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Abstract
The reversible reaction NH3 + H ⇌ H2 + NH2, which plays an important role in

NH3 fuel combustion, is studied with a theoretical approach that combines the high-

accuracy extrapolated ab initio thermochemistry (HEAT) protocol with semiclassical

transition state theory (SCTST). The calculated forward reaction is endothermic by

11.8 ± 1 kJ/mol, in nearly perfect agreement with the active thermochemical tables

(ATcT) value of 11.5± 0.2 kJ/mol. Using this improved thermochemistry yields better

rate constants, especially at low temperatures. Experimental rate constants available

from 400 to 2000 K for the forward and reverse reaction pathways can be reproduced

(within 20%) by the calculations from first principles.
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1 INTRODUCTION

Carbon dioxide (CO2) emissions into the atmosphere result

in great part from combustion of fossil fuel, and this green-

house gas is believed to be a potential source of global warm-

ing and a driver of climate change. In the context of clean

combustion, hydrogen (H2) fuel is considered as a nearly

ideal and renewable energy source.1–3 In contrast to fossil

fuels, its combustion in air produces water vapor and small

amounts of nitrogen oxides; it produces no carbon dioxide

(CO2) nor any compounds that will impact the ozone layer.1–3

However, a mitigating consideration is that hydrogen fuel has

a low-energy density, and therefore expensive to store and

transport.1–3

Another simple and widely available compound that admits

to clean combustion is ammonia (NH3). In the thermal DeNOx
process,4–6 NH3 is often supplied to transform NOx species to

N2 and H2O. Combustion of ammonia liberates water vapor,

molecular nitrogen, and nitrogen oxides (NOx)7–10, all of

which are environmentally innocuous. Given these favorable

properties, it is not surprising that ammonia (NH3) has been

predicted to become a viable carbon-free energy source, espe-

cially in the transportation sector.7–10

We are currently interested in studying the mechanism,

thermochemistry, and kinetics of fundamental reactions rel-

evant to ammonia combustion. In a previous work,11 we have

reported thermal rate constants for the OH-oxidation of NH3.

In this work, we calculate the thermochemistry and the ther-

mal rate constants for the similar H + NH3 ⇌ H2 + NH2

reaction using the same theoretical approach as that taken

previously.11 The H-abstraction reaction H + NH3 ⇌ H2 +
NH2 has been fairly well studied both experimentally12–18

and theoretically.19–30 In addition, a nine-dimensional global

potential energy surface of NH4 and quantum dynamic calcu-

lations have been reported.19–30 Therefore, a large amount of

data is available to compare with our high-accuracy extrapo-

lated ab initio thermochemistry (HEAT)/semiclassical transi-

tion state theory (SCTST) results.

2 THEORETICAL METHODOLOGY

The same approaches that have been used successfully for

the OH + NH3 reaction11 are reemployed here. Briefly,

the high-level HEAT-456QP method—which can yield an

accuracy of 1 kJ/mol—is used to compute thermochemistry

and provide rovibrational parameters as well as anharmonic

constants for the purpose of chemical kinetics. Except the

CCSDTQP energy calculations that use MRCC program,31

the other calculations are done using CFOUR quantum

chemistry program.32 The forward and reverse rate coeffi-

cients for the title reaction as displayed in Figure 1 can be
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F I G U R E 1 Schematic reaction energy profile for the H + NH3

⇌ H2 + NH2 reaction calculated using the HEAT-456QP method

[Color figure can be viewed at wileyonlinelibrary.com]

computed at the high-pressure limit using Equations 1 and 2,

respectively:
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where kB is Boltzmann's constant, h is Planck's constant, and

𝜎1 and 𝜎2 are the reaction path degeneracies, which are 3 and

4 for the forward and reverse reactions, respectively. Qtr and

Qe are the translational and electronic partition functions for

the transition state (TS). The electronic partition functions

of the H atom, NH2, and the TS for a doublet electronic state

are equal to 2. 𝑄re
H , 𝑄re

H2
, 𝑄re

NH2
, and 𝑄re

NH3
are the complete

partition functions for the associated species. 𝐺
≠
rv(𝐸, 𝐽 ) is

the rovibrational cumulative reaction probability of transition

state, which can be calculated by convolution of vibrational

and rotational quantum states:

𝐺≠
rv (𝐸, 𝐽 ) =

𝐸
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where v and r stand for vibrational and rotational degrees of

freedom, respectively. The SCTST code33,34 of the MULTI-

WELL software package35,36 was used to compute the sum

of fully coupled vibrational states (𝐺
≠
𝑣 (𝐸𝑣)) using a bin size

of 1 cm–1 and a ceiling energy of 50,000 cm–1. Assume that

the TS can be approximated as a rigid-rotor symmetric top,37

and the density of external rotational states (𝜌
≠
𝑟 ) was counted

directly using the following equation:

𝐸𝑟 = 𝐵𝐽 (𝐽 + 1) +
(
𝐴 − 𝐵

)
𝐾2 with 𝐵 =

√
𝐵 ⋅ 𝐶

and − J ≤ 𝐾 ≤ +𝐽 (4)

Recently, we have studied fourth-order vibrational pertur-

bation theory (VPT4) applied to the one-dimensional sym-

metric Eckart potential,38 and we have found that some effects

of higher order perturbation theory within the SCTST frame-

work can heuristically be included by a rescaling of the barrier

frequency used in the VPT2 treatment (Equation 5).38 This

approach, designated as “SCTST/VPT2+”, seems to work well

for the OH + NH3 → H2O + NH2 reaction,39 especially in the

deep-tunneling regime. Note that this approach is available in

the SCTST code of the MULTIWELL software package (key-

word “VPT4A”).

|||𝜔new
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||| = ||𝜔𝐹
|| ×

√
1 −

(
𝑥𝐹𝐹 ∕||𝜔𝐹

||)2 (5)

In this work, we used both SCTST/VPT2 and

SCTST/VPT2+ approaches to calculate thermal rate

coefficients. However, the empirical adjustment defined by

SCTST/VPT2+ lowers the barrier frequency 𝜔F by about

1.2%, resulting in a slight widening of the barrier. This small

change reduces the calculated rate constants marginally for

the temperature range of 300–2500 K (see below). Therefore,

unless mentioned otherwise, SCTST/VPT2+ approach will

be used for the following discussion.

3 RESULTS AND DISCUSSION

3.1 Thermochemistry
Table 1 shows a comparison of theory and experiment for

spectroscopic parameters for NH3, NH2, and H2, which are

well established experimentally. As can be seen in Table 1,

the CCSD(T) calculations are close to the experimental results

apart from the (large amplitude) umbrella inversion motion

of NH3, but this agreement is still adequate for the purposes

of determining zero point energies and densities of states

needed for kinetic calculations. Table 2 shows the forward

reaction pathway being endothermic by 11.8 ± 1.0 kJ/mol,

which is in almost perfect agreement with the ATcT value

of 11.5 ± 0.2 kJ/mol.40–43 In addition, Table 2 also reveals

individual contributions of various terms to a total activation

energy. Inspection of Table 2 shows that the SCF method sig-

nificantly overestimates the total barrier by nearly a factor of

two. The CCSD(T) correction is the most important: it recov-

ers most of the electron correlation, together with the SCF
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T A B L E 1 A comparison of theory with experiment for spectroscopic parameters of H2, NH2, and NH3

Molecule Parameter ANO2/ANO1 aCVQZ/aCVTZ Exptl.a

H2 (D∞h, X1Σg) 𝜔 (cm–1) 4406 4400 4401.21

X11 (cm–1) –121.8763 –127.4246 –121.33

Be (cm–1) 60.7488 60.7631 60.853

𝜈 (cm–1) 4162 4145 4161.17

H−H (Å) 0.7421 0.7420 0.74144

NH2 (C2v, X2A1) 𝜈1 (cm–1) 1506 1498 1497.32

𝜈2 (cm–1) 3217 3225 3219.37

𝜈3 (cm–1) 3296 3305 3301.11

Ae (cm–1) 23.3488 23.5724 23.72

Be (cm–1) 13.0250 12.9988 12.94

Ce (cm–1) 8.3609 8.3785 8.16

N−H (Å) 1.0256 1.0242 1.024

∠HNH (degree) 102.7616 103.1014 103.4

NH3 (C3v, X1A1) 𝜈1 (cm–1) 1012c 979c 950c

𝜈2 (cm–1) 1634 (2)b 1628 (2) 1627 (2)

𝜈3 (cm–1) 3333 3339 3337

𝜈4 (cm–1) 3431 (2) 3442 (2) 3444

Ae (cm–1) 6.3794 6.3483 6.196

Be (cm–1) 9.9225 (2) 9.9886 (2) 9.4443 (2)

N−H (Å) 1.0129 1.0115 1.012

∠XNH (degree) 112.6295 112.1051 112.15

aTaken from NIST Chemistry Webbook.46

bValue in the parenthesis presents the degeneracy.
cThe umbrella vibration.

T A B L E 2 Individual contributions (kJ mol–1) of various terms

calculated at 0 K using HEAT-456QP method (energies are given

relative to the reactants, H + NH3)

Term H2 + NH2 TS
𝛿ESCF –2.31 97.06

𝛿ECCSD(T) 27.72 –31.69

𝛿ECCSDT –0.70 –1.07

𝛿ECCSDTQP 0.27 –0.04

𝛿EScalar –0.42 –0.35

𝛿EZPE –13.21 –6.72

(–13.86)a (–6.53)a

𝛿EDBOC 0.49 0.71

𝛿ESpin-orbit 0.00 0.00

Total energy 11.84 57.90

(11.44 ± 0.15)b

aValues in parentheses are obtained using harmonic zero-point vibrational ener-

gies.
bThe value in parenthesis is derived from heats of formation at 0 K of H

(216.034 kJ/mol), NH3 (–38.562 ± 0.030 kJ/mol), H2 (0 kJ/mol), and NH2

(188.91 ± 0.12 kJ/mol), which are taken from ATcT.40-43

contribution, and brings the barrier close to the final value.

Another important contribution is zero-point energy (ZPE),

which cuts the barrier by 6.7 kJ/mol. The full triple, quadru-

ple, and pentuple excitations that go beyond CCSD(T)) lower

the barrier by an additional 1.1 kJ/mol. Contributions of the

remaining terms are smaller, but essential for an accuracy of

ca. 1 kJ/mol. Taking all individual contributions into account,

the forward barrier height is obtained to be 57.9 ± 1 kJ/mol.

To the best of our knowledge, HEAT-456QP is the high-

est level of theory that has been applied to the title reac-

tion. Previous studies using various levels of theory reported

the vibrationally adiabatic barrier height in the range of 55–

65 kJ/mol.19–26

3.2 Thermal rate coefficients
NH3 has a well-known inversion (“umbrella”) vibrational

mode, for which the fundamental frequency is overestimated

(with VPT2) by 29 cm–1 as compared to experiment (see

Table 1). The following approximate procedure was used to

treat this umbrella motion as an independent, one-dimensional

hindered internal inversion (1DHI). First, we used the AE-

CCSD(T)/aug-cc-pCVQZ level of theory to construct an

inversion potential energy curve and an effective moment

of inertia as a function of the inversion angle. Second, we

solved a one-dimensional Schrödinger equation to obtain a set

of eigenvalues of the 1DHI. Then, we directly counted the
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F I G U R E 2 Ratio of 1DHI partition function over that of VPT2 calculated as a function of temperature for NH3

density and sum of states as a function of internal energy.

Finally, we convolved the 1DHI with the remaining vibrations

to gain the quantum vibrational states for NH3. It should be

mentioned that the NH3 inversion calculation used here gives

a tunneling splitting of 1.3 cm–1, in acceptable, and arguably

good agreement with the experimental value of 0.79 cm–1.44

In addition, it yields an inversion ZPE of 507 cm–1, which

is 18 cm–1 lower than the VPT2 value of 525 cm–1. This

will impact the reaction enthalpy and the forward rate con-

stants, but not the reverse ones, which are independent of

the partition function of NH3. A comparison of 1DHI with

VPT2 approach is displayed in Figure 2. Inspection of Fig-

ure 2 shows a ratio of 1DHI partition function (including the

change of 18 cm–1 in ZPE) over that of VPT2 as a function

of temperature. As can be seen, the ratio decreases with tem-

perature: it falls from ca. 1.09 at 300 K to ca. 0.92 at 2500 K.

Overall, the 1DHI treatment changes the NH3 vibrational par-

tition function, but by no more than 10%.

For the reverse reaction (H2 + NH2 → H + NH3), Fig-

ure 3 shows the calculated rate constants increasing signifi-

cantly with temperature. k(T) rises by more than six orders of

magnitudes between 300 and 2500 K: it is 1.5 × 10–18 cm3

molecule–1 s–1 at 300 K to 5.3 × 10–12 cm3 molecule–1 s–1

at 2500 K. The ab initio k(T) values agree essentially quan-

titatively with all experimental results, which were measured

by four different groups. To the best of our knowledge, this is

the first study to achieve such accurate results for this reaction

over an extensive temperature range.

To have a careful comparison of theory with experiment

for the forward reaction (H + NH3 → H2 + NH2), we divide

temperature into two regimes, namely, low to moderate T
(450–1000 K) and moderate to high T (1000–2000 K). For

T= 450–1000 K (see Figure 4A), our calculated rate constants

agree well with the results of Ko et al.,18 but marginally over-

F I G U R E 3 Thermal rate coefficients for the reaction

H2 + NH2 → H + NH3 as a function of temperature calculated using

both SCTST/VPT2 and SCTST/VPT2+ approaches. Experimental data

are also included for comparison [Color figure can be viewed at

wileyonlinelibrary.com]

estimate those of Hack et al.13 and Marshall and Fontijn.17

(According to Ko et al.,18 the former results are more reliable

than the latter two.) Note that both data sets were measured by

the same group. For T = 1000–2000 K (see Figure 4B), again

we slightly overestimate experiments by about 20%: our val-

ues are at the upper end of experimental results.

The ab initio thermal rate constants from 300 to 2500K for

both forward and reverse reactions can then be fit to a three

parameter Arrhenius formula:

𝑘(𝑇 )H2+NH2
= 𝐴𝑇 𝑛𝑒(𝐵∕𝑇 ), cm3 molecule–1 s–1 with

A = exp(–44.8359), n = 2.58163, and B = −3290 (K).

𝑘(𝑇 )H+NH3
= 𝐴𝑇 𝑛𝑒(𝐵∕𝑇 ), cm3 molecule–1 s–1 with

A = exp(–39.8793), n = 2.23036, and B = −5237 (K).
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F I G U R E 4 Thermal rate coefficients for the

reaction H + NH3 → H2 + NH2 as a function of

temperature calculated using both SCTST/VPT2 and

SCTST/VPT2+ approaches: (A) below 1000 K and (B)

above 1000 K. Experimental data are also included for

comparison [Color figure can be viewed at

wileyonlinelibrary.com]

Quantum mechanical tunneling effects play an important

role for the title reaction, especially at low temperatures. Note

that experimental results at T ≤ 298 K are not available

because the high barrier prevents reaction to proceed at an

experimentally detectable rate at these conditions. Figure 5

shows the tunneling effects declining sharply with tempera-

ture: the enhancement is greater than 100 at 200 K, and then

drops to ca. 7 at room temperature, and about 3 at 400 K.

When temperature is more than 1400 K, the tunneling effects

become unimportant.

It is of importance to compare the HEAT/SCTST rate

constants with other theoretical calculations.24,26 Tables 3

and 4 (also see Figures 3 and 4) display comparisons for the

forward and reverse reactions of H + NH3 ⇌ H2 + NH2,

respectively. We chose to compare the SCTST results with

two recent sets of theoretical k(T) data calculated with the

CVT/𝜇OMT24 and CVT/LAT26 techniques of POLYRATE

program,45 based on the same PES-2009,24 which was con-

structed using CCSD(T,fc)/cc-pVTZ.20,24 Both of these sets

of k(T) are in close agreement with available experimental

data. There are other CVT/LAT results reported earlier,19,20

which are not included here for comparison because they

were based on older and less accurate potential energy sur-

faces (PESs).19,20 Inspection of Table 3 (also see Figure 4)

shows that the SCTST results are in better agreement with

those of Corchado et al.26 than those of Garcia et al.24 All

three sets of theoretical results slightly overestimate experi-

ment at the high-temperatures characteristic of combustion.16

Overall, the agreement between two different techniques

(HEAT/SCTST vs. CVT/𝜇OMT) is excellent in the whole

temperature range of 200–2000 K. The main differences

largely arise from the choice of potential energy surface. Both

kinetics approaches are nearly identical for this reaction so

long as the same energetics are used.
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F I G U R E 5 Multiple dimensional quantum mechanical tunneling

correction as a function of temperature calculated using SCTST/VPT2+
approach [Color figure can be viewed at wileyonlinelibrary.com]

T A B L E 3 A comparison of the calculated SCTST rate constants

for H + NH3 → H2 + NH2 with CVT/𝜇OMT and CVT/LAT results

T (K) SCTSTa
CVT/𝝁OMT
(2010)b

CVT/LAT
(2011)c

200 7.58 × 10−24 1.10 × 10−23 5.34 × 10−24

300 4.62 × 10−20 5.78 × 10−20 3.57 × 10−20

400 6.05 × 10−18 7.42 × 10−18 5.47 × 10−18

500 1.36 × 10−16 1.65 × 10−16 1.34 × 10−16

600 1.19 × 10−15 1.43 × 10−15 1.23 × 10−15

700 5.90 × 10−15 7.09 × 10−15 6.34 × 10−15

1000 1.26 × 10−13 1.50 × 10−13 1.42 × 10−13

1200 4.58 × 10−13 5.35 × 10−13 5.15 × 10−13

1500 1.81 × 10−12 2.08 × 10−12 2.03 × 10−12

2000 8.08 × 10−12 9.09 × 10−12 8.97 × 10−12

aThis work.
bThe CVT/𝜇OMT calculations were based on PES-2009.24

cThe CVT/LAT calculations were based on PES-2009.26

T A B L E 4 A comparison of the calculated SCTST rate constants

for H2 + NH2 → H + NH3 with CVT/𝜇OMT results

T (K)
SCTST
(2017)a

CVT/𝝁OMT
(2010)b

Ratio = SCTST /
CVT/𝝁OMT

200 3.64 × 10−21 4.16 × 10−22 8.75

300 1.47 × 10−18 3.39 × 10−19 4.34

400 4.66 × 10−17 1.60 × 10−17 2.91

500 4.35 × 10−16 1.88 × 10−16 2.31

600 2.10 × 10−15 1.05 × 10−15 2.00

700 6.84 × 10−15 3.80 × 10−15 1.80

1000 6.97 × 10−14 4.58 × 10−14 1.52

1200 1.93 × 10−13 1.34 × 10−13 1.44

1500 5.95 × 10−13 4.36 × 10−13 1.36

2000 2.17 × 10−12 1.69 × 10−12 1.28

aThis work.
bThe calculations were based on PES-2009.24

However, there are significant differences between the cal-

culated SCTST rate constants and CVT/𝜇OMT results for the

reverse reaction, H2 + NH2 → H + NH3. Table 4 displays

the difference defined as a ratio of SCTST over CVT/𝜇OMT

rate constants. As seen in Table 4 (also see Figure 3), the

difference declines with increasing temperature: it is a fac-

tor of ca. 8.8 at 200 K, 2.0 at 600 K, and reduces to ca. 1.3

at 2000 K. This problem is likely due to a possible energy

error of about 3 kJ/mol for NH2 in PES-200924 (e.g., ΔHf,ok

(NH2) = 185.8kJ/mol from PES-2009 as compared to ATcT's

value40–43 of 188.9 ± 0.1 kJ/mol). It should be noted here

that the SCTST rate constants for this reverse reaction agree

very well with all available experimental date (see Figure 3).

This result implies that the equilibrium constants from the two

PESs are different.

4 CONCLUSIONS

The thermochemistry for the title reaction has been stud-

ied using the high-accuracy HEAT-456QP method, followed

by chemical kinetic calculations using Miller's SCTST the-

ory to obtain thermal rate coefficients at the high-pressure

limit. The forward reaction pathway is endothermic by

11.8 ± 1 kJ/mol, which agrees very well with the ATcT

value of 11.5 ± 0.2 kJ/mol.40–43 The forward and reverse bar-

rier heights (including ZPE corrections) were estimated to

be 57.9 ± 1 and 46.1 ± 1 kJ/mol, respectively. The highly

accurate thermochemistry in this work leads to a significant

improvement of ab initio thermal rate constants, which now

agree well with experimental results for the reverse reaction,

for which all previously theoretical calculations were not suc-

cessful. This certainly demonstrates the significant impor-

tance of accurate thermochemistry, even in kinetics calcu-

lations. Furthermore, thermal rate constants above 2500 K

where experimental results are not available have been pro-

vided in Table S1 (see the Supporting Information Material)

for kinetic modeling.
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