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The hydrogen-abstraction reactions of the radical NE(X with methane and ethane have been studied by
using ab initio molecular orbital theory and the canonical variational transition-state theory. The geometries
of the reactants, transition states, and products were optimized at the UHF, UMP2, UMP4(sdq), and UQCISD
levels of theory, and the forward and reverse reaction potential barriers were calculated accurately at the
UQCISD(T)/6-311#G(3df,2p) and Gaussian 2 levels. The reaction paths were calculated by the intrinsic
reaction coordinate theory at the UMP2/6-311G** level. The changes of the geometries and generalized
normal-mode vibrational frequencies along the IRC were discussed. The energy profile along the IRC was
further improved by the Gaussian 2 method. The forward and reverse reaction rate constants for the temperature
range from 300 to 2000 K were evaluated by the conventional transition-state theory and the canonical
variational transition-state theory with a small curvature tunneling correction. The theoretical rate constants
of the forward and reverse reactions are all in good agreement with the experimental ones in the measured
temperature range.

Introduction In the present paper, we apply ab initio electronic structure
calculations and chemical reaction dynamical calculations to
tudy the two hydrogen-abstraction reactions over a wide
emperature range from 300 to 2000 K. The chemical reaction
dynamical calculation based on canonical variational transition-
state theory describes a chemical reaction by using ab initio

electronic structure information only in the region of configu-
ration space along the reaction path and provides a practical
investigated the kind of reactions, including the reactions of methodology for polyatqmlc reactions. In the ;econd seqtlon
NH with the saturated hydrocarbons and acetaldehyde, behindOf this paper, the theprencal .methOdS of calculations are briefly
summarized. The third section represents the locations of the

incident shock waves using narrow line-width absorption stationary points and minimum . ener ath (MEP). The
detection. They obtained experimentally the rate constants of: y P 9y p )

these reactions. For both hydrogen-abstraction reactions of NHmformation about the electronic energy and the energy deriva-
with methane a.n d ethane tives is calculated along the reaction coordinate. The theoretical

rate constants based on the conventional transition-state theory

The ground-state imidogen radical, NHEX"), has received
a great deal of attention in recent years because it is an importan
chain carrier in the combustion of energetic mateficme
elementary reactions relative to the radical were investigated
experimentally and theoretically. However, one has rarely paid
attention to the hydrogen-abstraction reactions of imidogen
radical with hydrocarbons. Recently, "Rp and Wagner

CH, + NH — CH, + NH, (1) and the canonical variational transition-state theory with a small

curvature tunneling correction are presented. Several principal

C,Hg + NH — C,H + NH, 2) conclusions about this investigation are summarized in the final
section.

the forward reaction rate constants obtained byricR@nd
Wagnet are expressed &g = (9 £ 3) x 108 exp(—(84 £ 5)
kJ molFYRT) cm® mol~! s1 for the temperature range from
1150 to 1500 K and, = (7 & 3) x 10 exp(—(70 & 5) kJ _ : . .
mol~YRT) cm® mol-1 s for the temperature range from 1010 Ab |n|t|(_) moleculgr orbital SCF calculations were camed out
to 1170 K, respectively, and the corresponding reverse reaction” the spln-unr(_astrlcted open-shell Hartfd@ck formghsnﬁ
rate constant expressions dee = 102 exp(—(34 + 10) kJ (UHF) for reactions 1 gnd 2.. The electronic correlation effect
mol/RT) cm® mol~X s~ andk_, = 102 exp(—(35 + 10) kJ was qalculated by using higher order post-SCF metRdds,
mol~YRT) cm? mol-* 1, respectively. To our knowledge, a including the frozen-core UMP2, UMP4(sdq), and UQCISD

theoretical investigation for these hydrogen-abstraction reactions™ethods. The geometries of all the reactants, products, and

Calculational Methods

: transition states were optimized at the UHF, UMP2, UMP4-
has not been reported until now. ' '
P (sdqg), and UQCISD levels of theory for reaction 1 and at the
t Jilin University. UHF and UMP2 levels of theory for reaction 2. The transition
* Beijing University of Chemical Technology. state was further confirmed by computing the force constant
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matrix and characterized by only one imaginary vibrational TABLE 1. Optimized Geometric Parameters of the
mode. Furthermore, the single-point energy calculations at the Reactants and Products for Reaction 4

Gaussian 2 theoff (G2) and UQCISD(T)/6-311G(3df,2p) CH, CHs
level were performed at the frozen-core UMP2/6-311G** and (Ta) NH  (Da) NH(Cz.)
UQCISD/6-311G** optimized geometries instead of at the full Ren  Rv-n Reen Ru-n Ouww
UMP2/6-31G* optimized geometries in the original G2 theory. yHF/6-31G 1.0821 1.0325 1.0716 1.0145 108.52
The minimum energy paths (MEP) were calculated by the UHF/6-31G** 1.0830 1.0243 1.0728 1.0124 104.34
intrinsic reaction coordinate (IRC) thedry at the UMP2/6- Builg;géllfé** 11-00%3586 11-%253120 11-%78%53 11-%1324% 11%4%0111
** i i i - . . . . .
f’hl: %Mgemt'tehnﬁaﬂraeﬂg?gt; tgfoii'éio\fvg'gs fgﬁr'? eo OT ré;”t]r?g,ez UMP2/6-31G** 1.0851 1.0352 1.0745 1.0243 103.32
UMP2/6-311G** 1.0904 1.0353 1.0791 1.0252 102.00

theory. At some points along the IRC, we computed the matrix UMPA4(sdq)/6-311G** 1.0925 1.0404 1.0818 1.0281 101.81
of force constants in order to do the following calculations of UQCISD/6-311G**  1.0932 1.0425 1.0831 1.0294 101.80

the canonical variational rate constants. All the electronic exp€® 1.094 1035 1079 1024 1033
structure calculations were carried out by the GAUSSIAN 94 aggng jengths in A, bond angles in deg.
programt?

The canonical variational transition-state theory rate adiabatic ground-state potential energy curve is given by
constant14kCVT(T), at a fixed temperaturd that minimized
th.e generalized tran'sn.lo.n-state theory rate const&i(T,s), AVaG(s) _ VaG(s) — ZPE(R) (6)
with respect to the dividing surface ais expressed as

Here R represents the reactants. The POLYRATE protfram

CVT Ty — i 1LGT
k(M) = msln k" (T.9) ®) was employed to calculate the theoretical rate constants.
The generalized transition-state theory rate consté&ij for T Results and Discussion
and a dividing surface atis A. Reaction 1: CH; + NH — CH3 + NH,. The optimized
o7 geometries for the reactants and products of reaction 1 are given
o S '
kGT(T’S) _oQ”(T,s) exppVyeplS) (4) in Table 1. At the UHF level of theory, the bond lengths of the

ﬁhQR(T) species are generally shorter than the experimental values, but
by at most 1.1%. However, at the UMP2, UMP4(sdq), and
In this equations is the location of the generalized transition UQCISD levels of theory with the 6-311G** basis set, the bond
state on the IRCy is the symmetry factor accounting for the lengths agree within 0.7% with the experimental data. It is
possibility of two or more symmetry-related reaction pajhis;  shown that the electron-correlated effect is very important to

equals kgT)™%, wherekg is Boltzmann’s constant ant is the geometrical optimization of these species. Also, from the
Plank’s constantQR(T) is the reactant’s partition function per UHF and UMP2 results at three basis sets, we can find that the
unit volume, excluding symmetry numbers for rotatidficp- large basis set with polarization functions gives better geometric

(9) is the classical energy along the MEP overall zero of energy parameters close to the experimental values. Therefore, it is
at the reactantQCT(T,9 is the partition function of generalized expected that the UMP2/6-311G** method is feasible to

transition state a¢ with the local zero of energy atvep(s) and calculate the reaction path.

with all rotational symmetry numbers set to unity. Foe 0, The transition-state structures optimized at four levels of
eqg 4 becomes the expression of the conventional transition-theory for the hydrogen-abstraction reaction (1), are listed in
state theory (TST) rate constant. Table 2. The transition state of this reaction iSGafsymmetry

For the forward directions of reactions 1 and 2, the symmetry and is located in the potential energy surface of ¢
numbers equal 12 and 6, respectively, and for the reverseelectronic state. Its structure is staggered, and thelffagment
directions of rections 1 and 2, they are 12 and 2, respectively. is trans with respect to one of the-El bonds of the methyl
The electronic degeneracies for calculating the partition func- group. Because the expectation valuesSofwhereS denotes
tions are 1 for Cjand GHg, 2 for NH,, CH3, and GHs, 3 for electron spin angular momentum) of the transition state in spin-
NH, and 2 for both transition states. The electronic degeneracy unrestricted wave functions are no more than 2.058, where 2.000
of the generalized transition state is taken to be the same as thés the correct value for a pure triplet, the spin contamination is
classical transiton state corresponding to each reaction. In thenot considered severe. The atom numbering of the transition-
calculations of the variational rate constants by the POLYRATE state structure and the imaginary vibrational mode are drawn
programi®>the gradient and Hessian grid step sizes are taken toin Figure 1. From Table 2, it can be easily seen that the
be 0.005a and 0.02g respectively, so as to ensure the geometric parameters of the transition state at the UMP2/6-
convergence of the calculated rate constants. 311G** level of theory are in good agreement with those at

To include quantal effects for motion along the reaction the UMP4(sdq)/6-311G** and UQCISD/6-311G** levels of
coordinate, the CVT rate constant is multiplied by a ground- theory. Also, the polarization functions used had an obvious
state transmission coefficient with the zero curvature tunneling effect on the transition-state structure. The interatomic distance
(ZCT) approximation or the small curvature tunneling (SCT) of C;yand Hp) at the 6-31G** basis set is at least 0.03 A shorter
approximation:®-1° which is denoted as the CVT/ZCT rate than that at the 6-31G basis set, and the interatomic distance of
constant or the CVT/SCT rate constant. For tunneling calcula- Hp) and Ng) at the 6-31G** basis set is about 0.01 A longer
tions, the vibrationally adiabatic ground-state potential energy than that at the 6-31G basis set. Comparing the geometric

curve is expressed as parameters of the transition state with those of reactants and
products, one can find that at the UMP2 and UQCISD levels
VaG(s) = Vyep(S) + ZPEE) (5) of theory with the 6-311G** basis set, the breaking)€H 2

bond length is elongated by about 30% to theHCbond length
and for interpretative purposes, a version of the vibrationally of CH; and the making y—N) bond length is about 15%
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TABLE 2: Optimized Transition-State Structures (Cy) for Reaction 12

UHF UmMP2 UMP4(sdg)  UQCISD
6-31G 6-31G** 6-311G* 6-31G 6-31G** 6-311G*  6-311G** 6-311G*
Ca—He 1.4447 1.4131 1.4104 1.4394 1.3993 1.3986 1.4149 1.4212
Ca—He) 1.0769 1.0786 1.0792 1.0911 1.0820 1.0867 1.0886 1.0893
Ca—He 1.0773 1.0791 1.0796 1.0912 1.0822 1.0866 1.0887 1.0894
Hey—Neg 1.2091 1.2184 1.2186 1.1942 1.1833 1.1830 1.1874 1.1923
N—He 1.0244 1.0189 1.0180 1.0445 1.0315 1.0321 1.0349 1.0365
OHECauHe 100.77 102.29 102.36 100.67 101.79 101.71 101.82 101.77
OH@CaHe 104.51 105.11 105.08 105.24 105.33 105.16 104.89 104.92
OH@CauHe 114.86 114.20 114.22 114.58 114.23 114.39 114.45 114.49
ONeHeCo 175.14 175.88 173.93 170.44 171.53 169.31 169.86 169.84
OHENeHe) 103.66 100.10 99.70 104.07 99.85 98.74 98.55 98.52
OHwCoHeHe — 119.42 119.56 119.60 119.34 119.47 119.54 119.58 119.59

alengths in A, bond angles, and dihedral angles in deg.

H, results with the G2 theory agree excellently with the most
H accurate ones at the UQCISD(T)/6-31G(3df,2p) level of
He "o theory.
:C“;";;”;;” z).«-;;‘;f The minimum energy path of reaction 1 based on the intrinsic
reaction coordinate theory has been traced at the UMP2 level
/ of theory with the 6-311G** basis set. The potential energy
H, profile was further improved with G2 theory. Figure 2 gives
Figure 1. Transition-state structure of reaction 1 and its imaginary the classical potential energy curéep(s)) and the ground-
vibrational mode. state vibrationally adiabatic potential energy curve/{(s))
as a function of the intrinsic reaction coordinaggdt the G2//
longer than the NH bond length in NH. It means that the UMP2/6-311G** level of theory. It can be seen that the ground-
transition-state structure is more product-like than reactant-like. state vibrationally adiabatic potential energy curve is below the

In addition, the @)—H2)—N) angle at the transferredlis classical potential energy curve near the transition state and the
bent by about 10from the linear structure at the three levels maximum positions of the two potential energy curves are
of theory. almost the same. Figure 3 describes the changes of the

Table 3 lists the vibrational frequencies of the transition state interatomic distances along the IRC. It appears that the-H
optimized at the different levels of theory for the hydrogen- N distance shortens linearly alorsgand reaches the bond
abstraction reaction (1). From this table, we can find that the length of Nk at abouts = 0.5 amd&’ bohr, while the G)—
imaginary vibrational frequency at the UMP2 level is about 800 Hiz) bond length elongates linearly after abest —0.6 amd’2
cm 1 less than that at the UHF level and about 70 &arger bohr and tends to infinity. Other bond lengths have almost no
than that at the UQCISD level with the 6-311G** basis set. variation during the reaction process. It is thus evident that the
However, although it is much less than the UHF imaginary hydrogen abstraction from & to N essentially takes place
frequency and very close to the UQCISD imaginary frequency, in the region ofs = —0.6-0.5 amd? bohr. This means that
the UMP2 imaginary frequency is still quite large, about 2000 the region of the hydrogen-abstraction reaction path represents
cm~1. Because the imaginary frequency governs the width of the main interaction of the reaction process.
the classical potential energy barrier during the reaction process, The variation of the generalized normal-mode vibrational
it plays an important role in the tunneling calculations, especially frequencies of reaction 1 along the IRC is drawn in Figure 4.
when the imaginary frequency is large. So we expect that the In the negative limit ofs (s = —), the generalized normal-
tunneling effect should be important to the rate constant mode frequencies correspond to the CHNH reactants, and
calculation of the reaction at lower temperatures. in the positive limit ofs (s = +), the generalized normal-

The potential energy barriers and enthalpy of reaction 1 are mode frequencies are associated with the @HNH; products.
listed in Table 4. As mentioned above, the differences in The four lowest frequencies of these vibrational modes are
energies also depend on the electronic correlation and basis sevaried corresponding to free rotations and translations of the
used. At the UHF level of theory, the potential barrier heights reactants that evolve to vibrations. These frequencies appear
and enthalpy of reaction are all overestimated, and the enthalpynear the transition state and tend toward zero in the directions
of reaction at UHF/6-311G** is 29 kJ/mol greater than the value, of the reactants and the products. Modes 5, 8, 9, andlBl
49.4 kJ/mol, in ref 2. However, including the electron correlation evolve to the CH vibration and modes 7, 10, and 14 to the
lowers the UHF barrier height by more than 33% at the UMP2 NH> vibration as the reaction proceeds. Of these vibrational
method, while it decreases the UHF enthalpy of reaction about modes, the frequency curve of mode 10 has the dramatic
13 kJ/mol. Also, one can find that the forward barrier height variation in the course of the reaction, and this mode connects
and the enthalpy of reaction at UMP2/6-311G** are almost the the Gi)—H) stretching vibration of Chlwith the Hz)—N)
same as those at UQCISD/6-311G** and slightly lower than stretching vibration of NkBl By analyzing the vibrational
those at UMP4/6-311G**. Single-point energy calculations displacement vector of mode 10 along the IRC, we find the
using G2 theory at the UMP2/6-311G**- and UQCISD/6- vibrational transformation from theG—H) stretching to the
311G**-optimized structures further decrease the forward and Hiz—Ng stretching takes place in the range(.4, 0.1] ofs.
reverse potential barrier heights to about 90 and 40 kJ/mol, Before the point of about = —0.4 amd’ bohr, there is only
respectively, and lessen the enthalpy of reaction to about 52the Gi)—H2) stretching vibration, and after a point of abaut
kJ/mol, which is only about 3 k/mol greater than the value in = 0.1 amd2bohr, only the kb—Ng) stretching vibration exists.
ref 2. It can be apparently seen from Table 4 that the theoretical Between—0.4 and 0.1 am¥? bohr on the IRC, the approximate
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TABLE 3: Transition State Harmonic Vibrational Frequencies (cm~1) and Zero-Point Vibrational Energies (ZPE, kJ/mol) for
Reaction 1

Potential energy (kJ/mol)

20 1 1 )

0.0 0.5

Interatomic distance (angstrom)

UHF UMP2 UMP4(sdq) UQCISD
mode 6-31G 6-31G** 6-311G** 6-31G 6-31G** 6-311G** 6-311G** 6-311G**
F@d) i2692 i2779 i2775 2142 i2030 11977 11959 11906
1(@d" 44 51 59 60 72 80 90 85
2(d) 380 378 375 371 366 373 368 361
3@") 454 437 438 443 424 425 429 421
4(d) 509 856 530 568 600 598 585 567
5() 867 857 866 812 830 824 815 805
6(d") 1206 1207 1195 1179 1178 1168 1144 1127
7(@) 1256 1250 1237 1225 1222 1193 1182 1167
8(d) 1555 1517 1500 1505 1483 1449 1447 1442
9(d") 1578 1561 1546 1509 1501 1462 1460 1456
10(d) 1584 1568 1552 1532 1517 1492 1492 1482
11(@d") 3233 3222 3194 3111 3178 3118 3099 3088
12(d") 3379 3358 3327 3265 3337 3274 3244 3230
13(d) 3385 3364 3332 3267 3341 3276 3248 3234
14(d) 3486 3580 3565 3302 3453 3424 3382 3351
ZPE 137.1 137.0 135.9 132.5 134.6 132.5 131.5 130.5

TABLE 4: Forward and Reverse Reaction Barriers (V) and Reaction Enthalpy (AH3eg) (in kJ/mol) for Reaction 1
forward reaction reverse reaction
VF V¥ + AZPE VF V¥ + AZPE AH3gg
UHF/6-31G 180.9 172.0 66.0 67.9 105.9
UHF/6-31G** 169.0 160.4 76.9 79.2 83.3
UHF/6-311G** 166.8 158.4 79.6 81.7 78.8
UMP2/6-31G 140.6 133.1 43.9 46.4 88.4
UMP2/6-31G** 121.5 1135 43.0 45.2 70.3
UMP2/6-311G** 113.1 106.0 40.6 42.9 65.0
UMPA4(sdq)/6-311G** 117.2 110.2 41.1 43.6 68.5
UQCISD/6-311G** 113.5 106.1 38.3 40.5 67.5
UQCISD(T)/6-31#G(3df,2p)//UMP2/6-311G** 97.9 90.7 37.7 41.8 52.6
UQCISD(T)/6-311G(3df,2p)//UQCISD/6-311G** 97.3 89.9 37.1 39.3 525
G2//lUMP2/6-311G** 91.0 40.2 52.4
G2//UQCISD/6-311G** 89.9 39.6 52.1

[¢

ey €

-H ,C -H
m @ O ®

s ((amu)'2bohr) 10 | N Ho
Figure 2. Classical potential energy curv®/\eq(s), solid line) and L ey T
vibrationally adiabatic ground-state potential energy cudv®.(s), 20 15 10 05 00 05 10 15 20

dashed line) of reaction 1 as a functionsait the G2//UMP2/6-311G**

level of theory. s ((amu)!”2bohr)

Figure 3. Changes of the bond lengths (in A) of reaction 1 as a function

symmetric stretching vibration appears in thgy€H2)—N,) of s

structure. Namely, in this interval, the transformation of the

vibrational vector of mode 10 from the&-H) stretching a deep frequency valley of about 2000 ¢hand the width of
vibration to the Kp—Ng Stretching vibration is finished. It  the frequency valley is the region from ab@ust= —0.7 to 0.8
means that mode 10 represents mainly the course of theamu’2 bohr on the IRC. The position of the frequency valley
hydrogen-abstraction reaction and can be referred to as the “keylooks like the region of the main geometric changes. The
mode”. From Figure 4, it can be seen that mode 10 undergoesfrequency variation of mode 10 results in the ground-state
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Figure 4. Generalized normal-mode vibrational frequencies of reaction 104T(K)
1 as a function of. Figure 5. Plot of the CVT/SCT and experimental rate constants®(cm

. . . . . . mol~t s71) of the forward reaction along the reciprocal of temperature
vibrationally adiabatic potential energy being lower than the T golid fine 1, CVT/SCT rate constants of reaction 1; solid line 2,

classical potential energy at abaut —0.7 amd’? bohr. CVT/SCT rate constants of reaction@; experimental rate constants
Table 5 lists the conventional and canonical variational of reaction 1;®, experimental rate constants of reaction 2.
transition-state theory rate constants with a small curvature
tunneling correction for reaction 1 in a wide temperature range  For the forward reaction, the CVT/SCT rate constants agree
from 300 to 2000 K at the G2//lUMP2/6-311G** level. The very well with the experimental data over the measured
location of the variational transition state of the forward reaction temperature range from 1100 to 1500 K, shown in Figure 5.
ranges from 0.0054 arkébohr at 500 K to 0.0061 amdoohr The CVT/SCT rate constants over the temperature range from
at 2000 K, and that of the reverse reaction distributes from 1300 to 1500 K are slightly larger than the experimental ones,
0.0043 amif?pohr at 500 K to 0.0051 amfdbohr at 2000 K. and the deviations between the CVT/SCT and the experimental
At 2000 K, the variational transition state is at a location where rate constants are very small. So the CVT/SCT method can give
the potential energy is 0.008 kJ/mol below the classical transition us quite reliable results for the hydrogen-abstraction reaction
state. This illustrates roughly that the variational effect is small in a wider temperature range. From Table 5, we think reasonably
for the forward and reverse reactions, which is fully testified that reaction 1 will happen very slowly at room temperature
by the comparison of the TST and CVT rate constants in Table because the calculated rate constant is only 1.2/nsat ! s71
5. Besides, the tunneling and curvature effects of the reactionat 300 K.
path have a greater influence on the rate constants in the lower For the reverse reaction, the CVT/SCT rate constants in the
temperature range, particularly close to room temperature.  temperature range from 1100 to 1500 K are a factor of about

TABLE 5: Forward and Reverse Reaction Rate Constants (crhmol~! s71) of Reaction 1 at the G2//UMP2/6-311G** Level

forward reaction reverse reaction
T, K TST CVT CVT/ZCT CVTI/SCT expt TST CVT CVT/ZCT CVTI/SCT expt
300 2.54x 10% 2.54x 103 9.68x 103 1.27 221x 10° 2.20x 10° 8.40x 1¢® 5.06x 10’
400 2.61x 10 2.61x 10 5.40x 10 7.17x 107 1.11x 107 1.11x 10’ 2.34x10° 1.63x 10®
500 7.59x 10® 7.59x 10®* 1.20x 10* 5.29x 10* 1.27x 108 1.27x 10® 2.03x 1¢® 5.67x 10°
600 3.66x 1° 3.66x 1° 5.01x10° 1.28x 1C° 6.93x 18 6.87x 10® 957x 10® 1.77x 10°
700 6.32x 10° 6.26x 10° 7.91x 10C¢ 1.50x 107 246x 10° 2.46x 10° 3.13x 1° 4.70x 1
800 5.63x 10 5.62x 10" 6.69x 107 1.07x 1C° 6.68x 1° 6.68x 10° 8.06x 10° 1.08x 10
900 3.24x 10®° 3.23x10® 3.70x 1 5.26x 1C® 1.53x 10 1.53x 1090 1.77x 109 2.20x 10w
1000 1.36x 1¢° 1.35x10° 1.51x10° 2.00x 10° 3.07x 10 3.06x 10 3.44x 10 4.09x 10

1100 4.53x 10° 4.52x 10° 4.94x 10° 6.20x 1® 9.23x 10° 5.57x 109 556x 109 6.13x 10°© 7.05x 10° 2.43x 10%°
1200 1.26x 109 1.26x 109 1.36x 10 1.63x 100 1.98x 10° 9.39x 10° 9.39x 100 1.02x 10 1.14x 101 3.31x 10%
1300 3.07x 100 3.07x 109 3.27x 10 3.81x 100 3.79x 100 1.49x 10" 1.49x 10" 1.60x 10" 1.76x 101 4.30x 10%
1400 6.68x 109 6.68x 100 7.05x 10'*° 8.07x 100 6.61x 100 2.27x 10" 2.26x 101 2.41x 10 2.61x 1011 5.39x 10%0
1500 1.33x 10 1.33x 10 1.39x 10" 1.56x 10 1.07x 10" 3.31x 10" 3.31x 101 3.48x 10" 3.74x 101! 6.55x 10%

1600 2.46x 10 2.46x 10! 2.56x 10 2.83x 10 4.67x 10 4.66x 10" 4.88x 10! 5.20x 10U
1700 4.29x 10 4.28x 10! 4.43x 10"t 4.84x 10% 6.38x 10! 6.38x 10! 6.66x 10! 7.05x 104
1800 7.11x 10t 7.05x 10! 7.28x 10 7.89x 10 8.55x 10" 8.55x 10! 8.88x 10*' 9.33x 104
1900 1.12x 102 1.11x 10" 1.15x 102 1.23x 10 1.13x 102 1.12x 102 1.16x 10? 1.21x 10%
2000 1.70x 102 1.69x 102 1.74x 102 1.85x 10? 1.45x 102 1.45x 102 1.49x 102 1.55x 10%?

a Experimental values calculated by the rate constant expression in ref 2.
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H TABLE 6: Harmonic Vibrational Frequencies (cm~1) and
15260 H H Zero-Point Energies (kJ/mol) of the GHg, C,Hs, and
Lo 10232 Transition State of Reaction 2 at the UMP2/6-311G** Level
reactants: /.CAC 1.0863 N CoHe transition state CoHs
1119 \ (1:0895)
i b s 2193081 43417 d 3221 43206
3d : ’
H ayg 1448 43145 4 3171 a3121

1034 a3064 a 3130 a3037
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C2H). 3
=
3-5 greater than the experimental values and agree better with €
the upper limit of the uncertainty of the experimentally estimated £
data. This shows that the reverse reaction rate constants
calculated by the CVT/SCT theory at the G2//UMP2/6-311G**
level are credible for the wide temperature range from 300 to
2000 K. Compared with the forward rate constants, the reverse . ) L
reaction may take place much easier below about 1200 K. In -1.0 -05 00 05 10
the temperature range 1360700 K, the rate constants of the s ((amu)!”2 bohr)

reverse reaction are-2} times larger than those of the forward Figure 7. Classical potential energy curdien(s), solid line) and
reaction. However, above_ 1800 K, the rate constants of the vibrationally adiabatic ground-state potential energy cuth®,§(s),
reverse and forward reactions are almost equal. dashed line) of reaction 2 at the G2//UMP2/6-311G** level.

B. Reaction 2: GHg + NH — C;Hs + NH,. Because of
the similarity of reaction 2 to reaction 1, we have reason to energy barriers and the enthalpy of reaction 2 are listed in Table
choose the UHF and UMP2 levels of theory with the 6-311G** 7. These data are overestimated greatly at the UHF level and
basis set to optimize the geometries of thgHg§; C,Hs, and decreased obviously at the UMP2 level. At the G2//UMP2/6-
transition state of reaction 2. The optimized geometries are 311G** level, the forward and reverse reaction barriers and
shown in Figure 6. The transition state of reaction 2 iCef enthalpy of reaction 2 are 74.9, 38.9, and 38.4 kJ/mol,
symmetry and is located in the potential energy surface of the respectively. The calculated reaction enthalpy is only 4.7 kJ/
SA" electronic state. The expectation valuesbof the transition mol greater than the value, 33.7 kJ/mol, in ref 2.
state is no more than 2.0534. From Figure 6, it can be seen that The classical potential energy curvE\ep(s)) and vibra-
the electron correlation plays an important role in the mainly tionally adiabatic ground-state potential energy cur&/ -
changed configuration, §—H@2)—Ng), of the transition-state  (s)) of reaction 2 are drawn in Figure 7. Because of the zero-
structure. Comparing the geometric parameters of the transitionpoint vibrational energy,AV:8(s) is obviously lower than
state with the equilibrium structures oflds and NH,, one can Vmep(S) at abouts > —0.5 amd’2 bohr. Figure 8 describes the
find that at the UMP2 level the breaking:-H() bond length changes of the interatomic distances along the IRC. It can be
is elongated by about 25.4% to the-€& bond length of GHg seen that in the hydrogen-abstraction reaction process, the
and the making ky—N) bond length is about 17.3% longer breaking of the Gy—H) bond and the forming of the ¢&j—
than the N-H bond length of NH. That is, the transition-state N bond essentially take place in the regiorsef —0.6—0.5
structure is more product-like than reactant-like, too. Table 6 amu2 bohr. The generalized normal-mode vibrational frequen-
lists the vibrational frequencies of thels, C,Hs, and transition cies along the IRC are given in Figure 9. It can be easily seen
state of reaction 2 at the UMP2/6-311G** level. For the that the frequency curve of mode 17 has the dramatic variation
transition state, we can find that there is a quite large imaginary in the course of the reaction and this mode is the “key mode”
frequency just like in reaction 1. So the tunneling effect for the that connects the §—H) stretching vibration of gHg with
dynamical property of reaction 2 should not be ignored in the the Hz—Ne) stretching vibration of NH Analyzing the
lower temperature range, too. The forward and reverse potentialvibrational displacement vector of mode 17 along the IRC shows
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TABLE 7: Forward and Reverse Reaction Potential Barriers (V¥), and Enthalpy (AH3q) of Reaction 2 (in kd/mol)
forward reaction reverse reaction
VF V*# + AZPE VF V¥ + AZPE AH3gg
UHF/6-311G** 158.2 148.4 81.8 82.2 68.7
UMP2/6-311G** 101.2 92.0 39.3 39.8 54.6
UQCISD(T)/6-311G**//UMP2/6-311G** 88.2 79.0 321 32.6 48.9
G2//[UMP2/6-311G** 74.9 38.9 38.4

TABLE 8: Forward and Reverse Reaction Rate Constants (crhmol~! s71) of Reaction 2 at the G2//UMP2/6-311G** Level

forward reaction

reverse reaction

T, K TST CVT CVT/ZCT CVTI/SCT expt TST CVT CVT/ZCT CVTI/SCT expt
300 0.62 0.52 2.45 8.49 493100 4.29x 10* 1.93x 10° 5.20x 10

400 1.57x 100 1.27x 10° 2.99x 10° 6.08x 10° 254x 10F 2.13x 10° 4.83x 10° 8.37x 10

500 1.96x 10° 1.57x10° 2.67x 10° 4.22x 10° 2.96x 10 2.42x 107 4.00x 10 5.68x 107

600 5.44x 10° 4.29x 10° 6.11x 10° 8.43x 10 1.64x 108 1.32x 10 1.84x 10 2.34x 1C°

700 6.26x 10 4.91x 10 6.29x 10 7.95x 107 598x 10° 4.74x 1¢® 5.94x 10 7.11x 1C°

800 4.17x 10® 3.24x 10®° 3.87x 10® 4.65x 10 1.66x 10° 1.30x 1®® 1.53x10® 1.75x 1C®

900 1.90x 10° 1.47x10° 1.68x 10° 1.93x 1 3.84x 10° 298x 10° 3.35x 10° 3.73x 1

1000 6.62x 1(° 5.09x 1° 5.63x 10° 6.32x 10° 154x 100 7.77x 10° 5.99x 10° 6.53x 10° 7.11x 10° 1.48x 101°
1100 1.90x 10% 1.45x 1090 1.57x 100 1.72x 109 3.32x 109 1.43x 109 1.10x 100 1.17x 100 1.25x 10 2.18x 101
1200 4.67x 100 3.55x 100 3.77x 100 4.09x 100 6.28x 100 2.43x 100 1.85x 100 1.94x 10© 2.07x 10 2.99x 101
1300 1.02x 10" 7.71x 109 8.09x 10° 8.67 x 10w 3.90x 10 2.96x 10 3.06x 10 3.23x 10%

1400 2.03x 10! 1.53x 10" 1.59x 10 1.69x 104 5.94x 100 450x 10 4.61x 100 4.82x 10%

1500 3.73x 101 2.81x 10! 2.89x 10! 3.04x 101 8.73x 10 6.56x 10*° 6.69x 10 6.99x 10

1600 6.44x 101 4.84x 10 4.94x 101 5.17x 104 1.23x 10" 9.27x 100 9.41x 109 9.76x 10w

1700 1.05x 102 7.89x 10! 8.01x 10 8.37x 101 1.70x 101 1.28x 101 1.29x 101 1.32x 10U

1800 1.64x 10*2 1.23x 102 1.25x 102 1.29x 1012 2.29x 10" 1.71x 10 1.72x 10" 1.76x 101

1900 2.48x 102 1.85x 102 1.86x 102 1.93x 1012 3.00x 10" 2.25x 10" 2.25x 10*' 2.31x 104
2000 3.60x 102 2.69x 102 2.70x 10*2 2.78x 10%? 3.88x 101 2.89x 101 2.90x 10" 2.96x 101

a Experimental values calculated by the rate constant expression in ref 2.
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Figure 8. Changes of bond lengths (in A) of reaction 2 as a function

of s at the UMP2/6-311G** level.

the vibrational transformation from thei-H,) stretching to
the Hz—Ng stretching takes place in the ranged.35, 0.0]
alongs. In addition, the depth of the frequency valley that the
vibrational mode 17 undergoes is about 1500 §nand the
width of the frequency valley is the region from absut —0.7
to 0.8 am&2 bohr on the IRC. These dynamical properties are

obviously similar to those of reaction 1.
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Figure 9. Generalized normal-mode vibrational frequencies of reaction
2 as a function of.

calculated in a wide temperature range from 300 to 2000 K at
the G2//UMP2/6-311G** level. The location of the variational
transition state of the forward reaction ranges from 0.0527
amu?bohr at 500 K to 0.0739 amdohr at 2000 K, and that

of the reverse reaction distributes from 0.0530 &foohr at
500 K to 0.0731amtPbohr at 2000 K. The variational effect
for reaction 2 is larger than that for reaction 1. From Table 8,
we can see that the tunneling and curvature effects of the

The canonical variational transition-state theory rate constantsreaction path have a greater influence on the rate constants only
with a small curvature tunneling correction for reaction 2 were in the lower temperature range. For the forward and reverse



Reaction of NH(X=") with Methane and Ethane J. Phys. Chem. A, Vol. 103, No. 25, 1999917

reactions, the CVT/SCT rate constants are all within the range and 2000 K, the forward rate constants of reaction 2 are about
of the uncertainty of the experimental values in the measured 8, 3, 2, and 1.5 times those of reaction 1, respectively, and the
temperature range from 1000 to 1200 K, though they are reverse rate constants of reaction 2 are about factors of 10, 5.8,
somewhat less than the experimental values. Therefore, the5.4, and 5.2 lower than the results of reaction 1, respectively.
CVT/SCT method may also be expected to be able to afford
reliable rate constants for reaction 2 in the wider temperature
range. The change of the forward rate constants along the
reciprocal of temperatur€ is drawn in Figure 5. Because the
forward rate constant is only 8.94 émol~! s71 at 300 K, ,

reaction 2 will happen very slowly at room temperature, too. | %)IM'"er' J. A; Bowman, C. TProg. Energy Combust. Sc.989
Compared with the forward rate constants, the reverse reaction  (2) Raig, M.; Wagner, H. G.Ber. Bunsen-Ges. Phys. Chet894
may take place much easier at the lower temperatures. However98, 858.

at the higher temperatures. The forward rate constants are abou&noléi)ulgfgr%it‘g’l-TJHeﬁf;j\?vrﬁé}';? Sgwe\}’g:k Pl-g’%R-? Pople, JABnitio
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