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Two new copper complexes, [Cu(phen),FOX-7](phen)NO5-4H,0O and [Cu(phen),FOX-7]Cl-3H,0
(phen=1,10-phenanthroline monohydrate; FOX-7= 1,1-diamino-2,2-dinitroethylene) were synthe-
sized and structurally characterized. Single crystal X-ray diffraction shows that Cu(Il) in the
two complexes has similar five-coordinate structure, including four nitrogens from two phen
and one nitrogen from FOX-7 anion. Thermal decomposition behaviors of the two complexes
were studied with differential scanning calorimetry and thermogravimetry/differential thermo-
gravimetry methods. The apparent activation energies and pre-exponential constants of the main
exothermic decomposition reaction for the two complexes are 208.1 and 183.1kJmol~', 10**%°
and 10" s7!, respectively. The self-accelerating decomposition temperature and critical tem-
perature of thermal explosion for the two complexes are 152.64 and 162.17°C, 161.50 and
173.29 °C, respectively.

Keywords: 1,1-Diamino-2,2-dinitroethylene (FOX-7); 1,10-Phenanthroline monohydrate (phen);
Coordination complex; Crystal structure; Thermal behavior

1. Introduction

Cu(Il) phen complexes attract attention for their properties used in catalytic reaction,
electrochemistry, molecular biology, and other fields [1-7]. Many energetic Cu(Il) com-
plexes are used as detonating explosive or combustion catalysts of solid propellant [8—15].
1,1-Diamino-2,2-dinitroethylene (FOX-7) is a novel high-energy material with high ther-
mal stability and low sensitivity. When first synthesized in 1998 [16], FOX-7 received
much attention for synthesis [16—19], reaction mechanism [20], molecule structure [21],
theoretical calculations [22-26], thermal behavior [27, 28], explosive performance [29,
30], and the application of FOX-7 [31]. According to the molecular structure features,
FOX-7 is a special “push—pull” nitro-enamine compound [32], which possesses a highly
polarized carbon—carbon double bond with positive and negative charges stabilized by two
amino groups and two nitro groups, respectively, and presents certain acidic properties. So,
FOX-7 can react with strong alkalis to prepare some energetic salts [33—36], such as
potassium salt, rubidium salt, cesium salt, and guanidine salt. Through replacement
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reaction, other salts and metal complexes of FOX-7 can be synthesized using potassium or
guanidine salt of FOX-7 as starting material. Garg et al. reported the structures and proper-
ties of Ag(amine)(FOX-7) [amine: ammonia, methylamine, and propylamine] and Cu(ami-
ne),(FOX-7), [amine: ammonia, methylamine, propylamine and dimethylamine,
ethylenediamine, and 1,3-propane diamine] [37, 38]. Reactivity of FOX-7 is still a popular
field. In our studies on FOX-7, two new complexes, [Cu(phen),FOX-7](phen)NO5-4H,0O
(1) and [Cu(phen),FOX-7]CI-3H,0 (2), were synthesized and expected to be used as
combustion catalyst in solid propellant. In this article, we report their crystal structures and
thermal decomposition behaviors, and explore copper coordination in different surrounding
environments.

2. Experimental

2.1. Materials and physical measurements

All chemicals used in synthesis were analytical-grade commercial products. FOX-7 came
from Xi’an Modern Chemistry Research Institute (purity>99%). K(FOX-7)-H,O was
prepared according to the literature [36].

Elemental analyses were performed on a VarioEL III elemental analyzer (Elementar Co.,
Germany). IR spectra were determined on an EQUINXS5 with KBr pellets. UV-vis spectra
were measured on a SHIMADZU UV-3600 spectrophotometer from 200 to 800 nm. Differ-
ential scanning calorimetry (DSC) and thermogravimetry/differential thermogravimetry
(TG/DTQG) curves under flowing nitrogen (purity, 99.99%) were obtained by using a SDT-
Q600 thermal analyzer (TA Co., USA). The heating rates were 5, 10, 15, and 20 °C min !
from ambient to 550.0 °C.

2.2. Synthesis

2.2.1. [Cu(phen),FOX-7](phen)NO3-4H,0. 1,10-Phenanthroline monohydrate (0.297 g,
1.5 mmol) was added to a solution of Cu(NOs3),-3H,O (0.121g, 0.5mmol in 3mL of
water) and placed into an oil bath at 85°C until phenanthroline dissolved. Powdered K
(FOX-7)-H,0 (0.094 g, 0.5 mmol) was then added into the solution and stirred for 30 min
in the oil bath. Blue—green precipitate of [Cu(phen),FOX-7](phen)NO3-4H,0O (1) was
formed, filtered, and dried under vacuum, yielding 0.274 g (61.9%). Anal. Calcd (%) for
C3gH35CuN; 04y C, 51.55; H, 3.98; N, 17.40. Found (%): C, 51.08; H, 3.22; N, 18.21.
IR (KBr, viem™'): 3386, 3213, 3058, 2921, 2852, 1644, 1597, 1509, 1456, 1425, 1252,
1137, 843, 776, 718, 636, 472.

2.2.2. [Cu(phen),FOX-7|CI-:3H,0. 1,10-Phenanthroline monohydrate (0.297g, 1.5
mmol) was added to a solution of CuCl, (0.135 g, 1 mmol in 3 mL of water) and placed into
a water bath at 70~80 °C until the phenanthroline dissolved. FOX-7 (0.074 g, 0.5 mmol) was
added, and then solution of KOH (0.06 g in 3 mL of water) was added to the solution and
stirred for 1h in the oil bath. Green [Cu(phen),FOX-7]CI-3H,0 (2) was formed, filtered, and
dried under vacuum, yielding 0.199 g (60.3%). Anal. Calcd (%) for C,6H,5CICuNgO7: C,
47.28; H, 3.81; N, 16.96. Found (%): C, 47.09; H, 3.64; N, 16.38. IR (KBr, v/cmfl): 3534,
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3407, 3291, 3220, 2921, 2852, 2510, 1998, 1625, 1513, 1464, 1424, 1382, 1340, 1241,
1129, 851, 780, 721, 633, 474.

2.3. Determination of the single crystal structure

Single crystals for the two complexes were obtained from their reaction filtrates through
evaporation of solvent. The two crystals are green. X-ray diffraction data were collected
on a Bruker SMART APEX CCD X-ray diffractometer using graphite-monochromated
Mo-Ka radiation (A=0.071073 nm). The structures were solved by direct methods (SHEL-
XTL-97) and refined by full-matrix-block least-squares on F* with anisotropic thermal
parameters for all non-hydrogen atoms [39]. Hydrogens were added according to theoreti-
cal models. Crystal data and refinement results are summarized in table 1 and selected
bond lengths and angles in table 2.

3. Results and discussion

3.1. Crystal structure

Crystals of the two complexes are both triclinic with space group of P—I/; but, the two
complexes also have special structure features. Complex 1 has an uncoordinated phen,
whereas 2 does not. Complex 1 contains a monovalent coordination cation [Cu(phen),.
FOX-7]", a close neighboring nitrate, an uncoordinated phen, and four lattice waters
(figure 1). Cu(Il) is coordinated by N1, N2, N3, and N4 from two phen and N5 from an

Table 1. Crystal data and structure refinement details.

Compound 1 2

Chemical formula C3gH35CuN; Oy C,6H,5CICuNgO4

Formula weight/(g mol ") 885.31 660.53

Temperature/K 296(2) 296(2)

Crystal system Triclinic Triclinic

Space group P—1 P—-1

a (A) 9.123(2) 9.2160(13)

b (A) 10.752(3) 10.8289(15)

c (A) 20.285(5) 14.840(2)

a (%) 80.293(5) 88.822(2)

p©) 88.984(4) 78.173(2)

7 (°) 74.439(4) 74.342(2)

Volume/A® 1888.6(8) 1394.8(3)

A 2 2

Deaie/gem ™ 1.543 1.573

Absorption coefficient/mm ' 0.657 0911

F(000) 898 678

0 range (°) 2.63-25.10 1.40-28.61

Index ranges —11<hA<IL, —12<k< 13, —12<h<11, —14<k< 12,
—-25<1<20 —-14<I<19

Reflections collected/unique 10,126/7312 [R(int)=0.0518] 8546/6258 [R(int)=0.0237]

Goodness-of-fit on [ 0.996 0.999

Final R indices [1>20(1)]

R indices (all data)

Largest diff. peak and hole/
(A7)

R;=0.0770, wR,=0.1762
R;=0.0787, wR,=0.2365
0.756 and —0.716

R, =0.0692, wR,=0.1489
R;=0.0470, wR,=0.1215
0.614 and —0.530
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Table 2. Selected bond lengths (A) and angles (°) of 1 and 2.

Complex 1 Complex 2

Cu(1)-N(5) 1.959(5) Cu(1)-N(5) 1.968(3)
Cu(1)-N(@3) 2.103(5) Cu(1)-N(3) 2.093(3)
Cu(1)-N(2) 1.998(5) Cu(1)-N(2) 1.992(3)
Cu(1)-N(1) 2.131(5) Cu(1)-N(1) 2.157(3)
Cu(1)-N(4) 2.007(5) Cu(1)-N(4) 1.999(3)
C(26)-C(27) 1.510(9) C(25)-C(26) 1.479(4)
N(5)-C(26) 1.284(8) N(5)-C(25) 1.296(4)
N(6)-C(26) 1.322(8) N(6)-C(25) 1.326(4)
N(7)-C(27) 1.376(8) N(7)-C(26) 1.369(4)
N(&)-C(27) 1.367(8) N(8)-C(26) 1.376(4)
N(5)-Cu(1)-N(2) 95.1(2) N(5)-Cu(1)-N(2) 95.65(11)
N(5)—Cu(1)-N(3) 133.1(2) N(5)-Cu(1)-N(3) 138.40(10)
N(5)-Cu(1)-N(1) 118.6(2) N(5)-Cu(1)-N(1) 118.39(10)
N(3)-Cu(1)-N(1) 108.13(19) N(3)-Cu(1)-N(1) 103.11(10)
N(5)—Cu(1)-N(4) 90.5(2) N(5)-Cu(1)-N(4) 90.84(11)
N(2)-Cu(1)-N(3) 95.6(2) N(2)-Cu(1)-N(3) 94.07(10)
N(©2)-Cu(1)-N(1) 80.3(2) N(2)-Cu(1)-N(1) 80.05(10)
N(2)—Cu(1)-N(4) 174.3(2) N(2)-Cu(1)-N(4) 173.46(10)
N(4)-Cu(1)-N(3) 80.0(2) N(4)-Cu(1)-N(3) 80.49(10)
N(@)—Cu(1)-N(1) 97.5(2) N(4)-Cu(1)-N(1) 97.56(11)

Figure 1. Molecular structure of 1.

amino of FOX-7 anion. N5 has lost hydrogen in the process. The geometry of the crystal
about each five-coordinate copper is distorted square—pyramidal with N2, N3, N4, and NS5,
making the plane and N1 as the vertex. As the crystal structure shows in figure 2, a nitrate
has coulomb and hydrogen bond interactions with the complex. There are two hydrogen
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Figure 2. View of the 2D layer for 1.

bond interactions between nitrate and lattice water. The uncoordinated phen is nearly
parallel with one coordinated phen. Each uncoordinated phen interconnects through two
hydrogen bonds [N5-H5A- - -N9 and N6-H6A- - -N10] with two amino groups of a FOX-7
anion.

Complex 2 contains a monovalent coordination cation [Cu(phen),FOX-7]", a close
neighboring chloride, and three lattice waters (figure 3). Cu(Il) is coordinated by N1, N2,
N3, and N4 from two phen and N5 from an amino group of FOX-7 anion, as for 1. The
coordination atoms and Cu(Il) form a distorted square—pyramidal structure with N2, N3,
N4, and N5, forming the plane of the square pyramid. The bond angles of N5-Cul-N2,
N2-Cul-N3, N4-Cul-N3, and N5-Cul-N4 are 95.65(11)°, 94.07(10)°, 80.49(10)°, and
90.84(11)°, respectively, and the summation of the bond angles around copper is close to
360°. N2, N3, N4, and N5 are almost coplanar with Cul, but N1 is in the axial position.
Although Cu(Il) forms square-pyramidal configuration in the two complexes, 2 is more
regular than 1. The Cul-N1, Cul-N2, Cul-N3, and Cul-N4 bond lengths are 2.157(3),
1.992(3), 2.093(3), and 1.999(3) A, respectively. The average Cu-N bond length (2.0606
A) is slightly longer than Cul-N5 (1.9683 A), and so the coordination capability of phen
is weaker than that of FOX-7 anion. Coordinations of four nitrogens from phen are differ-
ent and their bond lengths are 2.157(3), 1.992(3), 2.093(3), and 1.999(3) A, respectively.
The Cul-N1 bond length is slightly longer than that of others, leading to N1 as the vertex
of the geometry. From figure 4, we can see that there are two weak hydrogen bond interac-
tions between lattice waters [O6—H11B---O5, O7-H7B---06] and three hydrogen bond
interactions between FOX-7 anion and lattice waters (N6—H6B---O7#2, O5-H5B---O1
and O5-H5B- - -03). Chloride combines to the complex via three hydrogen bond interac-
tions [N5-HS5---Cl#l, N6-H6A---Cl#1 and O7-H7A---Cl] and Coulomb interaction.
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Figure 3.  Molecular structure of 2.
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Figure 4. View the 2D layer for 2.

Those hydrogen bond interactions contribute significantly to the stability of complex.
Hydrogen bond distances and angles are listed in table 3.

Comparing with other energetic Cu(Il) complexes [8—15], we can see that the coordina-
tion format of central Cu(Il) can form four-coordinated structure [8], five-coordinated
structure [9-11], and six-coordinated structure [12-15], according to different ligands and
different synthetic conditions. The two new copper-FOX-7 complexes are both five-coordi-
nate. Crystal waters all are free and do not take part in coordination, and so they are easy
to lose in heating.
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Table 3. Hydrogen bonds for 1 and 2 (A and °).

D-H---A d(D—H) dH- - -A) d(D---A) Z/(DHA)
Complex 1

N5-H5A- - -N9 0.860 2.195 2.956 169.76
N6-H6A- - -N10 0.860 2.440 3.127 137.38
08-H18C- - -0O9 0.900 2.122 2.793 131.75
09-H14B- - -O10#1 0.900 2.269 2.746 112.79
O10-H10A---O2 0.858 2.342 2.930 126.01
06-H6B- - -O3 0.858 2.562 3.385 160.97
Complex 2

N5-H5- - -Cl#2 0.860 2.682 3.399 141.76
N6-H6A- - -Cl#2 0.860 2.421 2.896 160.65
N6-H6B- - -O7#3 0.900 2.485 3.166 132.79
06-H11B- - -O5#3 0.900 2.583 3.051 113.12
0O7-H7A- - -Cl 0.850 2.317 3.154 168.49
O7-H7B- - -06 0.810 2.024 2.746 148.25
05-H5B- - -01 0.801 2.152 3.168 167.88
O5-H5B---03 0.801 2.506 3.028 124.08
05-H5C- - -O2#4 0.820 2.148 2.943 163.61

Note: Symmetry transformations used to generate the equivalent atoms: #1: x—1, y, z; #2: —x+ 1, —y+ 1, —z; #3:
—x+1, —y+1, —z+1; #4: —x, —y+ 1, —z+ 1.

In the two complexes, the configuration of FOX-7 anion changes from originally one
plane to two approximately orthogonal planes (all non-hydrogens) [40]; the intersection of
the two approximate orthogonal planes is the C(1)-C(2) bond. The configuration change
can be found in other salts of FOX-7 because of all kinds of forces. Comparing bond
lengths and angles with that of FOX-7, many change greatly. The symmetrical and
approximately equal bond lengths and angles in FOX-7 are no longer consistent through
different interactions. Theoretical C—C double bond (1.51 and 1.48 A) in FOX-7 anion is
much closer to C—C single bond (1.53 A) than in FOX-7 (1.45 A) [21]. Two equal C-N
(NH,) bonds present big deviation [1.284 and 1.322 A for 1 and 1.296 and 1.326 A for
2]. C-NH bond in FOX-7 anion is a typical C-N double bond in the two complexes.
FOX-7 has changed into its tautomer.

3.2. IR spectra and UV-vis spectra

In IR spectra of 1, adsorptions at 854 and 740 em ™! in 1,10-phen attributed to dc_c and
dc yp, shift to 842 and 718 cm ', respectively, confirming coordination. Adsorptions at
3404, 3330, 3298, and 3323 cm ! corresponding to N-H shift to 3212, 3057, 2920, and
2852cm ! due to amino group of FOX-7 anion. Bands in the 400-480 cm ™' region are an
indicative of Cu-N coordination [41]. The adsorption of —OH from H,O is at 3386.cm ™.
The adsorption at 1597 cm ™' is ve_y in phen, from uncoordinated phen. The data are in
agreement with the crystallographic results. In IR spectra of 2, adsorptions at 854 and
740cm ™! also shift to 851 and 720cm ™! attributed to dc ¢ and Sc y from phen, respec-
tively. Adsorption of N-H from FOX-7 anion is also red-shifted. Bands at 400-480 cm ™'
indicate Cu-N coordination [41]. The —OH from H,O is at 3533 cm ™.

UV-vis spectra of 1 display adsorption at 712 nm, attributed to d—d transition of Cu*"
[41]. The phen exhibits adsorption at 290 nm, assigned to 7—z* transition. The adsorption
band of FOX-7 anion is at 216nm, assigned to mz—=x" transition. The adsorption at
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260cm ™' can be attributed to uncoordinated 1,10-phen. UV-vis spectra of 2 display the
adsorption at 670nm, assigned to d—d transition of Cu?". The two peaks at 270 and
224 nm can be assigned to 7—x* transition of phen and FOX-7, respectively.

Having the same cupric ion, phen and FOX-7 anion, the two complexes present many
similar spectral features.

3.3. Thermal analysis

From the DSC and TG-DTG curves (figures 5 and Supplementary Material), 1 undergoes
three major stages of weight loss. Four crystal waters are removed between 50 and 125°
C, leading to a total weight loss of 7.3% (theoretical value 8.1%) and giving an obvious
endothermic peak at 92.80°C in the DSC curve at heating rate of 10°Cmin~'. The sec-
ond weight loss occurs at 150-225°C with mass loss of 12.0%, which is an intense exo-
thermic decomposition. The peak temperature and decomposition enthalpy of the process
at heating rate of 10°Cmin~' are 170.8°C and —299.2kJmol ', respectively. The third
weight loss occurs at 225-400°C with 35.9%, giving a weak exothermic process from
299.25°C to 340.10°C in the DSC curve. The final residue at 600 °C is about 45.3%.
Complex 2 also undergoes three major decomposition stages (Supplementary Material).
The first stage is dehydration of three crystal waters at 50-120°C with a weight loss of
7.8% (theoretical value 7.2%) and the endothermic peak temperature is 102.26 °C in the
DSC curve at 10°Cmin~!. The second stage is an intense exothermic decomposition,
which occurs at 130-200°C with a weight loss of 14.8%. The peak temperature and
decomposition enthalpy of the process at heating rate of 10°Cmin~' are 185.56°C and
—355.9kImol ', respectively. The third stage occurs at 240500 °C with a weight loss of
51.1%, giving several weak exothermic processes in the DSC curve. The final residue at
600 °C is 24.5%. The two complexes have similar decomposition behaviors with thermal
stability of 2 higher than that of 1.

100 - los
90 -
] 04
;"\
%0 O
;\: {03 §
™ £
2 1
2 60- 102 3
-
= 5
50 {oa A
40 -
| e 4100
m T T T T T T T
0 100 200 300 400 500 500
T (°C)

Figure 5. TG-DTG curves of 1 at 10°Cmin'.
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In order to obtain kinetic parameters (the apparent activation energy (E) and pre-expo-
nential constant (4)) of the intense exothermic decomposition stages for the two
complexes, multiple heating methods (Kissinger method [42] and Ozawa method [43])
were employed. The determined values of the extrapolated onset temperature (7;), peak
temperature (7}), and decomposition enthalpy (AH,) of the exothermic decomposition pro-
cesses at the different heating rates are listed in table 4. The values of T, corresponding
to f—0 obtained by equation (1) are also listed in table 4 [44].

Ti=To+np +mp, i=1-4 (1)

where n and m are coefficients.

The calculated values of E and A4 are listed in table 5. The apparent activation energies
obtained by Kissinger method are consistent with those by the Ozawa method for the two
complexes. The linear correlation coefficients () are very close to 1. So, the results are
credible.

The self-accelerating decomposition temperature (7sapr) and critical temperature of
thermal explosion (7},) are two important parameters required to insure safe storage and
process operations for energetic materials and then to evaluate the thermal stability. Tsapr
and T, can be obtained by equations (2) and (3) [44, 45], respectively.

TSADT = TeO (2)

/B, _4E,RT,
7, _ Fo = V/E; —4EoRTa )

2R

with Eq as the apparent activation energy obtained by the Ozawa method.

Table 4. Basic data for the main exothermic decomposition of 1 and 2.

B/(Kmin™") T.°C T,/°C AH(J g™ Tey/°C

Complex 1 5 156.94 166.03 ~232.13 152.64
10 160.58 170.80
15 164.23 173.96
20 167.00 176.58

Complex 2 5 170.30 179.47 ~508.93 162.17
10 175.96 185.56
15 179.85 189.41
20 182.54 192.13

Table 5. Kinetic parameters obtained by the data in Table 4.

E/(kJmol™") log (/s ") i Eo/(kJmol™") o E/(kImol ™"
Complex 1 209.7 22.99 0.9985 206.4 0.9996 208.1
Complex 2 184.0 19.19 0.9999 1822 0.9999 183.1

Notes: Subscript k and O, data obtained by Kissinger method and Ozawa method.
E is the mean value of the apparent activation energy by two methods.
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Tsapt and Ty, for 1 are 152.64 and 161.50 °C, while Tsapr and T3, for 2 are 162.17 and
173.29 °C, respectively. From the results, 2 has higher thermal stability than 1. However,
the difference for the two complexes is small because of similar composition and coordina-
tion structure.

4. Conclusion

Two new copper complexes were synthesized based on FOX-7 and phen as ligands. The
crystals are both triclinic with space groups of P—I. Coppers are both five-coordinate, one
from FOX-7" and the other four from two phen. The two complexes have similar IR and
UV-vis. The decomposition enthalpies, apparent activation energies, and pre-exponential
constants of the main exothermic decomposition process for the two complexes are
—299.2 and —355.9kJmol~', 208.1 and 183.1kJmol ', and 10°**° and 10" s~
respectively. The self-accelerating decomposition temperature and critical temperature of
thermal explosion for the two complexes are 152.64 and 162.17 °C, 161.50 and 173.29 °C,
respectively. Complex 2 has higher thermal stability than 1.
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