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Abstract

|Dy(NTO),(H,0)6]-NTO-4H,0O was prepared by mixing the aqueous solution of lithium 3-nitro-1,2,4-triazol-5-onate and
the dilute nitric acid solution of dysprosium oxide. The single crystal structure has been determined by a four-circle x-ray
diffractometer. The crystal is monoclinic, space group P2;/n with crystal parameters of a = 1.0094(1) nm, b = 1.2586(2) nm,
c=1.8845(2) nm, A =10631(1)°, Vv =22978nm? Z =4, p=33.890cm™!, F(000) =1444, D, =2.11gcm™,
A(MoK,) = 0.071073 nm. The final R is 0.041. Based on the thermal analysis, the thermal decomposition mechanism of
[Dy(NTO),(H,0)6]-NTO-4H,0 has been derived. From measurements of the enthalpy of solution in water of
|Dy(NTO)(H,0)]-NTO-4H,0 at 298.15 K, the standard enthalpy of formation, lattice energy, lattice enthalpy and standard
enthalpy of dehydration have been determined as —(3894.5 + 6.5), —4525, —4560 and 306.9 kJ mol ™", respectively.

Keywords: Crystal structure; Dysprosium coordination; Enthalpy of solution; Lattice energy; Lattice enthalpy; NTO salt;
Preparation; Standard enthalpy of dehydration; Standard enthalpy of formation; Thermal decomposition mechanism

1. Introduction

Much attention has been paid to 3-nitro-1,2,4-tria-
zol-5-one (NTO) as a high energy and low sensitivity
energetic material. Its metal salts also have some
potential uses in ammunition, especially its rare
earth metal salts as catalyst. Therefore the authors
prepared the single crystal of [Dy(NTO),(H,O)¢]-
NTO-4H,0, measured its structure and studied its
thermal decomposition mechanism and thermody-
namic properties.
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2. Experimental
2.1. Materials

[Dy(NTO),(H,0)¢]-NTO-4H,O used in this
research work was prepared according to the follow-
ing method: An appropriate amount of NTO was put
into the distilled water, then stirred and titrated with an
aqueous solution of lithium hydroxide under 60°C
until pH reached 6~7. The resulted solution was
gradually dropped into a dilute nitric acid solution
of dysprosium oxide at 60°C, then stirred and heated at
60°C for 30 min. This solution was allowed to stand
for 12 h until a yellow precipitate was formed. The
precipitate was recrystallized with distilled water at
the culture box at 25°C to obtain the yellow single
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crystal for X-ray measurement. Its purity was more
than 99.6%. Dimensions of the single crystal were
0.23 x 0.25 x 0.30 mm>. The conductivity of deio-
nized water used in the experiment was 5.48x

108 scm .

2.2. Experimental equipment and conditions

In the determination of the structure of the single
crystal, X-ray intensities were recorded by a
CAD4PDP11/44 automatic diffractometer with
graphite-monochromatized MoK, radiation, X =
0.71073 A. The 3284 independent reflections were
obtained in the range of 2° < 8 < 25°, among which
2506 with I > 3.00(1) were used for the determination
and refinement of crystal structure. The coordinates of
Dy atom were obtained by the Patterson method and
those of the other atoms by difference Fourier synth-
esis. Refinement was performed by block-diagonal
least-square methods using anisotropic thermal para-
meters for non-hydrogen atoms and fixed thermal
parameters for hydrogen atoms.

The thermal decomposition process was studied
using a TG technique on a Delta Series TGA 7 (Perkin
Elmer Co., USA). The conditions of TG were as
follows: sample mass about 1 mg, heating rate
10°C min™; atmosphere flowing N;/O; mixture
(with a ratio in air). The DSC experiments were
carried out with a model CDR-1 differential scanning
calorimeter with a sampie pan of aluminium (diameter
5 mm x3 mm), whose side was rolled up. The condi-
tions of DSC were as follows: sample mass about
1 mg; heating rate 10°C min~'; atmosphere static air;
reference sample a-Al,O3; thermocouple plate Ni/Cr-
Ni/Si. The infrared spectra of the decomposition
residues were recorded in KBr discs on a 60 SXR
FT-IR spectrometer (Nicolet Co., USA) at 4cm™'
resolution.

All measurements of the enthalpy of solution in
deionized water were made using a Calvet microca-
lorimeter, type BT215 from Setaram, France and
operated at 298.15 + 0.005 K.

The experimental precision and accuracy of
enthalpies of solution were frequently checked by
measurement of the enthalpies of solution
(AsHY) of crystalline KCl in deionized water at
298.15 K. The experimental value of AguHS =

(17.217 £ 0.053) kJ mol ' is in excellent agreement
with that of AyH® = 17.234 kI mol ' reported in
the literature [1].

3. Results and discussion
3.1. Crystal structure

The crystal structure was found to be monoclinic,
which belongs to space group P2;/n with crystal-
lographic parameters of a =1.0094(1)nm, b=
1.2586(2) nm, ¢ = 1.8845(2) nm, 3= 106.31 (1)°,
V=2.2978(7) nm’, Z=4, ;1=33.890 cm™', F(000) =
1444, Dx=2.11gcm™>. The final R =0.041,
Rw = 0.047 (unit weight), and (A/0o),,,, = 0.68.

The atom coordinates, thermal parameters, bond
lengths and bond angles are summarized in Tables 1—
3. The molecular structure and atom labeling are
shown in Fig. 1 and the packing of the molecule in
the crystal lattice is illustrated in Fig. 2.

The analytical results indicate that the Dy atom, the
two carbonyl oxygen of the two NTO cycles and six
water molecules form the hydrated cation
[Dy(NTO)»(H,0)6]™ which was a distorted dodeca-
hedron. By combining it with the NTO anion, [Dy(N-
TO),(H,0)g)-NTO was obtained. There are four water
molecules of crystallization in the crystal, denoted as
[Dy(NTO),(H,0)¢]-NTO-4H,0. In addition, there are
hydrogen bonds among six coordination water mole-
cules, four water molecules of crystallization and
three NTO, shown in Fig. 1 and Table 2.

As shown in Table 2, the distance between Dy and
the coordination water is 0.2367-0.2414 nm, between
Dy and the carbonyl oxygen of NTO cycle is 0.233-
0.234 nm. Because of the induction effect of Dy3+, the
conjugate m-electrons of carbonyl oxygen O11 and
021 are partly shared between Dy-O11 and Dy-021
and the coordination bonds become shorter.

In three NTO cycles, the bond distances are all
0.130-0.137, except Ci2-Ni2 (i=1,2,3) (0.130-
0.1308 nm), as compared with other bond distances
(0.1339-0.137 nm), which are obviously shorter. The
bond length of Cil-Oil (i = 1,2) (0.127 nm) is only
slightly greater than that of C31-O31 (0.125 nm)
because of the induction effect of Dy>™.

According to the calculation, the atoms in the three
NTO cycles are all coplanar. The equations of the
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Table 1 Table 1
Positional parameters and Beq (in nm?) (Continued)

Hws1 0.8320 0.3906 0.6992 0.04
Atom  x y z Beq Hw82  0.8066 0.4707 0.6679 0.04
Dy 0.24245(5)  0.00235()  0.7486(3)  0.0118(1) Hwo2 0.4160 0.3320 0.3496 0.04
owl  0377(2) ~0.0591(7)  08651(6)  0.0173) Hwl0l  0.5820 0.2207 0.7148 0.04
Ow2  0.1083(6)  —0.055(2) 0.6298(7)  0.016(4) Hw102  0.6933 0.2500 0.7500 0.04
ow3 037137 ~0.1374(5) 0.710(2) 0.016(2) Hw9l 0.3733(8) 0.2865(6)  0.297(1) 0.04
Owd  0.474(1) 0.0586(7)  07594(6)  0.023(3) Hw5l 0.1953 ~0.2226 0.7851 0.04
OwsS  0.1437(3)  ~0.160(1) 0.7720(8)  0.016(4) Hw52 0.0566 -0.1679 0.7675 0.04

Owb 0.0075(5) 0.0383(3) 0.742(1) 0.022(6)
Oow7 0.2494(8) 0.0326(3) 0.3578(3) 0.030(3)

Ow8  0.7819(5) 0.448(1) 0.6716(7)  0.046(5)
Ow9  0.3598(9) 03436(6)  0311(1)  0.061(7) Table 2
Owl0  0.619(1) 0.267(1) 0.7222(6)  0.065(3) Bond distances (in nm)
. 144(1 829(1 013(7
D11 0.2422) 0.144(D) 0.829(1) — 0.013(7) Dy-Owl 0.2367(10) Dy-021 0.2330(12)
012 0390(1) 0.286(2) 11239(7)  0.026(3)
013 0.4160(7) 0.3984(5) 1.041(2) 0.020(2) Dy-Ow2 0.2380(12) O11-Cll 0.127(3)
: ' : : Dy-Ow3 0.2414(14) 012-N14 0.12333)
02 0238(1) 0.14788)  0.6713(1)  00123)
Dy-Ow4 0.2393(10) O13-N14 0.122(2)
02 007833) 0.399(1) 04547(8)  0.020(4)
023 0.11295) 028722)  0376(1)  0.028(6) Dy-Ow> 0.2369(13) 021-C2l 0.1272)
031 057709  00715(5)  041563)  0.018(3) Dy-Owb 0.2382(6) 022-N24 0.1223(15)
032 04489(4) 0.401(1) 0.5865(7)  0.032(5) Dy-Ol1 0.234(2) 023-N24 0.123(2)
‘ 032-N34 0.121(2) 031-C31 0.125(2)
0% 0.3858(6) 04253(4) 0469009  0.029(4)
NIT  0.248209) 0.0973(7) 094925  0.014(2) 033-N34 0.122(2) N22-C22 0.130(2)
N2 028802) Olal6E L1806 00150, NI1-N12 0.1365(14) N23-C21 0.1357(14)
: ‘ : : ' N11-Cl1 0.135(2) N23-C22 0.134(3)
N3 03276(7) 0.254(2) 093159)  0.009(4)
N4 0.3839(9) 031156)  1.0602)  0014(2) Ow6-Ow9 0.269(1) N24-C22 0.146(2)
ot 024901 010008 0558 0014 Ow1-022 0.302(1) N31-N32 0.136(2)
N ' : 2> : Ow7-031 0.3216(11) N31-N31 0.138(3)
N2 0214803) 0.145(1) 0.4848(8)  0.014(4)
N23 0.1635(6) 02576(3)  0.567(1) 0.010(6) 031-N21 0.2746(13) N32-C32 0.1308(15)
N2 0.115(1) 031196)  04387(3)  0.014(3) Ow2-013 0.294(2) N33-C31 0.1350(10)
NIl 0.5862(5) 0.124(1) 0.5357(6)  0.015(4) Ow8-Owd 0.282(1) N33-C32 0.1339(12)
N2 0.5487(6) 02095(5)  0.56999)  0.016(5) Ow2-N13 0.28103) N34-C32 0.1453(15)
N3 04947(8) 02349(7)  04452(5)  0.013Q2) Ow3-Ol1 0.299(2) Ow6-Ow2 0.284(1)
N 044102) 037318  05241(7)  00173) Ow3-031 0.27003) Owl-N23 0.272(1)
CIl 0271207 0.164(2) 0.89769)  0.009(4) Owd-Owl0  0318(2) Ow7-N22 0.288(2)
: ’ ' : Ow5-021 0.278(2) Ow7-N31 0.297(2)
CI12 0332309 02332(7)  1.0022)  0.008(2)
ca 02181 0.16728)  0.6029(7)  0.010(4) N12-C12 0.1302) Ow8-012 0.334(2)
Cn 016540 023501 0.49500)  0.009(5) NI3-Cl1 0.135(2) 032-N11 0.3127(14)
C3 0.5537(6) 0.13813)  0460(1)  0.014(6) NI3-Cl2 0.134(3) Ow9-Owl0  0.2888(15)
CR2 0497(1) 02705(7)  0.5125@4)  0.014(4) N14-Cl12 0.146(3) Ow9-N33 0.286(2)
T 021186) 0.03501) 093526 004 N21-N22 0.137(2) Ow4-Ow8 0.2816(12)
WA 0290203 0.035(1) 05790 00 N21-C21 0.135(2) Ows-Owl0  0.2843(14)
HIl  0.6391(8) 0.076(2) 0.565(1)  0.04
Hwil 04433 ~0.0292 0.8828 0.04
Hwi2 03613 ~0.1093 0.8847 0.04 .
Hw2l  0.0292 -0.0292 0.6015 0.04 planes are as follows:
Hw22 01113 ~0.1113 0.6171 0.04
Hw32 03339 ~0.1933 0.7011 0.04 M
Hwdl 04707 0.1386 0.7656 0.04
Hw4?2 0.5297 0.0292 0.7851 0.04 —08954x — 04020y — 0]9] 3 Z —+ 20508 = 0
Hw6l  0.0546 0.0292 0.7324 0.04 (I
Hw62  0.0000 0.0839 0.7656 0.04 .
Hw71 0.2500 0.0839 0.3828 0.04 —O9079x — 04064y — G 1027 -+ 44247 = 0

Hw72  0.3320 0.0546 0.3496 0.04 11
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Table 3

Bond angles(°)

Ow1-Dy-Ow2 143.1(5) Ow1-Dy-Ow3 79.7(7)
Ow1-Dy-Ow4 74.0(4) Ow6-Dy-O11 73.005)
Owl-Dy-Ow5 72.9(4) Ow6-Dy-021 88.3(4)
Ow1-Dy-Ow6 114.6(6) 011-Dy-021 78.5(6)
Ow1-Dy-011 75.7(5) N12-N11-C11 112.0(1)
Owl-Dy-021 138.0(4) N11-N12-C12 100.0(2)
Ow2-Dy-Ow3 73.1(6) CI11-N13-C12 101.0(1)
Ow2-Dy-Ow4 117.1(4) 012-N14-013 125.0(2)
Ow2-Dy-Ow5 75.8(5) 012-N14-C12 118.0(2)
Ow2-Dy-Ow6 73.3(5) 013-N14-C12 117.0(3)
Ow2-Dy-O11 137.5(5) N22-N21-C21 111.0(1)
Ow2-Dy-021 75.3(5) N21-N22-C22 101.0(1)
Ow3-Dy-Ow4 69.3(3) C21-N23-C22 101.0(1)
Ow3-Dy-Ow5 73.6(4) 022-N24-023 125.4(9)
Ow3-Dy-Owb6 137.2(3) 022-N24-C22 118.0(1)
Ow3-Dy-O11 147.9(5) 023-N24-C22 116.6(9)
Ow3-Dy-021 107.8(7) N32-N31-C31 112.0(1)
Ow4-Dy-Ow5 133.7(3) N31-N32-C32 100.0(1)
Ow4-Dy-Ow6 151.8(2) C31-N33-C32 103.0(1)
Ow4-Dy-011 84.1(5) 032-N34-033 124.0(1)
Ow4-Dy-021 70.8(4) 032-N34-C32 119.0(1)
OwS5-Dy-Ow6 73.12) 033-N34-C32 117.0(1)
Ow5-Dy-Ol11 117.3(6) O11-C11-N11 125.0(2)
Ow5-Dy-021 149.1(4) 0O11-C11-N13 126.0(2)
N11-C11-N13 108.0(1) N22-C22-N24 120.0(1)
N12-C12-N13 119.0(2) N23-C22-N24 121.0(1)
N12-C12-N14 120.0(2) 031-C31-N31 124.8(8)
N13-C12-N14 121.0(2) 031-C31-N33 128.0(2)
021-C21-N21 125.0(1) N31-C31-N33 107.0(1)
021-C21-N23 126.0(1) N32-C32-N33 118.9(9)
N21-C21-N23 109.0(1) N32-C32-N34 118.6(9)
N22-C22-N23 119.0(1) N33-C32-N34 122.4(8)

The dihedral angles between planes (I) and (II),(I)
and (IIT), (II) and (III) are 46.6°, 46.8° and 5.1°,
respectively, so planes (II) and (II) are almost parallel,
and the angles of inclination between plane (III) and (IT)
are equal. Moreover the distances from O12 and O13,
022 and 023, 032 and O33 to the relevant planes of
1,2,4-triazole cycle are —0.0010 nm and +0.0123 nm,
—0.0094 nm and +0.0081 nm, —0.0009 nm and
+0.0097 nm, respectively. These show that two oxy-
gen atoms in 3-nitro lie over and under the relevant
planes of 1,2,4-triazole cycle, but out on the planes.

3.2. Mechanism of thermal decomposition of
[DY(NTO),(H;0)s]-NTO-4H,0

The TG-DTG curves for [Dy(NTO),(H,O)sl-
NTQ-4H,0 are shown in Fig. 3. The DSC curve of

Fig. 1. Molecular structure of [Dy(NTO),(H,0)s]-NTO-4H,0.

Fig. 2. Packing of the molecule [Dy(NTO),(H,0)¢].NTO.4H,0 in
the crystal lattice.
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Fig. 3. DSC and TG-DTG curves for [Dy(NTO),(H;0)s]
NTO-4H,0 at a heating rate of 10°C min™ ..

Table 4
Mass losses and corresponding temperatures for [Dy(NTO),
{H,0)¢]. NTO.4H,0

T(C) Mass loss (%) No. of lost H,O
Exp. Theory

40-68 4.9 49 2

68-92 9.5 9.9 2

92-112 15.5 14.8 2

112-183 22.0 24.7 4

183-380 53.0 —

380600 74.0 74.4

Fig. 3 shows that there are four endothermic and two
exothermic processes at temperatures higher than
40°C. In Table 4, the initial and final temperatures
of the thermal decomposition processes and the mass
losses observed between these temperatures in the TG
curve are given. It can be seen from Fig. 3 and Table 4
that the endothermic processes result in a loss of ten
water molecules. Further decomposition of the dehy-
drated salt Dy(NTO); would occur on heating. The
decomposition products are the same as that of
[Dy(NTO);] in Ref. [2]. The characteristic absorption
peaks of Dy(OCN);, Dy,(COj3); and polymers con-
taining the -CO-NH-group formed after the first
exothermic peak appear at 2189 and 1185, 1503
and 836, and 3382, 1634, 1556 and 1378 cm™',
respectively. These observations show that the decom-
position residue for this stage is a mixture. The amount
of each component can not be determined from the
present experiments and it is impossible to determine
the decomposition change stoichiometrically. The
characteristic absorption peaks of the residue formed
after the second exothermic peak at 556 and 407 cm ™'

are assigned to Dy,0;. At the end of this stage, the
residue amounted to 26.0%. This value is in good
agreement with the calculated loss of 25.6%.

On the bases of experimental and calculated results,
the thermal decomposition mechanism of [Dy(N-
TO),(H,0)6]- NTO-4H,0 is postulated to be as fol-

lows:
—~2H,0
Dy(NTO), - 10H,O
y(NTO), 20, = .
—2H,0
—
68-92°C
-2H,0

Dy(NTO), - 6H,0 ~="

Dy(NTO), - 8H,0

~4H,0
—
112-183°C

Dy(OCN), + Dy;(CO3),4

Dy(NTO), - 4H,0

Dy(NTO)s 183 380°C

+ polymers 500

0-600°C Dy:0s.

3.3. Enthalpy of solution in water of
[Dy(NTO),(H,0)s]-NTO-4H,0

Results for the enthalpy of solution of (Dy(NTO),(-
H,0)6]-NTO-4H,0 in deionized water at 298.15 K are
reported in Table 5, where AS(,,H,?rl denotes the
enthalpy of solution in water of
[Dy(NTO),(H,0)6]-NTO-4H,O, m is the mass of

Table 5
Enthalpy of solution in water of [Dy(NTO),(H,0)s]:NTO-4H,0
(cr) at 298.15 K

m(mg) r A HC (k) mol ")
3.23 100431 54.83
5.88 55159 54.08
8.92 36367 54.41
10.01 32400 54.30
10.47 30969 54.84
13.57 23895 54.79
15.01 21596 54.47
15.09 21489 54.74
17.33 18712 54.59
20.06 16170 54.47
21.72 14929 54.98
22.09 14679 54.25
24.36 13311 54.03
29.37 11044 54.62

Mean 54.53+0.24
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[Dy(NTO,(H;0)6]-NTO-4H,0, and r is the molar
ratio n(H,0)/n{[Dy(NTO),(H,0)s}-NTO-4H,0}.

Because [Dy(NTO),(H,0)6)}-NTO-4H,0 is com-
pletely ionized in aqueous solution, its ionization
process can be represented as

AHE
[Dy(NTO), (H,0)4] - NTO - 4H,0 ~ =

Dy’*(aq, 00) + 3NTO™ (ag, 00) + 10H,0(1)
(1)
In process (1), the greater values of r were used.

Therefore, the mean of Ay H? in Table 5 can be
considered at infinite dilution.

3.4. Standard enthalpy of formation of
[Dy(NTO)»(H20)s]-NTO-4H,O(cr)
A¢HE {[Dy(NTO),(H,0)] - NTO - 4H,0,
cr,298.15K}

By substituting the mean of Aw]Hﬁ1 listed in
Table S and the reported values of A¢H?
(Dy3**,aq,00) = —698.73 kI mol™"  [3], AH?
(NTO™,aq,00) = —(94.3+2.1)kJmol~' [4], and
A¢H? (H,0,1) = —285.83kI mol ™! [3], into Eq. (2),

A¢H? {[Dy(NTO),(H,0),] - NTO - 4H,0; cr,
298.15 K} = A¢H? (Dy**, aq, o0)
+ 3A¢H? (NTO™, aq, o0) + 10A¢HY (H;0,1)
- AsolI-Iran} (2)

the following value was obtained:

A¢H? {[Dy(NTO), (H0)4] - NTO - 4H,0,
cr,298.15K} = —(3894.5 £ 6.5) kJmol ™'

3.5. Lattice enthalpy and energy of
[DY(NTO),(H,0)s]-NTO-4H,0

AH{ {|Dy(NTO),(H,0),] - NTO - 4H,0, cr},
AU{[Dy(NTO), (H,0)g] - NTO - 4H,0, cr}

Setting AH? {[Dy(NTO),(H,0)4]-NTO-4H,0, cr}
as the lattice enthalpy in forming the crystal
[Dy(NTO),(H,0)4] - NTO -4H,0 from Dy**(g),
NTO (g) and H,O(g) at 298.15K, and
AUf{[Dy(NTO),(H;0),] - NTO - 4H,0, cr} as the

crystal lattice energy

6
L

AH!
Dy**(g) + 3NTO™(g) + 10H,0(g) —
[Dy(NTO),(H,0),] - NTO - 4H,0(cr)  (3)

we have
AH? {[Dy(NTO),(H,0),] - NTO - 4H,0, cr}
= A¢H,, {[Dy(NTO),(H,0),] - NTO
-4H,0, cr, 298.15K}
— AHY (Dy*" | g) — 3BAH? (NTO™, g)
— 10A¢H? (H,0, g) (4)
and
AUL{[Dy(NTO),(H,0)4] - NTO - 4H,0, cr}
= AH] {[Dy(NTO),(H,0)]-NTO-4H,0, cr}
— AnRT (5)

where A¢HY (Dy*, g) = 4206.6 kJ mol ! [5];
AHY (NTO™, g) = -374.3kImol ! [6]; A¢HY (H,0,
g)=—241.82kJmol™! [1}; An=-14; RT=
2.5kJmol~".

By substituting the above-mentioned data into
Eq. (4) and Eq. (5), the following values are obtained:

AH?{[DY(NTO),(H;0)4] - NTO - 4H,0, cr}
= —4560kJmol™';

AU} {[Dy(NTO),(H,0)4] - NTO - 4H,0, cr}
= —4525kJmol .

3.6. Standard enthalpy of dehydration of
[DY(NTO),(H;0)6]-NTO-4H,0 (cr),
AHS{[Dy(NTO),(H;0)] - NTO - 4H,0, cr}

According to process (6) and Eq. (7)
[Dy(NTO),(H,0)4] - NTO - 4H,0

AH?{[Dy(NTO),(H;0)]- NTO-4H,0 cr}
—

Dy(NTO),(cr) + 10H,0(J) ()
and
AHY{[Dy(NTO),(H,0)] - NTO - 4H,0, cr}
= A¢H? [Dy(NTO),, cr, 298.15K]
+ 10A¢H? (H,0,1)
— A¢H? {[Dy(NTO),(H,0),] - NTO
- 4H,0, cr, 298.15K} 7
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the value of AHY{[Dy(NTO),(H,0)]-NTO
-4H,0, cr} of 306.9kI mol™! may be obtained from
the value of A¢HY{[Dy(NTO),(H,0)] - NTO}
-4H,0, cr,298.15K} = —3894.5kImol~!, obtained
in this work, and the reported values
A¢H? [Dy(NTO),, cr,298.15K] = —729.3kJ mol ™'
(6], A¢H? (H,0,1) = —285.83kImol ™" [1].
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