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Direct ab initio dynamics studies of N +H,—NH+H reaction
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Kinetics of the N+H,«>NH-+H reaction have been studied using a dirabt initio dynamics
method. Potential energy surface for low electronic states have been explored at the QCISD/
cc-pVDZ level of theory. We found the ground-state reaction i$9)\¢H,—NH(ES ™) +H.
Thermal rate constants for this reaction were calculated using the microcanonical variational
transition state theory. Reaction path information was calculated at the QCISD/cc-pVDZ level of
theory. Energies along the minimum energy p&#EP) were then refined at the QCISDQ)/
cc-pVTZ level of theory. The forward and reverse barriers of the ground-state reaction are predicted
to be 29.60 and 0.53 kcal/mol, respectively. The calculated rate constants for both forward and
reverse reactions are in good agreement with available experimental data. They can be expressed as
k(T)=2.33x 10"*exp(—30.83(kcal/mo)/RT) cnt mol *s™! for the forward reaction and(T)
=5.55x 10T *exp(—0.78kcal/mo)/RT) cntmol *s™! for the reverse reaction in the
temperature range 400—2500 K. @00 American Institute of Physid§0021-9606)0)30139-9

I. INTRODUCTION et al!® for the temperature range of 1500—2500 K. Hanson
and Salimian, also based on Morley’s data, suggested the
Nitrogen-containing compounds play an important rolerate constants to be 3.810%2cm*mol s ! for the tem-
in atmospheric chemistry and in many combustion and experature range of 1790—2200'& Koshi et al. also carried
plosion processes. The mechanisms of these processes aig ab initio study of the N{S)+H,—NH+H reaction®
generally very complicated and involve hundreds of reacThey optimized geometries of the stationary points at the
tions or more-? Kinetic simulations are often used to eluci- HF/4-31G level of theory and calculated the energies at the
date the mechanisms of these proceséddowever, the ef- MP4/6-31G(,p) level of theory. The calculated forward
fectiveness of such simulations depends on the accuracy aid reverse barriers for quartet state reaction are 35.3 and 4.4
rate constants of elementary reactions. It is difficult to meakcal/mol, respectively. These values are in accordance with
sure thermal rate constants of reactions involving reactivé&Koshiet al’s experimental results, but too large compared to
radicals due to the rapid secondary reactions of the produ@®avidsonet al.'s results.
radicals. Thus, direcab initio dynamics methods, which In the present study, we employed a high-leablinitio
have been confirmed to be sufficiently accurate, are oftemolecular orbital method to study the reactions of N atom
effective tools for predicting the kinetics of these with H, on several low-lying electronic states. The thermal
reactions’® rate constants of the N®)+H,—~NH+H reaction and its
The N(*S)+H,—NH+H reaction is a very important reverse reaction were calculated using the dimetinitio
elementary reaction in many combustion processes oflynamics approach’®!° Rate calculations are done using
N-containing compounds, e.g., the thermal decomposition othe microcanonical variational transition state theory
RDX and HMX?® However, there have been very few direct (uVT).1672!
experimental studies on this reaction due to the difficulty in
preparation of N atoms. Kostait al° studied this reaction 1I. METHODOLOGY
by the atomic resonance absorption technique in a shock tu% Microcanonical variational transition state theory
apparatus over the temperature range of 1600-2300 K. The
Arrhenius expression ik(T)=(2.8+0.2)x 10'*exp(—33 Microcanonical variational transition state thedpvT)
+7 (kcal/mol/RT) cnPmol™*s™%.  However, Davidson is based on the idea that by minimizing the microcanonical
et al’s experiment gave a smaller pre-exponential factor ofrate constant&(E) along the MEP, one can minimize the
1.6x 10 and a lower activation energy of 25.14 kcal/mol error caused by the “recrossing” trajectoriés?* Within
using the same experimental technique over the temperatutee framework ofuVT, the thermal rate constant at a fixed
range of 1950-2850 K The only measured rate constant temperaturel can be expressed as

for the reverse reaction determined by Moffeis k=1.02 © o NGT CElkaT

N E B'dE
x 10 cmPmol ts™! for the temperature range of 1790— kuVT(T):fo minN®YE s)}e d , 1)
2200 K. This value is further recommended by Baulch hQr

whereo is the statistical factor of the reaction, which is 2 for

i 4
aAuthor to whom correspondence should be addressed. Electronic maithe forward and 1_for the reverse direction of the™S)
truong@chemistry.chem.utah.edu +H,—NH+H reaction,h andkg are the Planck and Boltz-
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FIG. 2. Geometric parameters and frequencies of the stationary points. The
italic numbers are experimental data taken from Ref. 30.
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cal optimizations, IRC calculations, and frequency analyses.

NH (°B,) Since the ground-state reaction is on the quartet-state poten-
.80 : . tial energy surface, we included corrections for triple and
quadruple excitations in the QCISD metRBEQCISD(TQ)]
Reaction Coordinate and used the Dunning’s correlation-consistent tripleasis

FIG. 1. Relative energies and schematic diagram for the potential energ?ee7 (cc-pVTZ) to refine the energies of the stationary points
surfaces of N atom with i The energies of stationary points were calcu- and selected points along the IRC of this reaction. The IRC
lated using QCISD/cc-pVDZ level of theory. was calculated in the mass-weighted internal coordinate with
the small step size of 0.02 afftbohr using the Gonzalez—
Schlegel metho&® Twenty-one points were automatically
tion function, which is the product of electronic, rotational, Selected for Héassmr) calculations along the MEP by a focus-
and vibrational partition functions. The relative translational'™9 technique?® The information of these points was further

partition function was calculated classically. However, theUSed for calculation of variational rate constants. All elec-
rotational and vibrational partition functions of the reactantlfonic structure calzcgulanons were performed using the
were calculated quantum mechanically within the rigid rotorSAUSSIAN S8program.
and harmonic oscillator approximationd®™(E,s) is the
sum of states of electronic, rotational, and vibrational mo-l- RESULTS AND DISCUSSION
tions at energ¥ of the generalized transition state located atA. Potential energy surfaces
s, wheres is the reaction coordinat&N®"S(E,s) along the
MEP were also calculated quantum mechanically using th%e
rigid rotor and harmonic oscillator approximations.

The rate constant calculations were carried out employ.

ing the THERATE program®®

mann constants, respectively is the total reactant parti-

In order to have a good understanding of the reactions
tween N atom and 41 we calculated reaction channels
involving different electronic states of N atom. The three
lowest electronic states of N atom &8, 2D, and?P. We
found that the ground state of N atdB reacts with H to
form the ground-state NHE ~) and H products along the
43 electronic state reaction path. An excited state of N atom,

Spin contamination has been a problem in the unrepossibly the’P electronic state, reacts with,Ho form the
stricted Hartree—Fock wave functions of free-radical reac-
tions. A recent study by Truhlaet al?? showed that
UQCISD® and UCCSB* methods give reasonable geom-
etries even though the spin contamination can be relatively . |
large. However, the inclusion of triple excitations in the
UQCISD(T)® or UCCDT(T)® is sometimes necessary for a
good estimation of energy. In the present study, we used th
UQCISD method with Dunning’s correlation-consistent
double? basis sef (ccp-VD2) to perform all the geometri-

B. Electronic structure calculations

W
(=3
)

n
w

n
[=3

e
(5]
L

TABLE I. Relative energiegkcal/mo)) of the stationary points on the po-
tential energy surfaces of N atom with,&

Potential Energy (kcalfmol)

-
(=]
L

N(*S)+H? N(?P)+H, TS1 NH(?B;) NH()+H

QCISD’ 0.0 70.73 35.46 —55.56 32.92

QCISD(TQ)® 0.0 31.33 29.16 0

QCISD(TQ)+ZPE 29.60 29.07 2 y 0 J 2

aSee Fig. 1 for designation of TS1. s (amu'? bohr)

bUsing cc-pVDZ basis set.

‘Using cc-pVTZ basis set. FIG. 3. Plot of classical potential energy along the minimum energy path vs

9ZPE were calculated at QCISD/cc-pVDZ level of theory. the mass-weighted internal coordinate
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25 TABLE II. Comparison of the sum of states at the transition state and the
minimum of sum of state along the MEP for the forward *SY
+H,—NH(®2) +H reaction.

Excess enerdy
rNH

5.0 20.0 50.0 100.0 125.0

e
m
L

N(E) at TS 20E3 1.0&5 26E6 3.6E7 8.7E7
Minimum of N(E) 19F3 87E4 1.7&6 20FE7 4.6&7

pury
L

Bond Distance (A)

rHH aUnit: kcal/mol.

0.5

forward and reverse classical barrier heights calculated at the
QCISD(TQ)/cc-pVTZ level of theory are 31.33 and 2.17
kcal/mol, respectively. Including zero-point ener@¥PE)
correction reduces the forward and reverse barriers by 1.73
FIG. 4. Plot of bond lengths vs the mass-weighted internal coordmate and 1.64 kcal/mol, respectively. Note that the ZPE-corrected
forward barrier is within the experimental range of 33
+7 kcal/mol for the activation energy.

The calculated geometries and frequencies at the station-
ary points are shown in Fig. 2 along with the available ex-
the ground state NHE ~) and H atom. We have attempted perimental datd® The calculated bond lengths of equilib-
to locate the reaction between tf2 state of Natomand 5 rjum species are generally larger than experimental values by
but found the spin contamination of the wave function is|ess than 0.02 A. The calculated bond angle of,Néi2.4°
rather large during the self-consistent fieBCH calculation.  smaller than that of the experimental data. The differences in
The results in this case may not be reliable and thus are ngkhe harmonic vibrational frequencies between calculations
included here. We found the transition state for hydrogeryng experiments are smaller than 5%. At the transition state
abstraction reaction on tf&, potential energy surface which of the 43 reaction channel, the N—H bond.109 A is
suggests the reaction path to be rectilinear. A schematic dighorter than the H—H bond..275 A).
gram of the reaction channels is shown in Fig. 1.

Table | lists the relative energies of the stationary points
of these reactions. The first excited state of the reactants is
70.73 kcal/mol higher than that of the ground state at thes. Minimum energy path of the ground-state reaction
QCISD/cc-pVDZ level of theory. Thus, the reaction is .
mainly proceeding on the ground-state surface. The forward We calculate4d the minimum energy path for the-N,
barrier of the ground state channel is 35.46 kcal/mol, whicH&action on the™, ground-state §urface at the QCISD/
is close to the MP4/6-31@(p) value of 35.3 kcal/mol cal- cc-pV.I:_)Z level of theory. The reactl_on path was fo_und o b?
culated by Koshit al. However, the calculated reverse bat- a rectlllnear.one. Figures 3_aqd 4 display the classic potential
rier of 2.54 kcal/mol is smaller than that of 4.4 kcal/mol from EN€r9Y profile and the variation of bond lengths along the

Koshi et al's MP4 calculatiori® The best estimates for the 'RC: 'éSpectively. Note that the potential energy profile was
corrected by a series of QCI$DQ)/cc-pVTZ single-point

calculations. The energy rises sharply in the region from
—1.0 to 0.0 ami?bohr of the mass-weighted coordinate due
to the breaking of the H—H bond, whereas the N—H bond is
still in the process of forming. However, the rates of bond
3000 formation and dissociation are not the same. As th&SN(
atom approaches the,lholecule, a repulsive interaction be-
tween electrons in the orbitals of the N atom with electrons
z in the o orbital of H, gives rise to the first-18 kcal/mol of
the barrier. Ats, about— 0.8 H, begins to dissociate and the
barrier continues to rise anotherl3 kcal/mol. At the tran-
sition state, the N—H bond is already 95% formed.
1000 Figure 5 shows the plot of generalized frequencies along
o the reaction coordinate There are three vibrational modes
along the reaction path; a doubly degeneddtéending vi-
bration, and & stretching vibration. The bending vibrations
reach the maximum at the reaction coordinggbout—0.5
and they become the asymptotic values of zero at both reac-
tant and products. The stretching shows the transformation of
FIG. 5. Plot of frequencies vs the mass-weighted internal coordmate  the H, stretch to the NH stretch vibration.
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global minimum of the N-H, system, i.e., N&{(?B;), on the
2B, reaction path. NK(?B,) can further decompose to form
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TABLE Ill. Comparison of rate constantsm® mol™ s™%) using nonvariationaluTST) method and variational
(uVT) method for the forward MS) + H,—NH(®%) + H reaction.

Temperaturé
400 600 800 1000 1500 2000 2500
uTST 7.9€-27 22E-21 12¥-18 6.4%-17 14%-14 25%-13  15E-12
uvT 7.38E-27  1.94-21  1.1E-18 53%-17 11F-14 19E-13 1.1FE-12
aUnit: K.
C. Rate constants The calculated rate constants along with the available

experimental data for the reverse reaction are depicted in Fig.
reaction N¢S) +H,—NH(3S ")+ H is rather flat in the exit 7. No activation barrier was observed in the experiment of

channel and the reverse barrier is quite small. The tunnelingogegé Inkoul; callculaﬂpr;], the blest es;umz:ﬁon of the_ barrt|e|r
effect is expected to be small in this case. However, this typ ‘ calimol, which 1S close 1o the experimenta

12,13 P
of reaction often has large recrossing effects. Table Il Iistsresu“' Th? calculated.rate constants are again n good
the sum of states at the transition state and the minimum t9reement with the experimental data. The largest difference

the sum of state along MEP of the forward reaction at Jn A logk between the predicted data and experiment data is

given energyE. It can be seen that the differences betweenonly 0.47. The fitted Arrhenius expression for the reverse

them become larger with increase of excess energy. At th%eactlon_llslng).:555>< 108T1'44eXp(—Q.78(kca|/'moD/RT) '

excess energy of 125.5 kcal/mol, they differ by a factor ofCmS mol S - Sln_ce the agreement W'th experiment data is

almost 2. Table Il shows the calculated rate constants witl‘?xc_ellent in the h|gh7tempe_rature limits and there are no ex-

and without variational effects for the forward reaction. Theperlmen_tal data z_avalla_ble in the Iow-temperatL_Jre range, the

variational effects become larger with the increase of temEXPressions obt:_;une_d n the_ presen_t work provn_je a good es-

perature. At 400 KuVT rate constant is about 8.0% smaller timates for the kinetics of this reaction over a wide tempera-

than the nonvariational transition state thed®ST) rate ture range.

constant. At 2500 K, the difference becomes 38%. Figure 6

displays the calculated forward rate constants along with th&/. CONCLUSIONS

available experimental dat&!! It can be seen that the two We presented in this work a high-level direab initio

series of experimental data approach each other when th§namic study of the reaction between N atom ang H

temperature increases. Thelogk deviation of the two ex-  Two electron state potential energy surfaces of this reac-

periments is 0.9 at 1500 K and decreases to 0.44 at 2500 Kjon, namely N{S)+ H, and N@P)+H, were studied

The calculated rate constants are well located between th& the QCISD/cc-pVDZ level of theory. The reaction

experimental data. However, the predicted values are closeff N(*S) +H,—NH(S ~)+H was found to be the ground-

to the data of Koshét al.than that of Davidsoet al.at 1500 state reaction. Energetic properties a|0ng the ground-sta’[e

K and vice versa at 2500 K. The calculated rate constants Cafidaction path were further impro\/ed by Carrying out a series

be expressed in the Arrhenius form as(T)=2.33  of single point QCISITQ)/cc-pVTZ calculations. Microca-

X 10" exp(—30.83(kcal/mo)/RT) cn?mol *s ™. nonical variational transition state theory was used to calcu-
late the rate constants for both forward and reverse reac-
tions. The calculated rate constants for both forward and

As shown in Fig. 3, the potential energy profile of the

16

99
w
26 14
- 3
£
= £
= [
o 0 5 12
VT : —w
—u —o—Ref 12
-39 s Ref9 Ref
s+ Ref10 ef 11
-6 - - T T - 10 T
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
1000/T (K) 1000/T (K)

FIG. 6. Comparison of experimental data and calculated forward rate conFIG. 7. Comparison of experimental data and calculated reverse rate con-
stants of the N{S) + H,—~NH(®2) + H reaction vs 10007 stants of the N{S) + H,—~NH(3%) + H reaction vs 1000Q7.
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