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Abstract:  N,N-Dimethylhydrazinium
dicyanamide and nitrocyanamide ionic
liquids (ILs) were prepared by quateri-
zation of N,N-dimethylhydrazine with
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density, viscosity, heat of formation,
detonation pressure and velocity, and
specific impulse were measured/calcu-
lated. The impact of anions and alkyl-

substituted cations on these properties
is demonstrated. Droplet tests with
white-fuming nitric acid (WFNA) as an
oxidizer were utilized to show that the

alkyl halides followed by metathesis re-
actions with silver dicyanamide or
silver nitrocyanamide. The key physico-
chemical properties, such as melting
point and decomposition temperatures,

Introduction

Combustion of a fuel-oxidizer combination is usually initiat-
ed by an igniter such as an electric spark, a hot wire, or a
hot surface. There are, however, certain chemicals (fuels)
that can ignite spontaneously upon coming into contact with
oxidizing substances.'*! These self-ignition systems, also
known as ‘hypergolic’ systems, are of special importance in
rocket propellants, since such fuel-oxidizer combinations
simplify engine design and provide a convenient way of ach-
ieving repeated on-and-off capability at no extra cost. The
fuel and oxidizer are stored separately, to be brought togeth-
er subsequently when firing is desired, thus enabling less
hazardous systems.

The fuel-oxidizer hypergolic systems have been widely
used in biliquid propellants, in which the fuels of choice are
hydrazine, monomethylhydrazine (MMH), and N,N-dime-
thylhydrazine (UDMH) with oxidizing agents such as white-
fuming nitric acid (WFNA), red-fuming nitric acid (RFNA),
or nitrogen tetroxide (N,0,).F'Y These hypergolic combina-
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14 new N,N-dimethylhydrazinium salts
are hypergolic with ignition delay (ID)
times ranging from 22 to 1642 ms,
thereby suggesting that some may have
potential as bipropellants.

density
energetic

tions require that a successful fuel have a high energy densi-
ty per unit mass and a high specific impulse, and that there
is a short ignition delay time. Unfortunately, hydrazine and
its derivatives, as a class of acutely toxic and carcinogenic
substances, have high vapor pressures so that costly safety
precautions and handling procedures are required. There-
fore, there is an urgent need for alternative nontoxic liquid
hypergolic fuels that have low vapor pressures, and high
energy densities by which the reaction exhibits concomitant
short ignition delays. Considering that energetic ionic liquids
have many unique properties, for example, extremely low
vapor pressure, high thermal and chemical stability, and tun-
able physicochemical characteristics, it is likely that they
could have potential as liquid hypergolic fuels.>*

The first ionic liquids reported to be hypergolic were di-
cyanamide salts with substituted imidazolium, methylpyroli-
dinium, and methylpyridinium cations.?” It was suggested
that the key to the hypergolicity of these ionic liquids was
the dicyanamide anion. Through Fourier transform infrared
(FTIR) observations, biuret reaction tests, and initial ab
initio calculations, a mechanism was proposed for the forma-
tion of N,O, CO,, and HNCO from the dicyanamide reac-
tion during preignition.” Based on the calculated heats of
formation and experiments, the Idaho group prepared a
series of 2,2-dimethyltriazanium salts with a variety of
anions (including chloride, nitrocyanamide, dicyanamide, di-
nitrocyanmethanide, nitrodicyanmethanide, tricyanmetha-
nide, and nitrate) and found that with a common cation in
addition to the dicyanamide ionic liquid, the nitrocyana-
mide, nitrate, and chloride salts were also hypergolic.”* Ap-
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parently not only anions but cations also play an important
role in modifying the hypergolic properties of ionic liquids.
To examine the phenomenon of hypergolicity, a series of
N,N-dimethylhydrazinium dicyanamide and nitrocyanamide
ionic liquids were prepared and their physicochemical and
hypergolic properties determined and compared.

Results and Discussion

The N,N-dimethylhydrazinium salts were obtained by qua-
ternizing N,N-dimethylhydrazine with alkyl halides followed
by metathesis reactions with silver dicyanamide or silver ni-
trocyanamide (Scheme 1). These salts are hydrophilic and
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Scheme 1. Synthesis of N,N-dimethylhydrazinium ionic liquids.

soluble in water, methanol, ethanol, acetone, and acetoni-
trile, yet insoluble in less polar solvents, such as hexane, di-
ethyl ether, and ethyl acetate. The resulting N,N-dimethyl-
hydrazinium salts were characterized by 'H and *C NMR
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characterization data support the expected structures and
compositions. The physicochemical properties of the N,N-di-
methylhydrazinium salts such as phase-transition tempera-
ture (7, or T,), thermal decomposition temperature (7y),
density (p), viscosity (#), ignition delay (ID) time, heat of
formation (AH;), detonation pressure (P), detonation veloci-
ty (vp), and specific impulse (/;,) were measured or calculat-
ed (Table 1).

Physicochemical properties of N,N-dimethylhydrazinium
ionic liquids: Phase-transition temperatures (7, or 7,) and
thermal stabilities of the N,N-dimethylhydrazinium salts
were determined by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). As shown in
Table 1, the N,N-dimethylhydrazinium salts are liquids at
room temperature except for 8, 9, 15, and 16, which exhibit
T, at lower than 100°C. These salts may therefore be classi-
fied as room-temperature ionic liquids. Although 9 is a solid
at 25°C, it does form a long-lived supercooled phase and
solidifies only after standing at room temperature for many
days. Surprisingly, there are no detectable T,, or T, transi-
tions for compounds 11-14 and 18-21 over a temperature
range between —60 and 25°C. With the increasing length of
the alkyl side chain of the cation from methyl (8) to butyl
(10), the T,, decreases from 60.5 to 20.4°C, and for (15) to
(17) from 35.2 to 9.0°C, respectively. The decomposition
temperatures of the N,N-dimethylhydrazinium salts vary
from 296.9 (16) to 144.8°C (14), with the nitrocyanamide
salts exhibiting greater thermal stability than their dicyan-
amide analogues.

Density and viscosity of the N,N-dimethylhydrazinium
ionic liquids vary from 1.01 to 1.28 gecm™ and 67.5 to
1310 mPa, respectively. The nitrocyanamide salts have a
higher density and viscosity than the corresponding dicyana-
mides due to the presence of the nitro group with its greater
proclivity to form hydrogen bonds. As a function of the
alkyl substituent, density of the N,N-dimethylhydrazinium

spectroscopy, IR spectroscopy, and elemental analysis. The salts increases according to CH,CN>CH,CH,OH >
Table 1. Properties of N,N-dimethylhydrazinium ILs.

Salts T,(TY)M T, pid ntl D AH M AH[" (cation) AH{" (anion) AH[ (salt) P pll I

[°C] [°C] [gem™]  [mPas]  [ms] [kImol ™ [kImol ] [kImol ™ [kIg™ [GPa] [ms™'] [s]

8 60.5 2535 110 - 58 501.6 646.5 113.4 1.83 10.82 6317 189.4
9 30.9 267.1  1.06 67.5 22 484.2 613.9 113.4 1.57 9.79 6131 184.6
10 20.4 2633  1.01 113.9 46 458.8 578.3 113.4 1.27 8.58 5932 180.0
1 - 199.2  1.05 78.6 24 4744 814.6 113.4 271 9.09 6057 204.0
12 - 1743 113 228.6 30 484.6 909.4 113.4 3.26 10.08 6191 210.0
13 - 236.0 1.15 161.8 40 482.9 4783 113.4 0.64 10.88 6281 185.8
14 - 1448 117 1057.0 1286 488.7 844.9 113.4 2.83 11.03 6318 202.1
15 352 2924 124 - 126 499.6 646.5 —27.1 0.74 14.71 7029 2134
16 25.4 2969 1.17 - 198 481.3 613.9 —27.1 0.60 12.56 6681 208.0
17 9.0 2855 111 119.5 228 4572 578.3 —27.1 0.46 10.89 6408 201.2
18 - 2082 1.16 84.9 130 472.9 814.6 —27.1 1.68 12.19 6596 221.5
19 - 1893 1.21 269.8 134 479.5 909.4 —27.1 2.18 12.78 6611 2272
20 - 269.1 126 185.9 247 480.3 4783 —27.1 —0.15 14.09 6880 206.2
21 - 1935 1.28 1310.0 1642 485.4 844.9 —-271 1.79 14.52 6899 220.4

[a] Phase-transition temperature. [b] Decomposition temperature. [c] Density (25°C). [d] Viscosity (25°C). [e] Ignition delay time (WFNA). [f] Heat of
formation (cation or anion). [g] Heat of formation (salt). [h] Detonation pressure (CHEETAH 5.0). [i] Detonation velocity (CHEETAH 5.0). [j] Specific

impulse (CHEETAH 5.0, for monopropellants).
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CH,CCH > CH, > CH,CHCH, > C,H; > C,H,; viscosity:
CH,CN > CH,CCH > CH,CH,0H > C,H, > CH,CHCH,.

Hypergolic test: Because it is flexible, accurate, simply con-
structed, and very useful for screening materials, the droplet
test was selected to assess the potential hypergolic charac-
teristics of the N,N-dimethylhydrazinium salts and to mea-
sure their actual ignition delay (ID) times.>?”! Using a pip-
ette, the ionic liquid sample (10-50 pL) was dropped into a
25 mL beaker containing an excess amount (1.5mL) of
WFNA. The ignition process was recorded at 500 frames
per second with a high-speed camera. Then the ignition
delay time, the time from fuel contact with the liquid surface
of the oxidizer until a visible flame is recorded, could be
measured. Figure 1 depicts a sequence of pictures that show
a falling droplet of compound 10 into a pool of liquid
WFNA, thereby demonstrating that the hypergolic com-
pounds can undergo self-sustained combustion after igni-
tion.

Figure 1. The ID test process shown with a series of high-speed camera
photos (a droplet of 10 falling into liquid WFNA).

The results show that all the N,N-dimethylhydrazinium
salts are hypergolic with WFNA. Among these, 9, 11, and 12
are good hypergolic materials with relatively short ignition
delay times at 22, 24, and 30 ms, respectively (Table 1).
These results appear to support use of salts with lower
carbon content and that, not surprisingly, the liquid samples
ignite more readily than the solid ones. The nitrocyanamide
salts have a longer ID than the corresponding dicyanamide
salts; for example, the shortest ID of a nitrocyanamide salt
(15) is 126 ms.

Theoretical study: Calculations were performed with the
Gaussian 03 (Revision D.01) suite of programs.”! The geo-
metric optimization of the structures based on single-crystal
structures, where available, and frequency analyses were car-
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ried out using the B3LYP functional with 6-314+G** basis
set,” and single energy points were calculated at the MP2/
6-311+4+G** level. All of the optimized structures were
characterized to be true local energy minima on the poten-
tial-energy surface without imaginary frequencies. Based on
a Born-Haber energy cycle (Scheme 2), the heat of forma-
tion of a salt can be simplified by the formula given in
Equation (1):

AH; (salt,298K) = AH{ (cation, 298K) + AH{ (anion, 298K) — AH|.

(1)

in which AH, is the lattice energy of the salts, which could
be predicted by using the formula suggested by Jenkins
etal. [Eq. (2)]:B"

AH, = Uy +{p[(nm/2) = 2] + q[(nx/2) = 2]}RT )

in which ny; and nyx depend on the nature of the ions M;
and X_, respectively, and are equal to 3 for monoatomic
ions, 5 for linear polyatomic ions, and 6 for nonlinear poly-
atomic ions. The equation for lattice potential energy (U,)
has the form [Eq. (3)]:

Up[kImol™'] = y(pn/My)"? + 0 (3)

in which p,, [gcm™] is the density, M,, is the chemical for-
mula mass of the ionic material, and values for g and the co-
efficients y [kJmol 'cm] and 6 [kJmol '] are taken from the
literature.

. ® O _AHVG
Cation Anion (solid) ——— aC(s)+ bH,(g) + cN,(g) + dO,(g)

l AH,
®

Cation (Gas) +

° - A Hp(anion)
Anion (Gas)

‘ -AH?(cation)

Scheme 2. Born-Haber cycle for the formation of energetic salts.

The heats of formation of the cations were computed by
using the method of isodesmic reactions. The isodesmic re-
actions for N,N-dimethyhydrazinium cations are shown in
Scheme 3. The heats of formation of the anions are litera-
ture values.” The enthalpy of reaction (4,Hsg) is obtained
by combining the MP2/6-311+4G** energy difference for
the reaction, the scaled zero-point energies, and other ther-
mal factors. Thus, the heats of formation of the species
being investigated can be readily extracted. With values of
the heats of formation and densities, the detonation pressure
(P) and velocity (vp), and specific impulse (/,,) were calcu-
lated based on the traditional Chapman—Jouget thermody-
namic detonation theory using CHEETAH 5.0.°Y The
values of the heats of formation and detonation pressures

Chem. Eur. J. 2010, 16, 3114-3120
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Scheme 3. Isodesmic reactions for calculating the heat of formation of N,N-dimethylhydrazinium cations.

and velocities and specific impulses, which are summarized
in Table 1, show that with the exception of heats of forma-
tion, the nitrocyanamide salts have higher values for these
properties than the corresponding dicyanamide salts. For the
dicyanamide salts, the highest heat of formation, detonation
pressure, detonation velocity, and specific impulse are
326kJg™' (12), 11.03 GPa (14), 6318 ms™' (14), and 210.0's
(12), respectively. The analogous values for the nitrocyana-
mide salts are 2.18kJg™! (19), 14.71 GPa (15), 7029 ms™!
(15), and 227.2 s (19).

Conclusion

A series of N,N-dimethylhydrazinium dicyanamide and ni-
trocyanamide ionic liquids were synthesized in good yields.
The resulting salts were fully characterized by spectroscopic
and analytical methods, thereby showing that the anions and
the different alkyl substitutions of cations have a major
impact on their physicochemical properties. The droplet
tests demonstrated that all the N,N-dimethylhydrazinium
salts are hypergolic with WFNA as the oxidizer and some
may have potential as bipropellants, especially the dicyana-
mide compound 11, with properties such as T, lower than
—60°C, viscosity 78.6 mPa, and ID 24 ms.

Experimental Section

Caution: Although none of the compounds described herein has demon-
strated unstable characteristics, these materials should be handled with
care using the appropriate safety practices.

Reactants: N,N-Dimethylhydrazine 98 % (Aldrich), iodomethane 99 %
(Alfa Aesar), iodoethane 98% (Acros), 1-iodobutane 99 %, (Aldrich),
allyl chloride 99 % (Acros), propargyl bromide 80 wt % solution in tolu-
ene (Acros), 2-chloroethanol 99% (Acros), bromoacetonitrile 97 %

Chem. Eur. J. 2010, 16, 3114-3120
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(Acros), silver nitrate 99.95% (Salt

CH,CH, Q) Lake Metals), and sodium dicyana-
mide 97% (Acros), were used as re-
ceived.

L1 13

CHCH, + CHCHCH, @ General methods: 'H and “CNMR

spectra were recorded using a
300 MHz nuclear magnetic resonance
spectrometer operating at 300.13 and
75.48 MHz, respectively, with
[D]DMSO as a locking solvent unless
otherwise stated. Chemical shifts were
reported relative to Me,Si. The melt-
ing and decomposition points were re-
corded using a differential scanning
calorimeter (DSC) at a scan rate of
10°C min™" in closed aluminum con-
®) tainers. Thermogravimetric analysis
(TGA) measurements were carried
out by heating samples at 10°C min ™'
from 25 to 600°C. IR spectra were re-
corded by using KBr pellets. Densities
were measured at room temperature
using a Micromeritics Accupyc 1330
gas pycnometer. Elemental analyses
were obtained by using a CE-440 ele-
mental analyzer (EAI Exeter Analyti-
cal).

CH,CH, (3)

CH,OH

X-ray analyses: A clear colorless prism of dimensions 0.43x0.42x
0.23 mm’ was obtained by cooling a saturated solution of 8 in acetone,
and was mounted on a MiteGen MicroMesh using a small amount of
Cargille immersion oil. Data were collected using a Bruker three-circle
platform diffractometer equipped with a SMART APEX II CCD detec-
tor. The crystals were irradiated using graphite-monochromated Moy, ra-
diation (1=0.71073 A). An Oxford Cobra low-temperature device was
used to keep the crystals at a constant —100°C during data collection.
Data collection was performed and the unit cell was initially refined
using APEX2 (v2009.3-0).°) Data reduction was carried out using
SAINT (v7.60A)" and XPREP (v2008/2).* Corrections were applied
for Lorentz, polarization, and absorption effects using SADABS (v2008/
1).%) The structure was solved and refined with the aid of the programs
in the SHELXTL-plus (v2008/4) software suite.*® The full-matrix least-
squares refinement on F* included atomic coordinates and anisotropic
thermal parameters for all non-hydrogen atoms. The H atoms were in-
cluded using a riding model.

Compound 8 is in the orthorhombic Pbca space group with one trime-
thylhydrazinium cation per dicyanamide anion. The structure is shown in
Figure 2a. The N—N bond length in the cation is 1.4592(15) A (similar to
literature value: 1.453(3) A).*”l There is only hydrogen bonding between
the ion pair (N3--N10: 3.1316(18) A) (Figure 2b). Details of the data col-
lection and refinement are given in Table 2. Further crystallographic data
are provided in the Supporting Information. CCDC-749800 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

N,N,N-Trimethylhydrazinium iodide (1): A solution of N,N-dimethylhy-
drazine (1.26 g, 20.1 mmol) in THF (15 mL) was cooled in an ice-water
bath, and a solution of iodomethane (2.98 g, 20.1 mmol) in THF (15 mL)
was added dropwise with stirring. After the mixture was left at reflux at
25°C for 8 h, the precipitate was filtered, washed with THF (20 mL), and
dried under vacuum to give a white solid (4.04 g, 95%). 'HNMR: 6=
329 (s, 9H; CH,), 6.10 ppm (s, 2H; NH,); >C NMR: 6 =57.3 ppm; IR
(KBr): 7=3434, 3290, 3146, 3014, 1609, 1473, 1055, 942, 897, 671 cm™; el-
emental analysis calcd (%) for C;H;;N,I (202.04): C 17.83, H 549, N
13.87; found: C 18.00, H 5.63, N 13.87.
N-Ethyl-N,N-dimethylhydrazinium iodide (2): The same procedure was
used as for 1. N,N-Dimethylhydrazine (1.19 g, 19.8 mmol) and iodoethane
(3.09 g, 19.8 mmol) were reacted to give a white solid (3.88 g, 91%).
'HNMR: 6=127 (t, J=14.5 Hz, 3H; CHj,), 3.21 (s, 6H; CH,), 3.50 (m,
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a)

Figure 2. a) Thermal ellipsoid plot (30%) of 8. The hydrogen atoms are
included but unlabeled for clarity. b) Ball-and-stick packing diagram of 8
viewed down the a axis. The dashed lines indicate hydrogen bonding.

2H; CH,), 591 ppm (s, 2H; NH,); ®C NMR: § =8.1, 54.6, 63.4 ppm; IR
(KBr): #=3459, 3238, 3132, 3019, 1624, 1466, 1079, 1015, 871, 814 cm™';
elemental analysis calcd (%) for C,;H;3N,I (216.06): C 22.24, H 6.06, N
12.97; found: C 22.23, H 6.26, N 13.11.

N-Butyl-N,N-dimethylhydrazinium iodide (3): The same procedure was
used as for 1. N,N-Dimethylhydrazine (1.67 g, 27.7 mmol) and iodobutane
(5.10 g, 27.7 mmol) were reacted to give a white solid (4.11 g, 61%).
'"HNMR: §=091 (t, J=14.7 Hz, 3H; CH,), 1.30 (m, 2H; CH,), 1.71 (m,
2H; CH,), 3.23 (s, 6H; CHj;), 3.45 (m, 2H; CH,), 5.94 ppm (s, 2H; NH,);
BCNMR: 6=134, 18.8, 23.9, 55.2, 67.5 ppm; IR (KBr): #=3435, 3253,
3128, 3012, 2959, 2872, 1618, 1469, 1384, 1091, 983, 910, 734, 543,
414 cm™'; elemental analysis caled (%) for CsH,N,I (244.12): C 29.52, H
7.02, N 11.48; found: C 29.49, H 7.10, N 11.20.

N-Allyl-N,N-dimethylhydrazinium chloride (4): Allyl chloride (1.75¢g,
22.9 mmol) was added to a stirring solution of N,N-dimethylhydrazine
(1.38 g, 23.0 mmol) in THF (50 mL). The mixture was heated at reflux at
70°C for 8 h. After decanting the solvent, the residue was washed twice
with THF (20 mL) and dried under vacuum to afford a yellow liquid
(273 g, 87%). '"HNMR: 6=3.28 (s, 6H; CH;), 428 (d, J=7.1 Hz, 2H;

www.chemeurj.org
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Table 2. Crystallographic data and structure-refinement parameters of 8.

empirical formula CsHyNs
M, 141.19

crystal size [mm] 0.43x0.42x0.23

crystal system orthorhombic

space group Pbca

a[A] 8.4205(19)

b [A] 12.085(3)

c[A] 15.666(4)

al’] 90

Bl 9

7 [°] 90

VA% 1594.1(6)

VA 8

T [K] 173 (2)

Peatea [Mgm™?] 1177

u [mm™] 0.081

F(000) 608

6 range [°] 2.60 to 26.48

index ranges -10=h=10
—-15=k=15
-19=/=19

reflns collected 13246

independent reflns 1645 (R;,,=0.0270)

GOF 1.072

R, (I>20() 0.0394

WR, (all data) 0.1045

largest differential peak and hole [eA~] 0.292 and —0.184
[a] Ry = SIF| = [Fll/ SIF|. [b] wRy = [Sw(F; = F2)P/ S w(Fy)’]"”.

CH,), 5.57 (m, 2H; CH,), 6.07 (m, 1H; CH), 6.52 ppm (s, 2H; NH,);
BCNMR: 0=54.3, 69.2, 126.5, 126.6 ppm; IR (KBr): 7#=3438, 3252,
3140, 3039, 1629, 1473, 1092, 958, 888, 770, 634 cm'; elemental analysis
caled (%) for CsHy3N,Cl (136.62): C 43.96, H 9.59, N 20.50; found: C
43.70, H 9.87, N 19.39.

N-Propargyl-N,N-dimethylhydrazinium bromide (5): The same procedure
was used as for compound 1. N,N-Dimethylhydrazine (1.41 g, 23.5 mmol)
and propargyl bromide (2.77 g, 23.3 mmol) were reacted to give a brown
solid (3.64 g, 87%). '"HNMR: 6=3.37 (s, 6H; CH;), 4.00 (s, 1H; CH),
4.67 (s, 2H; CH,), 6.30 ppm (s, 2H; NH,); "C NMR: 6=54.7, 57.9, 72.3,
82.5 ppm; IR (KBr): #=3433, 3209, 3100, 3032, 2958, 2127, 1629, 1468,
1236, 1089, 972, 892, 698 cm!; elemental analysis caled (%) for
CsH;N,Br (179.06): C 33.54, H 6.19, N 15.64; found: C 33.54, H 6.17, N
15.84.

N-(2-Hydroxyethyl)-NV,N-dimethylhydrazinium chloride (6): The same
procedure was used as for 4. N,N-Dimethylhydrazine (1.28 g, 21.3 mmol)
and 2-chloroethanol (1.71 g, 21.2 mmol) were reacted to give a white
solid (2.55 g, 86%). '"HNMR: 6=3.33 (s, 6H; CH;), 3.61 (t, J=9.9 Hz,
2H; CH,), 3.83 (t, J=9.5Hz, 2H; CH,), 5.53 (s, 1H; OH), 6.42 ppm (s,
2H; NH,); "CNMR: 6=56.1, 57.1, 70.8 ppm; IR (KBr): #=23402, 3303,
3126, 3027, 1626, 1473, 1085, 1007, 956, 863 cm™'; elemental analysis
caled (%) for C,H;3N,OCI (140.61): C 34.17, H 9.32, N 19.92; found: C
34.23, H 9.76, N 19.46.

N-Cyanomethyl-N,N-dimethylhydrazinium bromide (7): The same proce-
dure was used as for 1. N,N-Dimethylhydrazine (1.33 g, 22.1 mmol) and
bromoacetonitrile (2.65 g, 22.1 mmol) were reacted to give a white solid
(3.59g, 90%). 'HNMR: 0=3.48 (s, 6H; CH;), 5.14 (s, 2H; CH,),
6.59 ppm (s, 2H; NH,); "C NMR: 6=55.4, 56.2, 112.0 ppm; IR (KBr):
7=3433, 3227, 3111, 3026, 2960, 1624, 1471, 1091, 977, 898, 760 cm™'; ele-
mental analysis caled (%) for C,H,,N;Br (180.05): C 26.68, H 5.60, N
23.34; found: C 26.59, H 5.61, N 22.45.

General procedure for preparation of ILs (8-21): Silver dicyanamide
(1.04 g, 6 mmol) or silver nitrocyanamide (1.16 g, 6 mmol) was suspended
in methanol (15 mL) and a solution of 1-7 (6 mmol) in methanol (15 mL)
was added dropwise. After stirring at room temperature for 6 h, the in-
soluble silver halide was removed by filtration. The solvent was removed
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under reduced pressure to yield the crude product, which was dissolved
in acetone (5 mL), and diethyl ether (1-3 mL) was added to the solution
until permanent cloudiness was obtained. The solution was stored at
room temperature for 3 h and filtered. Additional diethyl ether (5 mL)
was added to the filtrate to form two phases. The upper phase was deca-
nted, and the residue was dried under vacuum at 70°C to give the final
product.

N,N,N-Trimethylhydrazinium dicyanamide (8): White solid (0.799 g,
94%). 'HNMR: 6=325 (s, 9H; CH;), 6.06 ppm (s, 2H; NH,);
BCNMR: 6=57.3, 119.0ppm; IR (KBr): #=3212, 3111, 3020, 2260,
2213, 2140, 1631, 1478, 1324, 1092, 943, 915,522 cm™'; elemental analysis
caled (%) for CsH; Ny (141.17): C 42.54, H 7.85, N 49.61; found: C 42.15,
H 7.85, N 49.19.

N-Ethyl-N,N-dimethylhydrazinium dicyanamide (9): Yellow supercooled
liquid (0.859 g, 92%). 'HNMR: 6=1.28 (t, J=14.5Hz, 3H; CH;), 3.16
(s, 6H; CH;), 3.44 (m, 2H; CH,), 5.88 ppm (s, 2H; NH,); ®*C NMR: 6 =
8.0, 54.6, 63.6, 119.0 ppm; IR (KBr): #=3441, 3276, 3160, 3035, 2247,
2203, 2142, 1633, 1471, 1323, 1087, 1015, 915, 525 cm™!; elemental analysis
caled (%) for CgH 3N5 (155.20): C 46.43; H 8.44; N 45.12; found: C 45.51,
H 8.61, N 44.36.

N-Butyl-N,N-dimethylhydrazinium dicyanamide (10): Colorless liquid
(0.995 g,90%). '"H NMR: 6=0.91 (t, J=14.7 Hz, 3H; CH3), 1.31 (m, 2H;
CH,), 1.70 (m, 2H, CH,), 3.17 (s, 6H; CH,), 3.37 (m, 2H; CH,),
590 ppm (s, 2H; NH,); "CNMR: 8=134, 19.0, 24.1, 552, 67.8,
119.0 ppm; IR (KBr): #=3433, 3264, 3156, 2966, 2877, 2248, 2201, 2141,
1633, 1475, 1325, 1092, 910, 522 cm™!; elemental analysis calcd (%) for
CgH ;N5 (183.25): C 52.43, H 9.35, N 38.22; found: C 51.85, H 9.52, N
38.35.

N-Allyl-N,N-dimethylhydrazinium dicyanamide (11): Amber liquid
(0.896 g, 89%). '"H NMR: 6=3.16 (s, 6H; CH;), 4.04 (d, J=7.2 Hz, 2H;
CH,), 5.62 (m, 2H; CH,), 5.95 (s, 2H; NH,), 6.03 ppm (m, 1H; CH);
BCNMR: 6=54.8, 70.0, 119.1, 126.0, 127.5 ppm; IR (KBr): #=3433,
3263, 3151, 3032, 2243, 2198, 2139, 1631, 1473, 1318, 1090, 958, 905, 772,
520 cm™'; elemental analysis caled (%) for C;H,3;Ns (167.21): C 50.28, H
7.84, N 41.88; found: C 49.31, H 7.97, N 41.83.
N-Propargyl-N,N-dimethylhydrazinium dicyanamide (12): Amber liquid
(0.878 g, 89%). 'HNMR): 6=3.25 (s, 6H; CHs;), 3.65 (s, 1H; CH), 4.37
(s, 2H; CH,), 5.98 ppm (s, 2H; NH,); *C NMR: 6=55.2, 58.9, 72.3, 82.7,
119.3 ppm; IR (KBr): 7=3433, 3268, 3159, 3035, 2978, 2247, 2202, 2142,
1624, 1472, 1321, 1092, 995, 896, 665, 524 cm™'; elemental analysis calcd
(%) for C;H;Ns (165.20): C 50.89, H 6.71, N 42.39; found: C 50.04, H
6.79, N 41.76.

N-(2-Hydroxyethyl)-N,N-dimethylhydrazinium dicyanamide (13): Amber
liquid (0.922 g, 90%). '"HNMR: 6=324 (s, 6H; CH;), 3.50 (t, J=
10.1 Hz, 2H; CH,), 3.86 (m, 2H; CH,), 5.24 (t, /=92 Hz, 1H; OH),
5.99 ppm (s, 2H; NH,); "CNMR: 0=55.0, 56.1, 69.7, 119.0 ppm; IR
(KBr): 7=3286, 3161, 3034, 2964, 2247, 2202, 2140, 1628, 1471, 1325,
1084, 957, 913, 662, 522 cm™'; elemental analysis calcd (%) for CgH;3NsO
(171.20): C 42.09, H 7.65, N 40.91; found: C 41.56, H 7.76, N 40.73.
N-Cyanomethyl-N,N-dimethylhydrazinium dicyanamide (14): Dark red
liquid (0.904 g, 91%). "H NMR: 0=3.35 (s, 6H; CH;), 4.81 (s, 2H; CH,),
6.29 ppm (s, 2H; NH,); "CNMR: 6=56.1, 56.8, 111.9, 119.3 ppm; IR
(KBr): 7=3269, 3145, 3038, 2983, 2247, 2198, 2140, 1714, 1621, 1464,
1295, 1084, 900, 788, 525 cm™'; elemental analysis calcd (%) for CgH (N
(166.18): C 43.36, H 6.07, N 50.57; found: C 42.65, H 6.17, N 49.72.
N,N,N-Trimethylhydrazinium dicyanamide (15): White solid (0.887 g,
92%). '"H NMR: 6=3.26 (s, 9H; CH;), 6.03 ppm (s, 2H; NH,); “C NMR
0=57.3, 116.6 ppm; IR (KBr): #=3462, 3301, 3220, 3113, 3021, 2190,
1630, 1446, 1292, 1159, 1089, 945, 771, 547 cm™'; elemental analysis calcd
(%) for C4H;;N5O, (161.16): C 29.81, H 6.88, N 43.46; found: C 29.35, H
6.75, N 42.98.

N-Ethyl-N,N-dimethylhydrazinium nitrocyanamide (16): Colorless solid,
(0.945 g, 90%). '"H NMR: 6 =1.28 (t, J=14.5 Hz, 3H; CH;), 3.17 (s, 6H;
CHj;), 3.45 (m, 2H; CH,), 5.81 ppm (s, 2H; NH,); "C NMR: 6 =8.2, 54.8,
64.1, 116.9 ppm; IR (KBr): 7=3468, 3300, 3176, 2246, 2181, 2142, 1629,
1434, 1277, 1157, 1082, 1015, 961, 873, 769 cm*; elemental analysis calcd
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(%) for CsH3N5O, (175.19): C 34.28, H 7.48, N 39.98; found: C 33.53, H
7.67, N 39.04.

N-Butyl-N,N-dimethylhydrazinium nitrocyanamide (17): Colorless liquid
(1.05 g, 86%). 'HNMR: 6=0.89 (t, J=14.6 Hz, 3H; CH;), 1.30 (m, 2H;
CH,), 1.71 (m, 2H; CH,), 320 (s, 6H; CH;), 3.38 (m, 2H; CH,),
586 ppm (s, 2H; NH,); "CNMR: 6=134, 19.1, 243, 553, 682,
117.0 ppm; IR (KBr): 7=3474, 3295, 3180, 2966, 2178, 2147, 1629, 1431,
1275, 1156, 1086, 955, 911, 796, 544 cm™'; elemental analysis calcd (%)
for C;H;;N;O, (203.24): C 41.37, H 8.43, N 34.46; found: C 40.61, H 8.54,
N 34.10.

N-Allyl-N,N-dimethylhydrazinium nitrocyanamide (18): Amber liquid
(0.963 g, 86%). '"H NMR: 6=3.20 (s, 6H; CH;), 4.05 (d, J=7.3 Hz, 2H;
CH,), 5.59 (m, 2H; CH,), 5.77 (s, 2H; NH,), 598 ppm (m, 1H; CH);
BCNMR: 6=552, 70.7, 116.9, 125.6, 128.5 ppm; IR (KBr): 7#=3464,
3297, 3176, 3039, 2180, 2141, 1627, 1436, 1276, 1157, 1088, 957, 887, 769,
544 cm™'; elemental analysis calcd (%) for CgH3sN5O, (187.20): C 38.50,
H 7.00, N 37.41; found: C 38.28, H 7.16, N 36.82.
N-Propargyl-N,N-dimethylhydrazinium nitrocyanamide (19): Amber
liquid (0.948 g, 85%). "H NMR: 6=3.30 (s, 6H; CH,), 3.68 (s, 1H; CH),
4.41 (s, 2H; CH,), 5.98 ppm (s, 2H; NH,); *C NMR: §=55.3, 59.0, 72.4,
82.6, 116.8 ppm; IR (KBr): 7=3460, 3270, 3178, 3041, 2980, 2248, 2181,
2142, 1625, 1434, 1277, 1157, 1091, 958, 893, 762, 543 cm™'; elemental
analysis caled (%) for CsH;NsO, (185.18): C 3891, H 5.99, N 37.82;
found: C 37.95, H 6.02, N 37.47.
N-(2-Hydroxyethyl)-NV,N-dimethylhydrazinium  nitrocyanamide (20):
Amber liquid (1.00 g, 87%). '"H NMR: 6 =3.25 (s, 6H; CH;), 3.51 (t, /=
9.7Hz, 2H; CH,), 3.89 (t, J=9.6Hz, 2H; CH,), 510 (s, 1H; OH),
5.88 ppm (s, 2H; NH,); "CNMR: 6=55.6, 56.5, 70.2, 116.9 ppm; IR
(KBr): 7=3392, 3304, 3185, 3042, 2967, 2181, 2144, 1625, 1436, 1277,
1158, 1083, 957, 769, 543 cm™!; elemental analysis calcd (%) for
CsH5N50; (191.19): C 31.41, H 6.85, N 36.63; found: C 30.86, H 6.85, N
36.29.

N-Cyanomethyl-N,N-dimethylhydrazinium nitrocyanamide (21): Yellow
liquid (0.952 g, 85%). '"H NMR: 6=3.39 (s, 6H; CH;), 4.89 (s, 2H; CH,),
6.37 ppm (s, 2H; NH,); B*CNMR: 6=56.0, 56.7, 112.0, 116.7 ppm; IR
(KBr): 7=3456, 3281, 3171, 3043, 2990, 2181, 2143, 1625, 1434, 1279,
1159, 1085, 962, 897, 764, 543 cm™!; elemental analysis caled (%) for
CsH,(N:O, (186.17): C 32.26, H 5.41, N 45.14; found: C 31.53, H 5.41, N
44.22.
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