety of zero- to three-dimensional frameworks were

synthesised successfully under solvothermal conditions, namely,
a four-fold interpenetrating 3D framework [Cd(tmtt)2]n (1), a 2D
bilayer [Zn(tmtt)2]n (2), a 2D crown-shaped network [Pb(tmtt)2]n
(3), 1D double–helical chain structures [Ni(tmtt)2�(H2O)2]n (4)

and [Co(tmtt)2�(H2O)2]n (5), and a mononuclear structure
[Hg(tmtt)2] (6). Single-crystal X-ray diffraction data reveal
that the ligand tmttH has strong coordinative abilities. The

structural analyses of these complexes are discussed in
detail. In addition, the thermal stabilities of 1–6 and solid-state
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Scheme 1. Structure of the ligand (tmttH) used in this study.
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fluorescence properties of 1, 2, 3, 6, and the ligand have been
investigated in detail.

Results and Discussion

Structure Descriptions

[Cd(tmtt)2]n 1

Single-crystal X-ray structural analysis revealed that com-
plex 1 crystallised in the asymmetrical trigonal space group

P3(1)21, and exhibits a four-fold interpenetrating 3D frame-
work based on two distinct types of right-handed single-helical
chains with {64.82} topology.

As shown in Fig. 1a, the CdII centre is four-coordinated by
twoN atoms from triazole rings and twoS atoms from sulfhydryl

groups of four different ligands to form a distorted tetrahedral
coordination geometry. The Cd–N bond lengths are 2.290(3) Å,
the Cd–S bond lengths are 2.5160(3) Å, and the angles of
S2B-Cd1-N1AandN1A-Cd1-N1 are 106.548 and 86.718, respec-
tively, which are comparable to previously reported values.[15]

In the asymmetric unit, the ligands exhibit a monodentate
coordination mode. The combination of the thiadiazole and

triazole rings results in twisting across the C–N single bond,
giving rise to (Cd–tmtt)n helical chains. Along the a direction,
neighbouring metal centres are bridged together by completely
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Fig. 1. (a) Local coordination environment of CdII ion in 1 (symmetry code: a: y, x, �z. b: x� yþ 2, �yþ 2, �zþ 1/3. c: �yþ 2, x� yþ 2, z� 1/3.

d: �xþ y, �xþ 2, zþ 1/3. Hydrogen atoms are omitted for clarity). (b) Top view of 3D structure accomplished by two types of single right-handed helical

chains. (c) Perspective view of the four-fold interpenetrating 3D framework of 1 along the a axis. (d) Schematic representation of 3D four-fold interpenetrating

framework of complex 1.
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deprotonated ligands, affording two kinds of extraordinary

right-handed single-helical chains with Cd?Cd distances rang-
ing from 11.2921 to 26.4803 Å. The screw axes of these helices
are all parallel to the a axis. As shown in Fig. 1b, these chains

display a ‘N’ shape and the pitches are all 15.2884 Å. These
different types of neighbouring helix chains are arranged along
the a axis by using CdII cations as hinges to give rise to a 2D
network. Therefore, these layers are further connected by

ligands to form a 3D framework with two kinds of open
channels. The large vacancies can facilitate high-fold interpen-
etration.[16] Thus, the network incorporates three frameworks,

directly resulting in a four-fold interpenetrating 3D architecture
(Fig. 1c). It is noted that the nonchiral ligand and metal ion
cannot produce a helical structure that is exclusively right- or

left-handed, resulting in a racemic mixture of right- and left-
handed helical products.[17] Therefore, a 3D framework with the
same helicity is quite rare and the unusual complex 1 may have
autoresolved itself into separate right-handed crystals from

the solution. To fully understand the network structure of 1,
a topological approach was applied to simplify the 3D coordi-
nation framework. The coordinated CdII can be reduced to four-

connected nodes, and the ligand can be simplified as one linker,
respectively. Therefore, the structure of 1 becomes a four-
connected net with the symbol of {64.82} (Fig. 1d).

[Zn(tmtt)2]n 2

Single-crystal X-ray diffraction analysis indicates that com-

plex 2 is a 2D bilayer motif.
As shown in Fig. 2a, the coordination environment of 2 is a

distorted tetrahedron with two nitrogen atoms (N1 and N6) from
triazole rings, and one nitrogen atom (N5A) and one sulfur atom

(S4A) frommercapto-thiadiazole groups of four different ligands.
The Zn–N bond lengths vary from 2.014(2) to 2.024(3) Å, and
the Zn–S bond length is 2.3082(12) Å, which are within normal

values or close to those observed for N-heterocyclic-based ZnII

complexes.[18] In the asymmetric unit, the tmttH ligands have
two different distortions: in one the dihedral angle between the

triazole and thiadiazole rings from one ligand, which the S atom
acts as coordination donor, is 52.88, while in the other it is 58.78.

In complex 2, all ligands adopt the same bidentate coordina-
tionmode and each ligand acts as a linker using its nitrogen atom

from the triazole ring and sulfur atom from the thiadiazole group
to coordinate with two ZnII ions in the b direction. In this way,
the ZnII cations are connected by tmtt, affording infinite parallel

1D channels. Interestingly, each channel is enclosed by two
intertwined helices with the same handedness (Fig. 2b). The
separation of the Zn?Zn ions bridged by the ligand are 9.5262

and 10.9699 Å. In addition, the neighbouring metal centres are
bridged by two nitrogen atoms from the triazole ring and the
thiadiazole group of one ligand along the a direction. Therefore,

a 2D bilayer motif (as shown in Fig. 2c) is built up from the same
right-handed double-helical chains with a pitch of 15.5202 Å.
Even though many complexes containing the 2D meso-helical
sheet consisting of alternating left- and right-handed helical

chains have been reported,[19–22] a 2D helical sheet with only
one type of helical chain is quite rare.[23] Interestingly, the right-
handed double-helical chains, from the two nets, revolve around

the same axis. Further topological analyses performed by the
OLEX program indicate that the framework of 2 could also
be classified as a four-connected topology with symbol of

6.6.6(2).6.6.8(2)-dia, if the four-coordinated ZnII can be
reduced to four-connected nodes, and the ligand can be simpli-
fied as one linker (Fig. 2c).

[Pb(tmtt)2]n 3

Complex 3 crystallises in a monoclinic system with space

groupC2/c and exhibits an infinite crown-shaped 2Dnetwork. As
shown in Fig. 3a, the coordination environment around the PbII

ion can be described as a distorted octahedral coordination

geometry. Each PbII ion is six-coordinated with two Ntri (tri¼
triazole) atoms, two Ntdz (tdz¼ thiadiazole) atoms, and two
sulfur donors from four ligands. The Ntri and S donors from
mercapto-thiadiazole ligands exhibit bidentate chelation, while

the other Ntri is monodentate. The triazole and thiadiazole rings
in the same ligand are distorted with dihedral angles of 91.28 and
88.88. The lead(II) ion has a lone pair of electrons which can be

stereochemically active and can have important effects on the
structure of its complexes. Although not obvious, the presence of
the active lone pair could explain the highly asymmetric arrange-

ment of the N-donors; Pb–N bond lengths range from 2.738(10)
to 2.812(13) Å, which are reasonable compared with the values
in reported octahedral PbII complexes.[24,25] The Pb–S bond

lengths are 2.991(4) Å, which are slightly shorter than those
incomplexes [Pb(L6)2]�0.5H2O�0.3MeOH (HL6¼ 4-ethyl-
2,5-dihydro-3-methyl-5-oxo-1H-pyrazole-1-carbothiamide) and
[Pb(L7)2]�0.5H2O�0.3MeOH (HL7¼N-ethyl-2,5-dihydro-3-

methyl-5-oxo-1H-pyrazole-1-carbothiamide).[26,27]

The PbII cations are bridged by ligands to yield one-
dimensional zigzag chains along the a direction. Pb?Pb?Pb

angles are 127.78 and the Pb?Pb distances are 11.172(2) Å,
respectively. The connection of two contiguous PbII ions gives
rise to an extended crown-shaped 2D layer (Fig. 3b) along the ab

plane. All the PbII ions in the layer are strictly coplanar. The grid
motif (34-membered metallocyclic rings) has dimensions of
20.055(4)� 9.8530(2) Å (diagonal distances).

[Ni(tmtt)2�(H2O)2]n 4 and [Co(tmtt)2�(H2O)2]n 5

Single-crystal X-ray diffraction analysis reveals that com-
plexes 4 and 5 are isomorphic, containing divalent metal ions
with the same stereo-chemical preferences, crystallising in the

triclinic system with space group P-1. In these two complexes,
the coordination environments of the central metal ions are
almost consistent with each other. Complex 4 is representative
for further discussion.

Complex 4 exhibits a charming one dimensional double–
helical chain structure.As shown in Fig. 4a, eachNiII atom is six-
coordinated by four nitrogen atoms (N1, N5A, N10A, and N6)

from four different ligands and two oxygen atoms (O1 and O2)
from two coordinated water molecules, leading to a distorted
octahedral geometry. Atoms N6, N5A, N1, and O1 form the

equatorial plane (the mean deviation from the plane is 0.0017 Å)
while atoms N10A and O2 occupy the axial positions. It is
interesting to find that all theN-Ni-N, N-Ni-O, andO-Ni-O bond

angles are close to 908 or 1808. The Ni–O and Ni–N distances
are in the range 2.113(2)–2.130(2) Å and 2.064(2)–2.137(2) Å
(Table 1), which are close to those observed previously in related
NiII complexes.[28,29] In 5 (Fig. 5), the Co–O and Co–N bonds

span the range of 2.113(3)–2.165(3) and 2.100(3)–2.186(3) Å;
and N-Co-N, N-Co-O, and O-Co-O bond angles are close to 908
or 1808 as well, which are in good agreement with the bond

lengths and bond angles observed in other CoII complexes.[30]

In 4, all ligands adopt the same m2-bridging coordination
mode to bridge two NiII ions, with metal separations of 9.1095

and 9.2434 Å. (For 5, the separation of Co?Co are 9.3719 and
9.2054 Å). The units are linked to each other through the triazole
and thiadiazole nitrogen atoms of the ligands to form a 1D
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double-ribbon chain comprising two intertwined infinite helical
chains with different handedness and alternating 16-membered

metallocycles (Fig. 4b). The 16-membered ring involving
{Ni2N8C6} have the approximate ring sizes of
5.4484� 5.5146 Å2. (For 5, {Co2N8C6} have approximate ring
sizes of 6.8493� 5.4524 Å2). Along the bc plane, adjacent

chains are connected by intermolecular C–H?O (C?O¼
3.484 Å) hydrogen bonds (Fig. S2), and C–H?S (C?S¼
3.670 Å) hydrogen bonds along the a direction (Fig. S3). Thus,

adjacent parallel double–helical chains are extended by these
interactions to generate a 2D network. The 3D framework of 4 is

illustrated in Fig. S4. It should be pointed out that the hydrogen
bonds could have a positive effect on the final structure of the

complexes 4 and 5.

[Hg(tmtt)2] 6

X-ray crystallographic analysis shows that 6 crystallises in

the monoclinic space group P2(1)/c, and the mononuclear two-
coordinated environment around the HgII is shown in Fig. 6. The
HgII ion, lying at the crystallographic centre of symmetry, is

strongly coordinated by two sulfur atoms from two sulfhydryl
groups, forming a linear HgS2 coordination geometry. In the
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Fig. 2. (a) Coordination environments of the ZnII atoms with atomic labels in 2 (symmetry code: a: xþ 1/2, y� 1/2, z. b:�xþ 2,�yþ 1,�zþ 2. c: x� 1/2,

yþ 1/2, z. d:�x, yþ 1,�zþ 1. Hydrogen atoms are omitted for clarity). (b) Side view of the bilayer motif. (c) 2D doubled-layered frameworks (left) and the

schematic representation (right) of the topology with the topological notation (red: upper and lower layer; green: cross-linkage of ligands).
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structure, S-Hg-S lies in a straight line and the Hg–S distance of

2.362(2) Å is shorter than that found in [HgI2(imtH2)] (imtH2¼
1,3-imidazole-2-thione)which is 2.460(2) Å.[31] The thiadiazole
(the mean deviation from the plane is 0.003 Å) and triazole (the

mean deviation from the plane is 0.0034 Å) rings in the same
ligand are distorted, with a dihedral angle of 60.98. As illustrated
in Fig. S5, [Hg(tmtt)2] units are connected by Hg?N (2.858 Å)
interactions, which are less than the sum of the van der Waals

radii (3.1 Å)[32] and can be considered as relatively strong
interactions, forming a 1D chain structure. Adjacent chains are
arranged in a parallel fashion by intermolecular weak interac-

tions (Hg?Hg¼ 4.421 Å; Hg?S¼ 3.344 Å) to generate a
two-dimensional network extended along the bc plane, further
resulting in a 3D supramolecular architecture (Fig. S6).

Thermogravimetric Analyses

To characterise the polymers more fully in terms of thermal

stability, thermogravimetric analyses of the complexes 1–6
were investigated by thermal gravimetric (TG) and differential
scanning calorimetry (DSC). The decomposition steps of the

complexes with the corresponding weight losses are illustrated
in Figs S7–S13.

TG data (Fig. S8) shows that 1 is stable in the solid state in
air up to ,3048C, above which its decomposition is detected.

There is a two-step weight loss in the range of 304–7208C,
corresponding to the decomposition of ligands. Finally, a
plateau region is observed after 7208C. A white powdered

residue of CdO (observed 25.78%; calculated 25.26%)
remains. Correspondingly, the DSC curve shows clearly two
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strong exothermic peaks at 3258C and 6808C, and a weak
endothermic peak at 3008C, respectively.

TG data shows that polymer 2 is stable without weight loss

until 3008C (see Fig. S9). The DSC curve shows two very strong
exothermic peaks at 3608C and 8408C, and two weak endother-
mic peaks at 3508C and 8508C, respectively. The TG data shows

that there is a two-step weight loss in the range of 300 to 8208C,
which is in agreement with the decomposition of ligands.
A white powdered residue of ZnO (observed 17.91%; cal-

culated 17.57%) remains approaching 8208C.
For polymer 3 (Fig. S10), the first and second weight loss

steps are from280 to 3508Cand from350 to 5758C, respectively.
The total weight loss of both steps is 57.45%,which is attributed

to the loss of ligands. Finally, a plateau region is observed from
575 to 7508C. The remaining weight of 37.35% corresponds to
the percentage (calculated 37.00%) of the Pb and O compo-

nents, indicating that the final product is PbO. Correspondingly,
the DSC curve shows clearly one strong exothermic peak at
5758C and aweak exothermic peak at 3158C, and one quiteweak
endothermic peak at 2958C, respectively.

TG data of polymer 4 (Fig. S11) shows that there is a three-
step weight loss in the range of 150–5408C. The first weight

loss is from 150 to 2008C, corresponding to the loss of coordi-
nated water molecules. The second and third weight loss
steps are from 200 to 5358C, which correspond to the loss of
ligands. A green powdered residue of NiO (observed 15.61%;

calculated 15.22%) remains approaching 7008C. The DSC
curve shows two very weak exothermic peaks at 2408C and
3508C, one strong exothermic peak at 5158C, and one weak

endothermic peak at 2008C.
As for polymer 5 (Fig. S12), the thermal stability is similar to

that of 4. The first weight loss is from 115 to 1758C, correspond-
ing to the loss of coordinated water molecules. The second and
third weight loss steps are from 175 to 7008C, corresponding to
the loss of the ligands. The remaining weight of 15.82%

corresponds to the percentage (calculated 15.26%) of Co and
O components, indicating that the final product is CoO. The
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Table 1. Crystal data and structure refinement information for complexes 1]6

1 2 3 4 5 6

Formula C10H8CdN10S4 C10H8N10S4Zn C40H32N40Pb4S16 C10H12N10NiO2S4 C10H12CoN10O2S4 C20H16Hg2N20S4
Fw 508.90 447.43 2414.98 491.25 491.47 1194.27

Crystal system Trigonal Monoclinic Monoclinic Triclinic Triclinic Monoclinic

Crystal size [mm] 0.28� 0.25� 0.23 0.21� 0.18� 0.16 0.23� 0.20� 0.18 0.2� 0.11� 0.09 0.23� 0.22� 0.16 0.21� 0.18� 0.16

Space group P3(1)21 C2 C2/c Pı̄ Pı̄ P21/c

a [Å] 7.6442(11) 17.400(4) 20.055(4) 7.9497 (10) 7.9295(16) 4.4208(9)

b [Å] 7.6442(11) 17.400(4) 9.853(2) 8.6273(11) 8.5837(17) 9.906(2)

c [Å] 24.809(5) 14.905(3) 8.9867(18) 14.1801(14) 14.385(3) 18.618(5)

a [8] 90 90 90 81.028(9) 81.02(3) 90

b [8] 90 122.99(3) 109.32(3) 78.780(10) 79.30(3) 97.94(3)

g [8] 120 90 90 73.165(11) 73.30(3) 90

V [Å3] 1255.5 (4) 1688.1(6) 1675.8(6) 907.91(18) 916.0(3) 807.5(3)

Dc [Mgm�3] 2.019 1.817 2.393 1.797 1.782 2.456

Z 3 4 1 2 2 1

m [mm�1] 1.822 1.968 10.585 6.143 1.424 10.066

Reflns collected/unique 10668/1463 8947/3827 5737/1472 7089/3476 7770/3215 5712/1931

R(int)¼ 0.0323 R(int)¼ 0.0307 R(int)¼ 0.0557 R(int)¼ 0.0225 R(int)¼ 0.0371 R(int)¼ 0.0456

Data/restraints/parameters 1463/0/115 3827/1/226 1472/12/114 3476/4/260 3215/6/256 1931/0/115

Flack parameters 0.04(3) 0.051(12)

R Rw 0.0202 0.0469 0.0340 0.0700 0.0396 0.0863 0.0362 0.0925 0.0488 0.0966 0.0500 0.0865

GOF on F2 1.076 1.045 1.083 1.047 1.073 1.072

Drmin and Drmax [e Å
�3] �0.232 and 0.564 �0.302 and 0.299 �1.860 and 2.014 �0.27 and 0.46 �0.354 and 0.338 �0.900 and 0.654
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DSC curve also shows two very weak exothermic peaks at
3108C and 6008C, one strong exothermic peak at 5808C, and one
weak endothermic peak at 1858C.

In the TG curve of complex 6 (Fig. S13), there is no weight
loss until 1458C. Then there is a three-step weight loss in the
range of 145–7258C, corresponding to the decomposition of

ligands. Finally, a plateau region is observed from 725 to 8008C.
In contrast to complexes 1–5, the remaining weight of 0%
corresponds to the volatilisation of Hg vapour. Apparently, we

can find that there is one weak endothermic peak at 7458C and
one strong endothermic peak at 2658C, and four weak exother-
mic peaks at 265, 305, 450, and 7208C, respectively.

Photoluminescent Properties

It is well known that coordination polymers constructed by d10

and s2 metal centres and conjugated organic linkers are prom-
ising candidates for photoactive materials, with potential

applications such as chemical sensors and in photochemistry.[33]

These crystalline solids usually display controllable photo-
luminescence properties.[34,35] Therefore, the solid-state lumi-

nescent properties of complexes 1–3 and 6 were investigated at
room temperature together with the free tmttH ligand for com-
parison, as shown in Fig. 7. On complexation of the ligand with
different metal ions, different luminescences were observed in

the solid state. The free tmttH ligand exhibits a broad weak
luminescent emission band with two emission peaks at 358 and
410 nm (lex¼ 290 nm), respectively, which can be ascribed to

the p–p* and/or n–p* transitions as previously reported.[36]

Very weak emission bands at 475 and 600 nm (lex¼ 290 nm) for
complex 1, and intense bands at 630 nm (lex¼ 250 nm) for

complex 2 and 465 and 585 nm (lex¼ 310 nm) for complex 3

were observed, respectively. Since the ZnII and CdII ions are
difficult to be oxidised or reduced, the emission bands of 1 and 2

may be attributed mainly to ligand-to-ligand charge transfer
(LLCT), which is mixed with metal-to-ligand charge transfer
(MLCT) and ligand-to-metal charge transfer (LMCT).[37] As
shown in Fig. 7, the luminescent intensity of complex 2 is almost

sixty-fold larger than that of complex 1. A possible reason is that
nitrogen atoms from the thiadiazole rings coordinate to themetal

ions in 2, which can increase the overall conjugation of the entire
system and reduces the loss of energy via radiationless decay
intraligand emission from the excited state.[38] For 3, the lumi-
nescent emissions can be attributed to a metal-centred transition

involving the s and p metal orbitals, which has been commonly
observed in other s2-metal complexes.[39,40] Compared with 2,
the central metal ions of 3 may be joined together by nitrogen

and terminal sulfur atoms of the ligands, which cannot produce
a large conjugated system, resulting in the reduction of the
luminescence intensity. Complex 6 displays very weak lumi-

nescence with almost no emission, which is attributed to the
heavy-atom effect (the graph of 6 is omitted).[41]

Conclusions

Six new coordination complexes based on the newly designed
mercapto-thiadiazole ligand tmttH have been successfully

synthesised under solvothermal conditions. Their molecular
structures have been characterised by single-crystal X-ray dif-
fraction, elemental analysis, thermal analysis, and IR spectro-

scopy. The strong coordination ability and different coordination
modes of the ligand tmttH was confirmed from both theoretical
and experimental aspects. It was found that the structural types
of complexes 1–6 are strongly influenced by the reaction

factors including ligands and metal ions amongst other things.
In addition, the luminescence properties of complexes are not
only influenced by the ligand, but depend on the structures of

complexes and their central metal ion. These observations
indicate that 2 and 3 may serve as excellent candidates for
potential photoactive materials.

Experimental

Materials and General Methods

The ligand tmttH was prepared according to a literature proce-
dure.[42] Other chemicals were commercially available and used
without further purification.
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Elemental analyses (C,H, andN)were carried out on aCarlo-

Erba1106 elemental analyser. IR data were recorded on a
BRUKER TENSOR 27 spectrophotometer as KBr pellets in
the 400–4000 cm�1 region. TG-DSC measurements were per-

formed by heating the crystalline samples from 20 to 8008C at a
rate of 108C min�1 in air on a Netzsch STA 409PC differential
thermal analyser. Fluorescence spectra were obtained at room
temperature by an F-4500 fluorescence spectrophotometer.

Preparation of [Cd(tmtt)2]n 1

tmttH (0.0079 g, 0.04mmol) in DMF (1mL) was added to a

solution of CdCl2�2H2O (0.0045 g, 0.02mmol) in water (4mL).
The mixture was then placed in a Teflon-lined stainless steel
vessel (20mL) and heated at 1108C for 36 h, followed by slowly

cooling to room temperature at a rate of 58C h�1. Yellow
transparent block crystals of complex 1 (56% yield) suitable
for X-ray diffraction were separated. (Found: C 23.43, H 1.64,
N 27.82. C10H8 CdN10S4 requires C 23.60, H 1.57, N 27.54%).

nmax (KBr)/cm
�1 3432 (s), 1636 (w), 1516 (m), 1480 (w), 1368

(w), 1350 (s), 1287 (m), 1216 (m), 1160 (w), 1128 (s), 1062 (s),
1041 (s), 987 (m), 942 (w), 784 (w), 664 (m), 476 (w).

Preparation of [Zn(tmtt)2]n 2

An ethanolic solution (1mL) of tmttH (0.0079 g, 0.04mmol)

was added dropwise to a solution of Zn(NO3)2�6H2O (0.0059 g,
0.02mmol) in H2O (4mL), then placed in a Teflon-lined
stainless steel vessel (20mL). The mixture was heated at 1108C
for 3 days, then cooled to room temperature at a rate of 58C h�1.
Yellow, transparent block-shaped crystals of complex 2 (65%
yield) were obtained. (Found: C 26.17, H 1.60, N 30.22.
C10H8N10S4Zn requires C 26.03, H 1.74, N 30.37%). nmax

(KBr)/cm�1 3447 (s), 1634 (w), 1524 (m), 1420 (w), 1357 (m),
1280 (s), 1214 (m), 1164 (w), 1126 (s), 1103 (s), 993 (s), 909 (w),
883 (w), 790 (w), 660 (m), 484 (w).

Preparation of [Pb(tmtt)2]n 3

Amixture of Pb(OAc)2 (0.0075 g, 0.02mmol), tmttH (0.0079 g,
0.04mmol), ethanol (3mL), and H2O (2mL) were added to a
Teflon-lined stainless steel vessel, and the resultingmixture was

heated at 1008C for 36 h, before cooling to room temperature at a
rate of 58C h�1. Yellow block crystals of complex 3 (55% yield)
were isolated. (Found: C 20.06, H 1.48, N 23.93. C10H8N10PbS4
requires C 19.90, H 1.33, N 23.22%). nmax (KBr)/cm

�1 3444 (s),
1635 (w), 1503 (s), 1466 (w), 1426 (w), 1319 (s), 1273 (m), 1225
(w), 1128 (s), 1085 (s), 1046.18(s), 1008 (m), 967 (m), 673 (m),
614 (w), 553 (w).

Preparation of [Ni(tmtt)2�(H2O)2]n 4

A methanolic solution (3mL) of tmttH (0.0079 g, 0.04mmol)
was added dropwise to a solution of Ni(NO3)2�6H2O (0.0058 g,
0.02mmol) in H2O (2mL), then placed in a Teflon-lined

stainless steel vessel (20mL). The resulting mixture was heated
at 1058C for 36 h, followed by slowly cooling to room temper-
ature at a rate of 58C h�1. Pure green crystals of complex 4

(60% yield) were collected. (Found: C 24.58, H 2.31, N 28.69.
C10H12N10NiO2S4 requires C 24.45, H 2.44, N 28.54%). nmax

(KBr)/cm�1 3125 (s), 3103 (s), 1770 (s), 1679 (m), 1573 (w),

1472 (w), 1528 (m), 1312 (s), 1298 (s), 1207 (m), 1127 (s),
1094 (s), 1012 (m), 994 (m), 887 (w), 673 (s), 494 (w).

Preparation of [Co(tmtt)2�(H2O)2]n 5

Complex 5was prepared following the same synthetic procedure

as that of 4 using Co(NO3)2�6H2O as metal salt. The resulting

product were pure red block crystals (62.5% yield). (Found:

C 24.59, H 2.28, N 28.67. C10H12CoN10O2S4 requires C 24.45,
H 2.44, N 28.54%). nmax (KBr)/cm

�1 3396 (s), 1774 (w), 1625
(w), 1526 (m), 1431 (w), 1351 (w), 1310 (s), 1297 (s), 1206 (m),

1128 (s), 1091 (s), 1011 (m), 993 (m), 939 (w), 673 (s), 473 (w).

Preparation of [Hg(tmtt)2] 6

In a Teflon-lined steel vessel, a solution containing a methanol

(3mL) solution of tmttH (0.0079 g, 0.04mmol) was mixed with
a solution of Hg(OAc)2 (0.0063 g, 0.01mmol) in H2O (2mL).
The resulting mixture was heated at 1058C for 36 h, then cooled

to room temperature at a rate of 58C h�1, from which yellow
massive crystals of complex 6 were produced (65% yield).
(Found: C 21.39, H 1.31, N 25.05. C20H16Hg2N20S4 requires

C 21.58, H 1.44, N 25.18%). nmax (KBr)/cm
�1 2973 (s), 1504

(s), 1430 (m), 1354 (s), 1278 (m), 1210 (m), 1156 (w), 1127 (s),
1337 (s), 1210 (m), 1156 (w), 1127 (s), 790 (w), 766 (m), 659 (s),
627 (w), 535 (w).

X-ray Crystallographic Study

Crystal data collection and refinement parameters for com-

plexes 1–6 are given in Table 1. Single-crystal X-ray data of
1, 2, 3, 5, and 6 were collected on a Rigaku Saturn 724 CCD
diffractometer with graphite monochromatic Mo-Ka radiation

(l¼ 0.71073 Å); for 4, single-crystal X-ray data were collected
on a Rigaku D/max-3B diffractometer with graphite mono-
chromatic Cu-Ka radiation (l¼ 1.5406 Å). Single crystals

were selected and mounted on a glass fibre. The data were
collected at a temperature of 291(3)K and corrected for Lorentz-
polarisation effects. A correction for secondary extinction was
applied. The structures were solved by direct methods and

expanded using Fourier techniques. All of the non-hydrogen
atoms were refined anisotropically. The hydrogen atoms
were included but not refined. The final cycle of full-matrix

least-squares refinement was based on observed reflections
and variable parameters. All calculations were performed using
the SHELXL-97 crystallographic software package.[43] Selected

bond lengths and bond angles are tabulated in Table S1
(Supplementary Material). CCDC numbers 945292–945297
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.

Supplementary Material

The optimised geometries and non-bonding orbital charge dis-
tributions of the free ligand and the TG and DSC signal curves
for complexes 1–6 are available on the Journal’s website.
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