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Direct Dynamics Study on the Hydrogen Abstraction Reaction MH4, + H — N2H3 + H»
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A direct ab initio dynamics method has been employed to investigate the hydrogen abstraction regttion N

+ H — NzH3 + Hy, which is predicted to have four possible reaction channels caused by different structures
of N;H, and different positions of hydrogen atom attack. The structures and frequencies at the stationary
points and along the minimum energy paths (MEPS) are determined using the UMP2&eBf) method.
Energetic information is further refined at the PMP4/6-83G(3df,2pd)//UMP2/6-31+G(d,p) level of theory.

The rate constants are calculated using the improved canonical variational transition state theory with the
small-curvature tunneling correction (ICVT/SCT) in the temperature range of 2200 K. The calculated
results show that in the lower-temperature range, the most favorable reaction channels are reagtig@)L [N

+ H — TS(al)— N2Hs(a) + H;] and reaction 3 [BH4(b) + H — TS(b1)— N.Hz(b) + Hy], while in the
higher-temperature range, reaction 2\a) + H — TS(a2)— NyH3(a) + H,] and reaction 4 [MH4(b) +

H — TS(b2)— N,Hs(b) + H;] become more important. The calculated total rate constants of the four reaction
channels are in good agreement with the available experimental data.

Introduction Many investigation®¥1%-24 into the reaction H+ NoH; —
Hydrazine (NHs), methylhydrazine (CENHNH,), and un- N2Hz + Hz have been reported over the past 40 years, and there

symmetrical dimethylhydrazine [(GhNNF] are at present 5128, TEL SR PR (SRR BT RRSET, TR
attracting growing interest as an important class of diamine- P g

' .- 222—-657 K. In a recent work, Vaghjiani et &.acquired the
based rocket fuelsThese propellants are typically oxidized by - A 1
nitrogen tetroxide (MO,) in rocket motors to generate the Arrhenius expressioky = (11.7+ 0.7) x 10~ * exp[~(1260

3 1g1
desired thrust for the Titan launch vehicles and the space shuttlei 20)T] em* molecule ™ 5%, but to the best of our knowledge,

as well as other spacecrafts in low earth orbit (LEG}specially tz\;vctggﬁorencal calculations have been performed for this
as a monopropellant,JN is also very common in small attitude In th ' wud ted h ¢ a direct ab initi
and trajectory control systems of many satellites. n the study presented nhere, we report a direct ab initio

e )

Hydrazine is one of the rare endothermic compounds, whoseﬁyg""m!c§ sl,:tudy on Eze abstract\t,l/on of _anl Htaton|1 fr?m
decomposition can lead to self-ignitior or detonatiorf, 8 or ydrazine. For BHa, there are o equivalent molecuiar
it can be stabilized as a flame without any oxidizer. To structures withC; symmetry, which have been determined

accurately model the combustion ofH\, either the decomposi- experlmentally by Kohata et é?.We_ have cons_|dered all the
tion mechanisms or the kinetics of the reactions that are involved "€2ction pos_s_|b|I|t|es caused by differengh isomers and
are required. But only some initial decomposition reaction different positions of hydrogen atom attack.
rated®-13 and a few rate constants for hydrazine reacting with
atoms and radicald* 2! have been measured. The reaction of
atomic hydrogen with hydrazine is one such reaction. This A, Improved Canonical Variational Transition State
reaction is very important because it is one of the chain Theory. The rate constant calculations are carried out by
propagation steps in the flame and pyrolytic decomposition of employing POLYRATE version 8.2 For the purpose of
N2H41" and can provide an uncomplicated probe of chemical comparison, calculations of the reaction rate constants are carried
reactivity. According to the investigation of Schiavello and out by using the conventional transition state theory (TST) and
Volpio,* the reaction of an H atom with M4 can proceed via  the improved canonical variational transition state theory
a hydrogen atom abstraction reaction (ICVT).?8 By treating the threshold region as accurately as in
H + NyH, — N,H, + H, '?Se microcanonical variational theory, one can express the ICVT

Computational Methods

Birse and Melvillé® proposed another possible pathway for this -
reaction involving N-N bond fission in hydrazine KeT(T,s) = [N * [ dEe "ENC'(E,5)
H A+ NoH, = NH; + NH, where KI€T(T,s) is the improved generalized transition state

theory rate constantpR(T) is the partition function per unit

length for reactantsNCT(E,s) is the quantized cumulative

reaction probability,5 is equal to (sT), in which kg is
*To whom correspondence should be addressed. Fag6-10- Boltzmann’s constant, and*® is the maximum of the ground

68912665. E-mail: gsli@bit.edu.cn. state vibrationally adiabatic potential curve. The ICVT dividing
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However, the latter reaction has proven to be of minor
importance compared with the first reactit82%.22
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Figure 1. Conformations of stable stereoisomers eHiand N:Hz and structures of possible transition states for the title reaction. See Tables 1

and 2 for the complete list of geometrical parameters.

surface is placed to minimize the improved generalized transition
state theory rate constant

K®(T,9) _
T'Fs*ICVT(T) =0
Furthermore, the ICVT rate constants are also corrected
with the small curvature tunneling (SCT) correction method
proposed by Truhlar and co-workeéfs3*which is based on the
centrifugal dominant small curvature semiclassical ground state
(CD-SCSAG) method.

B. Electronic Structure Calculations. By means of the
GAUSSIAN98 progrand/ ab initio calculations are carried out

for stationary points (reactants, transition states, and products)

and for the minimum energy paths (MEPS) in an effort to obtain
electronic structure information for the reactions. The geometries
of the stationary points are fully optimized by employing the
second-order unrestricted MghePlesset perturbation method
(UMP2) with the 6-3%-G(d,p) basis se€2° The frequencies
are calculated at the same level. Meanwhile, the QCISD/6-311G-
(d,p)°® method is also used to calculate the stationary point
properties of the reactions for comparison. The minimum energy
paths (MEPSs) are obtained at the UMP2/6+&(d,p) level of
theory froms = —1.80 to 1.80 amt® b using the intrinsic
reaction coordinate (IRC) method with a step size of 0.02'&mu

b in mass-weighted Cartesian coordinates. The harmonic
vibrational frequencies as well as the Hessian matrixes at the

selected points along the MEPs are calculated at the same level.

The spin-projected fourth-order MgllePlesset perturbation
theory (PMP43!is employed using the 6-331G(3df,2pd) basis
set [PMP4/6-311G(3df,2pd)// UMP2/6-33+G(d,p)] to refine

the energies of stationary points and the selected points along

the MEPs. In addition, the single-point energy calculations
for stationary points are also carried out at the G2/QCISD/
6-311G(d,p) level of theory for comparison.

Results and Discussion

It has been shown experimentally and theoretically that there
are only two stable stereoisomers in hydrazine molecule
N,H435-38 (Figure 1). Since there are two types of hydrogen
atoms in each isomer of N4, there are correspondingly four
different transition states (Figure 1) and four different possible

TABLE 1: Optimized Geometrical Parameters (distances in
A and angles in deg) of All the Reactants and Products at
the UMP2/6-314+G(d,p) and QCISD/6-311G(d,p) Levels

UMP2/ QCISD/
geometrical paramete6-31+G(d,p) 6-311G(d,p) expHl
NzHa(@) r(N2—N1) 1.434 1.437 1.449
r(N2—H1) 1.015 1.017 1.021
r(N2—H2) 1.012 1.013 1.021
O(N1-N2—-H1) 112.3 111.2 112
O(N1-N2—-H2) 107.5 106.6 106
0(H1-N2—-H2) 108.5 106.8 106
®(H2—N2—N1-H4) 90.9 89.4 91
NzH4(b) r(N2—N1) 1.434 1.437 1.449
r(N2—H1) 1.012 1.013 1.021
r(N2—H2) 1.015 1.017 1.021
O(N1—N2—H1) 107.5 106.6 106
O(N1-N2—-H2) 112.3 111.2 112
O(H1—N2—-H2) 108.5 106.8 106
®(H2—N2—N1-H4) 90.9 89.4 91
H, r(H—H) 0.734 0.743 0.741
NzHz(@) r(N2—N1) 1.350 1.362
r(N2—H1) 1.012 1.014
r(N2—H2) 1.008 1.010
r(N1-H3) 1.021 1.025
6(N1—N2—H1) 120.7 118.3
O(N1-N2—H2) 113.6 111.8
6(H1—-N2—H2) 115.1 112.7
O(N2—N1-H3) 105.5 104.5
®(H1-N2—N1-H3) 25.5 32.1
NzHs(b) r(N2—N1) 1.350 1.362
r(N2—H1) 1.008 1.010
r(N2—H2) 1.012 1.014
r(N1—-H3) 1.021 1.025
O(N1-N2—-H1) 1135 111.8
6(N1—N2—H2) 120.7 118.3
0(H1-N2—-H2) 115.1 112.7
O(N2—N1—-H3) 105.5 104.5
®(H2—N2—N1-H3) 25.6 32.1

aFrom ref 38.° From ref 40.

reaction channels for the title reaction. In this study, we have
reported all the possible channels and the species involved.
A. Stationary Points. The optimized geometric parameters
of all the reactants, products, and transition states at the UMP2/
6-31+G(d,p) and QCISD/6-311G(d,p) levels along with the
available experimental d&fa4C are given in Tables 1 and 2.
The conformations of the main stationary points are also shown
in Figure 1. From the results listed in Table 1, it can easily be
seen that the optimized geometries fosH¥(a) and NH4(b)
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TABLE 2: Optimized Geometrical Parameters (distances in
and angles in deg) of the Transition State Structures at

the UMP2/6-31-G(d,p) and QCISD/6-311G(d,p) Leveld

the reactant bH,. Meanwhile, the lengths of the forming+H
bond in each transition state, which will form a hydrogen
molecule, are~33.4,~31.5,~33.4, and 31.5% longer, respec-

Ump2/ QCISD/ tively, than the equilibrium bond lengths of the hydrogen
geometrical parameter 6-31+G(d,p)  6-311G(d,p) molecule. Therefore, all of the transition states are reactant-
TS(al) r(N2—N1) 1.397 1.409 like, and the reactions will proceed via early transition states.
fE“g—:g igﬂ 1-812 This character is in accordance with the nature of exothermic
r — . . 7
r(N1—H3) 1.021 1.020 reactionst’ o _
r(N1—H4) 1.192 1.141 Table 3 lists the harmonic vibrational frequencies and zero-
r(H4—H5) 0.979 1.082 point energies of the reactants, products, and transition states
6(N1-N2-H1) 114.9 112.8 at the UMP2/6-33+G(d,p) level of theory along with the
zgm%:mi:ﬂgg 1099 ot available experimental dafalt can be seen that the maximum
O(N2—N1—Ha) 1118 111.3 error of the calculated frequenciest41% compared with the
O(H3—N1—H4) 102.0 102.1 experimental data. The frequencies calculated at the UMP2/6-
O(H5— H4—N1) 166.6 160.9 31+G(d,p) level of theory and the ones calculated at the QCISD/
®(H5—H4—N1-N2) 47.8 47.8 6-311G(d,p) level of theory are similar. All the transition states
TS(a2)  r(N2—-N1) 1.404 1.420 have only one imaginary frequency. The absolute values of
;E“g::g 1'813 1812 imaginary frequencies at the UMP2/6-8G(d,p) level of theory
r(N1—H3) 1:200 1:155 for TS(al), TS(a2), TS(bl), and TS(bZ) are 2332, 2541, 2332,
r(N1—H4) 1.022 1.022 and 2541 cm!, respectively. The large values of imaginary
r(H3—H5) 0.965 1.050 frequencies imply that the tunneling correction is important for
O(N1-N2—H1) 114.4 1115 these reaction channels.
ggm;_m_ﬂg 183:(3) igg:g According to the optimized geometries discussed above, we
O(N2—N1—H4) 108.4 107.8 can deduce that the four possible reaction channels are as
O(H3—N1—H4) 100.0 99.8 follows:
O(H5—H3—N1) 167.5 164.1
TSy rNeND ) 1k07 100 NoH (@) + H— TS(al)~ NHs(@)+ Hy (1)
r(N2—H1) 1.011 1.013
-1 T N H TS N H @
r(N1—H4) 1.021 1.020
(NI N2 ) 106.0 1077 NoH(b) + H = TS(b1)—~ NoHy(b) + H,  (3)
O(N1-N2—H2) 114.9 112.8
O(N2—N1—H3 111.8 111.3 - _
6%N2—N1—H4§ 106.6 106.1 NoH,(b) + H = TS(b2)— N,Hs(b) + H, )
O(H3—N1—-H4) 102.0 102.1
O(HS— H3—-N1) 166.6 160.9 The reaction enthalpies and potential barriers calculated at
O(H5—H3—=N1~-N2) 478 478 the four different levels of theory [UMP2/6-31G(d,p), QCISD/
TS(b2) r(N2—N1) 1.404 1.420 P
r(N2—H1) 1.010 1.013 6-311G(d,p), G2//QCISD/6-311G(d,p), and PMP4/6-811
r(N2—H2) 1.011 1.013 G(3df,2pd)//UMP2/6-31G(d,p)] are collected in Table 5. It
r(N1-H3) 1.022 1.022 can be seen that the reaction enthalpies of all the reaction
r(N1—H4) 1.200 1.155 channels at the latter two levels are very similar, and all of them
;((",\'ﬁ__n?_m) 269968 160758 are close to the corresponding experimental value-21.09
O(N1—N2—H?2) 114.4 1115 kcal/mol derived from the experimental standard formation
0(N2—N1—H3) 108.4 107.8 enthalpies (53.70 kcal/m®lfor N,H3, 0.00 kcal/mat* for H,,
O(N2—N1—H4) 107.3 106.7 22.77 kcal/mdt* for NoH4, and 52.02 kcal/mét for H).
zg:g:'\"_ai'?\l‘?) igg'g igfl In conclusion, we find that UMP2/6-31G(d,p) and QCISD/
d(H5—H4—N1—N2) 47.9 47.8 6-311G(d,p) calculations can both provide accurate structural

and frequency information, and G2//QCISD/6-311G(d,p) and
PMP4/6-31%G(3df,2pd)//UMP2/6-31G(d,p) calculations can

. . effectively improve the potential energy. However, the combi-
are both gauche conformations with, symmetry. Where  ation of optimizing geometry at the UMP2/6-8G(d,p) level
comparison is possible, the theoretical bond lengths and bondg¢ theory with refining energy at the PMP4/6-3tG(3df,2pd)
angles for the reactants and the products at the UMP2/|eye| of theory is preferred due to its advantage in computational
6-31+G(d,p) level are in good agreement with the experimental resources compared to the QCISD/6-311G(d,p) and G2//QCISD/
values?®40 Furthermore, the calculated structural parameters 6-311G(d,p) methods. Therefore, we adopted the PMP4/
for all the stationary points at the UMP2/6-8G(d,p) level of 6-31H-G(3df,2pd)//UMP2/6-33+G(d,p) method for the calcula-
theory are close to those calculated at the higher level of QCISD/tions of the four possible reaction channels. In addition, because
6-311G(d,p). For the transition state structures, the three atomsof the mirror image equivalence between the reaction channels
involved in the bond-breaking-and-bond-forming process are of reactions 1 and 3 as well as reactions 2 and 4, only kinetic
nearly collinear. At the UMP2/6-3#G(d,p) level of theory, the ~ data and figures of reactions 1 and 2 are provided.

lengths of the breaking NH bond in TS(al), TS(a2), TS(b1), B. Reaction Path Properties.The changes in the bond
and TS(b2) increase by 17.4, 18.6, 17.4, and 18.6%, respectivelylengths and generalized normal mode vibrational frequencies
with respect to the corresponding equilibrium bond lengths of of the four reactions along the MEPs as functions of intrinsic

aTS denotes transition state.
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TABLE 3: Harmonic Vibrational Frequencies (cm~1) of the Equilibria and Transition States at the UMP2/6-31+G(d,p) and
QCISD/6-311G(d,p) Levels and Zero-Point Energies (kcal/mol) at the UMP2/6-31G(d,p) Level

harmonic vibrational frequencies

UMP2/6-31-G(d,p) QCISD/6-311G(d,p) exptl ZPE
N;Hi(a) 460, 861, 1016, 1147, 1321, 1353, 427,907, 1071, 1153, 1337, 1371, 371, 896, 914, 1035, 1284, 1285, 34.4
1712, 1732, 3556,3560, 3685, 3688 1689, 1711, 3490, 3504, 3602, 3608 1579, 1598, 3274, 3293, 3334, 3336
NHi(b) 460, 861, 1016, 1147, 1321, 1353, 427,907, 1071, 1153, 1337, 1371, 371, 896, 914, 1035, 1284, 1285, 34.4
1712, 1732, 3556, 3560, 3685, 3688 1689, 1711, 3490, 3504, 3602, 3608 1579, 1598, 3274, 3293, 3334, 3336
N;Hs(a) 577,742, 1158, 1297, 1505, 1710, 663, 756, 1156, 1246, 1514, 1684, 25.6
3543, 3607, 3756 3444, 3543, 3664
NaHs(b) 579, 742, 1157, 1298, 1505, 1711, 663, 756, 1156, 1246, 1514, 1684, 25.6
3544, 3607, 3756 3444, 3543, 3664
H, 4610 4423 6.6
TS(al) 405,432, 765, 879, 1093, 1195, 1270, 381, 385, 695, 931, 1069, 1167, 12509, 33.1
1426, 1566, 1584, 1717, 3541, 3550, 1419, 1541, 1604, 1700, 3490, 3508,
3700, 2332i 3619, 1710i
TS(a2) 309, 435, 659, 813, 1098, 1180, 1271, 219, 417, 616, 891, 1072, 1162, 1263, 32.7
1407, 1551, 1611, 1710, 3530, 3602, 1403, 1508, 1572, 1689, 3480, 3544,
3730, 2541i 3638, 2005i
TS(b1l) 405,432, 765, 879, 1093, 1195, 1270, 381, 385, 695, 931, 1069, 1167, 1259, 33.1
1426, 1566, 1584, 1717, 3541, 3550, 1419, 1541, 1604, 1700, 3490, 3508,
3700, 2332i 3619, 1710i
TS(h2) 309, 435, 659, 813, 1098, 1180, 1271, 219, 417, 616, 891, 1072, 1162, 1263, 32.7

1407, 1551, 1611, 1710, 3530, 3602,
3730, 2541i

aFrom ref 42.

3638, 2005i

TABLE 4: Total Energies (hartrees) for the Equilibria and
Transition States

PMP4/6-311
G(3df,2pd)//

UMP2/ QCISD/ G2//QCISD/ UMP2/
6-31+G(d,p) 6-311G(d,p) 6-311G(d,p) 6-31+G(d,p)
H —0.4982329 —0.4998098 —0.4999998 —0.4998098

NoHa(a) —111.5496599—-111.6062618—111.6779267—111.703693
NoHa(b) —111.5496599—-111.6062618—111.6779267—111.703693
H> —1.1576611 —1.1683403 —1.165741 —1.1716651
N2Hs(a) —110.9125166—110.970995 —111.0402373—111.062518
N2Hs(b) —110.9125166—110.970995 —111.0402383—111.062518
TS(al) —112.0265192—-112.0950631—112.1674309—112.195308
TS(a2) —112.022206 —112.0908833—112.1640347—-112.191294
TS(bl) —112.0265192—112.0950631—112.1674309—112.195308
TS(b2) —112.022206 —112.0908833—112.1640357—112.191294

TABLE 5: Reaction Enthalpies (AH®,9g and Potential
Barriers (AE) (kcal/mol) for the Possible Reaction%

reaction 1

reaction 4
AH°9s AE AH°s AE AH°xgs AE AH°9s AE

—15.74 11.99-15.74 14.48—15.74 11.99—-15.74 14.48
QCIsr» —22.93 5.34—22.93 7.68—22.93 5.34—22.93 7.68
G2/IQCISD!  —19.66 5.02—19.66 6.87—19.66 5.02—19.66 6.87
PMP4//UMP2Z —21.00 3.72—21.00 6.02—21.00 3.72—21.00 6.02

reaction 2 reaction 3

UMP2®

Experimentt
AH298 —21.09
Ea 25

1403, 1508, 1572, 1689, 3480, 3544,

forming H—H bond rapidly shortens from that in reactants and
arrives at the equilibrium bond length of the hydrogen molecule
at ans of ~0.5 amd’? b.

In Figure 3, there are 15 vibrational frequencies near the
transition state § = 0). It is obvious that the vibrational
frequency represented by a solid line changes strongly in the
range ofs from —0.5 to 0.5 am#2 b. Whens < 0 amd’2 b,
this vibrational mode connects with the stretching vibration
frequency of the breaking NH bond of the NH, molecule;
however, whers > 0 amud’2 b, the vibrational mode connects
with the stretching vibrational frequency of the forming-H
bond of the H molecule. In other words, from= —w to s =
oo, the vibrational mode changes from the stretching vibrational
mode of the breaking NH bond to the stretching vibrational
mode of the forming H-H bond. This kind of behavior is known
to be typical of hydrogen abstraction reactions. Therefore, from
the changes in bond lengths and frequencies, the “reaction
region” is in thes range of—0.5 to 0.5 amif2 b.

Panels a and b of Figure 4 show the classical potential energy
(Vmep), the zero-point energy (ZPE), and the ground state
vibrationally adiabatic potential energy.€) (the solid lines).

For the four reaction channels, the position of the maximum
value of the potential energy curv®\fep(s)] at the PMP4/
6-311+G(3df,2pd) level does not correspond to the saddle point

aTotal energies (hartrees) of all the substances are listed in Table 4.position § = 0) at the UMP2/6-3%+G(d,p) level, but shifts

bUMP2 denotes UMP2/6-31G(d,p) + AZPE.cQCISD denotes
QCISD/6-311G(d,py+ AZPE.?G2//QCISD denotes G2//QCISD/6-
311G(d,p).e PMP4//UMP2 denotes PMP4/6-31G(3df,2pd)//UMP2/

6-31+G(d,p) + AZPE.f From ref 23.

reaction coordinates (arHtb) at the UMP2/6-33G(d,p) level

slightly toward the reactant direction at amf approximately
—0.22 ami2 b (the dotted line in panels a and b of Figure 4).
This kind of shifting is caused by the computational tech-
nique®>46 To ensure the accuracy of the following steps, the
maximum position foMvep(s) is shifted artificially to the saddle

are shown in panels a and b of Figures 2 and 3, respectively. [tPOINt position §= 0) (the solid line in panels a and b of Figure
can be seen that the changes are very similar for the four reactiorf?)- It should be noted that the maximum positionsvf are
channels. In panels a and b of Figure 2, the lengths of the Very close to the maximum positions@fiep, and the two curves

breaking N-H bond and the forming HH bond change

are similar in shape because the ZPE curve is practically constant

significantly in the course of the reactions, while the other bond ass varies with only a gentle fall near the saddle pos®t<0).
lengths change little. As the reaction proceeds to products, theThis implies that the variational effect for the reactions will be

length of the breaking NH bond remains insensitive up to an

small. In addition, it is obvious that the favorable possible

sof —0.5 amd2 b and then increases linearly. Meanwhile, the reaction channels are reactions 1 and 3 according to the potential
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a b
2.0 204
1.8 1.8 H5-H3 NI1-H3
0 A
g 1.6 g 1.64
17 §7
o0 o0
E 14 g 14 NI-N2
54 o1
E 124 g 1.24
] 2 A
_ 1.04 = 1.04 RO-Al
N-H2  NI-H3 N-H2 NI-H4
08+ 084
20 -5 -1.0 05 0.0 05 1.0 15 20 2.0 -15 -1.0 05 0.0 05 1.0 15 20
s (amu)"” bohr s (amu)"” bohr

Figure 2. Changes in the bond lengths (A) as functions¢amu’2 b) at the UMP2/6-3+G(d,p) level: (a) reaction 1 (same as reaction 3) and
(b) reaction 2 (same as reaction 4) (the labels of the bonds changing in reactions 3 and 4 can be seen in Figure 1).

s (amu)”? bobr s (anm)” bohr

Figure 3. Changes in the generalized normal mode vibrational frequencies as functien@miit’? b) at the UMP2/6-33+G(d,p) level: (a)
reaction 1 (same as reaction 3) and (b) reaction 2 (same as reaction 4).

ola 5. b
ZPE 404 7PE

Potential energy (kcal/mol)
3
Potential energy (kcal/mol)

20 . . 20

20 45 4o 95 00 05 10 15 20 200 A5 005 00 05 10 15 20
s (amu)m bohr s (amu)l/2 bohr
Figure 4. Classical potential energWer), zero-point energy (ZPE), and ground state vibrationally adiabatic potential enégfyyaé functions

of s (amu’2 b) at the PMP4/6-31+G(3df,2pd)//UMP2/6-33+G(d,p) level: (a) reaction 1 (same as reaction 3) and (b) reaction 2 (same as reaction
4). The dotted line denotes the unshifted curve, and the solid line denotes the curve shifted artificially.

barrier heights taken from Figure 4. For a comprehensive — Vyep (s = 0) = —0.13 kcal/mol for both channels, which
understanding of the variational effect, the dynamics bottleneck are all very small. Thus, the variational effect for the calculation
properties of all the channels are listed in Table 6, in which of the rate constant is very small.

only reactions 1 and 2 are discussed. It is shown that the C. Rate Constant Calculation. The rate constants of the
positions ofs of the variational transition state at various reactions are calculated using the improved canonical variational
temperatures deviate little from the saddle poins at 0. For transition state theory with the small curvature tunneling
both reactions 1 and 3, the deviation is largest at 3000 K, wherecorrection (ICVT/SCT) method at the PMP4/6-311

it is 0.0723 amif? b, and the correspondingsep andV:C values G(3df,2pd)//lUMP2/6-33G(d,p) level of theory within a wide
are 5.90 and 39.12 kcal/mol, respectively. For the classical temperature range of 22B000 K, and the results are listed in
transition stateg= 0), Vvep andV,C equal 6.03 and 39.08 kcal/  Table 7. For the purpose of comparison, the conventional
mol, respectively. The largest deviations are as folloWs: (s transition state theory (TST) and the improved canonical
= 0.0723)— V. (s= 0) = 0.04 kcal/mol and/gp (s= 0.0723) variational transition state theory (ICVT) are also applied in an
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Figure 5. Plot of the IVCT/SCT rate constants, the TST rate constants, and the IVCT rate constants at the PMP&&E81,2pd)//UMP2/6-
31+G(d,p) level, and the available experimeriavalues (cm molecule® s™%) vs 10001 (K™2) in the temperature range of 228000 K: (a)
reaction 1 (same as reaction 3), (b) reaction 2 (same as reaction 4), and (c) sum of the four reaction channels.

TABLE 6: Dynamics Bottleneck Properties of the Four 3). The total rate constants of reactions4lare also listed in
Reaction Channels Based on the ICVT Method Table 7 and Figure 5c. It is obvious that the calculated total
reaction 1 or reaction 3 reaction 2 or reaction 4 rate constants are well located between the experimental
S Vvep VyC s Vuver VA measurement in the whole temperature range where experimen-
T(K) (amud2b) (kcal/mol) (kcal/mol) (amu’?b) (kcal/mol) (kcal/mol) tal data are available. However, we should note that even though
SP 0.0000 6.03 39.08  0.0000 8.25 41.00 the total ICVT/SCT values are in good agreement with the

0.00 0.0634  5.93 39.12 00694 832 4140 eyperimental values at400 K, the total ICVT/SCT rate
220.00 0.0640 5.93 39.12  0.0758 8.31 41.31 . .

208.00 00654 592 3912 00757 831 4131  constants overestimate the experimental ones by a factor of
400.00 0.0674 5.92 39.12 0.0756 8.31 41.32 approximately 3 at=400 K. This indicates that the small
ggg-gg g-gggg g-gi ggg 8-8;?2 g-gi ﬁgg curvature tunneling correction has a smaller effect on reaction
1000.00 00705 591 3912 00754 831 41.32 rate constants at hlgh temperatures than gt low temperaturgs.
1500.00 0.0713 5.01 39.12 0.0754 8.31 41.32 Therefore, the tunneling effect on the reaction rate constants is

2000.00 0.0717  5.91 39.12  0.0754  8.31 41.32  very important at low temperatures, while at high temperatures,
2500.00 0.0720  5.90 39.12 00754 831 41.32 it can be ignored.

3000.00 0.0723  5.90 39.12 00754 831 41.32 : , , ) )

To provide the best possible comparison with experiments,
effort to obtain the reaction rate constants in the same temper-the activation energies of the reactions are calculated from fitting
ature range, and the results are also listed in Table 7. It can bethe ICVT/SCT rate constants to the Arrhenius expression in
seen from Table 7 that the rate constants of reaction 1 (or different temperature ranges, and the energies are listed in Table
reaction 3) are larger than those of reaction 2 (or reaction 4) at8. Apparently, the results of reactions 1 and 3 are in good
<1400 K. However, at- 1400 K, the rate constants of reaction agreement with the experimental values reported by Vaghjiani
2 (or reaction 4) are larger than those of reaction 1 (or reaction et al.2® Gehring et al2! and Stief and Payri,respectively.

TABLE 7: Rate Constants (cn® molecule? s71) of Reactions -4 in the Temperature Range of 226-3000 K at the PMP4/
6-311+G(3df,2pd)//UMP2/6-3H-G(d,p) Level

reaction 1 or reaction 3 reaction 2 or reaction 4 sum of ICVT/SCT
T(K) TST ICVT ICVT/SCT TST ICVT ICVT/SCT rate constant exgtl
220 6.90x 107 6.24x 10 1.66x 107 9.33x 10*® 6.95x 107® 1.88x 10°*® 3.70x 10724
222 7.58x 10 6.85x 101 1.73x 10* 1.07x 10'7 8.00x 107*® 1.98x 10715 3.86x 10724 4.01x 107

252 2.58x 101 235x 107 3.05x 10* 6.21x 1017 5.03x 10°¥7 4.12x 10715 6.92x 1074 (0.83+£0.09)x 10713
279 6.25x 105 570x 107'® 4.80x 10 2.21x 1016 1.89x 107 7.50x 1071® 1.11x 10718 (1.09+ 0.12)x 10713
294 9.54x 10 8.70x 10'° 6.04x 10* 4.05x 106 3.55x 10716 1.02x 10 1.41x 1073 (1.50+ 0.18)x 10713
298 1.06x 10°* 9.67x 107'® 6.41x 10 4.72x 1016 4.16x 107 1.10x 1014 1.50x 10718 (1.58+ 0.24)x 10713
304 124x 10 1.13x 10 6.99x 10%* 5.88x 10 523x 10°1¢ 1.24x 10+ 1.65x 10714 (1.08+ 0.12) x 10 13¢
342 290x 10* 265x 1014 1.15x 101 2.00x 10> 1.87x 1015 2.42x 101 2.78x 1071 (1.80+ 0.18) x 10 13¢
372 5.05x 10°* 4.62x 10* 1.63x 10 4.45x 10'° 4.27x 10 3.87x 10714 4.03x 10713 (3.20+ 0.48)x 10713
435 1.29x 10 1.17x 101 3.01x 10 1.69x 10 1.70x 104 8.96x 101 7.81x 1071 (3.66+ 0.66) x 10 13¢
657 9.35x 1078 8.46x 10 1.30x 102 2.80x 10 3.06x 10 6.61x 10713 3.92x 1072 1.72x 10712
761 1.68x 1012 151x101? 209x 10 6.31x 101 7.01x 10 1.25x 1012 6.68x 1012 (21.3+4.9)x 10718
800 2.03x 102 1.83x 101? 245x 10% 8.17x 10 9.12x 10¥ 1.55x 10712 8.00x 1072

1000 4.46x 10712 3.99x 102 4.82x 1012 2.36x 10?2 2.68x 1012 3.78x 1012 1.72x 101

1200 8.04x 10'? 7.15x 10* 8.16x 1012 512x 10?2 587x 1012 7.47x 10°1? 3.13x 107

1400 1.28x 10 1.14x 10 1.25x 101 9.32x 10?2 1.08x 101! 1.28x 10! 5.06x 10

1600 1.88x 107! 1.66x 10 1.79x 101! 1.51x 10 1.75x 10 2.00x 107! 7.58x 101

1800 2.61x 101! 2.29x 101 243x 101 226x 101t 2.62x 101 292x 1071 1.07x 1070

2000 3.45x 10 3.03x 101! 3.18x 10 3.19x 10! 3.70x 10 4.04x 101t 1.44x 10710

2400 5.48x 10 4.80x 101! 4.96x 10 556x 101! 6.46x 10! 6.87x 1071t 2.37x 10710

2800 7.97x 10 6.95x 101! 7.12x 10 8.64x 10'* 1.00x 1070 1.05x 10710 3.52x 10710

3000 9.36x 10°* 8.16x 101 8.34x 101! 1.04x 10 121x 10 1.26x 10°% 4.19x 10°%0

aFrom ref 23.P From ref 14.¢ From ref 16.
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TABLE 8: Forward Activation Energies ( E,) (kcal/mol) for
the Title Reaction Calculated by ICVT/SCT Theory

temperature

range (K) reaction1 reaction2 reaction3 reaction4 éxptl
222-657 2.88 3.87 2.88 3.87 2.500.04
228-400 2.54 3.39 2.54 3.39 2.380.1C
260-450 2.78 3.76 2.78 3.76 2.500.2¢0¢
298-423 2.88 3.91 2.88 3.91 2.90
305-505 3.06 4.16 3.06 4.16 2.220.2%
657—-886 4.79 6.41 4.79 6.41 4.790.19
220-3000 4.02 5.24 4.02 5.24

a Experimental apparent activation ener§from ref 23.¢ From ref
22.9From ref 21.¢ From ref 19.f From ref 16.

Summary

In this paper, the hydrogen abstraction reactighiN+ H
— NzH3 + H; has been investigated by an ab initio direct
dynamics method. The results show that the UMP2/6-31

G(d,p) method can provide accurate geometry and frequency

information compared with those obtained from the QCISD/6-
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