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Inclusion cages constructed from trinuclear linear Zn"/Co"
building blocks
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Two 3D isostructures of {[Ms(atrz)g(112-0)](NO3)2(H,0)6} oo (1 M(NO3),(H,0)g; M =2Zn",
Co'; atrz=3-amino-1H-1,2,4-triazole anion) have been obtained vig hydrothermal techniques.
Both crystallize in the cubic space group Pa3 with a=15. 0416(2)A V'=3403.16(8) A3, z=4
for1-Znand a=15. 046(2)A V' =3406.1(9) A3 Z 4 for 1-Co. The framework of 1 consists of
[M;(atrz)e] (M =2Zn", Co'"), trinuclear linear M" building block, linked through tetrahedral
sites of [MN;0], extending to a 3D structure containing numerous cages in which 2z NO>~ and
6n H>O are locked. In 1, M ions show octahedral and tetrahedral coordination geometries
and atrz are three-connected nodes. The polymers were characterized by single-crystal X-ray
diffraction, thermogravimetric analysis (TGA), elemental analysis and infrared spectroscopy.

Keywords: Trinuclear linear; 7Zn'; Co'; 1,2,4-Triazole; Crystal structure

1. Introduction

Metal-organic coordination polymers have potential applications to catalysis, gas
storage, separation, and sensing [1-9]. The diversity of properties associated with these
materials reflects a vast compositional range which allows variations in covalency,
geometry, oxidation states, and crystalline architecture, providing different pore
structures, coordination sites, or juxtapositions of functional groups [9-13]. In the
specific case of pore structures, the frameworks must be architecturally robust so that
upon removal of the guest molecules, the pore structure is maintained and the interior
volume is fully accessible to sorbate molecules. To date, a large number of coordination
polymers based on polynuclear metal clusters have been explored [14-16], however,
most of the organic ligands are multitopic carboxylate and pyridine as linkers [17-21];
alternative tether lengths, charge-balance requirements, or orientations of donor groups
may afford advantages in the design of materials.

Polyaza heterocycle Htrz (1,2,4-triazole) and its derivatives are ligands, which
have such properties. As one of the simplest 1,2.4-triazole derivatives, Hatrz
(3-amino-1H-1,2,4-triazole) bears the following virtues: (i) diverse bridging modes
(1.2, 24, and g - 4) to afford polynuclear complexes and polynuclear metal-organic
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substructures [22, 23]. (ii) The superexchange capacity and spin crossover with Fe(II),
which are reflected in the unusual magnetic properties of triazole complexes [24-27].
The characteristic of Hatrz is the amino group, a potential N-ligating donor, and
determines the molecule as an achiral asymmetrically substituted ligand. Li er al.
obtained a chiral cadmium coordination polymer, [Cd(atrz)Cl],,, based on the achiral
unsymmetrical atrz anion with an unprecedented p4-bridging mode [28].

Though trinuclear linear M" subunits defined by triple triazole bridges are often
encountered in polynuclear complexes of triazoles [22, 29-33], no extended framework
based on trinuclear linear Zn'/Co" building blocks has been reported [27, 34] and
it remains a challenge to prepare new trinuclear linear Zn''/Co'-based solid
materials with 3D architectures. Herein we report two isostructural compounds,
1-M[(NO3)2(H;0)6leec (M =Zn,Co), which are the first 3D organic-inorganic
architectures constructed from trinuclear linear Zn''/Co'" subunits as building blocks
by coordination interactions. The framework of 1 contains numerous cages occupied by
the [(NO3)2(H,0)¢]oo via noncoordinative interactions. The occupancy volumes of both
the nitrate anions and solvent molecules are 926.3 A* (1-Zn) and 952.7 Al (1-Co),
accounting for 27.2% and 28.0% of the total cell volumes.

2. Experimental

2.1. Reagents and instruments

Commercially available reagents were used as received without further purification.
Elemental analyses of C, H, and N were performed on a Vario EL analyzer. Infrared
spectra were obtained from KBr pellets on a BEQ VZNDX 550 FTIR instrument
within 4004000 cm™'. ICP-AES experiments were carried out on a T. E. IRIS advan-
tage inductively coupled plasma atomic emission spectrophotometer. Thermogravi-
metric analysis was carried out on a TA Instruments NETZSCH STA 449C
simultaneous TGA-DSC with a heating rate of 10°C min ' under hydrostatic air.

2.2. Preparation

1-Zn(NO;3)>(H>0)s. Method A: a mixture of Zn(NOs),-6H,0 (0.119 g, 0.40 mmol),
Hatrz (0.034 g, 0.40 mmol), py (0.032 g, 0.40 mmol), HCIO4 (0.020 g, 0.20 mmol) and
H,O0 (6 g, 333 mmol) was stirred briefly before sealing in an 8-mL Teflon-lined reactor,
then heated at 160°C for 72h and slowly cooled to 100°C at 5°C per hour. Colorless
and/or pale-yellow octahedral crystals were isolated in 19% yield (based on Zn). IR
(KBr pellet): v 3627(m), 3451(s), 2961(w), 2509(w), 1741(w), 1621(s), 1550(s), 1518(s),
1381(s), 1289(m), 1223(m), 1050(m), 941(w), 873(w), 753(w), 624(m)cm '. Elemental
analysis (%) Calcd for Ci,H39N»6ZnsO;3: H, 2.82; C, 13.43; N, 33.92; Zn, 30.46.
Found: H, 2.68; C, 13.41; N, 34.17; Zn, 30.13.

Caution! Although no problems were encountered in this study, transition-metal
perchlorate complexes are potentially explosive, and furthermore, perchloric acid should
be handled with proper precautions for its strong oxidation.

Method B: a mixture of Zn(NOs), - 6H->O (0.119 g, 0.40 mmol), Hratc (3-amino-1H-
1,2,4-triazole-5-carboxylic acid) (0.069 g, 0.50 mmol), NaOH (0.010 g, 0.25 mmol) and
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H,0 (6 g, 333 mmol) was stirred briefly before sealing in an §-mL Teflon-lined reactor,
then heated at 170°C for 72h and slowly cooled to 100°C by 5°C per hour. Colorless
and/or pale-yellow crystals, suitable for X-ray diffraction were collected in 21% yield
(based on Zn). IR (KBr pellet): v 3628(m), 3451(s), 2962(w), 2508(w), 1741(w), 1621(s),
1550(s), 1518(s), 1381(s), 1290(m), 1223(m), 1050(m), 941(w), 873(w), 753(w),
624(m) cm ! Elemental analysis (%) Caled for C,H30N»ZnsO43: H, 2.82; C, 13.43;
N, 33.92; Zn, 30.46. Found: H, 2.71; C, 13.40; N, 34.11; Zn 30.20.

1-Co(NO3),(H,0)6. Method A: a mixture of Co(NO3), - 6H,0 (0.087 g, 0.30 mmol),
Zn(NO3), - 6H,O (0.089 g, 0.30 mmol), Hatrz (0.034 g, 0.40 mmol), NH; - H,O (0.03 ml,
25%~28%) and H,O (6g, 333 mmol) was stirred briefly before sealing in an 8-mL
Teflon-lined stainless steel reactor, then heated at 145°C for 72h and slowly cooled
to 100°C at 5°C per hour. Mauve crystals were isolated in 32% yield (based on Co).
IR (KBr pellet): v 3625(m), 3450(s), 2964(w), 2505(w), 1740(w), 1623(s), 1550(s),
1520(s), 1380(s), 1290(m), 1223(m), 1052(m), 940(w), 870(w), 755(w), 622(m) cm .
Elemental analysis (%) Calcd for Ci,H30N26C0503: H, 2.90; C, 13.84; N, 34.98;
Co, 28.30. Found: H, 2.83; C, 13.86; N, 35.07; Co, 28.01.

Method B: the reaction was carried out with a similar method using Hatc instead of
Hatrz. Mauve crystals, suitable for X-ray diffraction, were collected in 13% yield (based
on Co). IR (KBr pellet): v 3625(m), 3450(s), 2963(w), 2505(w), 1740(w), 1623(s),
1550(s), 1520(s), 1380(s), 1290(m), 1223(m), 1052(m), 940(w), 870(w), 755(w), 622(m)
cm ', Elemental analysis (%) Calcd for C1,H30N»6C050:3: H, 2.90; C, 13.84; N, 34.98;
Co, 28.30. Found: H, 2.76; C, 13.81; N, 35.05; Co, 28.15.

2.3. X-ray crystallography

Diffraction intensities of 1 were collected on a Bruker SMART diffractometer with
graphite monochromated Mo Ko« radiation (A =0.71073 A) at 273 K. Absorption
corrections were applied by using SADABS [35]. The structure was solved by direct
methods and successive Fourier difference syntheses (SHELXS-97); anisotropic thermal
parameters for all nonhydrogen atoms were refined by full-matrix least-squares
procedure against F° (SHELXL-97) [36, 37]. Hydrogen atoms were located by
geometric calculations. Crystal data and details on refinements are summarized in
table 1. Selected bond distances and angles are listed in table 2. The CCDC contains the
supplementary crystallographic data for this article, which can be obtained free
of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif

3. Results and discussion

3.1. Preparations

In Method A, the target products 1-M (M =Co, Zn) are obtained using Hatrz, but
suitable crystals for X-ray diffraction were not obtained. To obtain suitable crystals for
X-ray diffraction, Hratc (3-amino-1H-1,2,4-triazole-5-carboxylic acid) is employed
based on the fact that it could be readily decarboxylated to form Hatrz under
hydrothermal conditions [38], simultaneously, a spontaneous deprotonation of Hatrz
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Table 1. Crystal data and structure refinement information for 1-Zn/Co.

Compound 1.-Zn 1-Co
Formula C1oH30ZnsNo6Oq3 C1oH30C0o5N»013
Fw 1073.47 1041.20
Crystal system Cubic Cubic
Space group Pa3 Pa3
a=b=c (A) 15.0416(2) 15.046(2)
a=p=y(°) 90 90
Vv (/QV) 3403.16(8) 3406.1(9)
V4 4 4
F(000) 2216 1888
p(Mgm™) 2.158 2.093
Absolute coefficient (mm™") 3.579 2.461
Data/restraints/parameters 1302/0/99 985/12/93
GOF 1.086 1.035
R* [I=20(D)] 0.0363 0.0442
wR,* (all data) 0.1075 0.1209
Ry = Y Fol = IFell/ S IFol: wRy = [ w(F2 — F2)’/ Y w(F2)']'7.
Table 2. Bond Lengths (10\) and Angles (deg) for 1-Zn/Co."
1-Zn 1-Co
M(1)-O#l 1.880(8) 1.848(13)
M(3)-O 1.920(8) 1.930(13)
M(1)-N(1) 2.004(3) 2.006(4)
M(2)-N(2) 2.201(3) 2.196(4)
M(3)-N(4) 2.002(3) 2.002(4)
O#1-M(1)-N(1)#4 110.1(6) 109.4(9)
O#1-M(1)-N(1)#5 103.4(6) 105.1(7)
O#1-M(1)-N(1) 137.5(3) 138.3(5)
O-M(3)-N(4)#6 127.7(5) 128.1(6)
O-M(3)-N(4)#7 110.2(7) 108.9(9)
O-M(3)-N(4) 93.7(4) 94.9(6)
N(Q2)#8-M(2)-N(2) 88.27(10) 88.26(15)
N(Q2)#8-M(2)-N(2)#5 180.00(12) 180.000(1)
N(D#A-M(1)-N(1)#5 99.99(11) 99.23(16)
N(4)-M(3)-N(4)#6 107.68(10) 107.63(15)
M(1)#13-O-M(3) 139.9(5) 140.7(7)

“Symmetry transformations used to generate equivalent atoms: #1, x, —y+1/2, z+1/2; #4, y, z — 1,
x+L#S, z— 1L, x, y+ L, #6, —y+1)2, —z+ 1, x+ 1/2; #7, z— 1/2, —x+1/2, =y + I; #8, —z+ 1, —x,
—y+ 1 #9, —y, —z+1,—x+1; #10 —x, —y, —z4+2; #11, —z4+3/2,—x+ 1, y+1/2; #12, —y+1,
z—1/2, —x+3/2; #13, x, =y +1/2, z—1/2.

occurs [39]. Decarboxylation was also observed for the related ligand 1,2,4-triazole-
3-carboxylic acid under similar reaction conditions [41]. Complexes of the same
composition were obtained in Method A and B, while suitable crystals are obtained
from Method B. After hydrothermal reaction the solutions of all are pH ~5. It was
unanticipated that complexes of 1-M (M = Co, Zn) are insoluble in all solvents tried
(e.g. CH3COCH;, CH;CN, CHCl;, DMF, and DMSO). So, once obtained the

complexes cannot be recrystallized.

We cannot obtain 1-Co(NOs)>(H,O)¢ in the similar experimental conditions as
1 - Zn(NO3),(H,0)s, except as dusty mauve unidentified impurity. Considering the radius
of Co?" is identical with that of Zn®", we supposed that the presence of an equimolar
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Figure 1. (a) Perspective view of coordination environments of the atrz anions in 1.Zn. As a three-connected
node, atrz links Znl(t), Zn2(o) and Zn3(t) (t=tetrahedral coordination environment; o= octahedral
coordination environment) atoms. (b) Perspective view of the linking relationship between the trinuclear
linear [Znj(atrz)g] building blocks and the four-connected nodes of distorted tetrahedral [ZnN3O] in 1-Zn
(the disordered j,-O, represented by red spheres, are manually located on the axis along the Zn---Zn---Zn
chain, for showing the green translucent tetrahedron. Hydrogen atoms are omitted for clarity; o: x, —y+ 1/2,
z—=1/2; B —y+ 12, —z4+ 1, x+1/2; y: z—1/2, =x+1/2, —y+1; &: x, =y +1/2, z+1/2).

amount of Zn”>" in the synthesis of the cobalt complex would induce formation of
the isomorphous compound 1-Co(NOj3),(H,0)e. In fact, the crystal structure of
1- Co(NO3),(H,0)¢ for the ICP experiment showed homo-Co and no zinc(II).

3.2. Structure description

3.2.1. Two 3D isostructures of inclusion cages based on trinuclear linear Zn'"/Co"
building blocks. As shown in figure 1(a), the central Zn2 coordinates to six N2 donors
of different ps-atrz anions, and each Znl coordinates to three N1 donors of different
ws-atrz anions and one u,-O?, in the trinuclear linear Zn'" building blocks [Zns(atrz)g).
The coordination mode of Zn3 is similar to that of Znl, however, the former
coordinates to three N4 donors of different pus-atrz anions and one wu-O”, as
illustrated by the green translucent tetrahedron in figure 1(b). Znl, Zn2, and Zn3 are all
located on three-fold rotational axes; Zn2 is also located at the centrosymmetry site. As
a three-connected node, atrz anion is bound to Znl, Zn2 and Zn3 ions with its N1, N2
and N4 donors, correspondingly. None of the 3-amino substituents are coordinated.
The Znl---Zn2---Znl are arranged linearly and each of the terminal Znl ions are triply
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Table 3. Summary of the structural characteristics of the compounds of related complexes.

Compound Description of structure Ref.

[Zn3(4Ettrz)s(H,0)6)(CF3S03)6 Linear trinuclear with two triple N1,N2 triazole bridges [44]

[Zn,(trz);(OH)]-3H,0 3-D, oct, [ZnNg] coordination geometry, {Zn(trz);};~ [45]
chains

Zn,(trz);Cl 3-D, oct, [ZnNg] coordination geometry, {Zn(trz);};~ [46]
chains

[Cogl(Ll)g(NCS)4](SCN)2(H20)9 Linear trinuclear with two trlple N1 N2 triazole bridges, [47]
3.8828(9) A (Co™...Co™), L' =4-rert-butyl-1,2,
4-triazole

[Co} ! (HL?)s(NCS)4F,](H,0), Co" ions are bridged by two triazole units and one [48]

fluoride ion, [CoN4F,] coordination geometry,
3.3726(3)A  (Co"...Co'), HL?=3,5-dimethyl-1,2,
4-triazole

[Coll (L?)4(NCS),F2(H,0),](H,0), Co" ions are bridged by two triazole units and one  [49]
fluoride ion, [CoN4F,] coordination geometry,
3.40153)A  (Co™.--Co™), L?=3.4,5-trimethyl-1,2,
4-triazole

[CogColII(HL4)2(L4)4(H2O)6]Cl3(H20)9 Linear trinuclear with two triple N1,N2 triazole bridges, [50]
[Co"™Ng] (Central), [Co' N;O3] (Terminal) coordina-
tion geometry, 3. 653(3)A (Co'...Co'), HL*=3,
S-diamino-1,2,4-triazole

Cos(trz);Cl 3-D, oct, [CON()J COOI’dlI‘ldthI‘l geometry, {Co(trz);}n~ [34]
chalns 3.770(1) A (Co™. - .Co™)

/

!NI—N%
A K . Nz—NI
8827 .
Nl——N2 o
// Wms N /o
Zn] Zn2\ 9173°
o N\ 1216 2—N1/
N1— N2
7 A NZ—NI
7 Y

Scheme 1. Triple atrz N1,N2 bridging mode in trinuclear linear [Zns(atrz)e] building block.

bridged by three us-atrz anions to the central Zn2 ion, consequently, trinuclear linear
Zn" building blocks, [Zns(atrz)e], are present (see figure la and 1b). The metal centers
are separated by 3.5559(3)A (3.5750(7) A for that of Co subunit) from each other, and
six amino groups of the bridging asymmetric triazoles point towards, but do not
coordinate to the central Zn2 ion, in each [Znj(atrz)e] building block. The trinuclear
linear Zn'"'/Co'" subunit in which each M" ion features an octahedral (or distorted
octahedral) geometry are encountered in few discrete polynuclear complexes
[44, 47-50], while the infinite {M(trz);};,~ (M =Zn"/Co") chains are observed in
three polymers [34, 45, 46] (see table 3). By contrast with the common trinuclear linear
chain, there are two distinct Zn'' coordination environments, Zn' is distorted
octahedral [ZnNg] (Zn =Zn2(0), o = octahedral coordination environment) sites and
the two terminal zincs are distorted tetrahedral [ZnN;O] (Zn=Znl(t), t = tetrahedral
coordination environment) sites (see table 2 and scheme 1). Zn3 is a four-connected
node of distorted tetrahedral [ZnN;0] (Zn = Zn3(t)) sites within 1. The Zn'" centers of
[ZnN;O] are coordinated to three us-atrz of different trinuclear linear [Zns(atrz)e]
building blocks via N4, and the centers are further connected by O? anions that act as
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Figure 2. H-bonding network formed by the NO3 anions and water molecules in each pocket.

uo-bridging atoms to link the fourth building block through Znl ions (see figure 1b).
The Znl-O-Zn3, Zn—O and Znl---Zn2 distances are 139.9°, 1.8806, 1.9200 and
3.5700 A, respectively (140.7°, 1.8481, 1.9304 and 3.5750 A for that of Co subunit) (see
table 2). Thus, propagation of the structure in the crystal involves the trinuclear linear
[Zn3(atrz)g] building blocks and the distorted tetrahedral [ZnN;O] sites to generate a 3D
architecture containing numerous cages in which 2n NO* and 6n H,O are locked via
noncoordinative interactions. There are hydrogen-bonding interactions between
nitrates and solvent water molecules with an O,—H---O distance of 3.03A
(/O ,HO=173.7°) [42], as shown in figure 2 by the translucent blue plane.
Occupancy volumes for both the NO; anions and water molecules are 926.3 A3
(1-Zn) and 952.7 A’ (1-Co), accounting for 27.2% and 28.0% of the total cell volumes,
as calculated by PLATON [43]. Schematic presentation for the construction of the cage
is portrayed in figure 3, and the perspective view of the 3D topology of 1 is shown in
figure 4.

The isomorphous structure of 1-Co is nearly an identical network with that of Zn
(see figure S1 of the Supporting Information). It should be pointed out that the
Co'...Co" distance of trinuclear linear subunit is 3.5750(7) A, considerably smaller
than in other polymers [27, 34] (see table 3). Both tetrahedral and octahedral Zn'/Co"
sites are present in the trinuclear linear Zn''/Co'" systems, giving unprecedented 3D
coordination polymers. There are few entities in which each M'" ion adopt octahedral
coordination mode are observed in Zn'/Co" complexes of triazoles, up until now
(see table 3).

3.3. Thermal analyses

Thermogravimetric profile (see figure S2 of the Supporting Information) of 1-Zn
showed 10.49% (ca 10.06%) weight loss between 139°C and 320°C, corresponding to
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Figure 3. Schematic presentation for the construction of the cage in 1-Zn. 2 NO3 and 6 H,O shown by
space-filling are locked in it. H atoms of the ligands are omitted for clarity in the top entity.

loss of H,O located in the cages through two steps 139-240°C and 240-320°C. In
contrast, there is only one step 4.56% (ca 5.19%) weight loss between 110°C and 260°C
for 1-Co, corresponding to loss of half the H>,O. The high temperature for loss of H,O
indicates difficult escape from the robust cages. After dehydration, two abrupt weight
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Figure 4. Perspective view of the 3D framework topology of 1-Zn, along any one of the axes. 2NO5 and
6H,0 of one cage are shown by space filling.

losses of 1-Co and 1-Zn are indicated, corresponding to decomposition of framework
and anions. Around 770°C for 1-Zn and 620°C for 1-Co, the residual ZnO and
mixture of Co,O3 and CoO about 38.55% (ca 37.91%) and 40.80% are maintained.

Heating-cooling and dehydration-hydration experiments were carried out according
to the TGA results. When 1-Zn was heated to 240°C, the luster of the crystals
disappeared and they changed from colorless to pale-yellow from loss of half of the
water. In this first dehydration, the outside look of dehydrated solid was maintained.
Further heating at 260°C led to second dehydration and distortion of the framework.
The first dehydrated solid was obtained by heating 1-Zn at 240°C for 30 min. The solid
was immersed in water for 10 h and dried in air; there was a 5.6% weight loss observed,
indicating that the first dehydration solid cannot rehydrate.

1-Co was treated with similar methods, with similar results. The appearance of
dehydrated solid was maintained until 1-Co was heated to 256°C. The luster of crystals
disappeared and the color changed to orchid ultimately.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic
Data Center, CCDC 619672 and 633361. Copies of this information can be obtained
free of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK (Fax: 44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk).
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