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The reaction kinetics for the thermal decomposition of monomethylhydrazine (MMH) was studied with quantum
Rice-Ramsperger-Kassel (QRRK) theory and a master equation analysis for pressure falloff. Thermochemical
properties were determined by ab initio and density functional calculations. The entropies,S°(298.15 K), and
heat capacities,Cp°(T) (0 e T/K e 1500), from vibrational, translational, and external rotational contributions
were calculated using statistical mechanics based on the vibrational frequencies and structures obtained from
the density functional study. Potential barriers for internal rotations were calculated at the B3LYP/6-311G-
(d,p) level, and hindered rotational contributions toS°(298.15 K) andCp°(T) were calculated by solving the
Schrödinger equation with free rotor wave functions, and the partition coefficients were treated by direct
integration over energy levels of the internal rotation potentials. Enthalpies of formation,∆fH°(298.15 K),
for the parent MMH (CH3NHNH2) and its corresponding radicals CH3N•NH2, CH3NHN•H, and C•H2NHNH2

were determined to be 21.6, 48.5, 51.1, and 62.8 kcal mol-1 by use of isodesmic reaction analysis and various
ab initio methods. The kinetic analysis of the thermal decomposition, abstraction, and substitution reactions
of MMH was performed at the CBS-QB3 level, with those of N-N and C-N bond scissions determined by
high level CCSD(T)/6-311++G(3df,2p)//MPWB1K/6-31+G(d,p) calculations. Rate constants of thermally
activated MMH to dissociation products were calculated as functions of pressure and temperature. An
elementary reaction mechanism based on the calculated rate constants, thermochemical properties, and literature
data was developed to model the experimental data on the overall MMH thermal decomposition rate. The
reactions of N-N and C-N bond scission were found to be the major reaction paths for the modeling of
MMH homogeneous decomposition at atmospheric conditions.

1. Introduction

Hydrazine and its methyl derivatives are of interest because
of their high-energy content, versatility, and reactivity. Specif-
ically, being storable liquids, they are attractive as bipropellant
fuels as well as monopropellants for thrusters used in long-
term satellite and space activities. For example, monomethyl-
hydrazine (MMH) is often used in association with nitrogen
tetroxide for satellite propulsion.1 Furthermore, as monopro-
pellants, they decompose exothermically as soon as they come
into contact with a catalyst or a hot surface, and generate hot
gas in a controlled manner for thrust or pneumatic power.2 Thus
knowledge of the decomposition of hydrazines is not only
valuable in predicting the storability and possible precombustion
reactions, but it is also an essential component of the full kinetic
mechanism needed for the modeling of propellant combustion
applications.

Of the many modes of hydrazine decomposition, thermal and
heterogeneous catalytic decompositions are the most practically
important.2 Several experimental studies on the thermal decom-
position of hydrazine derivatives have been conducted. Specif-
ically, in the 1960s Kerr et al.3 studied the pyrolysis of
hydrazine, MMH, and benzylamines at pressures of 0.01-0.04
atm by the toluene-carrier technique. Eberstein et al.4 subse-
quently studied the gas-phase decomposition of hydrazine,
monomethylhydrazine, and unsymmetrical dimethylhydrazine

(UDMH) in an adiabatic flow reactor at atmospheric pressure
and temperatures between 750 and 1000 K, and found that their
decomposition rates are in the order UDMH> MMH > N2H4,
while their overall reaction orders are very close to unity. In
1972, Golden et al.5 experimentally studied the first-order
disappearance of hydrazine methyl derivatives by the very low
pressure pyrolysis (VLPP) technique (pressure 0.1-10 mTorr),
and reported that MMH decomposes via molecular concerted
elimination of NH3 and H2 rather than N-N bond scission.
Recently, Catoire et al.6-10 studied the ignition and detonation
of mixtures of gaseous hydrazines and oxygen in shock tubes
at temperatures of 850-1440 K and pressures of 160-400 kPa,
and reported kinetic modeling results on their combustion
experiments.

The decomposition of hydrazine derivatives is characteristic
of the chemical bond energy released or suppressed from the
N-N bond of the molecule. Little is known of the bond
dissociation energies in the hydrazine system of compounds,
and many elementary reactions that occur during propellant
combustion are not well characterized. Accurate thermochemical
property data and reaction kinetics of MMH decomposition are
important for understanding their stability, reaction pathways,
and fundamental reaction mechanisms. These considerations led
to the objectives and focuses for the present study, namely to
(1) determine accurate thermochemical properties and bond
energies of MMH decomposition by using ab initio and density
functional methods, (2) determine the rate parameters for
primary dissociation and abstraction reactions on the MMH
thermal decomposition, and (3) develop an elementary reaction
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mechanism of the thermal decomposition of MMH for further
modeling of propellant combustion applications.

2. Calculation Methods

All of the density functional and ab initio calculations were
carried out with the Gaussian 03 software package.11 Several
density functional and ab initio methods such as B3LYP/6-
311G(d,p),12 CBS-Q,13 CBS-QB3,14 G3,15 G3B3,16 G3MP2,17

MPWB1K/6-31+G(d,p),18 and CCSD(T)/6-311++G(3df,2p)19

were used in isodesmic reaction analysis to determine the
enthalpy of formation of the critical species in the thermal
decomposition of MMH. The CBS-QB3 method was found to
predict reliable enthalpy values of hydrazine compounds with
less computational cost. The most stationary points of the
potential energy surface and transition states of abstraction and
substitution on the MMH decomposition were further calculated
by using the CBS-QB3 method, and the bond energies of N-N
and C-N bond scissions were calculated at the CCSD(T)/6-
311++G(3df,2p) level with geometries optimized by the
MPWB1K/6-31+G(d,p) method. The MPWB1K is a hybrid
meta density functional theory developed by Truhlar et al.,18

who demonstrated that it is a good method for themochemical
kinetics. The complete basis set model CBS-QB3 of Petersson
et al.14 is a modified standard CBS-Q method, which uses
B3LYP hybrid density functional structures and frequencies to
achieve both enhanced reliability and improved accuracy. The
standard CBS-QB3 method starts with B3LYP/6-311G(d,p)
geometry optimization and frequency calculation, which is then
followed by the single-point calculation at the CCSD(T)/6-
31+G(d′), MP4(SDQ)/6-31+G(d(f),p), and UMP2/6-311+G-
(3d2f,2df,2p) levels. This energy is then extrapolated to the
complete basis set limit.

The total partition function of the target species was calculated
with the framework of the rigid-rotor-harmonic-oscillator ap-
proximation with correction for internal rotation. The entropies
and heat capacities from vibrational, translational, external
rotational, and electronic contributions were calculated using
statistical mechanics based on the vibrational frequencies and
moments of inertia from the DFT optimized structures. All the
torsional motions on the single bonds between the heavy atoms
were treated as hindered internal rotations. The torsion frequen-
cies were identified by viewing the bond motions using the
GaussView program.20 They were omitted in the calculation of
S°(298.15 K) andCp°(T), but their contributions were replaced
with values from analysis of the internal rotation potentials. The
hindrance internal rotation potentials were obtained by varying
the torsion angle in 15° intervals and allowing the remaining
molecular structure parameters to be optimized at the B3LYP/
6-311G(d,p) level. Subsequently, contributions from hindered
rotors toS°(298.15 K) andCp°(T) were determined by solving
the Schro¨dinger equation with free rotor wave functions, with
the partition coefficients treated by direct integration over energy
levels of the intramolecular rotational potential curves that are
represented by a truncated Fourier series asa0 + ∑ai cos(iæ)
+ ∑bi sin(iæ) with æ e 8.

The values of the enthalpy of formation∆Hf°298 for reactants
and intermediate radicals were determined by using the total
electronic energies from ab initio and DFT calculations and
isodesmic reactions with group balance when possible. Isodes-
mic reactions are hypothetical reactions in which the number
of electron pairs and bonds of the same type are conserved on
both sides of the equation so that only the relationship among
the bonds is altered. If the additive groups in each compound
are also conserved on both sides of the equation, isodesmic

reactions provide higher accuracy even at lower calculation
levels because the nature of the bonds is conserved while the
inherent errors associated with the computation of both reactants
and products are as such partially canceled. The scaling factors
of 0.9806, 0.9661, and 0.9537 were used to correct zero point
vibrational energies (ZPVEs) determined from B3LYP/6-311G-
(d,p), MP2(full)/6-31G(d,p), and MPWB1K/6-31+G(d,p) fre-
quencies,18,21respectively. Transition state (TS) geometries were
identified by the existence of only one imaginary frequency in
the normal mode coordinate analysis, evaluation of the TS
geometry, and the vibration motion of the reaction coordinates.
The∆fH°(298.15 K) values of the transition state structures were
calculated by the∆fH°(298.15 K) of the stable reactant from
isodesmic reaction analysis, plus the difference of total energies
between the reactant and transition states.

The enthalpies and entropies were treated with conventional
transition state theory to calculate the Arrhenius preexponential
factors and activation energies that result in high pressure limit
rate constants (k∞) as functions of temperature. The equilibrium
constantsKeq(T) were calculated from the thermodynamic
properties of reactants and products as a function of temperature.
The reverse rate constants were calculated from the principle
of microscopic reversibility. The branching ratios of the
thermally energized reactant to stabilization and product chan-
nels were calculated using multifrequency quantum Rice-
Rampsperger-Kassel (QRRK) analysis fork(E),22,23 with the
steady-state assumption of the energized adduct(s) in combina-
tion with a master equation analysis for pressure falloff.

To account for the quantum mechanical tunneling effect on
the reaction rates at low temperatures, the tunneling factors were
calculated by using Wigner’s perturbation equation:24

whereΓ is the tunneling factor,h is Planck’s constant,kB is
the Boltzmann constant,ν is the imaginary asymmetric stretch-
ing frequency of the transition state, andEc is the activation
energy without zero point energy corrections. The tunneling
factors were further used to correct the high pressure limit rate
constants (k∞), which were then fitted by three parameters,A,
n, and Ea, over a temperature range of 300-2000 K, as
expressed byk∞ ) ATn exp(-Ea/RT).

3. Results and Discussion

3.1. Thermochemical Properties.The optimized geometric
parameters for 28 species in the MMH reaction system at the
B3LYP/6-311G(d,p) level are listed in Table S1 in the Sup-
porting Information. The corresponding unscaled vibrational
frequencies and moments of inertia are listed in Table 1. Several
transition state structures failed to be located at the DFT level,
but were found at the MP2(full)/6-31G(d,p) level of calculation,
as shown in italics.

A. Enthalpies of Formation and Bond Energies.The enthal-
pies of formation of the parent MMH molecule and its
corresponding radicals were calculated by isodesmic reaction
analysis and various ab initio methods as shown in Table 2.
The ∆fH°(298.15 K) of the MMH was calculated from the
isodesmic reaction CH3NHNH2 + NH3 f CH3NH2 + NH2-
NH2 at the B3LYP/6-311G(d,p), CBS-Q, CBS-QB3, G3,
G3MP2, G3B3, MPWB1K/6-31+G(d,p), and CCSD(T)/6-
311++G(3df,2p)//MPWB1K/6-31+G(d,p) levels. Table 2 shows
that the calculated values are in good agreement at these
different levels, with an average value of 21.6( 0.5 kcal mol-1.

Γ ) 1 + 1
24( hν

kBT)2(1 +
kBT

Ec
)
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TABLE 1: Harmonic Vibrational Frequencies and Moments of Inertia for Species in the MMH Decomposition System

species frequenciesa (cm-1) moments of inertia (amu bohr2)

CH3NHNH2 265, 360,422,787, 927, 991, 1135, 1138, 1229, 1321, 1449, 1480, 1494, 1523, 1690, 2915, 3042, 3085, 3377, 3518, 3534 48.5, 187.5, 211.9
CH3N•NH2 163, 444, 477, 674, 957, 1057, 1102, 1283, 1318, 1426, 1478, 1480, 1653 , 2922, 2977, 3110, 3393, 3605 38.8, 172.3, 198.3
C•H2NHNH2 285, 365, 439, 661, 709, 898, 1015, 1234, 1256, 1328, 1460, 1506, 1685, 3119, 3232, 3417, 3525, 3567 39.0, 176.7, 202.6
CH3NHN•H 207, 378, 487, 737, 958, 1123, 1146, 1275, 1414, 1452, 1478, 1510, 1551, 2977, 3058, 3102, 3385, 3569 38.9, 179.0, 204.5
CH2dNNH2 435, 517, 656, 788, 931, 1074, 1182, 1315, 1479, 1659, 1694, 3019, 3193, 3434, 3625 39.0, 176.7, 202.6
CH3NdNH 198, 558, 865, 927, 1143, 1174, 1405, 1468, 1470, 1500, 1660, 3013, 3094, 3104, 3265 30.0, 162.5, 181.3
TS1 1357i, 229, 296, 359, 527, 814, 906, 992, 1122, 1187, 1422, 1446, 1455, 1511, 1541, 2677, 2861, 2884, 3052, 3517, 3652 52.1, 200.9, 232.9
TS2 1306i, 64, 235, 386, 523, 628, 731, 769, 1083, 1169, 1291, 1397, 1421, 1476, 1693, 2482, 3036, 3153, 3208, 3429, 3533 51.9, 270.0, 296.9
TS3 1203i, 217, 391, 515, 774, 793, 903, 1012, 1057, 1139, 1239, 1391, 1494, 1530, 1549, 2094, 3036, 3116, 3276, 3440, 3448 54.2, 182.2, 209.5
TS4 199i, 385, 467, 561, 642, 743, 1061, 1088, 1146, 1172, 1253, 1313, 1432, 1525, 1642, 1713, 2078., 3083, 3211, 3579, 3725 49.6, 175.0, 207.4
TS5 1218i, 170, 396, 509, 623, 729, 962, 1012, 1095, 1144, 1207, 1282, 1449, 1475, 1511, 1565, 2602, 3047, 3147, 3237, 3342 50.3, 182.2, 217.1
TS6 2124i, 108, 316, 376, 468, 707, 809, 932, 963, 1126, 1214, 1330, 1416, 1446, 1507, 2198, 3015, 3164, 3223, 3375, 3444 51.2, 257.8, 284.7
TS7 1252i, 40, 132, 172, 259, 307, 423, 489, 518, 573, 774, 960, 1064, 1121, 1142, 1217, 1305, 1334, 1421, 1425, 1440, 1479, 1498, 1559,

1668, 2936, 3035, 3060, 3098, 3201, 3208, 3450, 3559
208.8, 413.6, 561.5

TS8 377i, 113, 134, 170, 249, 306, 429, 551, 604, 759, 917, 1039, 1125, 1142, 1225, 1325, 1444, 1478, 1500, 1541, 1606, 1675, 1888, 2931,
3031, 3100, 3374, 3448, 3462, 3543

206.6, 395.9, 547.1

TS9 1114i, 71, 139, 172, 182, 253, 431, 607, 661, 844, 983, 1111, 1126, 1200, 1338, 1361, 1441, 1478, 1500, 1515, 1664, 2951,
3034, 3115, 3294, 3476, 3573

200.1, 369.7, 514.5

TS10 2062i, 178, 452, 557, 862, 1009, 1089, 1106, 1190, 1355, 1429, 1475, 1487, 2486, 2972, 3026, 3106, 3295 41.4, 177.6, 202.1
TS11 1411i, 31, 89, 150, 320, 367, 408, 466, 561, 651, 762, 918, 1020, 1102, 1151, 1188, 1245, 1320, 1412, 1418, 1444, 1452, 1466., 1508,

1687, 3036, 3052, 3112, 3184, 3186, 3411, 3526, 3548
171.0, 536.6, 642.9

TS12 1024i, 102, 140, 181, 378, 401, 456, 574, 695, 751, 850, 933, 1033, 1173, 1217, 1261, 1324, 1407, 1463, 1493, 1509, 1542, 1691, 3034,
3113, 3372, 3399, 3465, 3527, 3552

185.2, 439.4, 566.9

TS13 1607i, 67, 75, 161, 290, 397, 407, 541, 598, 797, 902, 1017, 1112, 1222, 1257, 1278, 1327, 1457, 1467, 1484, 1698, 2979,
3119, 3291, 3407, 3522, 3574

144.1, 532.8, 609.7

TS14 1937i, 88, 286, 359, 451, 612, 805, 958, 1047, 1137, 1191, 1242, 1281, 1298, 1351, 1513, 1558, 1717, 1719, 3114, 3258, 3506, 3639, 3654 52.4, 221.8, 247.2
TS15 1342i, 23, 83, 141, 251, 367, 397, 507, 550, 700, 771, 952, 1073, 1131, 1161, 1192, 1347, 1393, 1425, 1428, 1454, 1479, 1486, 1515, 1653,

2933, 3049, 3059, 3095, 3200, 3203, 3392, 3528
137.2, 579.2, 637.5

TS16 557i, 78, 115, 156, 263, 385, 473, 584, 669, 711, 886, 1001, 1135, 1161, 1211, 1407, 1450, 1478, 1484, 1514, 1542, 1617, 1816, 2935, 3043,
3097, 3376, 3438, 3465, 3516

134.4, 554.7, 612.8

TS17 1208i, 58, 78, 148, 246, 359, 479, 640, 729, 791, 967, 1136, 1158, 1203, 1379, 1387, 1456, 1482, 1496, 1516, 1627, 2949,
3048, 3103, 3292, 3447, 3532

110.8, 573.5, 612.8

TS18 2420i, 149, 252, 415, 444, 683, 779, 978, 1123, 1175, 1207, 1296, 1380, 1496, 1511, 1546, 1559, 1578, 1659, 3075, 3187, 3240, 3487, 3635 59.5, 212.7, 227.8
TS19 481i, 168, 335, 484, 840, 885, 933, 1000, 1145, 1328, 1371, 1533, 1563, 3069, 3170, 3387, 3484, 3529 42.0, 228.5, 252.2
TS20 1983i, 316, 409, 497, 753, 863, 957, 1076, 1187, 1231, 1358, 1421, 1661, 2351, 3094, 3235, 3409, 3560 38.8, 173.9, 200.8
TS21 248i, 58, 192, 332, 404, 448, 700, 1280, 1338, 1407, 1412, 1516, 1574, 3102, 3251, 3273, 3278, 3289 44.8, 308.0, 330.8
TS22 2062i, 178, 452, 557, 862, 1009, 1089, 1106, 1190, 1355, 1429, 1475, 1487, 2486, 2972, 3026, 3106, 3295 41.4, 177.6, 202.1
TS23 871i, 258, 312, 431, 825, 883, 1012, 1041, 1098, 1121, 1150, 1250, 1264, 1437, 1460, 1479, 1511, 1525, 2688, 2863, 2970, 3033, 3099, 3320 51.9, 202.7, 227.9
TS24 1088i, 278, 485, 619, 723, 783, 967, 1025, 1158, 1178, 1319, 1443, 1573, 1645, 3056, 3217, 3396, 3548 37.2, 169.4, 193.5
TS25 2002i, 756, 883, 997, 1076, 1235, 1338, 1464, 2329, 3086, 3208, 3427 13.5, 68.2, 73.6
TS26 2012i, 814, 866, 1085, 1112, 1365, 2346, 3036, 3143 10.5, 62.2, 64.2
TS27 431i, 297, 431, 937, 978, 1373, 1636, 2967, 3027 19.6, 59.1, 66.0
TS28 2253i, 724, 752, 1019, 1133, 1162, 1252, 1368, 1391, 1460, 1586, 2217, 3019, 3131, 3443 21.0, 74.2, 77.2

a The unscaled B3LYP/6-31G(d,p) and MP2(full)/6-31G(d,p) theoretical frequencies. Frequencies and moments of inertia optimized at the MP2(full)/6-31G(d,p) level are shown in italics.
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Bohn et al.25 calculated the N-N bond dissociation enthalpies
and enthalpies of formation of hydrazine and its methyl
derivatives by DFT and G2MP2 calculations. They determined
the ∆fH°(298.15 K) of MMH to be 19.3 and 22.9 kcal mol-1

by nonisodesmic reaction analysis at B3LYP/6-311+G(3df,-
2pd)//B3LYP/6-31G(d) and G2MP2 levels, and a value of 22.5
kcal mol-1 was recommended, which is consistent with the
experimental values of 22.5 and 22.6 kcal mol-1.26,27 In this
work, the ∆fH°(298.15 K) of MMH calculated by isodesmic
reaction analysis at the B3LYP/6-311G(d,p) level is 22.4 kcal
mol-1, while the CBS-QB3, G3, G3MP2, G3B3 calculations
give almost the same∆fH°(298.15 K) value of 21.6 kcal mol-1.
In addition, the MPWB1K/6-31+G(d,p) calculation predicts
22.4 kcal mol-1, while the higher level CCSD(T)/6-311++G-
(3df,2p)//MPWB1K/6-31+G(d,p) calculation yields a value of
21.4 kcal mol-1. Since the computed∆fH°(298.15 K) values
agree well at all different calculation levels, the average value
of 21.6( 0.5 kcal mol-1 is recommended for the∆fH°(298.15
K) of MMH and was used in the kinetic analysis. From the
above data analysis, it is seen that the energy calculation at the
CBS-QB3 level combined with isodesmic analysis can predict
reliable enthalpy values of hydrazine compounds.

There are three radicals derived from the H loss from the
parent MMH: CH3N•NH2, CH3NHNH•, and CH2

•NHNH2.
Three different isodesmic reactions in Table 2 were used to
determine the∆fH°(298.15 K) of the three radicals based on
the calculated∆fH°(298.15 K) of the parent MMH. The average
values of∆fH°(298.15 K) from the isodesmic reactions at the
CBS-QB3 level are 48.6, 51.1, and 62.3 kcal mol-1 for CH3N•-
NH2, CH3NHNH•, and CH2

•NHNH2 radicals, respectively, with
the standard deviation of 0.88 kcal mol-1 between the isodesmic
reactions. Recently, McQuaid et al.34 studied the H-atom
abstraction from MMH by NO2 using ab initio and DFT
calculations. They reported CH2

•NHNH2 and CH3NHNH• to be
14.2 and 2.0 kcal mol-1 higher in energy than CH3N•NH2 at
the CCSD(T)/6-311++G(3df,2p)//MPWB1K/6-31+G(d,p) level,
while our calculated∆fH°(298.15 K) of CH2

•NHNH2 is 14.3
and 2.5 kcal mol-1 higher than that of CH3N•NH2 on the basis
of isodesmic analysis and CBS-QB3 calculation, respectively.

The data consistency once again demonstrates that the CBS-
QB3 method combined with isodesmic analysis yields reliable
enthalpy values for methylhydrazine species used in this study.

With the∆fH°(298.15 K) of the parent MMH molecule and
its radicals derived from the H loss, the CH3N(-H)NH2, CH3-
NHNH-H, and NH2NHCH2-H bond dissociation energies
(BDEs) at 298 K were determined to be 79.0, 81.6, and 93.4
kcal mol-1, respectively. These values along with the BDEs of
CH3NH-NH2 and CH3-NHNH2 bonds are listed in Table 3.
Here we note that recently Song et al.35 studied the effects of
geminal disubstitution on C-H and N-H bond dissociation
energies by using ab initio G3, CBS-Q and G3B3 methods, and
reported the BDE of CH3N(-H)NH2 to be 76.5 kcal mol-1 at
the G3B3 level, which is the best precision for the C-H and
N-H BDEs they have found. The difference of 2.5 kcal mol-1

on the CH3N(-H)NH2 bond energy in the two studies is due to
the different calculation methods. That is, their value was based
on the enthalpy change of the H-atom scission in the gas phase
at 298 K from the difference of the total electronic energies of
the reactants and products, while our data of this enthalpy change
was obtained by the∆fH°(298.15 K) from isodesmic analysis
and experimental data, which is more accurate. Furthermore,
the CH3N(-H)NH2 bond is 2.5 kcal mol-1 weaker than that of
CH3NHNH-H based on our BDE values determined. This is
due to the unpaired electron in CH3N•NH2 being delocalized
by both the CH3 and NH2 stabilizing groups, while the unpaired
electron in CH3NHN•H is delocalized only by the CH3NH group.
The smaller BDE of the CH3N(-H)NH2 bond than that of the
CH3NHNH-H bond suggests that the formation of the CH3N•-
NH2 radical is easier from most abstraction reactions. In
addition, our calculated C-H bond strength (93.3 kcal mol-1)

TABLE 2: Isodesmic Reaction Analysisa

isodesmic reaction ∆H°rxn ∆fH°(298.15 K) calculation level

CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 6.91 21.36 CBS-Q
CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 6.68 21.59 CBS-QB3
CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 6.67 21.60 G3MP2
CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 6.67 21.60 G3
CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 6.67 21.67 G3B3
CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 6.29 22.40 MPWB1K
CH3NHNH2 + NH3 ) CH3NH2 + NH2NH2 7.33 21.36 CCSD(T)//MPWB1K
average∆Hf°298 value and uncertaintyb 21.6( 0.5

C•H2NHNH2 + CH4 ) CH3NHNH2 + CH3 11.97 62.34 CBS-QB3
C•H2NHNH2 + NH3 ) CH3NHNH2 + NH2 14.21 63.87 CBS-QB3
C•H2NHNH2 + C2H6 ) CH3NHNH2 + C2H5 8.28 62.36 CBS-QB3
average∆Hf°298 value and uncertaintyb 62.8( 1.8

CH3N•NH2 + CH4 ) CH3NHNH2 + CH3 26.28 48.03 CBS-QB3
CH3N•NH2 + NH3 ) CH3NHNH2 + NH2 28.52 49.56 CBS-QB3
CH3N•NH2 + C2H6 ) CH3NHNH2 + C2H5 22.59 48.05 CBS-QB3
average∆Hf°298 value and uncertaintyb 48.5( 1.8

CH3NHN•H + CH4 ) CH3NHNH2+CH3 23.77 50.54 CBS-QB3
CH3NHN•H + NH3 ) CH3NHNH2 + NH2 26.01 52.07 CBS-QB3
CH3NHN•H + C2H6 ) CH3NHNH2 + C2H5 20.08 50.56 CBS-QB3
average∆Hf°298 value and uncertaintyb 51.1( 1.8

a Units of kcal mol-1. b The uncertainties include contributions from uncertainty in ab initio calculations as well as uncertainty in experimental
values for the reference compounds.∆fH°298 values of reference species, units in kcal mol-1: CH4, -17.89( 0.07, Cox et al.;28 CH3, 34.82( 0.2,
Stull et al.;29 NH3, -10.98( 0.084, Cox et al.;30 NH2, 45.50, Chase;31 C2H6, -20.24( 0.12, Cox et al.;28 C2H5, 28.8( 0.50, Marshall et al.;32

CH3NH2, -5.5, Stull et al.;33 NH2NH2, 22.79, Chase.31

TABLE 3: Bond Dissociation Energies in MMHa

CH3NH-NH2 63.9
CH3-NHNH2 65.7
CH3N(-H)NH2 79.0
CH3NHNH-H 81.6
NH2NHCH2-H 93.4

a Units in kcal mol-1.
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in MMH is similar to that of H-CH2NH2 (93.9 kcal mol-1),35

but is weaker than that of H-CH2OH (96.2 kcal mol-1). The
weaker C-H bond strength is due to the stronger stabilization
of a lone pair of electrons on the nitrogen and the carbon center
through a three-electron interaction. Moreover, it is the rein-
forced σ-accepting ability and lone-pair-donation effects that
account for the greater stabilization of the radicals36 and result
in the weaker bond strength of MMH than that of alcohol and
favoring abstraction reactions.

B. Internal Rotation Analysis.The internal rotation potentials
of the C-N and N-N bonds of the parent MMH and its
corresponding radicals were calculated at the B3LYP/6-311G-

(d,p) level, as shown in Figure 1. These potentials were
assembled as a, b, and c groups according to their potential
curvatures and energy barriers. Figure 1a shows the rotational
barriers of the CH3-N bond for CH3NHNH2, CH3N•NH2, and
CH3NHN•H. The methyl rotor of CH3NHNH2 has a barrier of
3.1 kcal mol-1, while those of CH3-N•NH2 and CH3-NHN•H
radicals are only 1.3 kcal mol-1, hence behaving like free rotors.
Furthermore, the rotation potential of the CH3-NHN•H bond
exhibits a sixfold barrier behavior, with at least two low-energy
conformers, as observed by McQuaid et al.34

Figure 1b plots the rotation potentials of the N-NH2 bond
for CH3NHNH2 and C•H2NHNH2, showing that they have two

Figure 1. Calculated internal rotational potentials of C-N and N-N bonds for parent CH3NHNH2 and its corresponding radicals CH3N•NH2,
CH3NHN•H, and CH2

•NHNH2.
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equilibrium conformers. The global minima as determined from
the C-N and N-N bond rotation potentials support the fact
that the inner conformation of MMH (methyl group between
the two hydrogen atoms of the NH2 group) is more stable than
the outer form, as indicated by several conformational studies
of methylhydrazine.37-40 The energy of the inner conformation
of MMH was determined to be 1.0 kcal mol-1 lower than that
of the outer conformer at the B3LYP/6-311G(d,p) level. The
two barriers that separate the two MMH conformers are 3.5
and 9.7 kcal mol-1, respectively. For the C•H2NHNH2 radical,
the higher energy conformer is 1.7 kcal mol-1 higher than the
global minima, and the two barriers separating them are 6.0
and 8.0 kcal mol-1, respectively. The relatively higher barrier
heights on the N-NH2 bond are ascribed to the interaction
between a lone pair on an N atom and an H atom on the adjacent
N atom, since the interatomic distance between them is within
2.0 Å.

Figure 1c shows the twofold rotation potentials of C•H2-
NHNH2, CH3N•-NH2, and CH3NH-N•H bonds. The higher
of the two barriers are 10.7, 19.2, and 23.3, and the lower are
10.3, 15.0, 19.8 kcal mol-1, respectively. The high barriers are
due to the strong resonance (the overlap of p orbitals) between
these rotational bonds that make them hard to rotate. The
resonance can be seen from the planar structures of the radical
sites, and also from the shorter bond length of CH3-N•NH2,
C•H2-NHNH2, and CH3-NHN•H radicals: 1.352, 1.387, and
1.347 Å, respectively, while the N-N and C-N bond lengths
of the parent MMH are 1.427 and 1.457 Å, respectively.

Compared with the energies characterized at the CCSD(T)/
6-311++G(3df,2p)//MPWB1K/6-31+G(d,p) level,34 the barrier
heights on the N-N bond rotation determined at the DFT level
are about 0.8-2 kcal mol-1 too high. However, barriers for these
N-N bond rotation potentials are relatively high (8-21 kcal
mol-1), such that the resulting errors can be ignored for
calculations of the contribution from internal rotors to theS°-
(298.15 K) andCp°(T) values. Table 4 illustrates the calculated
values from vibration, translation, and external rotation contri-
butions and also each hindered internal rotation contribution to
S°(298.15 K) andCp°(T) for CH3NHNH2, CH3N•NH2, CH3-
NHN•H, and C•H2NHNH2 radicals on the basis of the above
internal rotation potentials. Table 5 lists the calculated thermo-
chemical properties of the reactants, transition states, and
products of the MMH reaction system.

3.2 Reaction Kinetics. A. Unimolecular Dissociation of
MMH. At temperatures above 800 K, MMH undergoes unimo-

lecular dissociation via several reaction pathways to small
products, decomposing significantly above 980 K.8 A potential
energy diagram for the dissociation of MMH calculated at the
CBS-QB3 level is shown in Figure 2. It is seen that with the
N-N and C-N bond scission, MMH dissociates to the products
CH3NH + NH2 and CH3 + NHNH2. Assuming that the
activation energy for radical combination is zero, the energy
barriers at 298 K for these two channels were calculated to be
65.4 and 66.7 kcal mol-1 on the basis of the CBS-QB3
calculation. The former agrees with the BDE of N-N bond in
MMH of 65.0 kcal mol-1 determined by Bohn et al.25 from the
DFT and G2MP2 calculations. Our further calculations yielded
the bond dissociation energies of N-N and C-N fission to be
61.9 and 64.7 kcal mol-1 at the CCSD(T)/6-311++G(3df,2p)//
MPWB1K/6-31+G(d,p) level, and to be 64.5 and 65.7 kcal
mol-1 at the MPWB1K/6-31+G(d,p) level. The former is 2 to
3.5 kcal mol-1 lower than the CBS-QB3 values, and the latter
is 1 to 2 kcal mol-1 lower than the CBS-QB3 values. The
average values of N-N and C-N BDE values from these
calculations were used in the QRRK analysis for our kinetic
model. Subsequent dissociations of the H atom at different sites
of MMH have higher barriers compared with those of the N-N
and C-N bond scissions. Based on the∆Hf°298 values of the
reactant and products, the dissociation barriers were calculated
to be 79.0 kcal mol-1 to products CH3N•NH2 + H, 81.6 kcal
mol-1 to products CH3NHNH• + H, and 93.4 kcal mol-1 to
products C•H2NHNH2 + H, respectively.

Besides bond scissions, MMH can dissociate via three-center
or four-center transition states to different products. As shown
in Figure 2, by intramolecular transfer of the H atom from the
secondary amine group to either the terminal amino group (TS1)
or methyl group (TS2), MMH decomposes to two diradical
product sets, CH3N: + HH3 and CH4 + :NNH2, with the
barriers of 63.1 and 68.2 kcal mol-1, respectively. Furthermore,
we found the cleaving N-H bond length to be very different
in the three-center transition states of TS1 and TS2. The cleaving
N-H bond length is 1.404 Å in TS1 and 1.116 Å in TS2, with
the forming N-H and C-H bond lengths of 1.097 and 1.486
Å in the corresponding transition states. The different cleaving
N-H bond lengths can be ascribed to the different electrone-
gativities of N and C atoms, since TS1 has a transition center
with the N-H-N atoms while TS2 has a transition center with
the N-H-C atoms.

The intramolecular transfer of the H atom from the methyl
group to the amino group in MMH produces CH2dNH + NH3.

TABLE 4: Thermodynamic Properties for Parent MMH and Its Corresponding Radicalsa

species ∆fH°(298 K)b S°(298.15 K)c Cp°(300 K)c Cp°(400 K)c Cp°(500 K)c Cp°(600 K)c Cp°(800 K)c Cp°(1000 K)c Cp°(1500 K)c

CH3NHNH2 (3)f TVRd 58.94 12.14 15.58 18.96 21.97 26.85 30.57 36.62
C-Ne 4.32 2.11 2.13 2.02 1.88 1.63 1.46 1.23
N-Ne 2.50 2.99 3.00 2.81 2.58 2.19 1.94 1.58

CH3NHNH2 21.65 65.76 17.24 20.71 23.79 26.43 30.67 33.97 39.43

CH3N•NH2 (3)f TVRd 59.74 11.81 14.76 17.61 20.12 24.20 27.30 32.31
C-Ne 5.23 1.67 1.46 1.32 1.23 1.14 1.09 1.04
N-Ne 2.44 2.63 2.38 2.15 1.99 1.83 1.77 1.74

CH3N•NH2 48.55 67.41 16.11 18.60 21.08 23.34 27.17 30.16 35.09

C•H2NHNH2 (2)f TVRd 61.02 12.67 15.70 18.44 20.79 24.51 27.37 32.15
C-Ne 3.12 2.29 2.26 2.16 2.06 1.90 1.78 1.59
N-Ne 2.04 2.73 2.96 2.98 2.91 2.65 2.36 1.82

C•H2NHNH2 62.85 66.18 17.69 20.92 23.58 25.76 29.06 31.51 35.56

CH3NHN•H (3)f TVRd 60.03 11.78 14.61 17.43 19.94 24.04 27.17 32.22
C-Ne 5.23 1.67 1.46 1.32 1.23 1.14 1.09 1.04
N-Ne 2.65 1.46 1.49 1.50 1.51 1.52 1.54 1.58

CH3NHN•H 51.06 67.91 14.91 17.56 20.25 22.68 26.70 29.80 34.84

a Thermodynamic properties are referred to a standard state of an ideal gas of at 1 atm.b Units of kcal mol-1. c Units of cal mol-1 K-1. d The sum
of contributions from translations, vibrations, external rotations, and electronic motions.e Contribution from internal rotations.f Symmetry number.
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The barrier was calculated to be 69.5 kcal mol-1 via a four-
center transition state TS3. Golden et al.5 indicated that this
path is an actual ammonia-producing mode of the MMH
decomposition at the VLPP condition. They estimated that the
logarithm of the ArrheniusA-factor is 13.1 s-1 for this channel,
and determined that a critical energy at 298 K of 53.8 kcal mol-1

best fitted their experimental data.
The elimination of H2 from MMH is found by two four-center

transition states (TS4, TS5) with two product sets of CH3Nd
NH + H2 and CH2dNNH2 + H2. The geometries TS4 and TS5
were found at the MP2/(full)/6-31G(d,p) level, since they failed
to be located at the DFT level. The energy barriers at 298 K
for the two H2 elimination channels are high, 106.9 and 108.7
kcal mol-1, by using the MP2 energies. For the H2 elimination
reaction channel via TS4, Golden et al.5 estimated the logarithm
of theA-factor to be 13.0 s-1, and a critical energy at 298 K of
56.0 kcal mol-1 was found to best fit their experimentalkuni at
the VLPP conditions. It is noted that, in their study, the rate
constant for the H2 elimination channel was obtained by using
the NH3 and H2 product peaks for the formation of NH3 and
H2 and the relationskuni ) kNH3 + kH2 andkH2/kuni ) [H2]/[NH3].
Here the rate constantkuni for the overall MMH decomposition
was measured from the disappearance of the parent peak atm/e
) 46 in the mass spectrum at 923-1273 K, although contribu-
tions from CH2dNH and CH3NdNH for deamination and
dehydrogenation could not be calibrated. Since the total amount
of NH3 and H2 formation is greater than that of the MMH
decomposed as reported, the accuracy of this rate is limited.
Furthermore, since theirkuni values reflect the fact that the energy
transfer occurred predominantly via gas-wall collisions at very
low pressure conditions, they are not the fundamental rates of

the MMH thermal decomposition. As subsequently indicated
in a review article,41 the VLPP does not readily provide an
independent determination of both theA-factor and activation
energy parameters, because unimolecular reactions of small
molecules are generally not at their high pressure limits for the
conditions of milliTorr pressures and temperatures required to
observe substantial cleavage of 70-90 kcal mol-1 bonds.

The intramolecular interaction of the H atom in the amino
group with the methyl group via a four-center transition state
TS6 was calculated to have a high barrier of 110.0 kcal mol-1,
similar to those channels of dehydrogenation. Obviously, this
channel is another mode for methane and hydrazine formation.

The high pressure limit rate constants for these dissociation
channels were calculated by canonical transition state theory
and fitted by a three-parameter (A, n, Ea) modified Arrhenius
equation over the temperature range 300-2000 K by using the
THERMKIN program42 as listed in Table 6. Subsequently,
pressure-dependent rate constants were calculated by the QRRK
and master equation analysis incorporating these high pressure
limit rate parameters. In the QRRK calculations, an energy
gradient of 0.5 kcal is used to obtain rate constants as a function
of temperature and pressure for dissociation reactions. A
(∆E)°down of 1000 cal mol-1 was approximated in the master
equation analysis with nitrogen as the third body. The Lennard-
Jones parameters for the collision of MMH with bath gas were
derived to beσ ) 4.4 Å andε/κ ) 488.8 K, by using a group
contribution technique that correlates the critical temperature
of a substance with its normal boiling point and critical pressure
with molecular weight and the correlations of corresponding
states.43 Figure 3 plots the thermally activated MMH dissociation
rate constants as a function of 1000/T (K) at 1 atm pressure by

TABLE 5: Ideal Gas Phase Thermodynamic Propertiesa

species ∆fH°(298 K)b S°(298.15 K)c Cp°(300 K)c Cp°(400K)c Cp°(500K)c Cp°(600K)c Cp°(800K)c Cp°(1000 K)c Cp°(1500 K)c

CH3NHNH2 21.65 65.76 17.24 20.71 23.79 26.43 30.67 33.97 39.43
CH3N•NH2 48.55 67.41 16.11 18.60 21.08 23.34 27.17 30.16 35.09
C•H2NHNH2 62.85 66.18 17.69 20.92 23.58 25.76 29.06 31.51 35.56
CH3NHN•H 51.06 67.91 14.91 17.56 20.25 22.68 26.70 29.80 34.84
CH2dNNH2 45.46 62.49 14.72 17.23 19.49 21.45 24.66 27.13 31.22
CH3NdNH2 40.10 62.69 12.66 15.10 17.57 19.81 23.48 26.25 30.61
TS1 84.70 63.26 16.65 20.08 23.23 25.98 30.45 33.89 39.45
TS2 89.80 69.23 17.93 21.30 24.26 26.82 30.97 34.20 39.55
TS3 91.10 64.13 15.85 19.67 23.09 26.01 30.60 34.05 39.56
TS4 128.20 64.75 17.18 20.91 24.22 27.03 31.39 34.60 39.58
TS5 130.00 64.55 16.74 20.70 24.14 27.00 31.42 34.66 39.67
TS6 131.60 67.55 17.65 21.26 24.43 27.11 31.35 34.59 39.84
TS7 61.81 83.59 26.89 31.96 36.40 40.18 46.21 50.85 58.39
TS8 68.92 80.68 25.24 29.66 33.53 36.86 42.24 46.43 53.28
TS9 113.47 81.61 24.53 28.67 32.22 35.19 39.85 43.40 49.13
TS10 79.60 68.97 19.62 23.54 27.01 29.97 34.61 38.07 43.55
TS11 66.15 84.24 26.43 31.76 36.43 40.37 46.58 51.32 59.01
TS12 70.93 79.39 24.78 29.74 34.00 37.56 43.09 47.28 54.11
TS13 120.40 82.64 24.72 29.08 32.78 35.83 40.55 44.10 49.88
TS14 86.48 70.77 19.60 23.66 27.31 30.40 35.17 38.69 44.27
TS15 64.03 84.37 25.17 30.42 35.18 39.28 45.83 50.80 58.77
TS16 70.52 80.16 23.67 28.36 32.58 36.23 42.08 46.53 53.74
TS17 116.16 81.90 22.92 27.21 31.06 34.33 39.48 43.35 49.50
TS18 82.03 68.70 18.02 22.03 25.80 29.08 34.23 38.02 43.95
TS19 74.83 66.16 15.36 18.47 21.21 23.49 27.08 29.83 34.43
TS20 100.03 65.29 16.03 18.95 21.53 23.74 27.33 30.09 34.62
TS21 86.67 71.87 17.72 20.05 22.23 24.19 27.49 30.15 34.67
TS22 98.66 67.82 16.12 19.08 21.87 24.29 28.13 30.93 35.15
TS23 79.76 69.47 16.12 20.28 24.30 27.83 33.46 37.61 43.98
TS24 106.89 63.94 15.04 18.61 21.70 24.24 28.09 30.89 35.26
TS25 79.66 56.99 10.33 12.56 14.61 16.37 19.18 21.31 24.75
TS26 119.13 57.09 9.85 11.55 13.07 14.35 16.40 17.95 20.40
TS27 109.99 59.72 12.08 13.56 14.84 15.94 17.68 18.98 21.02
TS28 98.30 56.46 10.91 13.80 16.61 19.07 22.95 25.76 30.00

a Thermodynamic properties are referred to a standard state of an ideal gas of pure enantiometer at 1 atm.b Units of kcal mol-1. c Units of cal
mol-1 K-1.
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QRRK calculations. The QRRK analysis indicates that N-N
and C-N bond scissions to products CH3NH + NH2 and CH3

+ NHNH2 are the dominant channels for the unimolecular

decomposition of MMH, followed by the dissociation to the
products CH3N: + HH3. Figure 4 plots the rate constants as a
function of pressure at 1000 K, and it shows that the dissociation

Figure 2. Potential energy diagram of the MMH decomposition system calculated at the CBS-QB3 and CCSD(T)/6-311++G(3df,2p)//MPWB1K/
6-31+G(d,p) levels

TABLE 6: Energy Barriers and High Pressure Limit Rate Constants for MMH Decomposition System

no. reaction ∆Ea (A n Ea)b

1 CH3NHNH2 f TS1f CH3N + NH3 63.1 1.38× 109 1.360 61.96
2 CH3NHNH2 f TS2f NNH2 + CH4 68.2 3.26× 108 1.809 66.83
3 CH3NHNH2 f TS3f CH2dNH + NH3 69.5 1.48× 108 1.503 68.20
4 CH3NHNH2 f TS4f CH2dNNH2 + H2 106.9 7.16× 108 1.374 105.20
5 CH3NHNH2 f TS5f CH3NdNH + H2 108.7 2.91× 108 1.477 107.30
6 CH3NHNH2 f TS6f NHdNH + CH4 110.0 3.43× 109 1.363 108.60
7 CH3NHNH2 + CH3 f TS7f CH3N•NH2 + CH4 5.4 4.79× 101 3.385 3.58
8 CH3NHNH2 + NH2 f TS8f CH3N•NH2 + NH3 1.8 1.65× 102 3.009 0.87
9 CH3NHNH2 + NH f TS9f CH3N•NH2 + NH2 6.1 1.45× 102 3.301 4.44

10 CH3NHNH2 + H f TS10f CH3N•NH2 + H2 5.9 2.08× 107 1.781 4.49
11 CH3NHNH2 + CH3 f TS11f C•H2NHNH2 + CH4 9.7 2.27× 101 3.527 7.67
12 CH3NHNH2 + NH2 f TS12f C•H2NHNH2 + NH3 3.8 1.04 3.603 1.89
13 CH3NHNH2 + NH f TS13f C•H2NHNH2 + NH2 13.1 3.93× 101 3.567 10.91
14 CH3NHNH2 + H f TS14f C•H2NHNH2 + H2 12.8 7.88× 107 1.716 11.62
15 CH3NHNH2 + CH3 f TS15f CH3NHN•H + CH4 7.6 3.21× 102 3.123 5.75
16 CH3NHNH2 + NH2 f TS16f CH3NHN•H + NH3 3.4 5.98× 101 3.064 2.11
17 CH3NHNH2 + NH f TS17f CH3NHN•H + NH2 8.8 6.20× 102 3.072 7.06
18 CH3NHNH2 + H f TS18f CH3NHN•H + H2 8.3 1.68× 109 1.104 7.29
19 C•H2NHNH2 f TS19f CH2dNH + NH2 12.0 5.72× 1012 0.127 12.24
20 C•H2NHNH2 f TS20f CH2dNNH2 + H 37.2 9.56× 1011 0.303 36.40
21 CH3NHN•H f TS21f CH3 + NHdNH 35.6 7.21× 109 1.507 35.50
22 CH3NHN•H f TS22f CH3NdNH + H 45.1 2.43× 107 1.952 44.60
23 CH3N•NH2 f TS20f CH2dNNH2 + H 51.5 1.70× 109 1.176 50.28
24 CH3N•NH2 f TS22f CH3NdNH + H 47.6 1.74× 108 1.676 47.19
25 CH3NHNH2 +H f TS23f CH3NH + NH3 6.1 1.37× 109 1.120 5.53
26 CH2dNNH2 + H f TS24f CH2N + NH3 9.3 1.76× 108 1.309 8.80
27 CH3N•H f TS25f CH2dNH + H 36.4 4.81× 1010 0.674 35.42
28 CH2NH2 f TS25f CH2dNH + H 43.1 9.32× 1011 0.413 42.57
29 CH3N f TS26f CH2dNH 43.8 7.97× 1012 0.285 43.26
30 CH3N f TS27f CH2N + H 34.6 3.69× 1011 0.990 34.78
31 CH3NH2 f TS28f CH2dNH + H2 103.8 2.31× 108 1.414 102.24

a Energy difference between reactants and transition state. Units of kcal mol-1. b Units are cm3‚mol‚s‚cal‚K; k ) ATn exp(Ea/RT). The rate
constants were corrected with tunneling factors.
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rate constants have significant pressure dependence below 10
atm. In particular, the H elimination channels have relatively
modest pressure dependence compared to the dominant channels
for the N-N and C-N bond scissions. This is because the
calculated rate constantk(E) depends on both the energy in
excess of the unimolecular threshold and the number of
vibrational degrees of freedom.44 The reactions of the H
elimination have less energy in excess of the unimolecular
thresholds than those of the N-N and C-N bond scission
channels; therefore, they have reduced rates and exhibit profound
falloff at low pressures.

B. Abstraction Reactions of MMH.The free radicals produced
from the MMH decomposition reactions can abstract H atoms
from MMH to form the corresponding CH3N•NH2, CH3NHNH•,
and C•H2NHNH2 radicals. They are an important class of
elementary reactions in the thermal MMH decomposition,
although the available experimental or estimated rate constants
in the literature are very limited. Hence, the rate constants of
abstraction from MMH by H, NH, NH2, and CH3 radicals were
theoretically calculated in this study.

Specifically, the formation of the CH3N•NH2 radical by the
abstraction of CH3, NH2, NH, and H radicals with MMH were
found via the transition states TS7, TS8, TS9, and TS10,
respectively. Subsequently, the transition states TS11, TS12,
TS13, and TS14 were located for the formation of the CH3-
NHNH• radical, and the transition states TS15, TS16, TS17,
and TS18 were found for the formation of the C•H2NHNH2

radical in the above corresponding abstraction reactions. For
the abstractions by the H atom, since no geometries were found
at the DFT level, the geometries for the transition states TS14,

TS18, and TS20 were calculated at the UMP2(full)/6-31G(d,p)
level followed by the CCSD(T)/6-31+G(d,p) energy calculation.
All other transition state structures for the above abstraction
reactions were located by the DFT level of theory followed by
CBS-QB3 energy calculations.

Overall, two types of MMH radicals were formed by
abstraction reactions: nitrogen-centered and carbon-centered free
radicals. By comparing the transition state structures, the
corresponding bond lengths for the formation of NH3, NH2, H2,
and CH4 products were found to be different in forming the
two types of radicals. Specifically, for the formation of the
nitrogen-centered free radicals of CH3N•NH2 and CH3NHNH•,
the cleaving N-H bond is 1.1 Å, and the forming bonds of
N-H (NH3), N-H (NH2), H-H (H2), and C-H (CH4) in their
corresponding transition state structures are 1.5, 1.4, 0.99, and
1.5 Å, respectively. For the formation of the carbon-centered
free radical of C•H2NHNH2, the cleaving C-H bond in the
transition state structures is 1.2-1.3 Å, and the forming N-H
(NH3), N-H (NH2), H-H (H2), and C-H (CH4) bonds in their
corresponding transition state structures are 1.4, 1.3, 0.91, and
1.5 Å, respectively, which are shorter than those in the transition
states of nitrogen-centered radicals.

The activation energies at 298 K for the formation of nitrogen-
centered radicals were calculated to be 1.8-8.8 kcal mol-1, and
those for the formation of carbon-centered radicals are 3.8-
12.8 kcal mol-1 (see Table 6). The higher energies for the latter
are attributed to the stronger C-H bond energies than those of
N-H bond as discussed above. As expected, there are not very
significant barriers in these abstraction reactions, especially for
reactions of MMH with the NH2 radical, which have activation

Figure 3. Calculated thermally activated MMH dissociation rate constants atP ) 1 atm.
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energies at 298 K less than 4 kcal mol-1; hence they are
important channels in the MMH thermal dissociation.

C. Dissociation of Radical Products.The CH3N•NH2, CH3-
NHNH•, and C•H2NHNH2 radicals formed from the above
abstraction reactions undergoâ-scission to dissociate to metha-
nimine, methyldiazene, diazene, and other small radical prod-
ucts. Specifically, the C•H2NHNH2 radical either dissociates
quickly to the products CH2dNH + NH2 with a low barrier of
12.0 kcal mol-1 (via TS19), or it can also dissociate to the
products CH2dNNH2 + H with a barrier of 37.2 kcal mol-1

(via TS20). Consequently, the CH3NHNH• radical undergoes
â-scission to dissociate to NHdNH + CH3 via TS21 (Ea )
35.6 kcal mol-1) and CH3NdNH + H via TS22 (Ea ) 45.1
kcal mol-1). For the CH3N•NH2 radical, it decomposes either
to the products CH2dNNH2 + H with anEa of 51.5 kcal mol-1

or to the products CH3NdNH + H with an Ea of 47.6 kcal
mol-1. The transition state structures for these two reaction paths
are the same as those of TS20 and TS22, because of the same
dissociation products. In summary, all theâ-scissions of the
MMH radicals have intermediate barriers of 36-52 kcal mol-1

except for the N-N bond scission of the C•H2NHNH2 radical,
which has a low-energy barrier of 12.0 kcal mol-1, as shown
in Table 6.

The primary radical products CH3N•H, C•H2NH2, and
CH3N: from the MMH thermal decomposition further undergo
isomerization and dissociation reactions to form small products.
Similar to the MMH radicals, the CH3N•H and C•H2NH2 radicals
can dissociate to the same products CH2dNH + H via the same
transition state TS25, except with different activation energies,
36.4 and 43.1 kcal mol-1, respectively. The diradical CH3N:
can isomerize to CH2dNH via TS26 (Ea ) 43.8 kcal mol-1)
and can also decompose to methylene amidogen plus the H
atom, CH2dN + H, via TS27 with anEa of 34.6 kcal mol-1.

In addition, CH3NH2, a secondary product from the MMH
decomposition, can dissociate to the products CH2dNH + H2

with a high barrier of 103.8 kcal mol-1 via TS28.
D. Electrophilic Substitution Reactions.Besides the H

abstraction reactions, the H atom can react with MMH and its
derivatives via electrophilic substitution reactions. The rate
constants of two electrophilic substitution reactions of CH3-
NHNH2 + H f CH3NH + NH3 and CH2dNNH2 + H f CH2N
+ NH3 were calculated in the present study. These two reactions
were treated to follow the SE2 reaction mechanism with single
transition states in which the old bond and the newly formed
bond are both present, and the corresponding transition state
structures were identified by the imaginary frequency in the
normal mode coordinate analysis and evaluation of vibrational
motion. For the substitution reaction of CH3NHNH2 with the
H atom, the transition state TS23 was found with the cleaving
N-N bond length of 1.446 Å and the forming N-H bond length
of 1.150 Å. The activation energy for this reaction was
calculated to be 6.1 kcal mol-1 at the CBS-QB3 level. For the
reaction CH2dNNH2 + H f CH2N + NH3, the transition state
TS24 was located by the forming N-H bond length of 1.378
Å and the cleaving N-N bond length of 1.380 Å with anEa of
9.3 kcal mol-1.

For the above dissociation, abstraction, and substitution
reactions involving MMH decomposition, the Arrhenius pa-
rameters for high pressure limit rates were fitted over the
temperature range of 300-2000 K, with tunneling effects taken
into account. The tunneling factors (Γ) were first determined
by Wigner’s perturbation equation24 using the imaginary asym-
metric stretching frequency (ν) of the transition state and the
activation energy without zero point energy correction (Ec), and
then multiplied by high pressure limit rates (k∞) calculated from
canonical transition state theory; finally, the products ofk∞ and

Figure 4. Calculated thermally activated MMH dissociation rate atT ) 1000 K.
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Γ were fitted by the three Arrhenius parameters,A, n andEa,
for the high pressure limit rates used in kinetic modeling, as
listed in Table 6. The tunneling factors as a function of
temperature are plotted in Figure S1 of the Supporting Informa-
tion. It is seen that the tunneling effect for these reaction rates
is prominent mainly at low to moderate temperatures, and tends
to diminish at higher temperatures as indicated in a previous
study.45 The calculated rate constants in Table 6 are also plotted
as a function of temperature in Figure 5. This shows that these
rates fall into three groups in magnitude: those of abstraction
and substitution are the highest, those of H2 and CH4 elimination
from MMH and CH3NH are the lowest due to the high-energy
barriers, and between them are those of other MMH dissociation
channels and dissociation of the radical products.

3.3. Reaction Mechanism and Modeling Results.An
elementary reaction mechanism (750-1500 K, 1atm) was
developed to model the overall thermal decomposition rate and
compared with experimental data. It consists of 43 species and
160 reactions, as listed in the Supporting Information, Table
S2. This reaction mechanism includes the following: (1)
dissociation reactions of MMH, intermediates, and small radical
products with pressure-dependent rate constants calculated by
the QRRK and master equation analysis in this work, (2)
abstraction reactions with rate constants calculated in this work,
(3) the C-H-N reaction kinetics by Dean and Bozzelli,46 and
(4) the hydrazine decomposition mechanism by Konnov et al.47

The SENKIN code from the CHEMKIN package48 was used
to calculate the first-order rate of MMH decomposition in the
temperature range of 750-1000 K. The plots of the first-order
MMH decay rate of (-ln [MMH]/[MMH] 0) vs time (0.5-50
ms) and the d[MMH]/dt vs the MMH concentration in the
temperature range of 750-1000 K are given in Figures S3 and
S4 in the Supporting Information.

The overall MMH decomposition rate constant predicted by
the present reaction mechanism is compared with experimental
data in Figure 6. The comprehensive experimental study by
Eberstein et al.4 for the gas-phase thermal decomposition of
MMH was performed in an adiabatic flow reactor at 750-1000
K and atmospheric pressure. Their adiabatic flow reactor was
made entirely from quartz to minimize decomposition of the
hydrazines in the injection portion, and hot nitrogen carrier gas
was flowed through the reactor and mixed rapidly with small
quantities of gas-phase reactant, which was injected perpen-
dicularly to the main stream at the throat of the nozzle. The
stoichiometry based on gas analysis was reported by the equation
CH3NHNH2 ) 0.892H2 + 0.51NH3 + 0.20CH4 + 0.51HCN.
In Figure 6, the larger solid points represent our modeling results
for the overall MMH thermal decomposition rate, and they agree
well with the experimental data of Eberstein et al.4

The experimental data of Kerr et al.3 and Golden et al.5 at
different pressure conditions were also plotted in Figure 6 for
comparison. It is noted that our reaction mechanism is not

Figure 5. Calculated high pressure limit rate constants of dissociation, abstraction, and substitution reactions in the MMH reaction system.
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feasible to model these experimental data because the experi-
ment by Kerr et al.3 was performed by the toluene-carrier
technique, while the experiment by Golden et al.5 was conducted
at a very low pressure condition at which gas-wall collisions
could dominate the energy transfer.

Sensitivity analysis on the reactions of MMH decomposition
at the experimental conditions (T ) 900 K andP ) 1 atm) is
shown in Figure 7. The sensitivity coefficientwj is defined as
wj ) ∂Y/∂kj for the disappearance of a speciesY, with j as the
index of the reaction andkj as the corresponding reaction
coefficient. Figure 7 shows that, before 40 ms, the N-N bond
scission of the MMH has the highest sensitivity coefficient for
the MMH decomposition, followed by the C-N bond scission
of MMH and the dissociation of the CH3N•NH2 radical to the
products CH3NdNH + H. Furthermore, the abstraction reactions
of CH3NHNH2 + CH3 f CH3N•NH2 + CH4 and CH3NHNH2

+ NH2 f CH3N•NH2 + NH3 have increased sensitivities to
retard the MMH decomposition before 40 ms. Catoire et al.8

studied ignition delay times for MMH/O2/Ar gaseous mixtures,

and also found the importance of the CH3NHNH2 + NH2

reaction, which generates the CH3N•NH2 radical and reacts with
O2 to produce methyldiazene (CH3NdNH) and HO2. Other
sensitive reactions for the MMH decomposition are abstraction
of MMH and the major product CH3NdNH with CH3 and NH2

radicals. In summary, the reactions for the N-N and C-N bond
scission were found to be the major reaction paths for the
modeling of MMH homogeneous decomposition at atmospheric
conditions, while other reaction channels such as the abstraction
of MMH with active radicals and the decomposition of free
radical intermediates are also important. We note that the relative
importance of these reaction paths is subject to change with
time, concentration, pressure, and temperature.

4. Summary

Thermochemical properties of the species in MMH decom-
position were calculated using statistical mechanics and mo-
lecular parameters from various DFT and ab initio methods.
The bond dissociation energies of MMH were determined, and

Figure 6. Comparison of predicted rate constant for overall thermal decomposition of MMH with available experimental data.

Figure 7. Sensitivity analysis of MMH thermal decomposition atT ) 900 K andP ) 1 atm.
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the different bond strengths of MMH were discussed based on
the stability of the forming radicals. The reaction barriers of
the thermal decomposition, abstraction, and substitution reac-
tions of MMH were calculated at the CBS-QB3 level, and those
of the N-N and C-N bond scissions were determined at the
CCSD(T)/6-311++G(3df,2p)//MPWB1K/6-31+G(d,p) level.
The high pressure limit rate constants were then calculated by
the transition state theory with the correction of tunneling
factors. The kinetic parameters of MMH dissociation to
intermediate and product channels were calculated by QRRK
and master equation analyses as functions of temperature and
pressure. An elementary reaction mechanism based on the
calculated rate constants, thermochemical properties, and lit-
erature data was developed to model the experimental data on
overall MMH thermal decomposition rate. The reactions of
N-N and C-N bond scission were found to be the major
reaction paths for the modeling of MMH homogeneous decom-
position at atmospheric conditions.
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