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Abstract A new supramolecular compound [Niz(H-
datrz)e(sca),(H,O)4]sca-11H,O  (Hdatrz = 3,5-diamino-
1,2,4-triazole, Hpsca = succinic acid) was synthesized and
characterized by elemental analysis, single crystal X-ray
diffraction and thermogravimetric analysis. X-ray structural
analysis reveals that the crystal is triclinic, space group
P — 1 with lattice parameters a = 10.192(2) 10%, b=
11.671(2) A, ¢ = 13.600(3) A, p = 68.086(3)°, Z=1,
D, = 1.689 g/cm™>, F(000) = 728. The enthalpy change
of the reaction of formation in water was determined by an
RD496-CK2000 microcalorimeter at 25 °C with the value
of —23.71 & 0.023 kJ mol~!. In addition, the thermody-
namics of the reaction of formation in water for the com-
pound was investigated by changing the temperature of the
reaction and the fundamental parameters k, E, n, AS‘;, AH;)é

and AGi were obtained.

Keywords Crystal structure -
3,5-Diamino-1,2,4-triazole - Succinic acid - Enthalpy
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Introduction

The design and synthesis of metal-organic framework
structures have been extensively studied owing to the
potential discovery of novel functional materials to be
applied in the areas of absorption, catalysis, optics sensors,
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magnetism and molecular recognition [1-9]. The genera-
tion of supramolecular frameworks rests on the coordina-
tion geometry of metal ion, structural characteristics of
organic ligand, solvent system and counter ion [10-12].
The most useful strategy to construct such supramolecular
frameworks is to employ appropriate organic linker capa-
ble of binding metal centers through direct bond formation.
1,2,4-Triazole and its derivatives are very interesting
polydentate building blocks because they combine the
coordination geometry of both pyrazoles and imidazoles
with regard to the arrangement of their three heteroatoms
and exhibit an extensively documented ability to bridge
metal ions to afford polynuclear clusters [13]. We are
currently interested in the 1,2,4-triazole and its derivatives,
and carboxylate ligand as mixed ligand for the syntheses of
polymeric compounds with transition metals [14].

Herein, we choose 3,5-diamino-1,2,4-triazole and
succinic acid for the synthesis of compound [Nij
(Hdatrz)e(sca),(H,O)4]sca- 11H,O. The X-ray structure
analysis reveals the bonding mode of two ligands with
Ni**. TG-DTG of the investigated compound is discussed.
The enthalpy change of the reaction of formation in water
at 25 °C is determined. The thermodynamics of the reac-
tion of formation in water at different temperatures are
investigated, and fundamental parameters are obtained on
the basis of reaction thermodynamic and thermokinetic
equations.

Experimental
Materials and measurements

All reagents used for the synthesis were purchased from
commercial sources and used without further purification.
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Table 1 Crystal data and structure refinement parameters for the
compound

Empirical formula C,4H74N30Ni30,7

Formula weight 1391.26

Crystal system Triclinic

Space group P—1

a(A) 10.192(2)

b (A) 11.671(2)

c(A) 13.600(3)

o (°) 69.154(5)

B 68.086(3)

7 (®) 71.112(4)

V(A% 1368.2(5)

Z 1

F(000) 728

Deate. (g cm™) 1.689

u (mm™) 1. 133

Reflections collected 6,901

Tmax! Tmin 0.8395/0.7275

Data/restraint/param 4763/17/406

Goodness-of-fit on F> 1.008

Final R indices [/ > 20(])] R1 = 0.0497,
wR2 = 0.1329

R indices (all data) R1 = 0.0808,
wR2 = 0.1619

Largest peak and hole (e A3 0.633 and —0.564

C, H and N analyses were carried out using an instrument
of Vario EL III CHNOS of Germany. Infrared (IR) spectra
drawn at regular intervals were recorded on a Bruker FTIR
instrument as KBr pellets. The TG-DTG analysis was con-
ducted on a P. E. 2100 company thermal analyzer in a static
air atmosphere from room temperature to 600 °C. ICP-AES
experiment was carried out on a T. E. IRIS advantage
inductively coupled plasma atomic emission spectropho-
tometer. The calorimetric experiments were performed with
an RD496-CK2000 microcalorimeter (Southwest Institute
of Electron Engineering, China) [15]. The calorimetric
constant at 25.15 °C was determined by the Joule effect
before experiment, which was 63.901 £+ 0.030 uV mwW !,
The enthalpy of dissolution of KCI (spectral purity) in
deionized water was measured to be 17.246 £ 0.004 kJ mol !,
which was in good agreement with the value of 17.241 +
0.018 kJ mol ™" from reference [16].

The single crystal X-ray experiment was performed on a
Bruker Smart Apex CCD diffractometer equipped with
graphite monochromatized Mo Ku radiation (4 = 0.71073 A)
using @ and ¢ scan mode. The single-crystal structure of
compound was solved by direct methods and refined with full-
matrix least-squares refinements based on F* using SHELXS
97 and SHELXL 97 [17]. All non-H atoms were located using
subsequent Fourier-difference methods. In all cases hydrogen
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atoms were placed in calculated positions and thereafter
allowed to ride on their parent atoms. Other details of crystal
data, data collection parameters and refinement statistics are
given in Table 1.

Synthesis of compound

NiCl,-6H,0 (0.1 mmol, 0.024 g), Hdatrz (0.2 mmol, 0.020 g)
and Hjsca (0.1 mmol, 0.012 g) were dissolved in 8 mL dis-
tilled H,O, respectively, and the water solution of NiCl,-6H,O
was added slowly to the mixture solution of the two ligands
with continuous stirring. The resultant mixture was filtered and
the solution was kept undisturbed at room temperature for
3 days. Light green single crystals suitable for X-ray analysis
were obtained. Yield: 41% (based on metal nickel). IR
(KBr, cm™ ") 3425(s), 1622(s), 1588(s), 1448(s) and 1340(s).
Analysis: calculated C,4H74N30Niz0,7 mass (%): C 20.72, H
5.36, N 30.21. Found: C 20.68, H 5.30, N 30.29.

Results and discussion
Crystal structure of compound

The X-ray structure analyses reveal that the crystals are
triclinic and the compound consists of one linear trinuclear
cation, one discrete sca’” anion and eleven lattice water
molecules (Fig. 1). In the trinuclear cation, three nickel ions
are bridged by six neutral Hdatrz ligands. The central nickel
ion is located at the inversion center, exhibits a distorted
octahedron coordination geometry afforded by six nitrogen
atoms from six Hdatrz ligands. The terminal nickel ions are
bonded to three nitrogen atoms from three bridging Hdatrz
ligands, two oxygen atoms from two coordination water
molecules, and one oxygen atom from one sca ligand,

07A, @
08A

] 1 1a
nzoz

Fig. 1 Molecular structure for the compound, uncoordinated water
molecules and H atoms are omitted for clarity
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Table 2 Selected bond lengths (A) and bond angles (°) for the Table 3 Hydrogen bonding interactions in the compound
compound

D-H--A HA/ DA/ D-H-A/ D-H-AP°
Ni(1)-N(12) 2.066(5) A A A
N?(l)_N(g) 2.076(4) O(5)-H(5WB)--O(14) 085 194  2715(7) 153.9
Ni(1)-0(5) 2.105(4)

. 0(9)-H(90)---N(3) 0.85 2.66 3.341(8) 137.8
Ni(2)-N(2) 2.082(4)

) O(10)-H(10A)---O(1) 0.85 2.05 2.834(7) 1534
Ni(2)-N(11) 2.134(4)

) N(7)-H(7A)---O(14) 0.86 2.41 3.121(9) 140.7
N(12)-Ni(1)-N(1) 91.14(2)
, N(15)-H(15A)--0(2) 086 225  3.102(7) 1739
N(D=Ni(1)-N(9) 94.64(2)
, N(5)-H(5B)---O(8) 086 233  3.0107) 1360
N(1)-Ni(1)-0(5) 175.67(2)
_ N(10)-H(10)--O3)#3 086 190  2.741(6) 1642
0O(6)-Ni(1)-0(5) 88.13(2)
. N(13)-H(13)---O(7)#4 0.86 1.94 2.791(6) 172.0
N(2)-Ni(2)-N(8) 91.74(2)
, O(11)-H(11D)--O@#5 092 251  3.039(11) 117.0
N(8)-Ni(2)-N(11) 91.65(2)

. O(12)-H(12A)---O(7)#6  0.85 2.11 2.873(8) 151.1
Ni(1)-N(1) 2.070(4)

) O(14)- 0.85 2.40 2.937(8) 121.8
Ni(1)-0(1) 21174 0(10)-H(10B)--N(6)#1  0.85 270  3.108(7) 1109
Ni(2)-N() 20924 o(10)- 085 218  2937(8) 1490
N(12)-Ni(1)-N(9) 94.09(2) H(10B)---O(14)#8
N(12)-Ni(1)-O(6) 93.19(2) O(13)- 0.85 2.01 2.747(8) 145.1
N(9)-Ni(1)-0(5) 90.10(2) H(13B)--0(12)#9
0(6)-Ni(1)-0(1) 89.03(2) O(13)— 0.85 2.15 2.948(11) 157.4
OG)Nih-0(h) 86.03(2) N?7()13A)MO(4)#10 086 223  3.081(7) 1709
N(2)-Ni(2)-N(11) 91.23(2) HOTB)-N(L4)#7 : : : :

N(6)-H(6A)--NQ#2 086 257  3.086(7) 1196
respectively, also form distorted octahedron geometry. N(15)— 0.86 2.11 2.874(6) 1474
Related bond distances and bond angles are given in Table 2. H(15B)---O(2)#10
As shown in Fig. 2, the compound is further extended  Symmetry transformations: #1 —x + 1, —y+ 1, —z+ 1; #2

into 3D supermolecular networks through large amounts of
hydrogen bonding interactions (Table 3) between the
crystal waters, coordinated waters, nitrogen atoms of the
Hdatrz ligands and oxygen atoms of discrete sca’~ anions.

Thermogravimetric analysis

Thermogravimetric analysis (TG-DTG) for the compound
is performed from room temperature to 600 °C at a heating

Fig. 2 3D supermolecular networks for the title compound along
¢ axis

—x+2, =y, —z#x—-1Lyz+ 1 #x,y+1, z# —x+1,
v+ 1L, —# —x+1, -y, 2+ L# x - 1Ly, z#x+1,y, 2
# —x, —y+ I, —z+ L #10 x4+ 1, =y + 2, —z

rate of 10 °C min~'
shown in Fig. 3.

The decomposition process of the compound can be
divided into four steps. The first step in the range of

under a static air atmosphere, as

100
TG

Weight/%

204 prG

T T T T M T T T M T T T
0 100 200 300 400 500 600
Temperature/°C

Fig. 3 TG-DTG curves of the compound at 10 °C min~'
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Table 4 Thermokinetic data of the reaction of formation in water
25 °C 30 °C 35 °C 40 °C
tls H/H, 10%dH, ils H/H, 10%dH, ils H/H, 10%dH, ils H/H, 10°dH,
dn~rs7! dn~'y st dn~rs™! )~y s7!
225 03630  17.034 225 04188  16.063 180 02757  22.369 240 04225  20.1140
240 03895 16371 240 04469 15378 195 03025  21.562 255 0.4501 19.167
255 04154  15.676 255 04739  14.626 210 03286  20.713 270 04766  18.240
270 04406  15.002 270 04997  13.908 225 03538  19.936 285  0.5021 17.348
285 04648  14.509 285 05245  13.219 240 03783  19.185 300 05265  16.496
300 04882  13.722 300  0.5481 12.561 255 04019  18.459 315 05498  15.681
315 05107 13.121 315 05707 11.933 270 04247  17.759 330 05722 14.900
330 0.5323 12.543 330 05922 11.336 285 04466  17.083 345 05935  14.157
345 05530  11.988 345 06127  10.781 300 04678  16.444 360 0.6138  13.480
360 05728  11.426 360 0.6322  10.223 315 04882  15.803 375 0.6331 12.772
375 05917  10.950 375 0.6507 9.7075 330 05079  15.199 390 0.6515  12.130
390 0.6097  10.466 390 0.6683 9.2178 345 05267  14.619 405 0.6690  11.518
405  0.6270  10.003 405 0.6851 8.7520 360 0.5449  14.061 420  0.6856  10.939
420  0.6435 9.7196 420 0.7009 8.3116 375 05623  13.524 435 0.7014  10.379
435 0.6591 9.1415 435 0.7160 7.7965 390 05790  13.009 450  0.7163 9.8699
450  0.6741 8.7398 450  0.7303 7.4960 405 0.5951 12.516 465  0.7304 9.3769
465  0.6884 8.3570 465  0.7438 7.1192 420  0.6105  12.007 480  0.7438 8.9100
480  0.7020 7.9931 480  0.7566 6.7599 435 0.6253  11.584 495 0.7565 8.4675
495 0.7150 7.6434 495 0.7687 6.3943 450  0.6395  11.114 510  0.7685 8.0478
510 0.7274 7.3110 510 0.7802 6.1065 465  0.6532  10.726 525 0.7799 7.7957
525 0.7393 6.9943 525 0.7911 5.8045 480  0.6663  10.355 540 0.7907 7.2718
540  0.7505 6.7234 540  0.8014 5.4865 495 0.6789  10.014 555 0.8010 6.9156
555 0.7612 6.4052 555 0.8111 5.2480 510  0.6910 9.4662 570  0.8106 6.5788
570  0.7714 6.1311 570 0.8203 5.0556 525 0.7026 9.1386 585  0.8198 6.2616
585 0.7811 5.8396 585 0.8290 47663 540  0.7138 8.7934 600  0.8284 6.0094

Notes: Hy = 9.2114 J (25 °C), 7.3147 J (30 °C), 7.1963 J (35 °C), 6.8806 J (40 °C). H, is the total reaction enthalpy; H,, the reaction heat in a

certain time; dH,(df) !, the exothermic rate at time ¢

70-140 °C is confirmed as the loss of uncoordinated water
and discrete sca®” anion with 22.55% (calculated value
22.62%). The second step from 150 to 180 °C is considered
as the loss of coordinated water with 6.62% (calculated
value 6.70%). The third and fourth steps from 220 to
450 °C are considered as the break of the sca and Hdatrz
ligands, respectively, and then the compound is completely
converted to NiO with the residual mass of 16.20%, which

is in good agreement with the calculated value 16.11%.
The remainder NiO is evidenced by X-ray powder
diffraction analysis.

Enthalpy change of the reaction of formation in water

The reaction of formation in water of hexahydrate nicke-
lous chloride with Hdatrz and H,sca was shown as follows:

Table 5 Thermokinetic and thermodynamic parameters of the reaction of formation in water

T°C  K/I10%s™! n 7 E/KI mol™! LnA/s™! AGY, /K mol ™! AHY /K] mol ™! ASY 1) mol~' st 7

25 1.106 0.9991 0.9998 17.15 0.1161 0.9990 89.847 14.62 —252.45 0.9989
30 1.240 0.9980  0.9999 91.108

35 1.380 0.9979  0.9999 92.379

40 1.543 1.0002  0.9999 93.631

Notes: k the apparent reaction rate constant; A the pre-exponential constant; n the reaction order; r" linear correlation coefficient; E apparent
activation energy; AG(; activation Gibbs free energy; AHi activation enthalpy; AS& activation entropy
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3Ni?" (1) + 6Hdatrz(l) + 3sca®~ (1)
— [Niz(Hdatrz)g(sca), (H,0)4]sca-11H,O(s) (1)

The crude products of the reaction from the calorimetric
experiments were collected and separated by the centrifugal
effect. The solid crude products were purified and identified
as being the same product as that obtained in the direct
synthesis. The concentration of Ni*' retained in the
centrifugal liquid were determined to be 6 x 10~ pg mL ™"
by the ICP-AES experiment, indicating that the starting
reactants have been transformed fully to the title product.
Within the range of the experimental temperature, the
complexation reaction was exothermic. The concentrations
of the Ni2+, Hdatrz and Hjsca were respectively, 0.2000,
0.0600 and 0.0300 mol L™'. The consumption volumes
were 0.30, 2.00 and 2.00 mL, respectively. For reaction 1,
O was measured for six times at 25 °C and the values
are —1425.8, —1420.9, —1421.0, —1427.2, —1421.9 and
—1418.4 mJ, respectively. The enthalpy change of reaction,
ArHren, was calculated as —23.71 & 0.023 kJ mol™'. The
value of Ang is negative, indicating that it is favorable to
the formation of product.

Thermodynamics of the reaction of formation in water

The solutions collected from each experiment were filtered
and the precipitant dried. The analytical results identified
that the compound had the composition [Niz(Hdatrz)
(sca),(H,0)4)sca-11H,0 (s), indicating that the reaction of
formation in water is irreversible. The energy change of the
reaction system depended on the reaction progression.
The experimental data are presented in Table 4. Based on
the thermodynamic equations [18], the thermodynamic and
thermokinetic parameters of the reaction were obtained and
are listed in Table 5.

In general, when the apparent activation energy of a
reaction is less than 63 kJ mol™' the reaction proceeds
feasibly. Therefore, the reaction 1 is easy to proceed.

Conclusions

In summary, we have prepared successfully the title
compound [Niz(Hdatrz)g(sca),(H,0)4]sca-11H,0. X-ray
diffraction analyses indicated that each Ni(Il) was six-
coordinated in distorted octahedron geometry and the
compound was extended into 3D supermolecular networks
constructed by large amounts of hydrogen bonding inter-
actions. The compound was thermodecomposed in four
steps and finally converted to NiO. The enthalpy change of
the reaction of formation in water at 25 °C was obtained
with the value of —23.71 £ 0.023 kJ mol~'. Based on

thermokinetic data of the reaction of formation in water at
different temperatures, the thermodynamic and thermoki-
netic parameters of the reaction were obtained.
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