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The molecular structures and relative ratios of the two conformers (anti and gauche) of
HCCCH2ONO2 detected in the gas phase at room temperature have been determined by electron
diffraction. The results are discussed on the basis of quantum chemical calculations. The molecu-
lar structures of (NO2)3CCH2C≡CCH2C(NO2)3 and (NO2)3CCH3 have been determined by X-ray
diffraction. A 109Ag NMR study was performed for silver trinitromethanide Ag[C(NO2)3] in various
polar solvents.

Key words: Gas-phase Electron Diffraction, X-Ray Diffraction, High Energy Dense Oxidizer,
Trinitromethyl, Silver NMR

Introduction

The research of energetic materials is driven by the
goal to obtain materials with superior properties, but
it is also highly desirable to generate a better under-
standing of well described systems. Among the class of
energetic nitrate esters, nitroglycerine and nitrocellu-
lose are well established liquid propellant systems and
smokeless powders, whereas pentaerythritol tetrani-
trate is a powerful explosive. Low molecular weight ni-
trate esters like methyl nitrate, designated as MYROL
in WWII, have been widely discussed as components
for liquid rocket engines [1]. Unfortunately, all nitrate
esters tend to show extreme sensitivities towards shock
and impact, which is a result of adiabatic compression
and consequently local overheating [2, 3].

The combination of oxidizing groups with an or-
ganic backbone as fuel is a common approach for
designing new energetic materials. Surprisingly, en-
ergetic compounds based on the highly endothermic
acetylene are rare in the literature. However, butin-
2-diol-1,4-dinitrate has been investigated and shown

to be more sensitive than nitroglycerine [4]. Another
member of acetylenic energetic materials is propargyl
nitramine, which has been discussed due to its high
specific impulse of Isp = 233 s as a liquid monopro-
pellant for rocket motors [5]. The high volatility lim-
its its usage for standard applications drastically, but
opens possibilities for structural investigations in the
gas phase. The related propargyl azide was investigated
by means of gas-phase electron diffraction (GED). Its
hydrocarbon skeleton has been found to adopt a gauche
conformation with respect to the azide group [6].

Earlier reports have shown that the reaction of
acetylenes with HNO3 can result in the formation
of isoxazole heterocycles [7 – 12]. Propargyl nitrate,
HC≡CCH2ONO2 (1), among other acetylene and di-
acetylene alcohols, has been prepared by nitration of
propargyl alcohol [13], but only poorly characterized.
Hexanitrohex-3-yne, (NO2)3CCH2C≡CCH2C(NO2)3
(2), another known energetic acetylene derivative, has
also been only insufficiently described and character-
ized [14]. In addition, for 2 the results of theoreti-
cal studies predicting impact sensitivities have been
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Scheme 1. Synthesis of compounds 1–3.

reported [15 – 19]. 1,1,1-Trinitroethane, (NO2)3CCH3
(3), was first briefly mentioned in 1886 [20]. Further
work on 3 was performed together with the discov-
ery of silver trinitromethanide used as a starting ma-
terial [21]. Some mechanistic studies on the synthe-
sis of 3 by the alkylation reaction using silver trini-
tromethanide and methyl iodide followed [22]. This
synthesis and its kinetics have been further investigated
more than half a century later [23]. Various forma-
tion reactions of 3 have been reported [21, 24 – 26],
as well as some characterization using NMR spec-
troscopy [26 – 30], vibrational spectroscopy [31, 32]
and mass spectrometry [33 – 35]. Apart from some
basic theoretical predictions of its molecular geome-
try [22, 36], structural studies of 3 using X-ray diffrac-
tion have not been undertaken so far (cf. our initial re-
sults displayed in [37]).

In this contribution, the results of a detailed study
of the synthesis and characterization of propargyl ni-
trate (1), 1,1,1,6,6,6-hexanitrohex-3-yne (2), and 1,1,1-
trinitroethane (3) are presented.

Results and Discussion

Synthesis and spectroscopic characterizations

Propargyl nitrate (1) was synthesized by using
the well-established nitration system Ac2O/HNO3
(100%). Due to its high volatility, the gas phase struc-
ture could be determined by means of gas electron
diffraction (GED) along with quantum chemical cal-
culations. The synthesis of 1,1,1,6,6,6-hexanitrohex-
3-yne (2) and 1,1,1-trinitroethane (3) was performed
by alkylation reactions of silver trinitromethanide with

the appropriate aliphatic halides (Scheme 1). The driv-
ing force of this reaction, which works even at ambi-
ent temperature, is the affinity of the silver cation to
heavier halide ions, i. e. the formation of silver bro-
mide for 2 and silver iodide for 3. By contrast, the re-
actions of 1,4-dibromobut-2-yne or iodomethane with
potassium trinitromethanide did not yield a product,
although a very slow reaction of iodomethane with
potassium trinitromethanide in acetone has earlier been
reported [38, 39]. The progress and extent of the for-
mation of 2 and 3 can be conveniently followed by fil-
tering and weighing the precipitated silver halides. Pre-
vious kinetic and mechanistic investigations of silver
salts with alkyl halides have supported a mechanism
which has both SN1 and SN2 character [23, 40]. The
alkylation can proceed in two directions, either by C-
or O-alkylation. It was found that the formation of un-
stable O-alkylated products is predominant for many
halides other than primary halides [23, 41 – 43]. The
alkylation of silver trinitromethanide to form 2 and
3 leads primarily to the desired C-alkylated products,
due to the lack of stabilization of a SN1-type transi-
tion state [22, 42]. Solvent effects on alkylation reac-
tions of silver trinitromethanide have earlier been in-
vestigated [23].

To achieve a successful synthesis and a high con-
version rate, silver trinitromethanide should be freshly
prepared and be used in situ. The presence of water sta-
bilizes silver trinitromethanide against decomposition
to silver nitrate and nitrogen oxides. Otherwise, silver
nitrate would react more rapidly with alkyl halides than
silver trinitromethanide, to form nitrate esters and not
the desired trinitromethyl derivatives [23]. In this con-
text it should be noted that only reports on the crys-
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Table 1. 109Ag and 14N NMR data of silver trinitromethanide
(in ppm).

Solvent Ag[C(NO2)3]
δ 109Ag δ 14N

D2O 27.5 −33
[D4]Methanol 48.8 −24
[D6]Acetone 108.4 −20
[D6]DMSO 181.1 −30
[D3]Acetonitrile 429.7 −29

tal structure of silver trinitromethanide as a mono- or
hemihydrate have been published [22, 44]. The decom-
position mechanism is analogous to that of the corre-
sponding potassium salt [21, 23]. The synthesis of sil-
ver trinitromethanide described in the literature uses
moist silver oxide and trinitromethane [21, 23, 44]. It
was found in this work that the use of silver carbon-
ate or acetate instead is more convenient due to more
facile work-up and increased yields. Both reactions can
be performed in water or acetonitrile as solvents.

The solubility of Ag[C(NO2)3] in several polar sol-
vents enabled 109Ag and 14N NMR studies and showed
that the NMR chemical shift is highly dependent on
the nature and polarity of the coordinating solvent (Ta-
ble 1). This is due to the formation of silver com-
plexes with electron donating solvents [23, 45], which
results in significant shifts of the 109Ag and, to some
extent, the 14N NMR resonances. Similar large shield-
ing variations have been observed in 109Ag NMR spec-
tra of silver halides in S/N/O-bonded ligands, but not,
as in this case, to a complex anion, such as the trini-
tromethanide anion [46].

Gas-phase structure analysis

GED structure models

Two conformers of 1 (gauche and anti, Fig. 1) dif-
fering with respect to the dihedral angle N6/N16–
O5/O15–C4/C14–C3/C13 have been included into
the structure refinement model. Based on the results
of quantum chemical calculations the following as-
sumptions were made: For both conformers planarity
of the NO3 moieties, linearity of the HCCC moi-
eties and equal C–H distances; moreover, Cs symme-
try was assumed for the anti-conformer. The remain-
ing degrees of freedom to describe the molecular struc-
tures of both conformers were chosen as the following
set of primitive internal coordinates: H1–C2, C2≡C3,
C3–C4, C4–H9, C4–H10, C4–O5, O5–N6, N6=O8,

Fig. 1. Molecular structures of gauche- and anti-
HCCCH2ONO2 (1), showing the atom numbering scheme
used for the GED structure refinement.

N6=O7 (bonded lengths); O8–N6–O5, O8=N6=O7,
N6–O5–C4, H9–C4–H10; H9–C4–H10rock, H9–C4–
H10twist H9–C4–H10wagg (angles; rock-, twist- and
wag-angular degrees of freedom are defined according
to the nomenclature for vibrational spectroscopy [47];
the deviations of these angles refer to the fully reg-
ular tetrahedral configuration); N6–O5–C4–C3, O8–
N6–O5–C4 (torsions); and the respective internal co-
ordinates for the anti-conformer. In agreement with
the Cs symmetry constraint in the anti-conformer, the
H19–C14–H20rock and the H19–C14–H20twist angles
were fixed to 0◦, the N16–O15–C14–C13 dihedral an-
gle was set to 180◦, and the O18–N16–O15–C14 dihe-
dral angle was set to 0◦.

GED structure refinement

Due to the occurrence of two conformations of 1
(Fig. 1) in significant amounts and a subset of struc-
ture parameters corresponding to bonded interatomic
distances similar in size, inter-parameter correlation
in the least-squares refinement procedure has to be
expected. In order to circumvent correlation problems
to some extent, problem adapted combinations of
internal coordinates were formed. The general strategy
for such a procedure has previously been outlined [48].
For example, the three short bonded inter-heavy-atom-
distances C2≡C3, N6=O8, and N6=O7 (given in
increasing size according to the calculated values)
were transformed into the three problem adapted
linear combinations rXXs

m1
gauche = (C2≡C3 +

N6=O8 + N6=O7)/3, rXXs
m2

gauche = (C2≡C3 −
N6=O7)/2 and rXXs

m3
gauche (C2≡C3 – 2 × N6=O8

+ N6=O7). For the anti-conformer similar parame-
ters were defined (rXXs

m1
anti, rXXs

m2
anti, rXXs

m3
anti).

Moreover, corresponding parameters in the two
different conformers of 1 (anti and gauche) were
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Table 2. Independent parametersa used in the GED refinement of 1 (refined parameter values, calculated values obtained at
the SCS-MP2/TZVPP level of theory, and applied restraints).

Parameter description GED GED MP2 Restraint
ra ra3,1 re uncertaintyb

p1 d N6–O5–C4–C3 83.8(9) 86(1) 77.3 ∞

p2 d O7–N6–O5–C4 168(1) 168(2) –175.1 ∞

p3 rXXs
m1 average (gauche, anti) 1.203(1) 1.2015(9) 1.1943 ∞

p4 rXXs
m1 diff. (gauche, anti) 0.0013(1) 0.00130(8) 0.00133 0.0001

p5 rXXl
m1 average (gauche, anti) 1.447(1) 1.435(1) 1.427 ∞

p6 rXXl
m1 diff. (gauche, anti) −0.009(1) −0.008(8) −0.003 ∞

p7 rXXs
m2 average (gauche, anti) 0.005 0

p8 rXXs
m2 diff. (gauche, anti) 0.0 0

p9 rXXl
m2 average (gauche, anti) 0.023(6) 0.024(6) 0.026 ∞

p10 rXXl
m2 diff. (gauche, anti) 0.0025 0

p11 rXXs
m3 average (gauche, anti) −0.03(3) −0.03(3) −0.01 ∞

p12 rXXs
m3 diff. (gauche, anti) −0.008 0

p13 rXXl
m3 average (gauche, anti) −0.05(2) −0.03(2) 0.02 ∞

p14 rXXl
m3 diff. (gauche, anti) −0.029 0

p15 [∠(O18–N16–O17) + ∠(O8–N6–O7)]/2 132.0(7) 131.3(8) 130.1 ∞

p16 [∠(O18–N16–O17) − ∠(O8–N6–O7)]/2 −0.3 0
p17 [∠(O15–N16–O17) + ∠(O5–N6–O7)]/2 111.8(8) 112.7(6) 112.6 ∞

p18 [∠(O15–N16–O17) − ∠(O5–N6–O7)]/2 0.4 0
p19 [∠(N16–O15–C14) + ∠(N6–O5–C4)]/2 114.4(4) 112.4(4) 113.1 ∞

p20 [∠(N16–O15–C14) − ∠(N6–O5–C4)]/2 0.0 0
p21 [∠(O15–C14–C13) + ∠(O5–C4–C3)]/2 107.7(4) 109.4(5) 108.2 ∞

p22 [∠(O15–C14–C13) − ∠(O5–C4–C3)]/2 −2.6 0
p23 rCH average (CH2, CH) 1.097(6) 1.095(5) 1.099 0.01
p24 rCH diff. (CH2, CH) 0.0275 0
p25 ∠CH2 108.2 0
p26r rock (CH2, gauche) 2.8 0
p27 twist (CH2, gauche) 3.9 0
p28 wagg (CH2, gauche) −16.8 0
p29 fraction(anti) 69(2) % 69(2) % 70%c ∞

R factor (RG) 8.08% 8.72% – –

a All distances are in Å, and angles are in degrees. The two sets of parameter values for the GED refinement, ra and re, correspond to different
approaches accounting for vibrational motion. The ra structure is based on harmonic thermal average distances, whilst the ra3,1 structure is
an approximation to an equilibrium structure re based on a computed (DFT, see Experimental Section) cubic molecular force field [51 – 53];
b “0” for unrefined (= fixed) values, “∞” for freely refined (unrestrained); c estimated from k = exp(−∆E/RT ), R = 8.314 J mol−1 K−1),
T = 293 K, ∆E =−0.55 kcal mol−1 (from the SCS-MP2/TZVPP calculation).

transformed into a set of average and difference
parameters, for example: p15 = (O8=N6=O7
+ O18=N16=O7)/2 and p16 = (O8=N6=O7
− O18=N16=O7)/2 or p3 = (rXXs

m1
gauche +

rXXs
m1

anti)/2 and p4 = (rXXs
m1

gauche − rXXs
m1

anti)/2.
The resulting set of independent parameters, to-
gether with the refined values and applied restraints
and constraints is given in Table 2. The refine-
ment was performed according to the SARACEN
method [49, 50], which places flexible restraints on
parameters that are not well resolved from the GED
experiment, with the value of the restraint and the
uncertainty estimated from calculated values.

The experimental molecular intensity and radial
distribution curves are shown in Figs. 2 and 3, with
the refined difference curves at the bottom of each
figure.

Amplitudes of vibration were also refined for both
molecules, but those corresponding to distances under
a single peak in the respective radial-distribution curve
(RDC, see Fig. 3) were grouped together by fixing rel-
ative amplitude ratios. Restraints of 10% of the calcu-
lated values were applied to the refined reference am-
plitudes. The full lists of inter-atomic distances, am-
plitudes of vibration and distance corrections for the
ra3,1 refinements, including details of which ampli-
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Table 3. Structure parameters from the GED refinement of
anti- and gauche-HCCCH2ONO2 and calculated values ob-
tained at the HF/ and SCS-MP2/TZVPP level of theory. Dis-
tances are given in Å, angles in degrees.

Dependent GED GED MP2 HF
parameter ra3,1 ra re re

N6–O7 1.191(6) 1.194(5) 1.201 1.167
N6–O8 1.211(10) 1.214(9) 1.206 1.176
C2–C3 1.201(6) 1.204(5) 1.212 1.180
N6–O5 1.413(6) 1.427(6) 1.423 1.336
C4–O5 1.445(5) 1.459(5) 1.439 1.424
C3–C4 1.458(11) 1.466(10) 1.463 1.464
C3–C4–O5 110.7(5) 110.3(4) 112.6 112.7
C4–O5–N6 112.4(4) 113.7(3) 112.8 116.7
O5–N6–O7 112.4(9) 111.3(8) 112.1 113.5
O5–N6–O8 116.2(3) 116.8(3) 117.3 118.0
O7–N6–O8 131.5(8) 131.9(7) 130.6 128.5
N16–O17 1.191(6) 1.194(5) 1.201 1.167
N16–O18 1.215(10) 1.218(9) 1.209 1.179
C12–C13 1.201(6) 1.204(5) 1.211 1.197
N16–O15 1.398(7) 1.408(6) 1.414 1.331
C14–O15 1.447(9) 1.456(9) 1.446 1.430
C13–C14 1.448(7) 1.452(6) 1.459 1.460
C13–C14–O15 108.1(5) 107.7(5) 105.8 106.6
C14–O15–N16 112.4(4) 113.7(3) 112.0 115.4
O15–N16–O17 112.8(9) 111.7(8) 112.5 117.8
O15–N16–O18 116.1(3) 116.7(3) 117.3 113.9
O17–N16–O18 131.2(8) 131.6(7) 130.2 128.4

Fig. 2. Experimental and difference (experimental minus the-
oretical) molecular intensity curves for 1.

tudes were kept at fixed ratios and which were refined,
are provided as Supporting Information.

The refinement of the structure of 1 yielded a good
fit of the experimental to the theoretical intensities for
both the ra and ra3,1 structure types, as can be seen from
the low RG factors of 8.1% and 8.7%, (Tables 2 and 3)
respectively. The quality of the fit can also be judged

Fig. 3. Experimental and difference (experimental minus
theoretical) radial distribution curves for 1.

by the appearance of the molecular intensity and radial
distribution curves (Figs. 2 and 3).

Discussion of gas-phase geometries

The ratio of the anti-conformer to the total amount
of compound under the conditions of the GED exper-
iment was refined to 69(2) %, which is in agreement
with the calculated ab initio total energy difference
of 0.6 kcal mol−1 (gauche-anti, SCS-MP2/TZVPP).
A selection of the important geometrical parameters
from the GED structure refinement and the corre-
sponding values determined in the ab initio calcula-
tions are displayed in Table 3. GED parameters are
given in terms of both the ra and ra3,1 structure types.
The inter-nuclear distance obtained directly from the
GED data, ra, is the harmonic mean and can be con-
verted to the arithmetic mean, rg, using the root-mean-
squared amplitude of vibration, u: rg ≈ ra + u2/r. Dis-
tance corrections, k, are regularly applied in GED re-
finements to account for the ‘shrinkage’ effect. When
the vibrational motion is considered to be harmonic
with curvilinear trajectories, the resulting distances
and distance corrections are termed rh1 and kh1, re-
spectively. Comparison of the calculated values indi-
cates that the alkyne and methylene groups are well
described by HF theory, with only small changes in
the values of these parameters as the theoretical treat-
ment is improved by way of MP2 theory. In contrast,
the HF model appears to have severe limitations with
regard to the treatment of the nitrate group. The ter-
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minal N–O bonds are significantly elongated upon in-
troduction of a MP2 correction by about 3 pm when
the geometries calculated with identical basis sets are
compared. The largest discrepancy between the HF and
MP2 geometries is in the length of the N6–O5 bond,
which increases by 0.09 Å.

X-Ray structure determinations

Single crystals suitable for X-ray diffraction mea-
surements were obtained by crystallization at lower
temperatures (−25 ◦C) from chloroform (2) or from
boiling n-pentane (3). Full lists of crystallographic re-
finement parameters and structure data for 2 and 3 are
shown in Table 4.

The molecular structures of 2 (Fig. 4) and 3
(Fig. 5) confirm clearly the preference of C-alkylations
vs. O-alkylations, which were predicted many years
earlier [22, 36]. The C3≡C4 bond length of 2 is
1.181(2) Å, whereas the bond lengths of the single
bonds C2–C3 (1.468(2) Å) and C4–C5 (1.461(2) Å)
are shorter compared to that of C1–C2 (1.511(2) Å)
and C5–C6 (1.513(2) Å). For 3, the C1–C2 bond
length is 1.480(4) Å. All bond lengths in 2 and 3
are shorter than a regular C–C bond length of sp3-
hybridized carbon atoms (1.54 Å). Due to the highly
symmetrical cubic space group, the molecular struc-
ture of 3 shows a threefold axis along the C1–C2
bond. Hence, only one nitro group is included in the
asymmetric unit while the others are symmetry gener-
ated, in an analogous manner as in the related struc-
ture of trinitromethane [54]. As expected, all nitro
groups in 2 and 3 are planar. All bond lengths and
angles were found in the range typical for polyni-
tro aliphatic CHNO compounds, especially the elon-
gated C–N bonds [54 – 57]. The trinitromethyl moi-
eties show an approximate (for 2) or true (for 3) C3
axis with propeller-like twisted nitro groups (Figs. 4
and 5) [55 – 57]. The nitro groups of 3 are rotated out
of the CCN plane by 39.6◦, which is slightly smaller
than in trinitromethane [54]. For 2, these C–C–N–O
dihedral angles are in the range between 33.1 – 56.7◦,
quite common values for the trinitromethyl moiety
without external perturbation [54 – 57]. This propeller-
like twisting of the trinitromethyl moiety optimizes
the non-bonded intramolecular N···O attractions be-
tween two adjacent nitro groups, while the correspond-
ing O···O repulsions are minimized [56, 57]. These
attractive N···O contacts were found in the range of

Fig. 4. Molecular structure of 2. Selected distances (Å)
and angles (deg): C1–N1 1.516(2), C1–N2 1.524(2),
C1–N3 1.525(2), C1–C2 1.511(2), C2–C3 1.468(2), C3–
C4 1.181(2), C4–C5 1.461(2), C5–C6 1.513(2), C6–N4
1.526(2), C6–N5 1.522(2), C6–N6 1.529(2); N1–C1–C2
111.0(2), N2–C1–C2 113.2(2), N3–C1–C2 113.6(2), C1–
C2–C3 112.0(2), C2–C3–C4 176.7(2), C3–C4–C5 178.1(2),
C4–C5–C6 112.9(2), C5–C6–N4 111.4(2), C5–C6–N5
112.9(2), C5–C6–N6 112.6(1).

Fig. 5. Molecular structure of 3. Selected distances (Å) and
angles (deg): C1–C2 1.480(4), C1–N1/N1(i)/N1(ii) 1.529(2);
C2–C1–N1/N1(i)/N1(ii) 113.4(1), N1–C1–N1(i)/N1(ii);
N1(i)–C1–N1(ii) 105.3(1) (i: −y, −0.5 + z, 0.5 − x; ii:
0.5− z, −x, 0.5+ y).

2.54 – 2.60 Å (for 2) and at 2.56 Å (for 3), consider-
ably lower than the sum of the van der Waals radii for
nitrogen and oxygen (3.07 Å) [58]. The N–C–N angles
of 2 and 3 are in the range 105.7 – 107.5◦ and therefore
considerably smaller than the ideal tetrahedral value of
109.5◦ [54 – 57]. This is exactly the opposite of what
is expected from steric interactions which would result
in larger angles, but confirms the existence of N···O
attractions within the trinitromethyl moiety [55].

The molecular structure of 2 reveals surprisingly the
cis-isomer regarding the trinitromethyl moiety, which
seems quite uncommon considering steric effects. The
two trinitromethyl moieties are rotated against each
other with a small torsion angle of 31.7◦ between the
C1–C2 and C5–C6 bonds (Fig. 4), probably also due to
attractive N···O interactions between the trinitromethyl
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2 3
Formula C6H4N6O12 C2H3N3O6

Mr, g mol−1 352.13 165.06
Crystal size, mm3 0.41× 0.40× 0.35 0.20× 0.19× 0.06
Crystal description colorless block colorless block
Crystal system orthorhombic cubic
Space group Pbca I43d
a, Å 12.9956(5) 13.6162(4)
b, Å 13.0433(4) 13.6162(4)
c, Å 15.1771(5) 13.6162(4)
V , Å3 2572.6(2) 2524.5(2)
Z 8 16
Dcalcd., g cm−3 1.82 1.74
Temperature, K 100(2) 100(2)
θ range, deg 3.75 – 26.00 4.73 – 25.99
µ(MoKα ), mm−1 0.2 0.2
F(000), e 1424 1344
hkl range −9≤ h≤+15 −7≤ k ≤+16

−18≤ l ≤+10 −16≤ h≤+6
−4≤ k ≤+16 −11≤ l ≤+9

Refl. measured / independent / Rint 5183 / 2460 / 0.0209 1018 / 387 / 0.0251
Refl. “observed” with I > 2σ(I) 1703 306
Param. refined 217 38
R(F) / wR(F2)a,b [I > 2 σ(I)] 0.0294 / 0.0575 0.0237 / 0.0337
R(F) / wR(F2)a,b (all refls.) 0.0490 / 0.0599 0.0355 / 0.0347
GoF (F2)c 0.870 0.832
∆ρfin (max / min), e Å−3 0.238 / −0.214 0.124 / −0.107

a R1 = Σ||Fo| − |Fc||/Σ|Fo|; b wR2 = [Σw(F2
o − F2

c )2/Σw(F2
o )2]1/2, w = [σ2(F2

o ) +
(AP)2 +BP]−1, where P = (Max(F2

o ,0)+2F2
c )/3 and A and B are constants adjusted by

the program; c GoF = S = [Σw(F2
o −F2

c )2/(nobs−nparam)]1/2, where nobs is the number
of data and nparam the number of refined parameters.

Table 4. Crystal and structure determina-
tion data for 2 and 3.

moieties. Although these N···O contacts (3.35/3.44 Å)
are longer than the sum of the van der Waals radii
(3.07 Å) [58], the partial charge distribution in nitro
groups could lead to an appreciable Coulomb attrac-
tion. This proposal is supported by the fact that the
oxygen atoms of one trinitromethyl moiety are point-
ing exactly towards the nitrogen atoms of the other
moiety.

For steric reasons, in 3 the conformation of the hy-
drogen atoms and the nitro groups is staggered. The
H–C1–C2–N1 dihedral angles are 53.8◦/66.2◦, com-
pared to the ideal value of 60◦. Each hydrogen atom
of the methyl group in 3 is involved in one H···O in-
teraction with two different adjacent molecules, lead-
ing to a total of three hydrogen bonds per molecule.
This contact (2.60 Å) is only slightly shorter than the
sum of the van der Waals radii (2.62 Å) [58] and con-
sequently a weak interaction. The hydrogen atoms in
2 make a total of four hydrogen bonds to four adja-
cent molecules. Compared to 3, these hydrogen bonds
in the range 2.46 – 2.56 Å are slightly shorter.

Energetic properties

The DSC diagram of 3 shows three endothermic
signals in the range of 25 – 400 ◦C. Beside the melt-
ing point at 53 ◦C and the boiling point at 194 ◦C
(Table 5), an enantiotropic phase transition occurs at
39 ◦C. This polymorphism of 3 has previously been
reported [59], as an example for the observation that
compounds whose molecular shapes are nearly spher-
ical show enantiotropic polymorphism [57, 60]. Fur-
thermore, this molecular rotational freedom in the solid
state leads to an unusual high melting point [60].

According to the UN recommendations [61], 1 and
2 are classified as very sensitive towards impact and
friction, whereas 3 is classified as sensitive (cf. Ta-
ble 5). Attempts to adsorb 1 on nitrocellulose to de-
sensitize the material failed. This shows that the va-
por pressure is too high for any standard application as
double-based propellant.

Predictions of the detonation parameters using the
EXPLO5 [62 – 65] code were made based on the ener-
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1 2 3
Chemical formula C3H3NO3 C6H4N6O12 C2H3N3O6

Formula weight, g mol−1 101.06 352.13 165.06
N, %a 13.86 23.87 25.46
N + O, %b 61.35 78.39 83.62
ΩCO, %c −23.8 +18.2 +24.2
ΩCO2 , %d −71.2 −9.1 +4.9
Grain size, µme (liquid) 500 – 1000 500 – 1000
Impact, Jf 1 3 8
Friction, Ng 72 72 96
ESD, Jh –1 0.08 0.1
Tm, ◦Ci – 126 53
Tb / Td, ◦Cj 132 (dec.) 193 (dec.) 194 (boil.)
ρ , g cm−3k 1.20 (est.) 1.818 (XRD) 1.737 (XRD)
HCBS−4M,Hl −395.8326872 −1459.864955 −692.516945

−395.8314693

∆Hf
◦, kJ mol−1m 114.682 119.65 −120.36

102.993

∆Uf
◦, kJ kg−1n 1220.652 417.23 −639.08

1252.293

Qv, kJ kg−1o −69902 −7068 −6123
−70203

Tex, Kp 46612 5258 4615
46763

p, kbarq 1482 351 309
1493

D, m s−1r 66132 8535 8306
66223

V0, L kg−1s 6792 625 711
6793

Is, s−1t 2602 274 262
2613

a Nitrogen content; b combined nitrogen and oxygen content; c oxygen balance assuming
the formation of CO; d oxygen balance assuming the formation of CO2; e grain size of the
samples used for sensitivity tests; f impact sensitivity; g friction sensitivity; h sensitivity to-
wards electrostatic discharge; i melting point; j boiling (boil.) or decomposition (dec.) point;
k density estimated (est.) or calculated from X-ray diffraction (XRD); l enthalpy derived from
quantum-chemical CBS-4M calculation; m enthalpy of formation (calculated); n energy of for-
mation (calculated); o detonation energy (calculated); p explosion temperature (calculated);
q detonation pressure (calculated); r detonation velocity (calculated); s gas volume (calculated,
assuming only gaseous products); t specific impulse (calculated isobaric combustion with 100%
1, 2 or 3 at 70 kbar chamber pressure, equilibrium expansion against 1.0 bar ambient pressure).
1 Not determined (ESD test not measurable for liquids); 2 gauche-propargyl nitrate; 3 anti-
propargyl nitrate.

Table 5. Energetic properties, calcu-
lated values and predicted detona-
tion parameters of 1–3.

gies of formation, calculated ab inito using the GAUS-
SIAN 09 program package [66]. The energetic proper-
ties, calculated detonation parameters as well as further
calculated energies and enthalpies of formation of 1–3
are shown in Table 5.

Conclusion

The structures of anti- and gauche-propargyl ni-
trate (1) in the gas phase have been determined by
electron diffraction, and that of hexanitrohex-3-yne (2)

and 1,1,1-trinitroethane (3) in the crystalline state by
X-ray diffraction. A vapor composition with 69(2) %
anti-conformer was found in the GED experiment for
1 – in good agreement with relative conformer en-
ergy values from ab initio calculations. The structural
parameters resulting from the GED date are also in
good agreement with computational values. A pro-
peller type twisting of the trinitromethyl moieties is
present in the crystal structures of both 2 and 3 be-
cause of N···O interactions. Furthermore, an NMR
study (109Ag and 14N) of the important precursor silver
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trinitromethanide in various solvents was performed
and showed significant differences in the correspond-
ing chemical shifts.

Experimental Section

General procedures

All manipulation of air- and moisture-sensitive materials
were performed under an inert atmosphere of dry nitrogen
using flame-dried glass vessels and Schlenk techniques [67].
Due to the light sensitivity of silver salts, reactions with sil-
ver acetate and silver carbonate were performed under the ab-
sence of light. The solvents and silver acetate (Fluka), silver
carbonate (ABCR), and iodomethane (Acros Organics) were
used as received. The aqueous solution of trinitromethane
(Aerospace Propulsion Products B.V.) was extracted and
purified by precipitation of its potassium salt and subse-
quent acidification. 1,4-Dibromobut-2-yne was synthesized
according to the literature procedure [68]. Raman spectra
were recorded with a Bruker MultiRAM FT-Raman instru-
ment fitted with a liquid nitrogen cooled germanium detector
and a Nd:YAG laser (λ = 1064 nm, 300 mW). Infrared (IR)
spectra were measured with a Perkin-Elmer Spectrum BX-
FTIR spectrometer equipped with a Smiths DuraSamplIR
II ATR device. All spectra were recorded at ambient tem-
perature, the samples were neat solids. NMR spectra were
recorded at 25 ◦C with a Jeol Eclipse 400 instrument, and
chemical shifts were determined with respect to external
Me4Si (1H, 400.2 MHz; 13C, 100.6 MHz), MeNO2 (14N,
29.0 MHz; 15N, 40.6 MHz), and 0.5M AgNO3 in D2O
(109Ag, 18.6 MHz). Mass spectrometric data were obtained
with a Jeol MStation JMS 700 spectrometer (DEI+, DCI+).
The fragments are referred to the isotope with the highest nat-
ural abundance. Elemental analyses (C/H/N) were performed
with a Elementar vario EL analyzer. Melting points and de-
composition points were determined by differential scanning
calorimetry (DSC) measurements with a Linseis DSC-PT10
apparatus, using a heating rate of 5 ◦C min−1. Sensitivity
data (impact, friction, and electrostatic discharge) were per-
formed using a drophammer, friction tester, and electrostatic
discharge device conform to the directive of the Federal In-
stitute for Materials Research and Testing (BAM) [69].

Computational methods

Hartree-Fock (HF) calculations were of the restricted
type and the second-order Møller-Plesset (MP2) calculations
made use of the resolution-of-the-identity (RI) method and
the default frozen-core partitioning as implemented in TUR-
BOMOLE (version 5.7) [70]. The DFT calculation using 6-
311++G** type basis sets and the B3LYP functional were
performed using the default criteria in GAUSSIAN 03 (revi-
sion C.02) [71], whilst those using the def2-TZVPP (herein

shortened to TZVPP) basis set were performed using TUR-
BOMOLE (version 5.7).

Gas electron diffraction (GED)

Electron scattering intensities were recorded at room tem-
perature on a combination of reusable Fuji and Kodak imag-
ing plates using a Balzers KD-G2 Gas-Eldigraph [72, 73].
This device was equipped with an electron source built by
STAIB Instruments, and was operated at 60 kV when record-
ing data. The accelerating voltage was stable to within 1 to
2 V during the course of the experiment. The image plates
were scanned using a Fuji BAS 1800 II scanner, yielding
digital 16-bit grey-scale image data. Further details about the
Bielefeld GED apparatus and the experimental methods are
published elsewhere [48].

In preparation for data reduction, the long and short
nozzle-to-plate distances were re-measured after record-
ing the short-distance data and before recording the long-
distance data. The relative scaling of the two scanning direc-
tions was recalibrated using an exposed image plate with two
pairs of pin holes, which was scanned in two orientations, ap-
proximately perpendicular to one another. The data were re-
duced to total intensities using PIMAG (version 040827) [74]
in connection with a sector curve, which was based on exper-
imental xenon scattering data and tabulated scattering factors
of xenon. Further data reduction yielding molecular intensity
curves was performed using the ED@ED program (Version
3.0) [75] and scattering factors [76]. For both compounds
the ratio of the electron wavelength to the nozzle-to-plate
distances was checked using benzene data and the widely
accepted ra value of 1.397 Å for the C–C distance in ben-
zene. The data reduction was performed using indirectly de-
termined nozzle-to-plate distances. The electron wavelengths
and nozzle-to-plate distances are provided as Supplemen-
tary Information, along with other data analysis parameters
including the s limits, weighting points, R factors (RD and
RG), scale factors, data correlation values and the correlation
matrix.

The amplitudes of vibration, u, used in re (by approx-
imated anharmonic corrections implemented as ra3,1 in
ED@ED) refinement and the anharmonic distance correc-
tions were calculated using the program SHRINK [51, 53].
This made use of anharmonic force field calculations at the
B3LYP/6-311++G** level of theory (see above for details of
computational methods). The SHRINK input files were gen-
erated using Q2SHRINK [77].

Energetic properties

All quantum chemical calculations for the prediction of
the energetic properties were carried out using the pro-
gram package GAUSSIAN 09 (revision C.01) [66], addi-
tionally prepared and visualized with GAUSSVIEW 5 (ver-
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sion 5.0.8) [78]. The initial geometries of the structures
were taken from the corresponding experimentally deter-
mined crystal structures. The enthalpies (H) and free ener-
gies (G) were calculated using the complete basis set (CBS)
method in order to obtain very accurate values [79 – 82]. This
method is a complex energy computation involving several
pre-defined calculations on the specified system. The used
method CBS-4M (‘M’ referring to the use of minimal pop-
ulation localization) is an updated version of the modified
CBS-4 method [83, 84] with both the new localization pro-
cedure and improved empirical parameters [84]. The liquid
(1) and solid (2, 3) state enthalpies and energies of forma-
tion were calculated from the corresponding enthalpy de-
rived from these quantum-chemical CBS-4M calculations
(HCBS−4M). Therefore, the enthalpies of formation of the
gas-phase species were computed according to the atomiza-
tion energy method [85 – 87]. The liquid (solid) state ener-
gies of formation (∆H◦f ) were estimated by subtracting the
gas-phase enthalpies with the corresponding enthalpy of va-
porization (sublimation) obtained by Trouton’s rule [88, 89].
These enthalpies of formation were used to calculate the en-
ergies of formation (∆U◦f ). The calculation of the detonation
parameters were performed using the program EXPLO5 (ver-
sion 5.05) [62 – 65]. The input was made using the sum for-
mula, the liquid respectively solid-state energies of formation
and the experimentally determined densities, derived from
the corresponding single-crystal X-ray structures.

X-Ray crystallography

For both compounds, an Oxford Xcalibur3 diffractometer
with a CCD area detector was employed for data collection
using MoKα radiation (λ = 0.71073 Å). The structures were
solved using Direct Methods (SIR2004) [90, 91] and refined
by full-matrix least-squares on F2 (SHELXL-97) [92, 93].
All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were located in difference Fourier maps and
placed with a C–H distance of 0.99 Å for CH2 groups, C–H
distances for the CH3 group were refined. ORTEP plots are
shown with thermal ellipsoids at the 50% probability level.

CCDC 900037 (2), and 900038 (3) contain the supple-
mentary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data request/
cif.

CAUTION! All compounds with a high nitrogen and
oxygen content are potentially explosive energetic materi-
als. Furthermore, many alkyl nitrates are extremely sensitive;
therefore they must be handled with care. This necessitates
additional meticulous safety precautions (steel-reinforced
Kevlar® gloves, Kevlar® sleeves, face shield, leather coat,
and ear plugs). Only earthened and metal-free equipment was
used during the synthesis.

Synthesis of propargyl nitrate (1)

A nitration mixture consisting of 10.0 mL of acetic an-
hydride (91 mmol) and 3.3 mL of nitric acid (79 mmol)
is cooled to −10 ◦C, and 3.7 mL of propargyl alcohol
(68 mmol) is added dropwise at such a rate, that the
temperature does not exceed −5 ◦C. Stirring is contin-
ued for 1 h and the reaction mixture is allowed to warm
to ambient temperature. After pouring on ice the yellow-
ish oil is separated immediately. The oily liquid is dis-
solved in 20 mL of dichloromethane and treated with a sat-
urated aqueous solution of NaHCO3, until the gas evo-
lution ceases. The organic phase is washed with water
(2 × 25 mL) and a saturated aqueous solution of NaCl and
dried over anhydrous MgSO4. Concentration in vacuo af-
forded 4.0 g (39 mmol) of crude propargyl nitrate (58%),
which was further purified by careful condensation at 25 ◦C
using dry ice cooling. – Raman: ν = 2961 (44), 2134 (100,
νC≡C), 1643 (5, νasNO2), 1427 (11), 1361 (11), 1281 (34,
νsNO2), 921 (13), 848 (23), 613 (14), 474 (11), 431 (12),
296 (27), 221 (19) cm−1. – IR: ν = 3327 (m), 2952 (w),
2560 (w), 2137 (w, νC≡C), 1776 (w), 1748 (w), 1677 (vs,
νasNO2), 1434 (m), 1365 (m), 1284 (vs, νsNO2), 1230 (w),
1071 (w), 1017 (s), 976 (m), 927 (m), 839 (s), 757 (w),
675 (m), 639 (m), 596 (w), 471 (w) cm−1. – 1H NMR
(CDCl3): δ = 4.96 (d, 4JH−H = 2.2 Hz, 2 H, CH2), 2.59 (t,
CH). – 13C{1H} NMR (CDCl3): δ = 76.8 (s, CCH2), 74.7
(s, CH), 59.9 (s, CH2). – 15N NMR (CDCl3): δ = −47.1 (t,
3JN−H = 4.4 Hz, ONO2). – MS (DEI+): m/z (%) = 100 (21)
[M–H]+. – HRMS: m/z (%) = 101.0113 (100) [M]+. – DSC
(Tonset, 5 K min−1): 132 ◦C (decomposition). – Sensitivities
(liquid): impact sensitivity: 1 J, friction sensitivity: 72 N.

Synthesis of 1,1,1,6,6,6-hexanitrohex-3-yne (2)

The synthesis was performed according to the litera-
ture procedure [14]. – Raman: ν = 2972 (30), 2937 (79),
2343 (9), 2305 (15), 2264 (44, νC≡C), 1614 (17), 1598 (21,
νasNO2), 1407 (25), 1365 (43), 1324 (24), 1307 (36, νsNO2),
1250 (6), 1170 (3), 1142 (4), 1003 (20), 859 (100, νCN),
831 (4), 807 (6), 775 (5), 723 (5), 642 (7), 561 (6), 546 (19),
445 (4), 406 (55), 371 (70), 310 (20), 289 (47), 233 (15),
223 (10), 196 (11) cm−1. – IR: ν = 2970 (m), 2936 (m),
2892 (w), 1581 (vs, νasNO2), 1404 (m), 1365 (m), 1300 (s,
νsNO2), 1262 (m), 1249 (m), 1214 (w), 1169 (w), 1140 (w),
1128 (w), 1021 (w), 863 (m), 857 (m,νCN), 829 (w), 804 (s),
772 (m), 720 (w), 668 (w), 640 (w) cm−1. – 1H NMR
(CDCl3): δ = 3.99 (s, 4 H, CH2). – 13C{1H} NMR
(CDCl3): δ = 124.8 (br, C(NO2)3), 74.3 (s, CCH2), 26.8
(s, CH2). – 15N NMR (CDCl3): δ = −33.9 (s, NO2).
– EA for C6H4N6O12 (352.13): calcd. C 20.47, H 1.14,
N 23.87; found C 20.48, H 1.23, N 22.99%. – DSC (Tonset,
5 K min−1): 126 ◦C (melting point), 193 ◦C (decomposi-
tion). – Sensitivities (grain size: 500 – 1000 µm): impact sen-

www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
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sitivity: 3 J, friction sensitivity: 72 N, electrostatic sensitiv-
ity: 0.08 J.

Synthesis of 1,1,1-trinitroethane (3)

Into a suspension of silver carbonate (2.12 g, 7.68 mmol)
in 5 mL of acetonitrile is added an aqueous solution (30%) of
trinitromethane (2.31 g, 15.3 mmol) at ambient temperature.
After stirring the yellow reaction mixture containing the in
situ formed silver trinitromethanide for 25 min, iodomethane
(2.17 g, 15.3 mmol) is added dropwise, with stirring contin-
ued for additional 15 h. The pale yellow precipitate of silver
iodide is filtered off. Removing of the solvent in vacuo left
a light-yellow solid. Crystallization of the product from n-
pentane yielded 1.59 g (63%) of 3 as colorless crystals.

WARNING! If, instead of an aqueous solution of
trinitromethane, the trinitromethane is applied in a neat
(anhydrous) form, after immediate evaporation of the
solvent acetonitrile (5 min), the residue explodes repro-
ducibly and can result in serious damage. Longer re-
action times (ca. 30 min) result in significant decom-
position of Ag[C(NO2)3] to silver nitrate. – Raman:
ν = 3032 (35), 2957 (68), 1613 (10), 1600 (37, νasNO2),
1436 (13), 1395 (30), 1359 (34), 1313 (24, νsNO2), 1177 (7),
1133 (10), 885 (20), 858 (100, νCN), 784 (14), 713 (5),
643 (14), 530 (34), 412 (62), 383 (73), 319 (28) cm−1. –
IR: ν = 3032 (m), 2956 (w), 2900 (w), 1587 (vs, νasNO2),
1434 (m), 1392 (s), 1307 (s, νsNO2), 1266 (m), 1176 (m),
1131 (s), 881 (s), 858 (m, νCN), 782 (vs), 711 (w) cm−1. –
1H NMR (CDCl3): δ = 2.76 (s, 3 H, CH3). – 13C{1H} NMR
(CDCl3): δ = 128.2 (septet, 1JC−14N = 8.1 Hz, C(NO2)3),

21.1 (s, CH3). – 15N NMR (CDCl3): δ =−28.8 (q, 3JN−H =
2.7 Hz, NO2). – MS (DCI+): m/z (%) = 166 (5) [M]+,
120 (5) [M–NO2]+, 73 (1) [M–2 NO2]+, 46 (52) [NO2]+,
27 (100) [M–3 NO2]+. – EA for C2H3N3O6 (165.06): calcd.
C 14.55, H 1.83, N 25.46; found C 14.51, H 1.88, N 25.04%.
– DSC (Tonset, 5 K min−1): 38 ◦C (transition temperature)
53 ◦C (melting point), 194 ◦C (boiling point). – Sensitivities
(grain size: 500 – 1000 µm): impact sensitivity: 8 J, friction
sensitivity: 96 N, electrostatic sensitivity: 0.10 J.

Supporting information

15N NMR and vibrational (IR and Raman) spectra and
further details of the GED determination of 1 are given
as Supporting Information available online (DOI: 10.5560/
ZNB.2013-2311).
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