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Abstract: Potential high energetic dense oxidizers with
the 1,1,1-trinitropropan-2-yl moiety are described in this
study. The urea, N,N’-bis(1,1,1-trinitropropan-2-yl)urea (1),
is synthesized by the reaction of urea with acetaldehyde
and trinitromethane. The reaction of 1,1,1-trinitropropan-
2-ol (2) with the reagent chlorosulfonyl isocyanate results
in the formation of 1,1,1-trinitroprop-2-yl carbamate (3).
The nitration of 3 with anhydrous nitric and sulfuric acid
yields the nitrocarbamate (4). All compounds were fully
characterized by multinuclear NMR (‘H, ®C, “/*N) and
vibrational spectroscopy, mass spectrometry and elemen-
tal analysis (C,H,N). For analysis of the thermostability
differential scanning calorimetry (DSC) was used. Ener-
getic properties, the sensitivities towards impact, friction
and electrostatic discharge were tested and compared
with the corresponding 2,2,2-trinitroethyl and 3,3,3-trini-
tropropyl derivatives. The crystal structures of two com-
pounds with that of the 1,1,1-trinitroprop-2-yl moiety have
been determined by low temperature X-ray diffraction and
discussed. The energies of formation were evaluated and
several detonation parameters such as the velocity of det-
onation and the propulsion performance were calculated
with the program package EXPLO5.
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1 Introduction

High energy dense oxidizers (HEDOs) are based on
CHNO compositions and are a subgroup of energetic
compounds, which release an excess of oxygen when
decomposed [1]. This class of compounds is mainly used
in composite propellants, where they are the main part
with around 75%. Further ingredients of such solid rocket
propellants are binder and fuel. The released excess of
oxygen which is produced by the oxidizer reacts with
the carbon backbone and added fuel, which produce hot
gasses for the propulsion. As a fuel, often aluminum is
used which burns very hot, has a low atomic weight and
is cheap [2]. Until now, ammonium perchlorate (AP) has
been used as oxidizer, due to its high oxygen content, its
good stability and its low sensitivity against mechanical
stimuli. Unfortunately, perchlorate anion is toxic to ver-
tebrates, amphibians and other marine organisms [3].
There is also proof that the anion perchlorate has nega-
tive health effects to humans, especially on the thyroid
hormonal balance which is important for the normal
growth and development [4, 5]. Another drawback of AP
are the decomposition products like the toxic hydrogen
chloride which causes further environmental problems
and generates easily visible and detectable expulsions
leading to tactical disadvantages [6].

The 2,2,2-trinitroethyl moiety is the most commonly
used group for the synthesis of new HEDOs and can be
obtained by reacting trinitromethane and formaldehyde
via a Henry or Mannich reaction [7-9]. The trinitropropyl
group is less common and two different constitutional
isomers are possible. The synthesis, structure and ener-
getic properties of the 3,3,3-trinitropropyl moiety were
recently investigated [10]. The 1,1,1-trinitroprop-2-yl moiety
is not much investigated, only patents from the 1960s with
the description of 1,1,1-trinitroprop-2-yl ethers and the urea
compound N,N’-bis(1,1,1-trinitropropan-2-yl)urea (1) are
available [11-14]. Although few compounds are reported,
nothing is known about their structural and energetic
properties and stability.
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2 Results and discussion

2.1 Synthesis

Scheme 1 illustrates the synthesis of N,N’-bis(1,1,1-
trinitropropan-2-yl)urea (1). The starting materials trini-
tromethane and acetaldehyde were both dissolved in water
under stirring, and after few minutes an oil separated,
very likely the intermediate alcohol 1,1,1-trinitropropan-
2-0l (2). This carbon—carbon bond forming condensation
is referred as a Henry reaction of an aldehyde and a poly-
nitroalkane having an acidified proton in the o-position to
the nitro groups. Urea was added with stirring and within
minutes a colorless precipitate of product 1 was formed.
This Mannich type condensation is acid catalyzed by the
strong acidity of trinitromethane (pK, = 0.15) [15, 16].

The above mentioned intermediate alcohol 1,1,1-trini-
tropropanol (2) can be isolated by reacting trinitrometh-
ane with either vinyl acetate or acetaldehyde (Scheme 2).
The vinyl acetate route is literature known and works by
the addition of trinitromethane to the unsaturated alkene
with subsequent hydrolysis of the ester in water [17]. The
other alternative was performed by the reaction with
acetaldehyde and extraction with an organic solvent like
chloroform. The alcohol was obtained in both cases with
small impurities, due to the reversible cleavage into trini-
tromethane and acetaldehyde which has a very high vapor
pressure [15, 18].
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Scheme 2: Synthesis of 1,1,1-trinitropropan-2-yl nitrocarbamate (4)
starting from nitroform.
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The alcohol 2 can be converted into the correspond-
ing 1,1,1-trinitropropan-2-yl carbamate (3) in a one step
synthesis by the reaction with chlorosulfonyl isocyanate.
The carbamate was isolated as a colorless pure solid in
high yields (78%), in spite of impure starting material.
The nitration of the carbamate 3 in a 1:1 mixture of con-
centrated sulfuric (98%) and nitric acid (100%) led to the
formation of 1,1,1-trinitropropan-2-yl nitrocarbamate (4).
After quenching with ice-water and extraction with ethyl
acetate, the nitrocarbamate 4 was obtained as a colorless
oil, as most other 1,1,1-trinitroprop-2-yl compounds [11-13].

2.2 NMR and vibrational spectroscopy

The 'H, C and **N NMR spectra were recorded in CDCL,
and are summarized in Table 1. The urea compound 1
shows three signals in the 'H NMR. The methyl reso-
nance is located at 4.53 ppm and split into a doublet,
due to the * coupling with the neighboring hydrogen at
the methine unit. The NH group also couples with the CH
group which results also in a doublet at 6.62 ppm. In the
BC NMR spectrum the resonance of the CH group is found
at 50.2 ppm and that of the CH, group at 18.2 ppm. The
trinitromethyl group is observed as a typically broadened
signal at 129.3 ppm and therefore in the same range as
the related compound N,N’-bis(1,1,1-trinitropropan-2-yl)
urea (130.8 ppm [10]). Acetaldehyde as a starting mate-
rial is prochiral, and results in racemic products. In the
case of the urea 1, only one product was observed in the
NMR spectra. This result is also confirmed by the crystal
structure determination (see 2.3), which shows the meso-
isomer, identified with mirror symmetry through the car-
bonyl group. In the synthesis of 3 and 4, respectively,
two enantiomers (racemate) were formed. Therefore, no

Table 1: Multinuclear NMR resonances (ppm) of 1, 3 and 4 in CDCL,.

1 3 4
'H
CH, 1.53 1.68 1.81
CH 5.61 6.21 6.32
NH/NH, 6.62 5.10 10.81
13C
CH, 18.2 16.7 16.6
CH 50.2 69.3 70.9
C(NO,), 129.3 126.5 125.0
co 154.5 153.2 145.2
14/15\
NH,/NH/NHNO, -295 -310.2 -199
C(NO,), -32 -34.2 -36
NHNO, —54
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absolute structure configuration assignment in the crystal
structure of the carbamate 3 could be determined.

The NH resonance of the nitrocarbamate 4 is observed
at 10.81 ppm, and compared to the NH, signal of 3 which
is located at 5.10 ppm, shifted significantly to lower field,
due to the increased acidity of the hydrogen atom. In the
BC{'H} NMR spectra the resonances of the carbon atoms of
the methyl groups were observed at 16.7 (3) and 16.6 ppm
(4), those of the trinitromethyl groups broadened at 126.5
(3) and 125.0 ppm (4). In the BC NMR spectra, the most
obvious characteristic is the resonance of the carbamate
carbonyl group, which is shifted strong upfield from the
carbamate 3 at 153.2 ppm to 145.2 ppm for the nitrocarba-
mate 4, due to increased shielding by the presence of an
adjacent nitro group.

In the “N NMR spectra of 1, 3 and 4 the resonances
of the nitro groups of the trinitromethyl moieties are rela-
tively sharp and were found in the range of —32 to —36 ppm.
The high solubility of the carbamate 3 qualified it for a ®N
NMR spectrum which is displayed in Fig. 1. The resonance

0 -100 -200 -300 ppm

Fig.1: ®N NMR spectrum of 1,1,1-trinitropropan-2-yl carbamate (3)
in CDCL,.

Table 2: Selected IR and Raman bands of the compounds 1, 3 and 4.
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of the trinitromethyl group is observed at —34.2 ppm
and due to the peculiarity of the structure a doublet is
observed by coupling to the methine hydrogen atom with
3J(5N, 'H) = 1.9 Hz. The resonance of the carbamate nitro-
gen is located as expected at —310.2 ppm as a triplet with
a coupling constant of J(®N, 'H) = 92.1 Hz. In the “N NMR
of the nitrocarbamate 4 a very broad resonance for the
amide nitrogen atom was detected at -199 ppm and for
the additional nitro group at the carbamate moiety at -54
ppm, which is in the typical ranges [7].

The most characteristic vibrational frequencies in the
IR and Raman spectra are these of the carbonyl and nitro
groups, which are summarized in Table 2. The trinitro-
methyl group vibrational analysis (Raman) of 1, 3 and 4
showed the characteristic asymmetric v_(NO,) stretching
vibrations in the narrow range of 1618-1616 cm™ and the
symmetric stretching vibrations v (NO,) at 1298-1296 cm™.
In the spectrum of nitrocarbamate 4 an additional nitro
vibration was observed with bands forv_(NO,) at 1602 cm™
and v (NO,) at 1278 cm™, which appear at slightly higher
wave numbers [19]. In the urea 1 the v(C=0) is located at
1647 cm™ in the typical range for N,N’-disubstituted urea
compounds. The strong characteristic carbonyl stretching
vibration of the carbamate 3 is found at 1733 cm™, and that
of the nitrocarbamate 4 is shifted to lower wave numbers
at 1691 cm™.

2.3 X-Ray structure determinations

Single crystals suitable for X-ray diffraction measurements
were obtained by crystallization at room temperature
from ethanol (1) and hot water (3). The crystal data and
numbers pertinent to data collection and structure refine-
ment are summarized in Table 3. Additional data are given

1 3 4
IR Raman IR Raman IR Raman

v (NH) 3314 (w) 3011 (9) 3457 (m) 3018 (18)

3349 (m)

v (CH) 2970 (w) 2957 (59) 2975 (w) 2960 (59) 2975 (w) 2959 (53)
2886 (w) 2884 (4)
v (CO) 1648 (s) 1647 (7) 1731 (s) 1733(12) 1680 (s) 1691 (8)
v, (NO,) 1592 (vs) 1616 (23) 1594 (vs) 1618 (32) 1587 (vs) 1617 (18)
1602 (16)
v, (NOZ) 1295 (vs) 1298 (33) 1289 (s) 1297 (22) 1291 (vs) 1296 (22)
1270 (s) 1278 (6)

Frequencies in cm™; IR intensities: vs = very strong, s = strong, m = medium, w = weak; Raman intensities in brackets, the strongest were

set to 100.



814 —— Q.. Axthammer et al.: Studies on the synthesis and properties of 1,1,1-trinitroprop-2-yl urea

Table 3: Crystallographic data for1and 3.

1

3

Formula

Formula weight, g mol!

Crystal habit
Crystal size, mm?

C,H,,N,0,, x C,H,OH CHN,0

7 710 '8 713

460.27
Colorless block
0.18x0.16x0.15

4 6 48

238.11
Colorless plate

0.12x0.08x0.02

Temperature, K 173(2) 173(2)
Crystal system Orthorhombic Monoclinic
Space group (No.) Pnma (62) P2 [c(14)
a, A 11.7691 (4) 12.846 (2)
b, A 21.9210 (6) 7.5006 (10)
c, A 7.6200 (5) 9.5234 (13)
B, deg 90 99.254 (15)
Vv, A 1965.89 (15) 905.71 (20)
zZ 4 4
Pearear 8 €M7 1.555 1.746
u, mm-? 0.148 0.171
F(000), e 952 488
6 range, deg 4.23-28.88 4.21-25.99
Index ranges -15<h<1 -15<h <12
-29< k<28 -5<k<9
-10<1[<10 -9<1<11
Reflections measured 13975 4035
Reflections independent 2440 1737
Reflections unique 13 364 1434
0.084 0.020

int
R,/wR, (20 data)
R,/wR, (all data)

0.0570/0.1151
0.1250/0.1397

0.0565/0.1537
0.0668/0.1638

Data/restraints/ref. param. 2440/0/250 1737/2/170
GOOFon P 1.017 1.060
Residual el. Density, eA>  -0.23/0.33 -0.26/0.60
CCDC 1438955 1438956

as Supporting information available online (see below).
To the best of our knowledge, no molecular structure with
a 1,1,1-trinitroprop-2-yl moiety is known in the literature.
The urea 1 crystallizes from ethanol in the orthorhom-
bic space group Pnma with four molecules of 1 and four
molecules of ethanol in the unit cell. The asymmetric unit
consists of a half molecule which is completed by a mirror
plane longitudinally through the carbonyl group C4-07.
The full molecule with interatomic distances and angles is
shown in Fig. 2. The structure shows the same characteris-
tics as the corresponding compounds with the 2,2,2-trini-
troethyl and 3,3,3-trinitropropyl moieties [8, 10]. The three
nitro groups of the trinitromethyl unit are arranged propel-
ler-like around the carbon C1. This geometry results from
non-bonded N---O intramolecular interactions between
the positively charged nitrogen and negatively charged
oxygen atoms in the nitro groups. These N---O attractions
are displayed in Fig. 3 and are found with distances in the
range of 2.54-2.60 A, which are much shorter than the sum
of the van der Waals radii of nitrogen and oxygen (3.07 A).
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Fig. 2: Molecular structure of N,N’-bis(1,1,1-trinitropropan-2-yl)urea (1)
in the crystal with displacement ellipsoids at the 50% probability level.
Selected bond lengths (A) and angles (deg): C1-N1A 1.529(5), C1-N3A
1.578(4), C1-C2 1.534(3), C2-C3 1.520(3), C2-N4 1.441(3), C4—N4
1.360(3), C4-07 1.231(4); N4-C4-N4’ 113.7, C2-C1-N1A 113.9(2),
(C2-C1-N2A 116.3(3), C2-C1-N3A 110.5(2), N2A-C1-N3A 105.0(3),
N3A-C1-N1A 104.1(2), NIA—C1-N2A 106.1(3); 07-C4-N4—H5 173(2).

05"

02" o1

Fig. 3: Disorder of the trinitromethyl groups in the molecular struc-
ture of N,N’-bis(1,1,1-trinitropropan-2-yl)urea (1) with displacement
ellipsoids at the 50% probability level. The green lines indicate

the nitrogen-oxygen non-bonded intramolecular interactions.

Short contact distances (A): 03A-N1A 2.539(6), 01A-N3A 2.601(8),
05A-N2A 2.545(6), 05B-N1B 2.501(1), 04B—N3B 2.573(8), 02B-N2B
2.545(9).

They are caused by a slight compression of the trinitrome-
thyl group, which is visible from the C2-C1-N1A/N2A/N3A
angles, which are all larger than the tetrahedral angle.
Furthermore, a disorder of the trinitromethyl group is
observed, where two different positions can be identified
with an occupation proportion of 65% to 35%, which is
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displayed as shaded areas in Fig. 3. Another usual feature
in such structures is a shortened carbon-carbon bond in
o-position to the trinitromethyl group [7, 10]; however, in
this case such a shorting of the C1-C2 distance (1.53 A) was
not observed. A reason for this may be some steric force,
arising from the additional methyl group in close proxim-
ity to the bulky trinitromethyl group.

The carbamate 3 crystallizes in the monoclinic space
group P2 /c with four molecules in the unit cell and one
molecule is the asymmetric unit (Fig. 4) with a density of

Fig. 4: Molecular structure of 1,1,1-trinitropropan-2-yl carbamate (3)
in the crystal with displacement ellipsoids at the 50% probability
level. Selected bond lengths (&) and angles (deg): N1-011.188(4),
N1-021.207(3), N1-C11.535(3), N4-C4 1.320(3), N4-H5 0.81(2),
N4-H6 0.81(3), 08-C4 1.216(2); C2-C1-N3 111.3(2), C2-C1-N2
112.6(2), C2-C1-N1112.8(2), C2-07-C4 115.9(2); H6-N4-C4-07
-180(2), H6—-N4-C4-08 1(2), N4-C4-07-C2 -176.0(2), H1-C2-C3-
H3 176(3), 07-C2-C3-H2 169(2), H1-C2-C1-N3 -174(2), 07—
C2-C1-N2 -179.0(2); 07---N3 2.749(3), 05---N1 2.625(3), 02---N2
2.796(3), 04---N3 2.664(3).
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1.75 g cm™. The carbamate moiety, including the methine
carbon C2 shows a nearly perfect planar adjustment. The
conformations of the substituents at C1, C2 and C3 are
nearly all staggered. The carbamate group with a short
C-NH, bond (1.32 A) and shortened N-H bonds (0.81
R) shows typical values for carbamates. The propeller-
like conformation of the trinitromethyl group is in this
example not perfect, which is also indicated by longer
N---O distances (2.63-2.80 A). In addition, a short intermo-
lecular N---O distance with 2.66 A is observed between the
07 of the carbamate unit and N3 of a nitro group of the
trinitromethyl functionality.

2.4 Energetic properties of 1A, 3A and 4A

The compounds 1A, 3A and 4A are potential energetic
materials and may be used as high energy dense oxidiz-
ers HEDOs, stable to exposure to air and moisture. The
physical properties are listed in Table 4 and energetic
combustion parameters are summarized in Table 5. For a
better comparison of all energetic properties to that of the
corresponding 2,2,2-trinitroethyl and 3,3,3-trinitropropyl
derivatives, those values are also included (Scheme 3).
The melting points and the thermal stabilities were
investigated by differential scanning calorimetry with a
heating rate of 5°C per min. The highest decomposition
point of 154°C was observed for the carbamate 3A. The
comparison of the decomposition points of the ureas 1A
with 1B confirms the tendency of higher thermal stabili-
ties of the latter with 2,2,2-trinitroethyl substituents. The
sensitivity towards impact, friction and electrostatic dis-
charge is especially important for the manipulation of
energetic materials. The sensitivity towards impact (IS) of

Table 4: Physical properties of 1A, 3A and 4A and the corresponding 2,2,2-trinitroethyl (B) and 3,3,3-trinitropropyl (C) derivatives.

1A 3A 4A 1B [18] 3B [8] 4B (8] 1C[10]  3C[10] 4C[10]

C7HIDN8013 CAHGNIIOB c4H5N5010 C5H6N8013 CBHQNAOS C3H3N5010 C7H10N8013 C4H6N408 C4H5N5010

T (onset)?, °C - 78 68 185 91 109 - 78 68
T, (onset), °C 160 152 134 187 169 153 160 152 134
IS5, ) 20 >40 30 3 40 10 20 >40 30
FS¢, N 120 >360 360 160 64 96 120 >360 360
ESD", | 0.40 0.30 0.20 0.30 0.15 0.10 0.40 0.30 0.20
N, % 27.1 23.5 24.7 29.0 25.0 26.0 27.1 23.5 24.7
0%, % 50.2 53.8 56.5 53.9 57.1 59.5 50.2 53.8 56.5
N+O", % 77.3 77.3 81.2 82.9 82.1 85.5 77.3 77.3 81.2
Q. % +3.9 +6.7 +19.8 +20.7 +21.4 +32.7 +3.9 +6.7 +19.8
Q% -20.2 -20.2 -2.8 0.00 +0.0 +14.9 -20.2 -20.2 -2.8

0,

T

dec

“Onset melting T_and "onset decomposition point

from DSC measurement carried out at a heating rate of 5°C min~%; <impact sensitivity;

dfriction sensitivity; esensitivity towards electrostatic discharge; fnitrogen content; toxygen content; "sum of nitrogen and oxygen content;
‘oxygen balance assuming the formation of CO and the formation of ICO, at the combustion.
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Table 5: Calculated heats of formation and calculated detonation and propulsion parameters using ExPLO5 (version 6.02) of 1A, 3A and 4A
compared to the corresponding 2,2,2-trinitroethyl (B) and 3,3,3-trinitropropyl (C) derivatives and AP.

1A 3A 4A 1B [18] 3B [8] 4B [8] 1C[10] 3C[10] 4C[10] AP
Density RT* 1.82 1.73 1.58 1.86 1.82 1.72 1.71 1.73 1.70 1.95
AH _°°, k] mol™? -367 -500 -368 -307 -459 -366 -359 =504 -402 -296
AU, K kg™ =793 -2005 -1213 -708 -1961 -1278 =774 -2021 -1331 -2433
QS5 kl kg™ -5390 -4675 -5878 -5970 -5286 -4456 -5385 -4662 -5809 -1422
T.%K 3631 3334 4332 4181 3780 3618 3692 3328 4175 1735
Ve, Lkg™ 724 744 762 755 761 750 739 724 755 885
P/, kbar 321 266 228 343 302 232 294 265 269 158
VS ms™? 8469 7900 7680 8915 8530 7704 8227 7896 8134 6368
Ihs 253 236 257 257 246 232 254 237 256 157
17,5 (15% Al) 267 255 262 263 254 251 267 256 261 235
11,5 (15% Al, 14% binder) 249 240 254 256 247 261 251 240 253 261

3Densities at RT measured by gas pycnometer; *heat and energy of formation calculated with by the CBS-4 M method using GAUSSIAN 09
[20]; cheat of detonation; “detonation temperature; evolume of gaseous products; ‘detonation pressure; ¢detonation velocity; detonation
velocity calculated by using the ExpPLO5 (version 6.02) program package [21]; "specific impulse of the neat compound using the ExPLO5
(version 6.02) program package at 70.0 bar chamber pressure, isobaric combustion condition (1 bar) and equilibrium expansion [21]; 'spe-
cificimpulse for compositions with aluminum; ispecific impulse with aluminum and binder (6% polybutadiene acrylic acid, 6% polybutadi-

ene acrylonitrile and 2% bisphenol-A ether).

a compound is tested by the action of a dropping weight
on a sample and at which benchmark a decomposition
or explosion occurs [1, 22]. The friction sensitivity (FS)
is determined by rubbing a small amount with differ-
ent contact pressures between a porcelain plate and pin
[23]. All three compounds can be classified as insensitive
toward friction (= 360 N insensitive, 360-80 N sensi-
tive, 80-10 N very sensitive, < 10 N extremely sensitive).
The impact sensitivity of 1A (8 J) and 4A (15 J) are classi-
fied as sensitive, whereas the carbamate 3 is insensitive
(= 40 ] insensitive, 40-35 ] less sensitive, 35-4 ] sensi-
tive, < 3] very sensitive). The 1,1,1-trinitroprop-2-yl com-
pounds exhibit for all three examples (1A, 3A, 4A) a lower
sensitivity against impact than the 2,2,2-trinitroethyl
derivatives and a moderately higher sensitivity than the
3,3,3-trinitropropyl derivatives.

The urea 1A shows the highest energy of forma-
tion A U° with a value of -793 k] kg™ which indicates a

0 o) o)
R"NJLN'R R“O/U\NHQ R\OJLN,NOQ
H H H
1 3 4
NO» NO; NO,
NO NO
R = X\KJ( 2 X\k z x’\/J\'NOZ
T No, NO, NO,

A 1,1,1-trinitroprop-2-yl B 2,2,2-trinitroethyl C 3,3,3-trinitropropyl

Scheme 3: Overview of molecules containing the 1,1,1-trinitroprop-
2-yl, the 2,2,2-trinitroethyl and the 3,3,3-trinitropropyl moieties.

high energy content in the molecule, demonstrated also
by the quite high calculated detonation velocity v, of
8469 m s, and is in the same range as the well-known
explosive nitropenta (PETN) (8403 m s™).

A very important value for high energy dense oxidiz-
ers is the specific impulse I. Oxidizers are the main part
in rocket composite propellants and are compounds with
an excess of oxygen when burned. This oxygen reacts
further with added fuel and the binder to generate hot
gaseous products, which can be used for the propulsion
of rockets. For a high performance composite propellant
a high burning temperature is important, because the
specific impulse I_is proportional to the square root of the
temperature [1]. A second factor, is the molecular mass of
the gaseous products expelled at the nozzle of the rocket
chamber which is inverse proportional to the square root.
This means for a high performance a high burning tem-
perature and a low molecular mass of the gaseous prod-
ucts like CO, CO,, H,0, and H, is desirable [1]. High burning
temperatures can be achieved from elements with high
heats of combustion like aluminum, which is cheap and
has a low atomic weight. No hazardous burning products
are released [2]. For the discussion it is important that
the payload of the rocket can be doubled if the specific
impulse is increased by 20 s. The specific impulse I_ of the
compounds 1A, 3A and 4A were calculated with EXPLO5
(version 6.02) [21] neat, with aluminum (15%) and with a
binder/aluminum system (15% aluminum, 6% polybuta-
diene acrylic acid, 6% polybutadiene acrylonitrile and
2% bisphenol A ether). Compound 1 shows an impulse
of 253 s neat and with an admixture of 15% aluminum
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as fuel a great value of 267 s could be achieved, which is
higher than the optimized composite of ammonium per-
chlorate (AP). The standard mixture consists of 71% AP
as oxidizer, 14% of binder and 15% aluminum and pro-
duces a specific impulse of 261 s. With this binder system
the nitrocarbamate 4 shows the best performance of 254 s
which is much lower than the AP mixture. Comparing the
energetic performance of the 1,1,1-trinitroprop-2-yl deriva-
tives with the 2,2,2-trinitroethyl and 3,3,3-trinitropropyl
analogs a clear trend can be observed. The compounds
with 1,1,1-trinitroprop-2-yl moiety are less energetic than
the 2,2,2-trinitroethyl compounds, due to the lower oxygen
balance/content. On the other hand, the branched isomer
compounds with the 1,1,1-trinitroprop-2-yl group show in
all cases a higher performance than the 3,3,3-trinitropro-
pyl isomers.

3 Conclusion

The 1,1,1-trinitroprop-2-yl urea, carbamate and nitrocarba-
mate compounds 1, 3 and 4 were prepared and thoroughly
characterized, including determination of the molecular
structures of 1 and 3 by X-ray diffraction. They exhibit
suitable thermal stability and a good to handle sensitiv-
ity against mechanic stimuli. For a potential application
as high energy dense oxidizers in composite solid rocket
propellants, the required energetic performance data
were calculated. The most suitable compound, the urea 1
shows a high specific impulse of 267 s within a mixture of
15% aluminum, which is higher than the standard mixture
with ammonium perchlorate (AP). Favorably, in contrast
to the burning of ammonium perchlorate AP, no toxic
combustion products (such as HCI) are produced. The
synthetic effort of the “iso” 1,1,1-trinitroprop-2-yl group
is compared to the n-analog, the 3,3,3-trinitropropyl, not
that complex and leads to similar physical and energetic
properties.

4 Experimental section

Safety announcement: CAUTION! Energetic materials
are sensitive toward heat, impact and friction. No hazards
occurred during preparation and manipulation; neverthe-
less proper protective precautions (face shield, leather
coat, earthened equipment and shoes, Kevlar gloves, and
ear plugs) should be used when undertaking work with
these compounds.
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4.1 General procedures

All chemicals were used as supplied. Raman spectra were
recorded in a glass tube with a Bruker MultiRAM FT-Raman
spectrometer with Nd:YAG laser excitation up to 1000 mW
(at 1064 nm). Infrared spectra were measured with a Per-
kin—Elmer Spectrum BX-FTIR spectrometer equipped with
a Smiths DuraSamplIR II ATR device. All spectra were
recorded at ambient (25°C) temperature. NMR spectra
were recorded with a JEOL/Bruker instrument and chemi-
cal shifts were determined with respect to external Me,Si
(*H, 399.8 MHz; C, 100.5 MHz) and MeNO, (N, 40.6 MHz;
“N, 28.9 MHz). Mass spectrometric data were obtained
with a JEOL MStation JMS 700 spectrometer (DCI+, DEI+,
FAB+, FAB-). Analysis of C/H/N was performed with an
Elemental Vario EL Analyzer. Melting and decomposition
points were measured with a Perkin-Elmer Pyris6 DSC and
an OZM Research DTA 552-Ex with a heating rate of 5°C
min~in a temperature range of 15-400°C and checked by
a Biichi Melting Point B-540 apparatus (not corrected).
The sensitivity data were performed using a BAM drop-
hammer and a BAM friction tester [18].

4.2 Computational methods

All ab initio calculations were carried out using the
program package Gaussian 09 (Rev. A.03) [20] and visu-
alized by GaussView 5.08 [24]. The initial geometries of
the structures were taken from the corresponding, experi-
mentally determined crystal structures. Structure opti-
mizations and frequency analyses were performed with
Becke’s B3 three parameter hybrid functional using the
LYP correlation functional (B3LYP). For C, H, N, and O a
correlation consistent polarized double-§ basis set was
used (cc-pVDZ). The structures were optimized with sym-
metry constraints and the energy is corrected with the
zero point vibrational energy [25]. The enthalpies (H) and
free energies (G) were calculated using the complete basis
set (CBS) method in order to obtain accurate values. The
CBS models use the known asymptotic convergence of
pair natural orbital expressions to extrapolate from calcu-
lations using a finite basis set to the estimated complete
basis set limit. CBS-4 starts with a HF/3-21G(d) geometry
optimization, which is the initial guess for the follow-
ing SCF calculation as a base energy and a final MP2/6-
31+G calculation with a CBS extrapolation to correct the
energy in second order. The used CBS-4M method addi-
tionally implements a MP4(SDQ)/6-31+(d,p) calculation to
approximate higher order contributions and also includes
some additional empirical corrections [26]. The enthalpies
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of the gas-phase species were estimated according to the
atomization energy method [27]. The liquid (solid) state
energies of formation (AH°) were estimated by subtract-
ing the gas-phase enthalpies with the corresponding
enthalpy of vaporization (sublimation) obtained by Trou-
ton’s rule [28, 29].

4.3 Energetic properties

All calculations affecting the detonation parameters were
carried out using the program package EXPLO5, version
6.02 (EOS BKWG-S) [21, 30]. The detonation parameters
were calculated at the Chapman-Jouguet (CJ) point with
the aid of the steady-state detonation model using a modi-
fied Becker-Kistiakowski-Wilson equation of state for
modeling the system. The C] point is found from the Hugo-
niot curve of the system by its first derivative. The specific
impulses were also calculated with the program package
EXPLO5 V6.02 program, assuming an isobaric combus-
tion of a composition of an oxidizer, aluminum as fuel,
6% polybutadiene acrylic acid, 6% polybutadiene acry-
lonitrile as binder and 2% bisphenol-A as epoxy curing
agent [21]. A chamber pressure of 70.0 bar, an initial tem-
perature of 3300 K and an ambient pressure of 1.0 bar with
equilibrium expansion conditions were estimated for the
calculations.

4.4 X-Ray crystallography

The low-temperature single-crystal X-ray diffraction
experiments were performed on an Oxford XCalibur3 dif-
fractometer equipped with a Spellman generator (voltage
50 kV, current 40 mA) and a Kappa CCD detector oper-
ating with MoK radiation (4 = 0.7107 A). Data collection
was performed using the CRYSALIS CCD software [31]. The
data reduction was carried out using the CRYSALIS RED
software [32]. The solution of the structure was performed
by Direct Methods (s1r97) [33] and refined by full-matrix
least-squares on F, (SHELXL-97) [34, 35] implemented in
the WINGX software package [36] and finally checked with
the PLATON software [37]. The absorptions were corrected
by a SCALE3 ABSPACK multi-scan method [38]. All non-
hydrogen atoms were refined anisotropically. The hydro-
gen atom positions were located in a difference Fourier
map. ORTEP [39] plots are shown with displacement ellip-
soids at the 50% probability level. Table 3 summarizes
the crystallographic data for 1 and 3. Additional crystal
structure data are listed in the Supporting Information
(see below).
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CCDC 1438955 (1) and 1438956 (3) contain the sup-
plementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

4.5 Synthesis

4.5.1 Synthesis of N,N’-bis(1,1,1-trinitropropan-2-yl)
urea (1)

A solution of trinitromethane (0.75 g, 5.0 mmol) in water
(5 mL) was added to a stirred aqueous solution of acetal-
dehyde (0.66 g, 15.0 mmol, 5 mL water) for 10 min at room
temperature. Another solution of urea (0.12 g, 2.0 mmol,
5 mL water) was added with stirring for 1 h. The reaction
mixture was cooled in an ice-water bath, the precipitated
product was filtered off and washed with ice cold water.
The solid was dried to obtain (0.71 g, 6.1 mmol, 85%)
colorless pure N,N’-bis(1,1,1-trinitropropan-2-yl)urea (1).
- DSC (5 °C min™, onset): 142°C (melt.), 144°C (dec.). —
IR (ATR, cm™): v = 3314 (m), 2970 (w), 1648 (s), 1613 (m),
1592 (vs), 1542 (vs), 1458 (w), 1391 (w), 1295 (s), 1236 (w),
1150 (m), 1030 (w), 934 (w), 852 (m), 798 (vs), 667 (w). —
Raman (1064 nm, 800 mW, cm™): v = 3011 (9), 2957 (50),
2890 (7), 1647 (7), 1616 (23), 1601 (4), 1457 (14), 1371 (16),
1323 (6), 1298 (33), 1136 (22), 1080 (14), 1030 (8), 952 (6),
933 (4), 854 (100), 802 (8), 457 (7), 430 (13), 385 (4), 371
(59), 343 (19), 225 (6). — 'H NMR (CDC13): 0 =6.62(d, NH,
¥ 41 = 102 Hz, 2H), 5.61 (m, CH, 2H), 1.53 (d, CH,, 7J,,, = 6.6
Hz, 6H) ppm. — BC{1H} NMR (CDCIB): 0 = 154.5 (CO), 129.3
(C(NO,),), 50.2 (CH), 18.2 (CH,) ppm. — “N HMR (CDCL,) 6 =
-32 (C(NO,),), —295 (NH) ppm. — Elemental analysis for
CH,N,O,, (414.20): calcd. C 20.30, H 2.43, N 27.05; found C
20.48, H 2.53, N 26.75. — MS ((+)-DEI): m/e (%) = 415.3 (40)
[M+H]*, 264.2 (2) [(M~C(NO,),)]*. - BAM drophammer: 8 J.
— Friction tester: >360 N. — Electrostatic discharge device
0.20] (grain size <100 um).

4.5.2 Synthesis of 1,1,1-trinitropropan-2-ol (2)

Method A: Synthesis from trinitromethane and vinyl
acetate
See lit. [17].

Method B: Synthesis from trinitromethane and
acetaldehyde

A solution of trinitromethane (1.50 g, 10.0 mmol) in
water (5 mL) was added to a stirred aqueous solution of
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acetaldehyde (0.88 g, 20.0 mmol, 10 mL water) at room
temperature. The mixture was stirred for 30 min. causing
an oily liquid to separate at the bottom of the flask.
The resulting mixture was extracted with chloroform
(3%x20 mL). The combined organic layers were dried over
anhydrous magnesium sulfate and concentrated care-
fully under reduced pressure. For both methods a slightly
yellow oil was obtained (1.51 g, 7.7 mmol, 77%) containing
small amounts (approx. 10%) of trinitromethane as impu-
rity. — IR (ATR, cm™): v = 3572 (w), 3025 (w), 2885 (w), 1711
(w), 1579 (s), 1460 (w), 1389 (w), 1370 (w), 1295 (s), 1127
(m), 1077 (m), 1019 (w), 997 (w), 943 (w), 906 (w), 851 (m),
837 (w), 796 (s), 773 (m), 663 (w). — 'H NMR (CDCIB): 0=
5.8 (m, 1H, CH), 3.27 (d, 1H, OH, ¥, = 7.2 Hz), 1.67 (d, 3H,
CH,, ], = 6.8 Hz) ppm. — ®C{1H} NMR (CDCL,): 6 = 128.6
(C(NO,),), 70.1 (CH), 179 (CH,) ppm. — *N NMR (CDCL): 6 =
-38 (C(NO,),) ppm.

4.5.3 Synthesis of 1,1,1-trinitropropan-2-yl carbamate (3)

Chlorosulfonyl isocyanate (CSI) (1.42 g, 10.0 mmol)
was added to 2 (1.51 g, 7.7 mmol) in 20 mL chloroform
very slowly at 0°C. The ice bath was removed, and stir-
ring at room temperature was continued for 1.5 h. The
organic solvent was removed under reduced pressure.
The residue was again cooled in an ice bath, and ice—
water (10 mL) was added. The mixture was stirred for
20 min at room temperature. The reaction mixture was
cooled again, the precipitate was filtered off and washed
with cold water. The solid was dried to obtain (1.45 g, 6.1
mmol, 79%) colorless pure 1,1,1-trinitropropan-2-yl car-
bamate (3). — DSC (5°C min™, onset): 81°C (mp.), 154°C
(dec.). — IR (ATR, cm™): v = 3457 (m), 3349 (w), 3298 (w),
2975 (w), 1731 (s), 1594 (s), 1568 (s), 1456 (w), 1390 (m),
1359 (s), 1289 (s), 1158 (m), 1100 (s), 1037 (s), 1021 (s), 954
(m), 861 (m), 853 (s), 805 (s), 794 (s), 769 (s), 685 (w). —
Raman (1064 nm, 800 mW, cm™): v = 3018 (18), 2977 (5),
2960 (59), 1733 (12), 1618 (32), 1583 (4), 1456 (12), 1393 (3),
1363 (35), 1297 (22), 1133 (16), 1041 (2), 1025 (17), 945 (9),
855 (100), 809 (7), 798 (2), 686 (8), 560 (5), 475 (16), 433
(26), 385 (56), 365 (14), 339 (20), 302 (18), 223 (10). — 'H
NMR (CDCIB): 0 =6.21(q, CH, J i = 6.3 Hz, 1H), 5.10 (s, NH
2, 2H), 1.68 (d, CH,, ¥J,,, = 6.3 Hz, 3H) ppm. “C{1H} NMR
(CDCL): 6 = 153.2 (CO), 126.5 (C(NO,),), 69.3 (CH), 16.7
(CH,) ppm. — ®*N HMR (CDCL,) 6 = -34.2 (d, 7], = 1.9 Hz,
(C(NO,),)), -310.2 (t, ], =92.1 Hz, NH,) ppm. — Elemental
analysis for C_ H.N,O, (238.10): calcd. C 20.18, H 2.54, N
23.53; found C 20.25, H 2.50, N 23.30. — MS ((+)-DEI): m/e
(%) =239.1(16) [M+H]*, 223.1(8) [(M-NH,)]*, 178.1 (5) [(M~
CHCH,C(NO,),)]*. - BAM drophammer: >40 J. — Friction
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tester: >360 N. — Electrostatic discharge device 0.15 ]
(grain size < 100 um).

4.5.4 Synthesis of 1,1,1-trinitropropan-2-yl
nitrocarbamate (4)

Fuming nitric acid (>99.5%, 2 mL) was dropped into
concentrated sulfuric acid (2 mL) at 0°C. Into this nitra-
tion mixture chilled in an ice-bath, the carbamate 3 (0.48
g, 2.0 mmol) was added in small portions. The mixture
was stirred for further 60 min at this temperature, again
cooled and poured into ice—water (100 mL). The reaction
mixture was extracted with ethyl acetate (3 x 30 mL). The
combined organic phases were washed with 30 mL water
and brine (2-3 x 30 mL) to become acid free and dried
with magnesium sulfate. The solvent was removed under
reduced pressure to obtain a pale heavy liquid (0.51 g, 1.8
mmol, 92%) of 1,1,1-trinitropropan-2-yl nitrocarbamate (4).
—DSC (5°C min™, onset): 133°C (dec.). — IR (ATR, cm™): v =
2975 (w), 2886 (w), 1680 (s), 1587 (s), 1451 (w), 1390 (w),
1323 (w), 1291 (m), 1270 (s), 1126 (w), 1086 (m), 1026 (w),
1086 (m), 1026 (w), 984 (w), 914 (w), 854 (w), 795 (s), 733
(w), 661 (w). — Raman (1064 nm, 800 mW, cm™): v = 3013
(6), 2959 (53), 2884 (4), 1691 (8), 1617 (18), 1453 (9), 1365 (6),
1326 (11), 1296 (22), 1278 (6), 1133 (7), 1089 (6), 1029 (8), 979
(3), 947 (5), 856 (100), 806 (8), 647 (7), 582 (7), 540 (3). - 'H
NMR (CDCL): 6 = 10.81 (s, 1H, NH), 6.32 (q, 1H, CH, ], =
6.6 Hz), 1.81(d, 3H, CH,, ’J,, = 6.6 Hz) ppm. — *C{1H} NMR
(CDCL)): 6 = 145.2 (O,NNHC(O), 125.0 (C(NO,),), 70.9 (CCH,),
16.6 (CH,) ppm. — N NMR (CDCL,): 6 = -36 (C(NO,),), -54
(NHNO,), -199 (br, NHNO,) ppm. - Elemental analysis for
C,H,N,0, (283.11): calcd. C 16.97, H 1.78, N 24.74; found C
1716, H 1.88, N 24.29. — MS ((+)-DEI): m/e (%) = 284.1 (1)
[M+H]*, 133.0 (25) [(M~C(NO,),)]*. - BAM drophammer: 15
J. — Friction tester: >360 N (liquid).

5 Supporting information

Additional crystal structure dataand calculated detonation
and combustion parameters are given as Supporting infor-
mation available online (DOI: 10.1515/znb-2016-0022).
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