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a b s t r a c t

The introduction of various secondary N-donor ligands into an in situ ditetrazolate-ligand synthesis

system of terephthalonitrile, NaN3 and ZnCl2 led to the formation of three new entangled frameworks

Zn(pdtz)(4,40-bipy) �3H2O (1), [Zn(pdtz)(bpp)]2 �3H2O (2) and Zn(pdtz)0.5(N3)(2,20-bipy) (3) (4,40-

bipy ¼ 4,40-bipyridine; bpp ¼ 1,3-bis(4-pyridyl)propane; 2,20-bipy ¼ 2,20-bipyridine; H2pdtz ¼ 5,50-

1,4-phenylene-ditetrazole). The formation of pdtz2� ligand involves the Sharpless [2+3] cycloaddition

reaction between terephthalonitrile and NaN3 in the presence of Zn2+ ion as a Lewis-acid catalyst under

hydrothermal conditions. Compound 1 exhibits a fivefold interpenetrating 3D framework based on the

diamondoid topology. Compound 2 displays a twofold parallel interpenetrating framework based on the

wavelike individual network. Compound 3 possesses a 2D puckered network. These new Zn–dite-

trazolate frameworks are highly dependent on the modulation of different secondary N-donor ligands.

Their luminescent properties were investigated.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The design and synthesis of entangled metal–organic frame-
works have recently witnessed explosive growth in the areas of
inorganic chemistry, coordination chemistry, crystal engineering
and materials science, not only due to their intrinsic aesthetics
value but also their potential applications in catalysis, gas storage,
molecular adsorption, optical, electronic and magnetic materials
[1–49]. Although it is still difficult to prepare fully predictable
entangled structures based on the rational design, recent rapid
developments in coordination and organic chemistry provide
more and more knowledge and possibilities for the creative
synthesis of desired entangled frameworks [29–37]. Especially in
recent years, entangled frameworks have been well developed and
systematically discussed in comprehensive reviews by Batten,
Robson and Carlucci. In general, the entangled frameworks should
possess at least two important structural factors: one is that their
independent chain-, layer- or framework-units should contain
meshes or pores which are large enough for interpenetration.
The other, which is necessary, is that these individual building
units should possess the undulating structural feature [1–23].
Undoubtedly, various long chain-like N-donor ligands with
diverse flexibility such as bipyridine- and biimidazole-containing
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ligands are good candidates for the assembly of versatile
entangled structures, mainly because of their propensity to form
large voids or corrugation [20–49]. At this point, the bitetrazolate-
containing ligands are also one kind of suitable building blocks
since the tetra-N-donor property of the tetrazolate group can
provide more coordination sites for metal centers to form
complicated frameworks. Generally, the tetrazolate-containing
ligands can be obtained from the classical Sharpless [2+3]
cycloaddition reactions between cyano precursor and azide group,
following by a series of complicated separation and purification
steps [50]. A recent advance in this synthesis suggests a shortcut,
that is, the in situ synthesis of the tetrazolate-containing
ligands from the cyano and azide precursors in a hydrothermal
environment with various transition metal ions as the Lewis
acid catalysts (as shown in Scheme S1) [51–70]. Recently, Xiong et
al. have reported a series of metal–monotetrazolate-based
compounds isolated from such an in situ ligand synthesis
system [57–61,66–70]. Obviously, this method also suggests a
possible route for the exploration of entangled metal–ditetrazo-
late systems. However, such reaction systems based on in situ
synthesis of ditetrazolate ligands has been far unexplored
[62–70]. A possible reason is that these metal–ditetrazolate
systems have few controllable factors to create, modulate or
change the structural topologies during the assembly process.
Nevertheless, the use of auxiliary ligands with various flexibility
and coordination modes has proved to be an efficient way to
dramatically influence the structural topologies [29–37,66–70].
Therefore, utilizing secondary ligands in the above reaction

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2008.12.022
mailto:wangyh319@nenu.edu.cn
mailto:wangenbo@public.cc.jl.cn,
mailto:Wangenb889@nenu.edu.cn


ARTICLE IN PRESS

Y.-W. Li et al. / Journal of Solid State Chemistry 182 (2009) 736–743 737
systems may provide a promising strategy for the construction of
new entangled metal–ditetrazolate frameworks.

Based on the aforementioned considerations, we deliberately
chose an in situ synthesis system of 5,50-1,4-phenylene-ditetra-
zole (H2pdtz) ligands via mixing terephthalonitrile, NaN3 and
ZnCl2 (acting as Lewis acid catalyst), assisted with various
secondary N-donor ligands such as 4,40-bipyridine (4,40-bipy),
1,3-bis(4-pyridyl)propane (bpp) and 2,20-bipyridine (2,20-bipy).
Our aim was to explore new entangled Zn–ditetrazolate frame-
works and investigate the effect of various auxiliary ligands on
the ultimate frameworks. Herein, we report three Zn–ditetrazo-
late-based compounds, Zn(pdtz)(4,40-bipy) �3H2O (1), [Zn(pdtz)
(bpp)]2 �3H2O (2) and Zn(pdtz)0.5(N3)(2,20-bipy) (3). Compounds 1
and 2 exhibit different interpenetrating frameworks, while
compound 3 possesses undulated networks. Their structural
topologies are highly dependent on the secondary N-donor
ligands. The crystal structures, topological analyses and lumines-
cent properties of 1–3 have been well investigated.
2. Experimental section

2.1. Materials and methods

All chemicals purchased were of reagent grade and used
without further purification. Elemental analyses (C, N, and H)
were performed on a Perkin–Elmer 2400 CHN elemental analyzer.
FT/IR spectra were recorded in the range 4000–400 cm�1 on an
Alpha Centaut FT/IR spectrophotometer using KBr pellets. TG
analyses were performed on a Perkin–Elmer TGA7 instrument in
flowing N2 with a heating rate of 10 1C min�1. Photoluminescence
spectra were measured at room temperature using a FL-2T2
instrument (SPEX, USA) with a 450-W xenon lamp monochroma-
tized by double gratings (1200 g mu�1).

Caution! Azide salts are potentially explosive and should be
handled in small quantities and with adequate precautions.

2.2. Synthesis of compounds 1–3

2.2.1. Synthesis of Zn(pdtz)(4,40-bipy) �3H2O (1)

Compound 1 was synthesized from a mixture of ZnCl2 (0.068 g,
0.5 mmol), NaN3 (0.039 g, 0.6 mmol), terephthalonitrile (TPN)
(0.038 g, 0.3 mmol), 4,40-bipy (0.047 g, 0.3 mmol), NaOH (0.01 g,
Table 1
Crystal data and structure refinement for 1–3.

1

Empirical formula C18H18N10O3Zn

Formula weight 487.79

Crystal system Monoclinic

Space group P2(1)/c

a (Å) 6.7186(13)

b (Å) 17.082(3)

c (Å) 17.352(4)

b (1) 98.77(3)

Volume (Å3) 1968.1(7)

Z 4

Calculated density (Mg m�3) 1.646

Absorption coefficient (mm�1) 1.295

F(000) 1000

R(int) 0.0370

Goodness-of-fit on F2 1.038

Final Ra indices [I42s(I)] (all data) 0.0308

wR2
b (all data) 0.0748

a R1 ¼ ||F0|�|Fc||/|F0|.
b wR2 ¼ ½wðF

2
0 � F2

c Þ
2
�=½wðF2

0Þ
2
�1=2:
0.25 mmol) and H2O (10 mL). This mixture was stirred for 20 min
at room temperature. Then the above mixture was transferred
into a Teflon-lined autoclave (20 mL) and kept at 120 1C for 3 days.
After the reaction mixture had been slowly cooled at a rate of
10 1C h�1 to room temperature, block-like colorless crystals of 1
were obtained. The products were collected by filtration, washed
with distilled water and dried in a desiccator at room temperature
(yield: 58% based on Zn). Elemental analysis for C18H18N10O3Zn
(Mr ¼ 487.81) (1): calcd: C 44.32, H 3.72, N 28.71%; found: C
44.28, H 3.69, N 28.72%. Selected IR data (KBr pellet, cm�1): 3348
(br), 1671 (m), 1612 (s), 1556 (m), 1535 (m), 1429 (s), 1272 (w),
1232 (m), 1170 (m), 1141 (m), 1071 (m), 1044 (m), 1009 (m), 865
(m), 817 (s), 751 (m), 727 (m), 647 (m), 545 (w), 491 (m), 460 (m).

2.2.2. Synthesis of [Zn(pdtz)(bpp)]2 � 3H2O (2)

Compound 2 was prepared with a similar procedure to 1
except that 4,40-bipy was substituted by bpp (0.059 g, 0.3 mmol).
Block-like colorless crystals of 2 were obtained (yield: 62% based
on the Zn). Elemental analysis for C42H42N20O3Zn2 (Mr ¼ 1005.70)
(2): calcd: C 50.16, H 4.21, N 27.85%; found: C 50.13, H 4.18, N
27.88%. Selected IR data (KBr pellet, cm�1): 3423 (br), 2075 (m),
1622 (s), 1558 (m), 1510 (w), 1437 (s), 1342 (w), 1229 (m), 1163
(m), 1141 (w), 1068 (m), 1038 (m), 1006 (m), 862 (m), 805 (m), 752
(m), 623 (w), 527 (w), 489 (m).

2.2.3. Synthesis of Zn(pdtz)0.5(N3)(2,20-bipy) (3)

Compound 3 was synthesized in an analogous manner to 1
except that 4,40-bipy was replaced by 2,20-bipy (0.047 g, 0.3 mmol)
and a little more NaN3 (0.046 g, 0.7 mmol) was used during the
preparation. Block-like colorless crystals of 3 were isolated (yield:
48% based on the Zn). Elemental analysis for C14H10N9Zn
(Mr ¼ 369.68) (3): calcd: C 45.49, H 2.73, N 34.10%; found: C
45.45, H 2.68, N 34.13%. Selected IR data (KBr pellet, cm�1): 2049
(s), 1597 (m), 1565 (m), 1492 (m), 1433 (s), 1336 (m), 1319 (m),
1288 (m), 1252 (w), 1181 (m), 1155 (w), 1055 (w), 1020 (m), 902
(w), 890 (m), 770 (s), 734 (m), 651 (m), 629 (w), 540 (w), 493 (m),
420 (m).

2.3. X-ray crystallography

Crystallographic data for compounds 1–3 were collected at
150 K with a Rigaku R-axis Rapid IP diffractometer using graphite
monochromatic MoKa radiation (l ¼ 0.71073 Å) and IP technique.
2 3

C42H42N20O3Zn2 C14H10N9Zn

1005.70 369.68

Monoclinic Monoclinic

P2(1)/c P2(1)/c

12.876(3) 20.331(4)

17.626(4) 10.608(2)

10.479(2) 6.7771(14)

101.57(3) 94.05(3)

2329.9(8) 1457.9(5)

2 4

1.434 1.684

1.092 1.702

1036 748

0.1273 0.0338

1.026 1.057

0.0785 0.0349

0.2123 0.0908
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The structures were solved by the direct method and refined by
the full-matrix least-squares method on F2 using the SHELXTL 97
crystallographic software package [71,72]. All non-hydrogen
atoms in the crystal data of 1–3 were refined anisotropically
except the solvent water molecules in 2. H atoms on their parent C
atoms were fixed in geometrically calculated positions, while H
atoms on water molecules in the crystal structure of 1 were
determined from the difference Fourier maps. Further details of
the X-ray structural analysis are given in Table 1. Selected bond
lengths and angles of 1–3 are listed in Tables S1–S3, respectively.
Scheme 2. Coordination modes of ligands used in this article: (a) 4,40-bipyridine;

(b) 1,3-bis(4-pyridyl)propane (trans–trans conformation, TT); (c) 2,20-bipyridine;

(d) N3
� (end-on); (e) and (f) 5,50-1,4-phenylene-ditetrazole.
3. Results and discussion

3.1. Synthesis

Compounds 1–3 were hydrothermally synthesized from the in
situ ditetrazolate-ligand synthesis system assisted with various
secondary N-donor ligands. The ditetrazolate ligand pdtz2�was in
situ synthesized through the Sharpless [2+3] cycloaddition
reaction between terephthalonitrile and azide in the presence of
Zn2+ ion as the Lewis acid catalyst under hydrothermal reaction
conditions (see Scheme 1) [51–56]. This in situ ligand synthesis is
proved to be convenient and environmentally friendly. In contrast,
the traditional synthetic method of tetrazolates in acidic media
usually release a large amount of heat as well as hydrazoic acid
and thus the whole reaction system becomes highly toxic and
explosive [50]. During the present hydrothermal synthesis,
various secondary N-donor ligands (4,40-bipy, bpp and 2,20-bipy)
with different flexibility and coordination modes were introduced
into the Zn–ditetrazolate system in order to modulate the
structural topologies. As shown in Scheme 1, the use of rigid
bridging-ligand 4,40-bipy led to the isolation of compound 1,
which exhibits a fivefold interpenetrated 3D framework based
on a diamondoid topology. In 1, both 4,40-bipy and pdtz2� are
rigid linear ligands, resulting in an individual framework with
very large pores for further interpenetration (see Fig. S1). When
the flexible bpp ligand was employed as the auxiliary ligand,
compound 2 was isolated and displays a twofold parallel
interpenetrating framework based on undulated layers. Although
the Zn2+ ions in 2 exhibit a similar coordination mode to 1, the bpp
ligand endows itself an undulated TT (trans–trans) conformation
(see Scheme 2(b)) [49], looking like the letter ‘‘M’’, which partly
inhibits the formation of large channels and thus decreases the
possibility of multiple interpenetration. The successful prepara-
tion of 1 and 2 prompted us to try other auxiliary N-donor ligands.
2,20-bipy, as one typical chelate ligand, usually plays important
roles in ‘‘cutting’’ or ‘‘clipping’’ high-dimensional frameworks by
occupying parts of the coordination sites on metal centers
(Scheme 2(c)) and inducing low-dimensional wavelike networks
or chains. The introduction of 2,20-bipy into this Zn–ditetrazolate
system led to the isolation of a puckered 2D networks of
compound 3. Such 2D layers also possess narrow pores, whereas
the adjacent layers cannot interpenetrate with each other because
Scheme 1. Schematic view of the in situ pdtz-ligand synthesis system and the

topological modulation by various N-donor ligands for compounds 1–3.
of the relative small meshes in the layers and the large steric
hindrance from 2,20-bipy ligands. It is worth mentioning that a
little more azide ligand was used by accident during the synthesis
of compound 3, which has been subsequently proved a very
important step to isolate the final compound because the azide
ligand also acted as linkers to connect the Zn2+ ions in compound
3. Furthermore, 2,20-bipy plays a ‘passivating’ role in providing
steric constrains which can prevent large pdtz2� ligands from
coordinating to the metal centers. If the same amount of azide was
used as in the preparation of compound 1, compound 3 could not
be isolated.

In addition, a series of parallel experiments demonstrated that
some factors such as the pH value, reaction temperature, the
molar ratio and the concentration of the initial reagents were
important to the isolation of the final crystalline products.
Compounds 1–3 can only be prepared in a limited pH range
(7.8–8.2), whereas no products can be obtained out of this pH
range. If the pH value is lower than 7.8, the N�3 groups may
be hydrolyzed and release hydrazoic acid. At pH values higher
than 8.2, the cyano groups are inclined to hydrolysis and form
the carboxylate groups. In these syntheses, the pH value of the
reaction system may be adjusted by the NaOH solution. On the
other hand, it has been found that the above reactions can
be carried out in the temperature range of 120710 1C. If the
reaction temperature is much lower or higher than 120 1C, no
crystals can be obtained. It is also notable that changing the ratio
or concentration of reagents does not result in the final
compounds 1–3.
3.2. Crystal structure of compounds 1–3

3.2.1. Structure of Zn(pdtz)(4,40-bipy) �3H2O (1)

Single-crystal X-ray diffraction analysis reveals that compound
1 crystallizes in the monoclinic space group P21/c and exhibits an
interesting fivefold interpenetrated 3D framework based on a
diamondoid topology. In the asymmetric unit of 1, there is one Zn
center, one pdtz2� ligand, one 4,40-bipy ligand and three solvent
water molecules. As shown in Fig. S2, the Zn center exhibits a
tetra-coordinated environment with two nitrogen atoms deriving
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Fig. 1. Ball-and-stick view of the diamondoid cage unit (top-left) in 1, its topological scheme (down-left) and individual diamond-type 3D topology (right).

Fig. 2. Fivefold interpenetrating 3D framework of 1 based on the (66)-diamondoid

topology.
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from two different pdtz2� ligands and two nitrogen atoms
originating from two different 4,40-bipy ligands. The bond lengths
of Zn–N are in the range of 1.9713(19)–2.0253(19) Å and the bond
angels of N–Zn–N vary from 108.66(8)1 to 111.70(8)1. All pdtz2�

ligands possess the same diagonal bidentate coordination mode
(m-2,20), that is, two N-donors from two tetrazolate groups
coordinate with two different Zn atoms in a side-trans bridging
fashion (see Scheme 2(e)). As a result, 10 Zn centers are connected
by twelve bridging ligands, namely, six pdtz2� and six 4,40-bipy,
generating a diamondoid cage (Fig. 1, left). Based on the secondary
building unit (SBU) concept [24–28], tetrahedral {ZnN4} can be
viewed as a tetrahedral SBU (Fig. S3, left), and the independent 3D
diamondoid framework of 1 is composed of the tetrahedral SBUs
connected by the linear linkers of pdtz2� and 4,4-bipy (Fig. 1 and
S1). The topological analysis of 1 reveals that such a typical
diamondoid framework contains large diamondoid cages with the
topology symbol (66) [3,4,16,17,42,77] and exhibits cyclohexane-
like windows in a chair conformation (Fig. 1 and S1) [73]. The
distances between adjacent Zn?Zn centers linked by pdtz2� and
4,40-bipy bridges are 13.4055 and 11.1463 Å, respectively. The void
space in an individual framework is so large that five identical 3D
diamondoid frameworks can interpenetrate with each other to
form a fascinating five-fold interpenetrating fashion along b axis
(see Fig. 2). Such an interpenetration mode can minimize the big
void cavities of the diamondoid cages. It is worth mentioning
that such an interpenetration mode is the first example in the
metal–trazolate system. Furthermore, the adjacent entangled
diamondoid frameworks possess weak p–p interactions [74]
between aromatic rings of neighboring pdtz2� and 4,40-bipy
ligands. The centroid–centroid distances of the aromatic rings
between parallel pdtz–pdtz and bipy–bipy are 3.942 and 4.091 Å,
respectively. The isolated water molecules reside in the inter-
spaces of the neutral channels.
3.2.2. Structure of [Zn(pdtz)(bpp)]2 �3H2O (2)

Single-crystal X-ray diffraction analysis shows that compound
2 also crystallizes in the monoclinic space group P21/c but displays
a twofold parallel interpenetration framework based on undu-
lated layers. In the asymmetric unit of 2, there is one crystal-
lographically unique Zn center, one pdtz2� ligand, one bpp ligand
and three solvent water molecules (as shown in Fig. S4). All the Zn
centers exhibit the {ZnN4} tetrahedral coordination geometry
with two N atoms derived from two different pdtz2� ligands and
the other two N atoms from different bpp ligands. The bond
lengths of Zn–N are in the range of 1.963(6)–2.022(5) Å and the
bond angels of N–Zn–N vary from 102.8(2)1 to 115.2(2)1. Both bpp
ligands possess the undulated TT conformation [49,75], looking
like the letter ‘‘M’’. The distance between two N-donors is 9.6 Å
(see Scheme 2(b)). All pdtz2� ligands adopt the same coordination
modes as those in compound 1. Based on above coordination
modes, all the Zn centers are linked by the pdtz2� and bpp ligands
into a 2D wavelike network with square meshes (see Fig. 3)
and the topology symbol of the layer should be (4 � 4) [73]. The
square size is ca. 12.9 Å�13.2 Å (see Fig. S5). Such an undulated
sheet with large square pores offers an ideal condition for the
interpenetration. Actually, two identical sets of 2D parallel
layers in 2 are interlocked with each other to form a two-fold
parallel interpenetration framework (see Fig. 4). Furthermore,
all solvent water molecules in 2 reside in the interspaces of
the polycatenation framework. However, no visible channels can
be found from the 3D packing arrangements (see Fig. S6), indi-
cating that the crystal structure of 2 contains relatively small
and close interspaces. In addition, the p–p interactions between
the aromatic rings of pdtz2� and bpp ligands may further stabilize
the whole 3D framework.
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Fig. 3. (a) Ball-and-stick view of the individual 2D undulated network with (4� 4)-topology in 2; (b) Topological scheme of the 2D undulated network in 2.

Fig. 4. Schematic representation of the twofold ‘‘parallel’’ interpenetration

architecture of 2 along a axis.

Fig. 5. Ball-and-stick view of the 1D chain in 3 based on Zn2+, N3
� and tetrazolate

groups along the c-direction.
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3.2.3. Structure of Zn(pdtz)0.5(N3)(2,20-bipy) (3)

When linear ligands 4,40-bipy or bpp are replaced by the
chelate ligand 2,20-bipy, compound 3 is obtained. Single-crystal
X-ray diffraction analysis shows that compound 3 crystallizes in
the monoclinic space group P21/c and exhibits a 2D puckered
network. In the asymmetric unit of 3, there is one Zn center, half
the pdtz2� ligand, one azido ligand, and one 2,20-bipy ligand (as
shown in Fig. S7). Different from the tetrahedral coordination
geometry of {ZnN4} in compounds 1 and 2, the Zn centers in 3
possess a distorted {ZnN6} octahedral coordination geometry with
two N atoms deriving from two different pdtz2� ligands, two from
one chelate 2,20-bipy ligand, and the last two from two azido
groups. The pdtz2� ligands also exhibit different coordination
fashions in contrast to those in compounds 1 and 2. In this
case, the pdtz2� ligands act as a quadridentate ligand (namely
m-2,3:20,30) coordinating with four Zn centers (see Scheme 2(f)).
The 2,20-bipy serves as a chelate ligand occupying two coordina-
tion sites of the Zn centers. Interestingly, the azide ligands also
enter into the framework and act as linkers in an end-on (EO)
mode to connect two adjacent Zn centers (see Scheme 2(d)). The
bond distances between Zn and N-donor of azide ligands are in
the range of 2.128(3)–2.491(3) Å, while the Zn–N(azide)–Zn angle is
114.91(11)1. All the other bond lengths of Zn–N in 3 are in the
range of 2.086(2)–2.180(2) Å, and the bond angels of N–Zn–N vary
from 75.98(7)1 to 168.29(9)1. It is noteworthy that compound 3
represents the first metal–tetrazolate compound assisted with
two types of auxiliary ligands at the same time. Based on above
coordination modes, all the Zn centers are bridged by azide and
tetrazolate group of pdtz2� ligands into a 1D chain running along
the c-direction (Fig. 5). These 1D chains are further connected
by the pdtz2� ligands into a 2D puckered layer (Fig. 5, 6(a)). In
such a network, the intra-chain Zn?Zn distance is 3.899(1) Å and
inter-chain ones are 13.022(6) and 10.608(2) Å, respectively (see
Fig. 6(a)). Furthermore, these 1D chains are decorated by 2,20-bipy
ligands on both sides of the undulated layer (see Fig. 6(a)).
Because of such obvious steric hindrance of the 2,20-bipy ligands
on the layers, no interpenetration can be realized between the
adjacent puckered networks. From the topological point of view
(as shown in Scheme S2), the pdtz2� ligand can be abstracted as a
flat ribbon, while the building unit {Zn2N3} can be rationalized as
a solid rod [76]. Since 2,20-bipy ligands only act as a decorating
ligand, it is not necessary to consider it in the topological analysis.
Based on this simplification, the networks of 3 can be abstracted
into a 2D undulated layer (Fig. 6(b), S8).

3.3. IR spectrum

In the IR spectra of compounds 1, 2 and 3 (Fig. S9), the
diagnostic peak of the cyano group at 2100 cm�1 disappeared,
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Fig. 6. (a) Ball-and-stick representation of the 2D puckered network in 3 viewed

along c axis; (b) Topological scheme of the 2D sheet in 3 along c axis.

Fig. 7. Solid-state emission spectra of (a) 1 (excited at 358 nm), (b) 2 (excited at

410 nm) and (c) 3 (excited at 416 nm).
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however, the emergence of the characteristic peaks (at 1612, 1556,
1535 and 1429 cm�1 for 1, at ca. 1622, 1558, 1510 and 1437 cm�1

for 2, and at ca. 1597, 1565, 1475 and 1433 cm�1 for 3) suggests the
formation of tetrazole groups, in good agreement with those of
tetrazolate-based compounds previously reported [57–70]. The
existence of the bridging azide groups in the final framework of 3
is confirmed by the appearance of a strong band at 2049 cm�1 in
the IR spectrum, which is attributed to the typical asymmetric
stretching of N�3 . Furthermore, the vs(N3) stretching bands located
at 1319 and 1288 cm�1 indicate that the N�3 should be in an EO
bridging mode [77–80]. In addition, the fingerprint peaks of 4,40-
bipy, bpp and 2,20-bipy are overlapped with those of bptz2� in
lower wavenumber regions and can not be exactly assigned. Peaks
at 3348 and 3423 cm�1 in the IR of compounds 1 and 2 are
attributed to the vibration of water molecules, respectively. All the
peak assignments are in agreement with the results of the single-
crystal X-ray diffraction studies.

3.4. Thermal analysis

The TG curves of compounds 1 and 2 (see Fig. S10(a) and (b))
both exhibit two weight-loss steps. The first minor weight-loss of
11.48% of 1 ranging from 106 to 162 1C (5.42% of 2 between 108
and 136 1C) corresponds to the release of the lattice water
molecules. The second weight-loss of 75.06% of 1 in the tempera-
ture range of 196–450 1C (81.62% of 2 between 182 and 380 1C) can
be ascribed to the loss of all organic ligands. The whole weight
losses of 86.54% (for 1) and 87.05% (for 2) are in good agreement
with the calculated values 86.59% (1) and 86.99% (2), respectively.
The TG curve of compound 3 exhibits a different weight-loss
feature (as shown in Fig. S10(c)). Only one continuous weight-loss
step was found in the temperature range of 228–376 1C with the
whole weight loss of 82.14%, attributed to the successive release of
pdtz2�, N�3 and 2,20-bipy ligands. This result is also well consistent
with the calculated value 82.31%.

3.5. Fluorescent properties

The luminescent properties of compounds 1, 2 and 3 were
investigated in the solid state at room temperature. Since
complexes 1, 2, and 3 are stable in air and insoluble in water or
most organic solvents, no additional measurements in solution
were performed. As shown in Fig. 7, 1, 2 and 3 all exhibit strong
fluorescent emission with the maxima at 468, 489 and 486 nm
upon excitation at 358, 410 and 416 nm, respectively. This
observation suggests that all three compounds may be excellent
candidates for potential blue-emitted photoactive materials. In
order to understand the nature of these emission bands, we
compared the emission spectra of the three compounds and those
of free organic ligands. The free H2pdtz ligand usually displays a
broad emission peak with the emission maximum located at
473 nm [65], while the free 4,40-bipy ligand does not emit any
luminescence in the range of 400–800 nm [81,82]. As shown in
Fig. 7, compound 1 exhibits a similar emission peak at 468 nm to
the free H2pdtz ligand. Hence, the emission of 1 can be tentatively
attributed to the intraligand transition of the Zn-modified pdtz2�

ligands. In addition, the free bpp ligand usually emits intense
luminescence at ca. 523 nm [81,82], obviously different from the
emission peak of compound 2 (489 nm). Further, the free 2,20-bipy
ligand generally displays a weak luminescence at ca. 530 nm
[83,84], also far from the emission peak of compound 3 (486 nm).
The blue shifts of emission bands occurring in 2 and 3 are
probably due to the cooperative effects of intraligand emission
and ligand-to-metal charge transfer (LMCT) [42,85].
3.6. X-ray powder diffraction

In order to check the phase purity of these compounds, the
X-ray powder diffraction (XRPD) of 1, 2 and 3 were checked
at room temperature. As shown in Figs. S11–S13, the peak
positions of simulated and experimental XRPD patterns are in
agreement with each other, indicating the good phase purity
of these compounds. The differences in intensity may be due to
the preferred orientation of the crystalline powder samples.
4. Conclusion

In summary, three new entangled Zn–ditetrazolate frame-
works of 1–3 were hydrothermally synthesized by an in situ
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ditetrazolate-ligand synthesis system assisted with various aux-
iliary N-donor ligands. These results demonstrate that the
entangled Zn–ditetrazolate topological system can be modulated
by choosing different secondary ligands. This work provides new
paradigm for further rational design and synthesis of new
entangled metal–organic frameworks via controlling auxiliary
ligands. The blue emission of these compounds suggests that they
may be potential candidates for blue-light emitting materials.
Supplementary materials

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Center, CCDC
reference numbers 695728, 695729 and 695730 for compounds
1–3, respectively. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge
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