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Synthesis and characterization of the mixed-ligand
coordination polymer CuzCI(N4C-NO,),¥
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Reduction of copper(i) chloride using sodium ascorbate in the presence of pure sodium 5-nitro-tetrazo-
late (NaNT) forms copper() 5-nitrotetrazolate — a known initiatory explosive (DBX-1) — and the novel
mixed-ligand copper(l) chloride 5-nitrotetrazolate coordination polymer CuzCLN4C-NO,),, as well as
mixtures of both. The reaction is controlled by the presence of seed crystals and transition metal com-
pounds other than CuCl,. CuzClIN4C-NO,), is obtained as a wine-red, air stable, water-insoluble, crystal-
line and highly sensitive explosive material with a greater crystal density, lower thermal stability and a
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higher sensitivity toward hydrolysis and shock than DBX-1. Efforts to obtain the stable and pure starting
material are improved by crystallisation of NaNT as a tetrahydrate. CuzCLIN4C-NO;), and Na(H,0)4(NT)
were characterised by single crystal and powder XRD, IR spectroscopy, magnetic and thermal measaure-
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1. Introduction

Lead-free energetic compounds with high thermal and hydro-
lytic stability are highly sought-after materials in current
efforts to replace lead-containing initiatory explosives such as
lead azide and lead styphnate."” Although well-characterised
and effective in their intended use, the latter compounds
should be replaced due to the deleterious effects of their heavy
metal content, which is present in all stages of their manufac-
ture, storage, processing, use, remediation, and disposal. A
number of alternatives with fewer health and environmental
issues have been investigated and include, amongst others,
5-nitro-(1H)-tetrazolates of silver®”'*'® and, in particular,
copper azides and nitrotetrazolates (DBX-1).*'> DBX-1 is a
member of a family of energetic copper nitrotetrazolates con-
sisting of Cu(en),(NT),," Cu(NH;);(NT),,™*
(M"),[Cu®*(NT),-(H,0),],"> copper(i) nitrotetrazolate'®'” or
DBX-1,%? Cu(NT), *® and Cu(H;0)(NT);-:3H,0"""**° (en = ethyl-
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ments, elemental analysis, particle size measurements, mass spectrometry, and by drop weight testing.

ene diamine, NT = 5-nitrotetrazolate). The synthesis of DBX-1
is not straightforward. There is a lack of insight into the
mechanism of its formation in the presence of sodium 5-nitro-
tetrazolate (NaNT) by reduction of either copper(u) chloride
with sodium ascorbate, Na(HAsc), in an aqueous reaction
mixture (Scheme 1),"*'*® or from copper() chloride
directly.'”?* Efforts to achieve repeatable, consistent and
efficient synthesis of DBX-1 have driven research into testing
specific preparative methods.®*° The quality of the starting
material NaNT as the nitrotetrazolyl group transfer reagent'* is
critical. This area was explored by Klapotke® and lead to a puri-
fication method involving aqueous NaNT solutions and ion-
exchange resin (see ref. 22 and 23 for further modifications).
Ford and co-workers have reported a one-pot method as part
of a lean process for the production of DBX-1 which requires
neither the isolation of NaNT, nor its purification.'® Omitting
purification by this new method reduces the extent of the pro-
tective measures needed to keep operational hazards at accep-
tably low levels and it therefore improves the safety of the syn-

® Na(HZO)x@ ® cu °
o) N O N
@\\N \IN + CUCIp(H20)y (;\N \|T
/ \ N *NaHAsc  _qsNaci-05HASC o / \iN/N
©o N - 0.5HCI o

Scheme 1 Reaction of NaNT hydrate, copper(i) chloride and sodium
ascorbate, Na(HAsc), in an aqueous reaction medium to form copper(i)
5-nitrotetrazolate (DBX-1).
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thesis. Fronabarger and colleagues found that the nitric acid
needed for the synthesis of NaNT can be replaced by the more
cost effective sulphuric acid.* It was noted that the mecha-
nism of the DBX-1 formation is composed of several steps and
begins with an induction period in which Cu(H;0)(NT);-3H,0
(vide supra) acts as an intermediate. Ford and co-workers
suggested that crystal seeds play a role.'® Finally, Fronabarger
provided a detailed preparative method for the synthesis of
DBX-1 and reported yields ranging from 80% to 85%.%5%>%3
Neither polymorphs of DBX-1, nor any by-products other than
the aforementioned Cu(H;0)(NT);-3H,0, are known.

In this paper, we detail results of an in-depth investigation
into the selectivity of the reduction reaction discussed above,
which forms not just DBX-1, but also a previously unreported
compound depending on reaction conditions.
Physicochemical properties of the new copper-containing pro-
perties are determined. The nitrotetrazolate starting material
is investigated further regarding its structure and suitability
for the reduction reaction.

2. Experimental section

2.1. Materials and instrumentation

Caution (!), compounds 3 and 4 are highly sensitive to heat,
friction, and impact and will explode if stimulated.
Appropriate protective equipment and safe preparative
methods should always be used when working with these
materials. Copper(u) chloride (Lancaster, anhydrous, 98%) was
used either as purchased, or after recrystallization from de-
ionized water as CuCl,(H,0),. Both compounds were stored in
airtight containers prior to use. Sodium 5-nitrotetrazolate
(NaNT) was prepared according to a published procedure,’
which involves the slow evaporation of an acetone extraction
solution at r.t. to afford the dihydrate NaNT-2H,O (1).
Preliminary and qualitative data on impact and friction sensi-
tivities were obtained using the drop-weight tester at Sheffield,
and an agate mortar and pestle, respectively. Impact sensitivity
data is given as the interpolated energy (Esq) at which initiation
occurs with a 50% probability (NB: using the same apparatus
and method, E5, of synthesis-grade RDX was found to be 5.3
(0.2) J). Thermograms were recorded in the temperature
range 50 to 350 °C and at the stated heating rates, using a TA
Instruments DSC 25 Discovery Series calorimeter and sealed
Perkin Elmer stainless steel sample containers (30 pL internal
volume, Au-plated Cu seals, Tinax = 400 °C, prax = 150 bar). The
calorimeter was calibrated against In (99.999%) at the
156.60 °C transition (AH = 28.45 ] g~ '). IR spectra were
obtained from mulled (liquid paraffin) samples between NaCl
windows using a Bruker Vector FTIR spectrometer at an
optical resolution of 2 cm™" in the spectral range 4000 to
500 cm™' over 8 scans. Susceptibility measurements were
carried out at 25 °C with a magnetic susceptibility balance
(Sherwood Scientific, Cambridge, UK). Copper content was
determined spectrophotometrically in aqueous medium at
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803 nm using the spectral properties of Cu(H,0),>" published
by Qiu et al.>® and extrapolated to 20 °C; the stated Cu content
is derived from four samples. Mass spectral data was obtained
using the MALDI TOF method and a DCTB (trans-2-[3-(4-‘Bu-
phenyl)-2-methyl-2-propenylidene]malononitrile) matrix made
from a slurry of 3 in CH,Cl,-DCTB solution. The particle mor-
phology was characterized both microscopically and with a
Malvern Particle Size Analyser “Master Sizer 3000” in water
applying the Fraunhofer diffraction pattern analysis. Single
crystal X-ray data for compound 3 were collected at a Rigaku
FR-X diffractometer equipped with an ultra-high-intensity
microfocus rotating anode X-ray generator, a HypixHE6000
detector, an Oxford Cryosystems N, gas flow cooling system,
and Cu-K, radiation. Data were recorded, processed and
reduced using the CrysAlisPro suite of programs. Absorption
correction was performed with empirical methods (SCALE3
ABSPACK) based on symmetry-equivalent reflections combined
with measurements at different azimuthal angles.>’>° SIMU
and RIGU SHELX restrains were used to model the atomic dis-
placement parameters. Intensity data for NaNT-4H,O (2) were
collected on a Bruker D8 Venture diffractometer equipped with
a Photon 100 CMOS detector using a Cu-K, microfocus X-ray
source from crystals mounted in fomblin oil on a MiTiGen
microloop and cooled in a stream of cold N,. Data were
absorption-corrected with empirical methods (SADABS)*°
based on symmetry-equivalent reflections combined with
measurements at different azimuthal angles.?® Both crystal
structures were solved and refined against all F> values using
ShelXT, ShelXL and Olex 2 suites of programmes.*"**> All non-
H atoms were refined anisotropically after their positions had
first been found in the Fourier map and then refined with the
O-H bond lengths restrained. PXRD data for compound 3 was
recorded at the University of Sheffield on a Bruker D8
ADVANCE powder X-ray diffractometer equipped with a Cu-K,
sealed-tube source, a focusing Gobel Mirror operating in capil-
lary mode, and an Oxford Cryosystems Cryostream Plus 700
series low-temperature unit, allowing for variable temperature
measurements. PXRD Samples were prepared by packing
powder of 3 into 0.7 mm borosilicate sample capillaries.
During data collection, capillaries were centred and rotated at
30 rpm. Data were collected at both 298 K and 113 K in the
range 3° < 260 < 70° with the step size of 0.015° and step time
of 1.8 s, giving a total exposure time of 2 h 15 min. Further
crystallographic data can be found in the ESL.}

2.2 Synthesis of sodium nitrotetrazolate tetrahydrate, Na
(NT)-4H,0 (2)

In a glass beaker, a saturated solution of sodium 5-nitrotetra-
zolate was prepared by stirring Na(NT)-2H,O (1), (173.02 g
mol™, 7.905 g, 45.7 mmol, obtained by crystallisation at r.t.)
in deionised water (ca. 18 ml) at 20 to 25 °C. By immersing the
beaker in an ice bath, the solution was then cooled to 0 °C for
the duration of 2 h, after which needle-shaped colourless crys-
tals had formed. Cold-filtration, washing of the filter residue
with small amounts of ice-cold water (x2) and then acetone
(x2), followed by brief air-drying of the wash residue, affords

This journal is © The Royal Society of Chemistry 2020
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compound 2 (CHgNs;NaOg, 209.04 g mol™, 5.943 g, 28.4 mmol,
62% with respect to 1) as a white crop of colourless, odourless,
free-flowing crystals. Compound 2 can be stored in a sealed
vessel without decomposition at r.t. for several months. Under
a dynamic vacuum (ca. 1 mbar) at r.t., however, it dehydrates
readily to convert into 1 (IR spectra in Fig. S7 to S97). The yield
afforded by this preparative method is highly sensitive to
temperature and solvent volumes, and ranges between 29%
and 62%. IR (nujol) v/em™" = 3592s, 3399s, br, 1643w, 1551s,
1453vs, 1426vs, 1325s, 1183m, 1058w, 1035w, 842m, 597vs, br
(Fig. S81). Magnetic susceptibility ymeas/(emu mol™) = —4.2
(+0.7) x 10~ A suitably sized specimen of the crop was used
for the single crystal XRD study (vide infra).

2.3. Synthesis of chloro(nitrotetrazolato)copper(i) (3)

CuCl,(H,0), (x = 0 or 2) was reduced using the method given
by Fronabarger et al.® (vide supra) apart from the following
modifications to apparatus and reagents (i-iv): a 100 ml
beaker made from borosilicate glass acts as the reaction vessel
(i), a Teflon-coated magnetic bar with the dimensions 25 mm
x 6 mm is employed for agitation (ii), compound 2 is used as
the nitrotetrazolyl group transfer reagent (iii), and the aqueous
Na(HAsc) reductant is added dropwise into the reaction
mixture using a Pasteur pipette (iv). NB: previous publications
noted colour changes upon addition of the nitrotetrazolyl
group transfer reagent. We have found that they are dependent
on the purity of the NaNT solution; addition of 1 results in a
colour change from light blue to green; however, the addition
of aqueous solutions of 2 to those of CuCl, causes a slight dee-
pening of the blue colour. The Na(HAsc) addition regime was
(points in time stated in minutes, reaction mixture stirred con-
tinuously): 0 to 1.5 addition, 1.5 to 6 dwell time, 6 to 13.5
addition, 13.5 to 15 dwell time. Four experiments were exe-
cuted under the stated conditions, which produced compound
3 exclusively. The isolated yields with respect to CuCl, range
from 67% to 86% (see microscope images Fig. S217).
Caution (!), careful grinding of a 10 mg batch of 3 obtained by
this preparative procedure, using an agate mortar and pestle,
caused initiation events (audible as loud crackling sound),
which subsided once the crystal size had reduced sufficiently
through milling action. CuzCI(N,CNO,), (3), M = 454.18 g mol *;
DSC, Ton = 274 °C (dec.), Tpeak = 283 °C, AHey, = 1201 J g7,
3 K min~', NB: heating compound 3 at a high rate (10 K min™")
causes decomposition at around 300 °C and breaks the sample
container. Cu content as Cu®" 41.97(x0.04)% (caled), 41.7
(¥2.4)% (found). In three crops of crystals, the magnetic sus-
ceptibility ymeas/(ému mol™") was found to range from —8.4
(x0.5) x 107" to +1.8(x0.2) x 10~%. IR (nujol) v/em™" = 1563vs,
1550m, 1486w, 1430w, 1422w, 1328s, 1292vw, 1197vw, 1084vw,
1071vw, 1045vw, 838m, 833m, 768vw, 715w, 662w, 502vw; IR
(KBr) v/em™ = 1564vs, 1550s, 1486w, 1463s, 1458m, 1429m,
1421m, 1327s, 1084vw, 1071vw, 1045vw, 838m, 832m, 714vw,
662w; TOF LD(+) MS m/z = 652 (2) [Cu,(CN)(DCTB),]", 563 (8)
[Cu(DCTB),]", 502 (4) [Cu,(DCTB)], 418 (9) [Cu,O(CN)
(DCTB)]', 411 (11) [Cu,CI(DCTB)]", 402 (21) [Cu,(CN)(DCTB)]",
313 (100) [Cu(DCTB)]", 241 (8) [Cus(CN),]", 152 (5) [Cu,(CN)]".

This journal is © The Royal Society of Chemistry 2020
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PXRD data (Fig. S5t) and single crystal data are given else-
where and in the ESLf A suitably sized, but small, specimen
crystal was used for single crystal XRD measurement (vide
supra). Impact sensitivity E5, = 1.8(+0.2) J. For comparative pur-
poses, analogous analytical data for Cu(N,CNO,) (4 “DBX-1”,
M =177.59 g mol "), obtained at Sheffield under identical con-
ditions, are given here: DSC, T,, = 293 °C (dec.), Tpeak =
305 °C, AH., = 1653 J ¢”*, 3 K min~". IR (nujol) v/em " =
1558vs, 1548vs, 1489m, 1472s, 1454s, 1425s, 1327vs, 1201vw,
1189vw, 1164vw, 1123vw, 1098w, 1079vw, 1047vw, 1040vw,
835vs, 768vw, 718w, 671w, 655w, 552w; impact sensitivity Esq =
4.3(£0.3) J. PXRD data are given in Fig. S3.} Data available for
DBX-1 in the cited literature: DSC: T,,/°C = 302.8 (5 K
min~"),"’ 329.8 (20 K min™"),® Tpea/°C = 337.7 (20 K min™"),*
AH. = 1967 ] g7, (20 K min™"); IR (KBr) v/em™ = 1556vs,
1470s, 1451m, 1422s, 1325vs, 1123w, 1096w, 832s; crystal
structure see ref. 8, PXRD ref. 10.

3. Results and discussion

Depending on reaction conditions and starting materials in
the reduction of aqueous solutions of copper chloride and
sodium 5-nitrotetrazolate with sodium ascorbate, three types
of precipitate were obtained. These are a powder of unknown
composition, the previously reported Cu(N,C-NO,) (4), and the
novel CuzCl(N,C-NO,), (3). As the reduction reaction is highly
sensitive to impurities in the starting material, the crystallisa-
tion conditions of NaNT for the purpose of purification are
examined first.

3.1 Sodium 5-nitrotetrazolate tetrahydrate (2)

At a crystallization temperature of 0 °C, NaNT forms a novel
hydrate (2) as transparent, completely colourless, needle-
shaped crystals the IR spectrum of which is closely related to
that of the previously reported NaNT-2H,O (1). Under vacuum
and at r.t., 2 readily converts into 1, and then into water-free
NaNT (see Fig. S7-10,T NB: 1 forms directly by evaporation of
aqueous solutions at r.t.”). The dehydration process can be
monitored easily in the infrared using the peak absorption
cross sections at v/em™' = 1191, 1178, 1068, 1057, 1040 (water-
free NaNT), 1193, 1173, 1066 and 1041 (1), 1183, 1173, 1058,
1035 (2). In a sealed vessel at r.t. and ambient pressure, com-
pound 2 is stable indefinitely. Using single crystal X-ray
methods, the nature of the crystalline 2 was probed further
with details given below (Table 1).

Crystals of 2 consist of hydrated NaNT and water of crystalli-
sation, Na(H,0),(NT)-2H,0, in which sodium is coordinated in
a distorted octahedral geometry (Fig. 1, top, showing Na
(OH,),(xO-NT)(kNy-NT)) with bridging water and 5-nitrotetrazo-
lato ligands. Cations are arranged in linear {Na(OH,),}, chains
through p*-aqua bridges (Fig. 1, middle). The chains are inter-
connected by H,O---(H,O)--OH, hydrogen bonds to form
[(H,0)---{Na(OH,),}---(H,0)], sheets, which are directed into a
collinear arrangement via Na---O,N-CN,---Na links (Fig. 1,
bottom). A comparison with the dihydrate 1 (Table 2; see ref.

Dalton Trans., 2020, 49, 14975-14984 | 14977
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Table 1 Crystal data and structure refinement parameters for Na(N4C-NO,)-4H,0 (2) and CusCLl(N4C-NO,), (3)

2 3
Empirical formula CHgN;NaOg C,CICuzN,,0,
Formula weight 209.11 g mol ™" 454.19 g mol ™!
Temperature 100.0(3) K 100.0(3) K
Crystal system Monoclinic Monoclinic
Space group C2/c P2,/c

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size/mm?®
Radiation

20 range data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/param.
Goodness-of-fit on F>
Final R indexes [I > 26(1)]
Final R indexes [all data]
Largest diff. peak/hole

a=17.7189(10) A, b = 3.5053(2) A,

¢ =13.3457(8) A, a = 90°, # = 100.282(2)°,
y =90°
815.59(8) A
4

1.703 Mg m™
1.925 mm™"
432.0

0.345 x 0.21 X 0.15

CuK, (4 = 1.54178)

10.146° to 133.482°
—20<h<20;-3<k<4;-15<1<15
9009

710 [Rinc = 0.0661]

710/64/109

1.179

R, = 0.0389, WR, = 0.0991

Ry = 0.0408, WR, = 0.1002

0.30/-0.30 e A3

3

a=10.8980(10) A, b = 9.2377(9) A,

¢ =10.3680(10) A, @ = 90°, /3 = 100.493(10)°, y = 90°

1026.32(17) A

4

2.939 Mg m™®

10.046 mm™*

872.0

0.01 % 0.01 x 0.01

CuK, (4 = 1.54184)
8.252° to 152.288°
-10<h<13;-11<k<11;,-11 <1< 12
4254

2060 [Rip = 0.1114]
2060/84/181

1.066

R, = 0.0569, WR, = 0.1200
R, = 0.1046, R, = 0.1429
1.01/—0.93 e A™*

33 and 34 for structure data of 1 and NaNT-H,0-0.5MeCN)
reveals unique structure features of 2: the NT ligands in 1 coor-
dinate in bidentate fashion (Na(OH,),(k*N,O-NT)(kNy-NT))
whereas only monodentate modes are observed in 2. This
mode change results in much greater distortion from octa-
hedral geometry for sodium in 1. There are no bridging H,O
ligands in 1, whereas in 2 all aqua ligands are part of
Na.--O---Na bridges. Even though in 1, all water is coordinated
to Na, and only half of the water is in 2, only negligible differ-
ences in the Na-O distances of coordinated water are found (1,
2.37,2.39 A; 2 2.38, 2.39 A). In 1, the Na-Na linkage is made by
p*(O',N,,Np)-NT bridges (two per centre); however, bridging in
2 relies on p*(0)-H,O (four) and p*(O,Ny)-NT (two) coordi-
nation resulting in a greater degree of interlinkage in the
latter. It is worth noting that the Na---O,N contacts in 1 are
0.1 A longer than in 2, whereas the Na---NgNT bonds are 0.1 A
shorter. This contraction-elongation effect is ascribed to the
chelating coordination mode of the p*-(O,N,,Np)-NT ligand in
1 as opposed to 2 in which NT acts as simple p*(O,Np)-NT
linker only. Despite these variations, there are no significant
changes to the intramolecular bond lengths and angles of the
NT ligand. Since the Na---O,N-CN, and Na---N,C-NO, bonds
are long and weak, it must be concluded that the variations in
the coordination networks 1 vs. 2 have negligible effect on the
enthalpic contributions of the NT group (vide infra) to the heat
of decomposition of bot compounds. If hydration, hydrogen
bonding and lattice enthalpies are not accounted for, and
based on the enthalpic contribution of the NT content alone,
then the energy density of 2 must be smaller in comparison to
1 (2.4 vs. 2.9 k] cm ™, vide infra and Table S27) and this indi-
cates that the tetrahydrate is an attractive alternative storable
solid nitrotetrazolato group transfer reagent.

14978 | Dalton Trans., 2020, 49, 14975-14984

3.2 Reduction reactions using crystallized sodium
5-nitrotetrazolate hydrates

The tetrahydrate described above was employed in reduction
reactions of CuCl, with Na(HAsc) and NaNT in adaptation to
the previously published method for the synthesis of copper(i)
5-nitrotetrazolate (4, “DBX-1”) (see Experimental section). Our
experimental results confirm the adverse effect of impurities
in the NaNT starting material in a similar fashion as they were
noted before (see Introduction). The application of the crystal-
lised NaNT-2H,O (1) as the nitrotetrazolyl reagent in adap-
tation to the previously published reaction regime over the
course of 15 minutes, affords an orange, suspended material
that readily blocks D4 sinter filter and discolours over time in
air to form an olive-green, highly explosive powder of yet
unknown composition. Repeating the reduction under other-
wise identical conditions in the same reaction vessel, and
replacing the dihydrate 1 by the crystallised tetrahydrate 2,
however, afforded a wine-red precipitate (compound 3), and no
DBX-1 was obtained. The visual appearance and IR spectrum
of 3 are distinct from those of the orange to rust-red DBX-1 (4)
(see photographs in Fig. 2, left (3) vs. right (4), and the IR
spectra in Fig. 5 and S11-15%). The experiment was repeated
another four times over the course of several weeks to give
unaltered results at each instance. A number of factors were
tested. Neither a replacement of Teflon-coated stir bars, of
CucCl, for CuCl,-2H,0, and of deionized for distilled water, nor
small changes in the addition time and addition regimen had
a significant effect. The identity of the four batches of the new
crystalline product with that obtained originally was estab-
lished by comparison of IR spectral data and PXRD data
(vide infra). The new material (3) consists of dark wine-red,

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Thermal ellipsoids projection (90% probability level) of the
crystal structure of NaNT-4H,0 (2) (coordination of Na, top; Na --- (H,0)
--- Na link (middle); Na --- O,N-CN4 --- Na link (bottom, H,O .- H-OH
bonds involving water of crystallization not shown); O, red; Na, purple;
C; dark grey, H, light grey, N, blue. One disordered part of the O,N-CN,4
moiety is shown; selected bond lengths: Na01-O2 2.359(15), NaO1-
O1W 2.378(3), Na01-O1W 2.394(3), Na01-N3 2.594(15), N1-N2 1.349
(14), N1-N3 1.350(14), N2—-C1 1.330(4), N3-N4 1.331(15), N4-C1 1.334
(5), C1-N5 1.447(5), N5-02 1.236(9), N5-01 1.240(9).

glistening, friction- and impact-sensitive crystals. It is in-
soluble in CH,Cl,, cold DMF and iPrOH, but dissolves in
DMSO and hot DMF under decomposition. As compound 4, so

View Article Online
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Fig. 2 Microscope images of pure compound 3 (left), of a 3—4 mixture
(middle), and of pure 4 (right); all images taken at the same
magnification.

does compound 3 dissolve completely in aqueous nitric acid
(65%) to form a solution with a colour characteristic of Cu**
(the UV/vis spectrum, Fig. S16,1 features a broad peak at
803 nm characteristic for the aqua complex®®). Its magnetic
susceptibility was found to be approximately —6 x 10”7 emu
¢~! which is comparable with that predicted using the incre-
ment method,* ypreq & =5 x 1077 emu g~ suggesting that the
material is diamagnetic and contains Cu(i) exclusively. Apart
from copper, no other metals could be detected using MALDI
mass spectrometry (Fig. S227), hence the presence of nickel or
zinc as contaminants affecting the outcome of the reaction
must be excluded.

3.3 Structure analysis of compound 3

Single crystal X-ray diffraction measurements were performed
using selected crystals from one batch of 3 (see Fig. 2, S1,
S21,} crystal data Table 1). The small crystal size required a
high-flux rotating anode as X-ray source. Crystalline 3 is com-
posed of copper, chlorine and 5-nitrotetrazolyl moieties which
are distributed over three, one and two unique crystallographic
sites in the stoichiometric ratio of 3:1:2, respectively. These
proportions, in combination with the measured magnetic pro-
perties, imply that copper is exclusively present in the oxi-
dation state +1 forming the compound Cu;Cl(N,C-NO,), (3).
Copper is coordinated to at least one chloro- and up to three
nitrotetrazolato ligands in variously distorted tetrahedral
fashion, forming Cu(k(N1)-NT)(k(N2)-NT)Cl,, Cu(k(N1)-NT)
(k(N2)-NT),Cl and Cu(k(N1)-NT),(k(N2)-NT)Cl environments
(Fig. 3 bottom) that constitute a mixed-ligand coordination
polymer (Fig. 3, top).>**” Differently to 2 and 4, all ring-nitro-
gen atoms are engaged in the coordination network involving

Table 2 Key bond lengths/A? in the crystal structures of Na(N4C-NO,)-2H,0 (1),° Na(N4C-NO,)-4H,0 (2), CusCl(N4C-NO,), (3) and Cu(N,C-NO,)

@

1° 2 3 44
M-N, 2.466(1) — 1.968(7)-2.039(7) 1.924-2.026
M-Nj 2.437(1) 2.576(13) 1.996(7)-2.100(7) 1.981-2.139
M-Cl — — 2.245(2)-2.622(2) —
(M-0,N)min 2.637(1) 2.370(11) 2.836(8) 2.745
M-OH, 2.371, 2.386 2.375, 2.387 — —
M---M” 4.089(1) 3.505(1) 3.104(2) 3.467
C-NO, 1.447(2) 1.447(4) 1.434(12), 1.457(11) 1.447,1.448
N-O 1.215(1), 1.233(2) 1.221(8), 1.231(7) 1.205(10)-1.224(10) 1.216-1.227
C-Ny 1.321(2), 1.322(1) 1.322(3), 1.338(3) 1.289(11)-1.340(12) 1.320-1.333
N,-Nj 1.339(2), 1.342(1) 1.340(10), 1.341(14) 1.337(10)-1.358(10) 1.331-1.355
Ng-Ng 1.323(2) 1.347(12) 1.339(10), 1.344(10) 1.317,1.325

@ Minimal and maximal distances unless stated otherwise. ? Shortest distance. ¢ Data taken from ref. 33. ¢ Data taken from ref. 8.
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Fig. 3 Projections of the thermal ellipsoid in the molecular structure of
the crystals of 3 (set at the 67% probability level) showing the unit cell
(top, down 1, 1, —1 axis), the coordination of copper to the tetrazolato
ligands (A and B), and the primary coordination sphere of copper (Cu
(11), C; Cu(2), D; Cu(1), E), and chlorine (F); selected bond lengths Cu3—
Cll 2.371(2), Cu3-N7 2.027(8), Cu3-N6 2.065(7), Cu3-N9 2.039(7),
Cu2-Cl1 2.561(3), Cu2—-N4 2.028(7), Cu2-N2 2.067(7), Cu2—-N5 1.996(7),
Cul-Cl1 2.245(2), Cul-Cl1 2.622(3), Cul-N3 2.100(7), Cul-N1 1.968(7),
Cl1-Cu3 2.371(2), Cl1-Cu2 2.561(3), Cl1-Cul 2.622(3), O3-N10 1.205
(10), O4-N10 1.225(10), O2-N8 1.224(10), O1-N8 1.217(11), N10-C2
1.457(11), N4—-N3 1.347(10), N4-C2 1.340(12), N3—-Cul 2.101(7), N3-N2
1.344(10), N2—Cu2 2.067(7), N2—N1 1.346(11), N1-C2 1.289(11), N7-N6
1.337(10), N7-C1 1.327(12), N6—-Cu3 2.065(7), N6—N5 1.339(10), N5-N9
1.358(10), N9—-Cu3 2.039(7), N9-C1 1.330(12), N8—-C1 1.434(12).

p* (N Ny ,Ny,Ny')-NT bridges (Fig. 3, middle; 2, one N engaged
in p?(Ny,0)-NT; 4, three or four engaged in p’*(N,,N,/,Np)-NT
and p4(NmN“',Nﬁ,Nﬁ’)-NT). As in 4, the coordinative Cu-N,
bonds are slightly shorter (1.968(7)-2.027(7) A) than those
involving Nj; ring-atoms (1.996(7)-2.100(7) A), yet both are on
average slightly longer (1 to 2 pm) than those found in 4 (see
Table 2). The shortest Cu---O contact in compound 3 (2.836 A),
however, is somewhat longer than that found in 4 (2.745 A).
Similar to the finding for structures of 1 and 2, the different
coordination environments have only negligible effects on the
molecular structure of the N,C-NO, ligand, as neither the pres-
ence of Cl~ (3 vs. 4) nor the replacement of Na(H,0)," by Cu"
(2 vs. 3) change its internal bond lengths and angles in any sig-
nificant way. The X-ray powder diffractogram predicted from
the single crystal data is consistent with all diffractograms
obtained from direct measurement of the powdery material of
several batches obtained in the synthesis of 3 (see Fig. 4 and
S3, S47). The crystallographically determined density of com-
pound 3 is significantly higher than that of 4 (2.939 g cm™ vs.
2.584 g cm™) and also slightly greater than what can be pre-
dicted from 4 and CuCl (2.817 ¢ cm™), and this suggests that
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Fig. 4 Comparison of a simulated powder X-ray diffractogram of 3
based on the single crystal structure solution (-) with that obtained from
measurement (-).

the packing in 3 is more efficient than in a simple mixed
crystal with the 2 : 1 stoichiometry of Cu(N,C-NO,) and CuCl.

A similar argument can be made using the spatial demand
of the CuN,CNO, moiety: based on the effective volume of Cu
(N,C-NO,) in 4 (114.1 A®), the volume available for Cu and Cl
in 3 would only be 28.4 A®, which is much less than what is
available in CuCl crystals (39.8 A®).

3.4 Spectral analysis

The transmission IR spectra of 3 and 4 are closely related (see
Fig. S11 and S13f). Nevertheless, the region 1225 cm™* to
1025 em ™" is diagnostic and particularly suitable for a reliable
identification and quantification of components (3 and 4) in
mixtures of the two compounds (see Fig. 5). Both compounds
can be mixed and milled in air (1600 min~" rotary motion for
135 min using a 15 mm x 3 mm magnetic steel rod and a flat-
bottomed PE vessel of 20 mm diameter) without initiation.
The transmission IR spectra of the milled powders are linear
combinations of the spectra of genuine 3 and 4 (see Fig. S19,f
section shown in Fig. 5, bottom) and this shows that milling
under these conditions occurs without the formation of
another Cu,ClL(N,C-NO,), phase, nor is the substance shown
in Fig. 2 (middle) a new phase.

3.5 Thermal analysis

None of the investigated batches of 3 show thermal effects at
temperatures between r.t. and the onset of decomposition.
Therefore, the decomposing phase is the same as that present
at r.t. The dynamics of the decomposition is dependent on the
heating rate: at 10 K min™", decomposition is accompanied by
extremely rapid heat release that causes the rupture of the
sample confinement. At a rate of 3 K min™", however, a com-
parably slow decomposition takes place and this allows for a
reliable integration of calorimetric curves in the range of the
exothermic effect (see Fig. 6). Under identical conditions, the
onset of decomposition of 3 occurs at a temperature (274 °C,
Tpeak = 283 °C, Fig. 6 top left), which in comparison is ~20 K
below that of 4 (293 °C, Tpeak = 305 °C, Fig. 6 top left).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Series of IR spectra. Top: Genuine 3 (—) and 4 (-) and a 3-4
mixture (-) all obtained directly from synthesis, in the range
1600-600 cm™; “N” denotes peaks mulling agent peaks. Middle: Layer
of baseline-corrected, normalised spectra in the range 1225-1025 cm™
to show that the 3—4 spectrum (-) is a linear combination of spectra of 3
(=) and 4 (-); see inset as proof, experimental (—) vs. {(3) — 0.35 X (4)} (-).

Furthermore, compound 3 has a specific heat of decompo-
sition (1201 J g™') that is 27% below that of 4 (1653 J ¢7), a
molar heat of decomposition (based on Cu) that is only two
thirds as large as that found for 4 (181.8 k] mol™" vs. 293.6 k]
mol ™), and an energy density of the crystals that is 19% lower
than 4 (3.5 k] em ™ vs. 4.3 kJ em™). The ratio of molar heats of
decomposition can thus be closely estimated by the ratio of
stoichiometric proportions of copper and nitrotetrazolato
groups in both compounds, (3 : 3)/(3 :2) ~ 0.67 (theory) vs. 0.62
(observed). Genuine samples of 3 and 4 have been mixed by
co-grinding in ratios of 9:1, 5:5 and 1:9 (Fig. 6 bottom).
Within the margins of errors, the enthalpies obtained thereof
fit into the suggested dependency of mole fractions (inset
Fig. 6, bottom), giving an effective molar enthalpy of decompo-
sition per nitrotetrazolato group of 292(+17) kJ mol™'. From
the result obtained at a heating rate of 3 K min™", it can be
concluded that the presence of chlorine has only a marginal
influence on the distribution of the decomposition products
originating from the nitrotetrazolyl group in the two com-
pounds and their mixtures. Based on Kamlet and Jacobs’
approach®® to relating detonation pressure and detonation vel-

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 DSC curves of 3 and 4 (top left) recorded in the temperature
range 60 to 350 °C, and calorigrams of milled 3—4 mixtures (-, -, -)
made from genuine 3 (-) and 4 (—) in the temperature range of
decomposition (bottom), a scan rate of 3 K min~* applies throughout;
see Fig. 5 (bottom) for IR spectra correspondent to the mixtures.
Diagnostic range in the IR spectrum of milled 3—4 mixtures featuring
peaks at 832, 835 and 838 cm™?, genuine 3 () and 4 (—) (top right).

ocity to heats of detonation (as estimated by the heats of
decomposition), detonation products and bulk densities, it
becomes clear that 3 and 4 are closely related (41-42 vs. 34-36
kbar, 3.4-3.5 vs. 3.3-3.4 km s7'), but inferior to lead azide (67
kbar, 3.8 km s™')** on these performance criteria.

3.6 Stability and morphology

The stability of compound 3 was investigated toward air and
water. According to results of IR spectroscopic and PXRD
monitoring (Fig. S51), compound 3 is stable indefinitely at r.t.
in air. Complete decomposition, however, occurs within one
month if samples are kept under deionized water exposed to
air. The supernatant aqueous phase showed a pH of 6.10 (6.09
for compound 4, 6.69 reported earlier), which did not change
significantly over the course of several days. The decompo-
sition is accompanied by the release of Cu®** into the aqueous
phase - a behaviour similar to the pH-dependent hydrolysis of
copper(1) chloride in water,*® which compound 4 is less likely
to engage in due to the absence of Cl.

Untreated material of compound 3 that was obtained at a
reduction temperature of 90 °C has a wider particle distri-
bution (D;( = 31 pm; D5 = 71 pm, Dgy = 149 pm) and a slightly
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larger average particle size in comparison with material of
compound 4 (23-34, 50-65, 86-120).

Intriguingly, microcrystals of compound 3 are significantly
more impact sensitive than those of compound 4 (1.8(+0.2) ]
vs. 4.3(x0.3) J, see Fig. S20;f Pb(N;), for comparison
2.5-4.0 J;'* Table S2t contains the summarised data). These
differences are believed to originate in variations in crystal
shape and the vibrational energy up-conversion efficiency®
and this will be subject to a forthcoming paper.

3.7 Factors influencing the outcome of the reduction
reaction

In our study consisting of a total of 21 consecutive trials, the
influence of several synthetic parameters was investigated with
an emphasis on the reproducibility of the synthesis of 3. The
comparably high yields of up to 86% thus far under optimal
conditions allow for the tentative adoption of eqn (1).

3CuCl, + 2Na(N4C — NO,) + 1.5Na(HAsc)
— Cu;Cl(N4C — NO,), + 3.5NaCl + 1.5HC] + 1.5Asc

(1)

The outcome of the reduction reaction changed after
several repetitions using the same apparatus. After five con-
secutive batches that produced compound 3, another batch
was obtained that consisted of a mixture of 3 and 4 (see Fig. 5,
bottom, red spectral line); however, thereafter only compound
4 was obtained. The use of freshly crystallized CuCl,-2H,0
instead of CuCl,, distilled instead of deionized water, the
halving of the reductant solution concentration, or a change of
the reaction temperature within the range 80 to 95 °C had no
significant effect on the course of the reduction. In order to
obtain 3 again, the reaction vessel had to be cleaned by the
action of hot concentrated nitric acid, and catalytic amounts
of 3 obtained earlier needed to be added to the reaction
mixture. We interpret this effect in terms of the action of a
comparably small number of seed crystals. The application of
3 as seed increases the amount of 3 being produced. However,
seed crystals of 4 outperform those of 3 by far. Intriguingly,
the substitution of one-third (mol fraction) of CuCl, by ZnBr,
or NiCl, under otherwise identical conditions also leads to the
formation of compound 3. Based on these observations, the
following conclusions (i to vii) can be drawn: application of
crystallised 1 without further purification as the nitrotetrazo-
late transfer reagent leads to the formation of powders that are
neither 3 nor 4 (i) - an outcome attributed previously to the
presence of trace-impurities that act in a catalytic mechanism
inhibitive of the formation of either 3 or 4. Within the con-
ditions investigated by us, formation of either 3 or 4 requires
the use of purified NaNT in the form of compound 2 (ii). The
use of freshly crystallized CuCl,-2H,0 instead of CuCl,, or dis-
tilled instead of deionized water, or changing the concen-
tration of the reductant solution, or changing the Cu®‘/
N,C-NO, ratio has, within certain limits, no significant effect
on the course of the reduction (iii). The formation of the
desired product requires the presence of the appropriate seed
crystals, which induce the crystallisation of 3 and 4, respect-
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ively (iv). The formation of 3 requires the absence of seed crys-
tals of 4 (v). The seed crystals can be removed effectively by
aqueous nitric acid (vi). A partial replacement of CuCl, by
other metal chlorides (ZnCl,) leads to the formation of 3 (vii).
A summary of the factors can be found in Table S3.

4. Conclusions

In the competitive reduction reactions of copper(u) chloride, a
wine-red chlorine-containing copper nitrotetrazolate, Cu;Cl
(N4C-NO,),, was discovered. This result indicates that such
reduction reactions produce a number of well-defined ener-
getic materials. The formation of Cu;Cl(N,C-NO,), shows that
mixed-ligand coordination frameworks are possible and lends
weight to the notion that more efficient lead-free primary
initiators are potentially accessible in which Cl is replaced by a
different, potentially explosophoric group with the aim to
reduce sensitivity toward water, and to tune sensitivity toward
shock, friction and temperature. The selectivity of the CuCl, -
sodium ascorbate - explosophoric group-transfer reduction
reaction can be controlled by the action of seed crystals and
this can be exploited to direct the reaction pathway. Even
though stable in air indefinitely, Cu;CI(N,C-NO,), decomposes
under water within weeks. The crystals of Cuz;Cl(N,C-NO,),
consist of an elaborate void-less coordination network with a
density exceeding that of DBX-1. It is more friction and impact
sensitive than either DBX-1 (Cu(N,C-NO,)) or lead azide and
decomposes violently upon rapid heating or shock. Cu;Cl
(N4C-NO,), is a powerful explosive with energetic parameters
similar to those of Cu(N,C-NO,). A new form of the nitrotetra-
zolato anion transfer agent NaNT was introduced as the crys-
talline tetrahydrate NaNT-4H,O. NaNT-4H,O can be regarded
as an attractive alternative to the existing dihydrate because of
its high purity and lower energy density.
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