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Abstract 
 
The rate coefficient k1 for NH2 + N2H4 was measured to be (5.4 ± 0.4) × 10-14 cm3 molecule-1 s-1 at 296 K. NH2 
was generated by pulsed laser photolysis of NH3 at 193 nm, and monitored as a function of time by pulsed laser-
induced fluorescence excited at 570.3 nm under pseudo-first order conditions in the presence of excess N2H4 in 
an Ar bath gas. This reaction was also investigated computationally, with geometries and scaled frequencies 
obtained with M06-2X/6-311+G(2df,2p) theory, and single-point energies from CCSD(T)-F12b/cc-pVTZ-F12 
theory, plus a term to correct approximately for electron correlation through CCSDT(Q). Three connected 
transition states are involved and rate constants were obtained via Multistructural Improved Canonical 
Variational Transition State Theory with Small Curvature Tunneling. Combination of experiment and theory 
leads to a recommended rate coefficient for hydrogen abstraction of k1 = 6.3 × 10-23 T3.44 exp(+289 K/T) cm3 
molecule-1 s-1. The minor channel for H + N2H4 forming NH2 + NH3 was characterized computationally as well, 
to yield 5.0 × 10-19 T2.07 exp(-4032 K/T) cm3 molecule-1 s-1. These results are compared to several discordant 
prior estimates, and are employed in an overall mechanism to compare with measurements of half-lives of 
hydrazine in a shock tube. 
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1. Introduction 

There is interest in the possible application of 
ammonia as a carbon-free energy transfer fuel [1, 2]. 
Its combustion involves high transient concentrations 
of amidogen (NH2) radicals, and thus significant 
formation of hydrazine (N2H4) as a reactive 
intermediate, via NH2 recombination. Development 
of quantitative mechanisms for analysis of practical 
combustion conditions requires detailed information 
about the kinetics and product branching ratios for 
the important chemical steps in the transformation of 
NH2 and N2H4. Such information is also relevant to 
the use of hydrazine as a propellant, and in the 
interpretation of laboratory experiments designed to 
probe simplified chemical systems such as high-
temperature flow-tube, CSTR, shock tube and rapid-
compression experiments which characterize species 
profiles, pyrolysis products and ignition delays for 
N2H4, NH3 and/or blends with hydrocarbon species 
that promote faster burning. 

Here we focus on two processes. The first is 
hydrazine’s interaction with amidogen radicals 

NH2 + N2H4 → NH3 + N2H3      (R1) 
Li and Zhang illustrated a variety of estimated 

rate coefficients k1 which span three orders of 
magnitude near 1000 K [3]. We have plotted some 
assessments in Fig. 1. 

 

Fig. 1. Arrhenius plot of some evaluations of the rate 

coefficient for NH2 + N2H4. ▲ Meyer et al. [4], ▼ Gehring 

et al. [5], dotted red line Konnov and De Ruyck [6], green 

dash-dot line Li and Zhang [3], blue dashed line Dean and 

Bozzelli [7], dashed black line present quantum 

calculations, ● present measurement, solid black line 

present recommendation. 

 
At room temperature, Gehring et al. [5] obtained k1 
and other kinetics by fitting species profiles after 
mixing flows of hydrazine and H atoms, monitored 
with ESR and mass spectrometry, and interpreted 
with a multi-step mechanism. At ca. 1200 K, Meyer 
et al. [4] analyzed R1 via its influence as part of 
secondary chemistry following dissociation of N2H4 
to NH2 radicals in a shock tube. Konnov and De 
Ruyck used a rate expression that connects these two 

determinations in their studies of hydrazine flames 
[6]. These flames are remarkable for not requiring an 
oxidizer, and lead exothermically to NH3, N2 and H2. 
Konnov and De Ruyck highlighted particular 
sensitivity of the flame speed to the value of k1 [6]. 
We also note two theoretical studies. Dean and 
Bozzelli used an empirical approach to estimate 
modified Arrhenius parameters [7]. Li and Zhang 
applied quantum chemistry methods [3]. As can be 
seen, the difference between the largest and smallest 
k1 at room temperature from these approaches is 
more than a factor of 200. We apply the laser 
photolysis/laser-induced fluorescence (LP-LIF) 
technique to obtain the first isolated elementary 
reaction data for reaction 1, at room temperature, and 
investigate the temperature dependence of k1 via 
quantum chemistry methods.  

Hydrogen atoms are typically an abundant radical 
in combustion. The total rate constant k2 for N2H4 
consumption by reaction with H-atoms has been 
measured under isolated reaction conditions by 
Vaghjiani (see ref [8] and references therein). There 
are two plausible channels with ground-state 
products 

H + N2H4 → H2 + N2H3      (R2a) 
    → NH3 + NH2      (R2b) 

and the dominant pathway is thought to be 2a, H-
atom abstraction. Theoretical analysis of R2a is in 
accord with measurements [9, 10]. Here we 
determine k2b for the minor N-N breaking pathway 
computationally. Ghosh and Bair studied chemi-
luminescence attributed to electronically-excited 
NH2 formed via 

H + N2H4 → NH3 + NH2 (A 2A1)    (R2c) 
and over 293-349 K measured k2c/k2 = 3.4 × 10-4 
exp(-303 K/T) [11]. Konnov and De Ruyck relied on 
this ratio to derive k2b for modeling hydrazine flames  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Arrhenius plot for H + N2H4 (a) forming NH3 + NH2 

derived from experiments (blue dotted line, Konnov and De 

Ruyck [6]) and computations (black dashed line, Hwang 

and Mebel [12]; red line, present work) and (b) forming H2 

+ N2H3 derived from experiments (blue line, Gehring et al. 

[5]; circles, Vaghjiani [8]) and computations (red dotted 

line, Li et al. [9]; green line, Kanno and Tito [10]). 
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[6], which was also used by Alturaifi et al. in their 
study of ammonia pyrolysis [13].There has been one  
prior computational determination of k2b by [12]. 

These two evaluations of k2b are plotted in Fig. 2; 
the significant differences motivate our renewed 
attention to this system. Our new results for reactions 
1 and 2 are then incorporated into a chemical kinetic 
model and applied to selected experimental systems 
to investigate their impact. 

 
2. Methodology 

 
2.1 Experimental 

 
Kinetics of NH2 radicals were measured by the 

laser photolysis/LIF technique. Details of the 
apparatus have been provided elsewhere [14, 15]. 
The general approach is to generate a pulse of NH2 
in the presence of an excess of N2H4 and to monitor 
the reduction in concentration [NH2] with time, with 
microsecond resolution, by exciting LIF at various 
delays after initiation. 193 nm excimer laser pulses at 
energy F photolyze NH3. Low energies are employed 
to keep the initial concentration [NH2]0 small to 
avoid secondary chemistry involving other 
photofragments or reaction products. The 193 nm 
beam cross section is ca. 0.6 cm2. [NH2]0 is 
estimated from [NH3] and its absorption cross 
section at 193 nm, but is not needed to determine the 
rate constant k1 for reaction 1. LIF at wavelengths 
above 590 nm (selected with a cutoff filter) is 
excited by dye-laser pulses, with energy E, tuned to 
the 570.3 nm A 2A1 ← X 2B1 transition from the 
ground electronic state of NH2. A photomultiplier 
tube and boxcar integrator average the LIF intensity, 
proportional to [NH2], from multiple shots at various 
fixed delays after the UV initiation pulse. 
Experiments are carried out in a large excess of Ar 
bath gas at pressure P (10-30 mbar) which slows 
diffusion of reactive species to the walls of the 
reaction cell, so that the monitored chemistry occurs 
in an effectively wall-less reaction zone defined by 
the intersection of the photolysis and probe laser 
beams. The bath gas also thermalizes reactants and 
products whose temperature T is monitored with a 
retractable thermocouple, corrected for radiation 
errors. A slow flow of gas into the reaction cell 
replenishes reagents in the reaction zone between 
UV laser pulses (repeated at 5 Hz). The average 
residence time of gas in the reaction cell before 
photolysis is τres.  

[N2H4] is 2-3 orders of magnitude greater than 
[NH2]0, so that [N2H4] is effectively constant while 
NH2 reacts, and the bimolecular reaction 1 is studied 
under pseudo-first-order conditions where d[NH2]/dt 
= -kps1[NH2] with kps1 = k1[N2H4] + kdiff. kdiff accounts 
for diffusional loss of NH2 out of the reaction zone, 
which is observed to be effectively first-order, plus 
any other losses that do not depend on [N2H4]. kps1 is 
found from an exponential decay fit to the LIF vs 
time. A linear plot of kps1 vs [N2H4] has slope k1. 

2.2 Computational 
 

Reaction 1 was analyzed computationally. 
Geometries and harmonic vibrational frequencies of 
the reactants, transition states (TSs) and products 
were derived via density functional theory, with the 
M06-2X functional and MG3S basis set (equivalent 
to 6-311+G(2df,2p) here) implemented in the 
Gaussian program [16]. Comparison of the observed 
fundamental frequencies vs calculated harmonic 
values for NH2, N2H4 and NH3 yields a scale factor 
of 0.945, applied to all species to obtain fundamental 
frequencies which are used in the kinetic 
calculations. We use a factor of 0.97 [17] to derive 
anharmonic vibrational zero-point energies, used in 
determination of relative enthalpies at 0 K. Next, 
single-point energies were obtained at higher levels 
of theory. The Molpro program [18] was used to 
obtain CCSD(T)-F12b/cc-pVTZ-F12 energies, which 
represent an approximate extrapolation of coupled 
cluster theory with perturbative triple excitations to 
the complete basis set limit. These results are 
summarized in Tables S2 and S3.  

This is sufficient information for a canonical 
transition state theory (TST) calculation of the rate 
constant. To incorporate variational effects, points 
along the reaction path in the TS region were 
characterized with a dual-level approach. Geometry 
and vibrations were derived with M06-2X//6-
311+G(2df,2p) theory. The energy of the region was 
adjusted to match that from more accurate evaluation 
at the saddle point. Preliminary tests were made with 
W1U theory [19], but then corrected to approximate 
CCSDT(Q) complete basis set results (see below). 
Multi-structural canonical variational TST with 
optimized multi-dimensional tunneling (MS-
CVT/µOMT) developed by Truhlar and coworkers 
[20, 21] was applied via the Polyrate program [22].  

A multi-structural torsion approach is applied 
because, as noted by Li and Zhang [3], there are 
three distinct TSs for attack by NH2 on N2H4. They 
can interconvert via torsions of hindered internal 
rotors. Each TS has a mirror image, as does 
hydrazine, while NH2 and N2H4 with C2V and C2 
symmetry, respectively, both have rotational 
symmetry numbers of 2. We incorporate the impact 
of multiple TSs, and torsion in N2H4, on molecular 
partition functions via the MSTor code [23] of 
Truhlar and coworkers. The general description and 
the details of the exact algorithm we applied may be 
found elsewhere [24]. The influence of torsions 
between multiple conformations is expressed in 
terms of correction factors F to the vibrational 
partition functions. 

Because CCSD(T) is a good but incomplete 
treatment of electron correlation, we corrected the 
energy in the TS region by the quantity ∆Q = 
E(CCSDT(Q))-E(CCSD(T)) evaluated with the cc-
pVDZ basis set, for the reactants and saddle point. 
This further improves the correlation treatment, to 
the full triples plus perturbative quadruples level. 
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Improved basis set extrapolation may have an 
influence, which is addressed empirically (see later). 
Other factors found to be negligible (see Table 3S) 
are core-valence, scalar relativistic and diagonal 
Born-Oppenheimer corrections, with impacts ≤0.3 kJ 
mol-1) on the barrier. The T1 diagnostic was highest 
at 0.026 for TS2, within bounds where CCSD theory 
is valid for open-shell species [25]. 

Reaction 2 was also investigated computationally. 
Geometries and frequencies were obtained with 
M06-2X/6-311+G(2df,2p) theory as before, with the 
same scale factors to derive anharmonic zero-point 
energy and fundamental frequencies. Single-point 
energies were calculated at the CCSD(T)-F12b/cc-
pVQZ-F12 level. Canonical TST was applied with 
the Multiwell program suite [26], with all modes 
treated as vibrations and tunneling evaluated with the 
Eckart model. 

 
3. Results and Discussion 
 
3.1 Rate coefficients 
 

Table 1S summarizes conditions of 10 
determinations of k1 at room temperature. The 
standard deviation σ is the uncertainty of plots of the 
exponential decay constant kps1 vs 5 values of 
[N2H4], from zero to the tabulated maximum value. 
Within the scatter of the data, there is no dependence 
of the rate constant on the experimental parameters 
τres, F, E and total pressure. The UV pulse energy F 
and [NH3] control [NH2]0 and were varied to check 
whether the observed kinetics were affected by 
secondary chemistry. The lack of dependence 
indicates that reaction 1 was successfully isolated. 
The weighted mean value of k1 is 5.4 × 10-14 cm3 
molecule-1 s-1 at 296 K. 2σ combined in quadrature 
with an allowance of up to 5% for systematic errors 
in T, P and hence concentrations leads to a 95% 
confidence interval of ±0.4 × 10-14 cm3 molecule-1 
s-1.  

We note that this result is almost an order of 
magnitude below the value derived by Gehring et al. 
[5] from flow reactor results for N2H4/H2/H 
mixtures. They based their determination on 
measured concentrations of N2H4, N2H3, NH3, NH2, 
and H2 as a function of reaction time. However, due 
to the differences in their values obtained for H + 
N2H4 compared to other measurements (see Fig. 2), 
Vaghjiani [8] proposed that Gehring et al. may have 
had errors in the absolute reagent calibration in their 
work. Furthermore, our modeling of their results (see 
the beginning of Section 3.2 for the description of 
the mechanism) indicates that the sensitivity towards 
NH2 + N2H4 is limited and that formation of NH3, 
used as a marker for R1, occurs via H + NH2 
recombination to a significant extent. For these 
reasons, their proposed rate constant is associated 
with a significant uncertainty. 

At higher temperatures dependence on residence 
time was observed, perhaps reflecting surface loss of 

hydrazine, and the results were highly scattered. 
Accordingly, we rely on theoretical methods to 
extrapolate k1 to higher temperatures. 

Table S2 provides the Cartesian coordinates of 
transition states (TSs) for reaction 1, and the three 
TS structures are drawn in Fig. 3. Their relative 
energies with CCSD(T)-F12b theory are provided in 
Table S3, with W1U values for comparison, and the 
correction ∆Q for inclusion of quadruple excitations 
with perturbation theory for the electron correlation.  

 

 
Fig. 3. Structures of three transition states for NH2 + N2H4 

with bond lengths in 10-10 m, computed with M06-2X/6-

311+G(2df,2p) theory. 

 

Relative enthalpies for R1 are shown in Fig. 4.  

 

Fig. 4. CCSD(T)-F12+ΔQ+zpe enthalpy diagram for the 

NH2 + N2H4 reaction. 

 
Hydrogen bonding between the reactants is likely, 

and the structure of an example pre-reactive complex 
is provided in Fig. 1S. The binding energy of 14.2 kJ 
mol-1 is too small for this complex to be stable at 
room temperature or above. From a microscopic 
point of view, there will be little population of its 
energy levels below the energy of the reactants, 
which would require rapid collisional stabilization of 
the levels initially populated at or slightly above the 
reactants’ energy before dissociation back to the 
reactants or further reaction, and even if a very high 
pressure of bath gas was employed, the micro-
canonical equilibrium with the reactants is 
unfavorable. Thus the weak pre-reactive complex 
does not affect the kinetics (except at lower 
temperatures than relevant here). The enthalpies 
relative to reactants at 0 K, including zero-point 
energy, at the CCSD(T)-F12+ΔQ for TS1, TS2 and 
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TS3 are computed to be 9.8, 16.1 and 19.7 kJ mol-1, 
respectively. As a check on the reliability of these 
quantities, we note that at this level the overall 
reaction enthalpy ∆rH0 = -104.4 kJ mol-1 is the same 
as the ATcT recommended value of -104.4 ± 0.8 kJ 
mol-1 [27]. Accuracy may be assisted by the fact that 
R1 is isodesmic. 
 The multistructural TST analysis yields k1 = 6.3 × 
10-23 T3.44 exp(-49 K/T) cm3 molecule-1 s-1, the black 
dashed curve on Fig. 1. This is in fair agreement with 
our room temperature measurement, to within about 
a factor of 3. The solid black curve shows the effect 
of lowering the barrier by 2.8 kJ mol-1. This 
empirical correction may address factors such as 
neglect of electron correlation beyond perturbative 
quadruple excitations and the finite basis set, or can 
simply be viewed as a fix to ensure a match with 
experiment. Our final recommendation for 
extrapolation of the measured room temperature 
value to higher temperatures is k1 = 6.3 × 10-23 T3.44 
exp(+289 K/T) cm3 molecule-1 s-1. 
 We note this result agrees to just within the 
quoted uncertainty [4] with the result from Meyer et 
al. It is significantly above the prior theoretical 
analysis of Li and Zhang [3]. Our computational 
approach yields similar barriers: for TS1 we obtained 
a classical barrier (without zero-point energy) of 11.2 
kJ mol-1 (before the empirical correction), whereas 
the earlier MC-QCISD result [28] was 10.6 kJ mol-1, 
so the variance presumably arises from the 
multistructural treatment of coupled torsions. There 
is close accord with the expression of Dean and 
Bozzelli, who made empirical estimates of the A and 
m parameters in a modified Arrhenius expression A 
Tm exp(-E/RT) and based E on an Evans-Polanyi 
correlation with reaction enthalpy [7]. The 
agreement with their DHT method suggests our 
recommendation for R1 is in accord with analogous 
hydrogen transfer reactions. 

 
Fig. 5. Structure of the transition state for H + N2H4 → NH3 

+ NH2 with bond lengths in 10-10 m, computed with M06-

2X/6-311+G(2df,2p) theory. 
 
For reaction 2b, the TS structure is shown in Fig. 

5. The computed reaction enthalpy with CCSD(T)-
F12b/pVQZ-F12 theory at 0 K is ∆rH0 = -177.7 kJ 
mol-1, in good agreement with the recommended 
value of -177.4 ± 0.4 kJ mol-1 [27]. The forward 
barrier (including zero-point energy) is computed to 
be 45.7 kJ mol-1 at 0 K. Canonical TST yields k2b = 
5.0 × 10-19 T2.07 exp(-4032 K/T) cm3 molecule-1 s-1. 

This result confirms the previous calculation by 
Hwang and Mebel [12], as seen in Fig. 2, but there 
are large differences from the assessment by Konnov 
and De Ruyck [6]. They used the ratio k2c/k2 from 
chemiluminescence measurements [11] as equivalent 
to k2b/k2. These experiments may be hard to interpret, 
since the excited potential energy surface leading to 
excited NH2

* need not have the same barrier as the 
ground-state surface, and because NH2

* might 
originate from processes other than R2c. With a 
large excess of H over N2H4, we expect extensive 
transformation to NH2 via fast reaction of the major 
initial abstraction product N2H3 with H to make 2 
NH2, and speculate that energy can in some 
collisions be transferred from recombining H + NH2 
or NH2 + NH2 to another NH2. Another potential 
source of NH2

* is NH + H addition, by analogy with 
O + H addition that leads to OH* emission in flames.  
 
3.2 Implications for hydrazine reactivity 

 
 In this section, we discuss the impact of the NH2 

+ N2H4 reaction on hydrazine pyrolysis, and briefly 
evaluate the capability of the present mechanism to 
describe this chemistry. Much of the work on N2H4 
pyrolysis was reviewed by Konnov and De Ruyck 
[6], who also established a detailed kinetic model for 
its decomposition. Since their work, a number of 
theoretical studies relevant to the hydrazine 
decomposition chemistry have been published. 
Klippenstein et al. [29] calculated rate constants for 
reactions on the N2H4 potential energy surface, 
including recombination of NH2 radicals to form 
N2H4 (R3), while Grinberg Dana et al. [30], Diévart 
and Catoire [31], and Marshall et al. [32] 
investigated reactions of N2H3 and HNNH. The 
chemical kinetic model used here, including rate 
coefficients and thermodynamic data (Tables S4 and 
S5), is based mainly on the review of nitrogen 
chemistry by Glarborg et al. [33], with updates from 
recent work on amine pyrolysis [30-32] and 
oxidation [34, 35].    

We have compared the hydrazine half-lives 
reported from pyrolysis in reflected shock tube 
experiments by Michel and Wagner [36] with 
modeling predictions. These experiments were 
conducted at medium temperatures with N2H4 mole 
fractions of around 0.3%. Under these conditions 
secondary reactions play a role in addition to thermal 
dissociation of hydrazine.  

Figure 6 shows the impact of modeling 
assumptions on the prediction of hydrazine 
decomposition during pyrolysis at 1100 K and 7.6 
atm. Predictions with a 1-step model (short-dashed 
line) including only thermal dissociation of 
hydrazine [29] indicate a decomposition rate well 
below that observed experimentally by Michel and 
Wagner. If N2H4 + NH2 = N2H3 + NH3 (R1) is added 
(the 2-step model; long-dashed line), the 
consumption rate of hydrazine is increased by a 
factor of three, providing a much better agreement 
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with experiment. In the 2-step model, the amidogen 
radical reacts selectively with hydrazine and R3 is 
the rate limiting step.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Impact of modeling assumptions on the prediction of 

hydrazine decomposition at 1100 K and 7.6 atm. The 

experimental data point was obtained by Michel and 

Wagner [36] behind reflected shock waves. In addition to 

predictions with the full model, calculations are shown for a 

1-step model (N2H4 (+Ar) → products), a 2-step model 

(N2H4 (+Ar) = NH2 + NH2 (+Ar), N2H4 + NH2 = N2H3 + 

NH3), and the full mechanism with either thermal 

dissociation of N2H3 or reactions on the N3H5 and N4H6 

PES [37] omitted. 
 
The full model overpredicts the hydrazine 

decomposition rate (the black solid line in Fig. 6).  A 
sensitivity analysis shows that dissociation of N2H4 
to NH2 + NH2 (R3b) is the major rate controlling 
step, followed by NH2 + N2H4 (R1) and N2H3 
dissociation. The rate constant for thermal 
dissociation of N2H4 (R3) is now well established, 
with a recent analysis by Cobos et al. [38] essentially 
supporting the value calculated by Klippenstein et al. 
[29]. Even though R3 has the largest sensitivity 
coefficient in predicting the concentration profile of 
N2H4, secondary reactions play a significant role. 

The difference in predictions between the full 
model and the 2-step model is caused by the fate of 
the N2H3 radical, which to a large extent controls the 
production of chain carriers in the system. If 
dissociation of N2H3 to form HNNH + H is removed 
from the mechanism, predictions become identical to 
those of the 2-step model. The hydrogen atom 
formed in the dissociation may abstract H from 
hydrazine to form N2H3 + H2 or boost the radical 
pool in a reaction with N2H3 to form 2 NH2. The 
N2H3 + H → NH2 + NH2 proceeds without a barrier 
and is expected to be very fast [32], while N2H3 + H 
→ HNNH + H2 is only a minor channel. Formation 
of NH3 + NH2 from N2H4 + H (R2b) is too slow to 
compete with H-abstraction (R2a) and does not 
contribute to NH3 production at the temperatures of 
interest. 

The predicted consumption rate of hydrazine is 
thus to a large extent determined by the competition 
between propagating and chain terminating steps of 

N2H3. The N2H3 subset of the mechanism involves 
major uncertainties. The thermal dissociation of 
N2H3 has not been determined experimentally; the 
rate constant adopted in the model was calculated by 
Diévart and Catoire [31]. The dissociation competes 
with chain terminating reactions involving N2H3, 
such as N2H3 + NH2 → (diazene isomer) + NH3, 
N2H3 + NH2 (+M) → N3H5 (+M), N2H3 + N2H3 → 
(diazene isomer) + N2H4, and N2H3 + N2H3 (+M) → 
N4H6 (+M). Experimental data for these steps are 
lacking, but the reactions have been studied 
theoretically. Grinberg Dana et al. [30] calculated 
rate constants for reactions on the N3H5 potential 
energy surface (PES), including N2H3 + NH2. At 
1100-1400 K and 10 atm, the dominating reaction 
channels for N2H3 + NH2 were found to be H-
abstraction to form H2NN + N2H4 and recombination 
to N3H5, respectively, with a combined rate constant 
of about 5 × 1012 cm3 mol-1 s-1. Diévart and Catoire 
[31] only reported data for the H-abstraction 
channels to form a diazene isomer and N2H4, with a 
total rate constant in the range 5 × 1010 - 1.2 × 1011 
cm3 mol-1 s-1; well below the values calculated by 
Grinberg Dana et al.  For N2H3 + N2H3, an early 
experimental study by Stief [37] indicated that 
disproportionation dominates over combination at 
low temperature, but the study did not involve any 
direct measurements. According to Grinberg Dana et 
al. [30], recombination to N4H6 dominates at 1100 K 
and 10 atm with a rate constant of almost 1 × 1011 
cm3 mol-1 s-1. Disproportionation is predicted to be 
quite slow, while a channel to N3H4 + NH2 becomes 
dominant at higher temperatures.  

Compared to our earlier model [31], we have 
updated the N2-amine subset with the reactions and 
rate constants calculated by Grinberg Dana et al. 
[30]. This change improves slightly predictions, as 
shown in Fig. 6, due to the faster rate constant for 
N2H3 + NH2 and inclusion of N2H3 + N2H3, but the 
calculated hydrazine decomposition is still too fast. 
To obtain a better agreement with experiment, a 
lower rate constant for dissociation of N2H3 or a 
higher rate constant for either N2H3 + NH2 (2 × 1013 
cm3 mol-1 s-1) or N2H3 + N2H3 (1 × 1012 cm3 mol-1 
s-1) going to stable products would be required. Such 
changes are presumably within the uncertainty of the 
current values. 
 
Conclusions 
 

 A combined experimental and computational 
approach is applied to the kinetics of NH2 + N2H4, 
where there have been significant differences 
between earlier estimates. Direct measurements at 
high temperatures would be valuable. Modeling 
confirms that an accurate rate coefficient is 
important for reliable predictions of hydrazine 
decomposition. However, calculations are also 
sensitive to several reactions of N2H3 and HNNH, 
and more work is needed on the hydrazine subset to 
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ensure satisfactory predictions of high temperature 
amine chemistry. 
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