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Ab Initio and Kinetic Calculations for the Reactions of NH(X3X~) with CH yF4—x and
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The direct hydrogen abstraction mechanisms’at potential surfaces for the reactions of NB() with

CH,, CHsF, CHF,, and CHR have been studied systematically using ab initio molecular orbital theory. The
G2(MP2) calculations reveal that all reactions involve significant energy barriers. The effect of fluorine
substitution was examined. The NH CHF; reaction was found to possess the highest barrier among the
four reactions. The barriers for both NH CH3F and NH+ CH,F; reactions are about 2 kcal/mol lower than

that for the NH+ CHj, reaction. The rate constants for the four reactions have been deduced using transition-
state theory with asymmetric Eckart tunneling correction and hindered rotor approximation over the temperature
range 206-3000 K. The following least-squares-fitted expressions for the rate constants were obtained:
KHy(NH+CHj,) = (9.41 x 10718)T 228102331 kH,(NH+CH3F) = (1.69 x 107 18T 231 92171 kHy(NH-+CH,-

F2) = (1.52 x 10718)T 23279080 kH (NH+CHR3) = (2.12 x 10718)T 229710750 'in cPmolecule s The
deuterium kinetic isotope effects have also been investigated. All reactions show the significant and “normal”
kinetic isotope effects.

I. Introduction because the halogenated hydrocarbons are more favorable to

L ) . i . . decompose at high temperatures than the unsubstituted hydro-
The NH radical is an important intermediate in combustion c4rhn40 there is no experimental study of the reactions of
processes with N-containing compounds. The reactions of NH NH(X3=") with halogenated hydrocarbons to date.

are of significance in pyrolysis and oxidation of ammonia and s evident that the theoretical investigations of the reactions
in industrial applications for NPemission reduction such as ¢ NH(X3=") with hydrocarbons can be very meaningful. Using

the thermal DeN@ and the RAPRENO processes$? The high-level ab initio molecular orbital theory, we not only can
reactions between NH and several highly reactive species (€.9-reveal the detailed reaction mechanism but also can predict
NO, H, O, @, NO,, etc.) have been well characterized: quantitatively kinetic data from first principles over a wide

The reactions of NH with hydrocarbons are of special interest temperature range. The following four reactions were found to

because of their distinct reactivity depending on the electronic display interesting mechanistic and kinetic behavior and thus
state of the NH radicait The reactions of the first excited- gre the subjects of this theoretical work:

state NH(aA) with hydrocarbons have been studied exten-

sively>~t>However, the corresponding reactions of electronic NH(X3s") + CH, — NH, + CH;  AH=12.4 kcal/mol
ground-state NH(X=") with hydrocarbons are rarely studied 1)
despite their practical and theoretical significance. The paucity
of kinetic information about these reactions is due to the extreme NH(X3S") + CH,F — NH, + CH,F
experimental difficulty in preparing suitable laboratory condi- 3 2 2

tions for reliable kinetic measurements. NHEX) is less AH = 8.7 kcal/mol (2)
reactive than NH(®\). Unlike the rapid reactions between

NH(X3%") and radical speciés1Othe slow rates of the reactions  NH(X?Z") + CH,F,— NH, + CHF,

of NH(X3Z") with hydrocarbons at room temperature require AH = 10.2 kcal/mol (3)

the experiments to be done at higher temperatures. However,

when the temperatures are elevated, secondary reactions becorr]qH(XE'z*) + CHF,— NH, + CF; AH = 15.2 kcal/mol
competitive and, most of all, the hydrocarbons begin to 4)
decompose and form reactive species that can rapidly react with

NH. Therefore, the experimental studies have been limited to where the heats of reaction were calculated using the experi-

the reactions of NH(X") with several carefully selected  mental enthalpies of formation for various species in refs 20
hydrocarbons (e.g., CHC:H4, CeHe, etc.)16-18 Moreover, only and 21.

a rather small temperature range of about 300800 K could Theoretically, only reaction 1 was studied previously by
be covered. Fueno et a2 at the UHF/4-31G level. A barrier of 37.7 kcal/

Fluorocarbon chemistry has importance in a variety of areas mol was reported. It is obvious that their study is rather rough.
including atmospheric chemistry, combustion/flame suppression, Several features of the present study are the following: (i) The
and plasma etching in the microelectronics industry. However, reaction mechanisms are revealed. (ii) The potential energy
surfaces are calculated at the G2(MP2) level. (iii) The rate
* Corresponding author. E-mail: guojz@icm.sdu.edu.cn. constants are obtained over a temperature range- 2000 K.
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(iv) The effect of fluorine substitution is studied. (v) The
deuterium kinetic isotopic effects (KIEs) are reported. Since the
corresponding reactions of the first excited-state NAJavere

well studied'?~15 more detailed kinetic data about the NHEX)
reactions will help to understand the influence of electronic
excitation in chemical reactions. Our theoretical results might
be useful for further experimental measurements in the kinetic
communities.

Il. Qualitative Predictions

It is useful to analyze qualitatively reactions-4 before
performing computations. NHEE ") is the isoelectronic species
of OCP) and CH(X3B;). The dominant mechanisms in the
reactions of OP) and CH(X®B;) with methane and fluo-

romethanes have been claimed to be direct hydrogen abstrac-

tion.23-28 Therefore, one might expect hydrogen abstraction by
NH(X3Z") in reactions +4. According to the spin and orbital
adiabatic correlation rulé®,the reactants, NH(3&") + CH;-
(XTA1), NH(X3Z) + CH3F(X!A;), NH(X3Z™) + CHaF(XAy),
and NH(OEZ") + CHRs(*Ay), give rise to a nonlinear intermedi-
ate complex (NLC) ofCs symmetry of specieSA”. The
products, NH(X2B1) + CHs(2A2"), NH(X2B1) + CH,F(A"),
NH,(X2B;) + CHF(?A"), and NH(X2B;) + CFR3(?Ay), give rise
to a NLC (Cy) of species-3A’ + 13A". Thus, the reactants and
the products in reactions-# can correlate directly only via a
SA"" potential energy surface, which is different from theal-
statephenomena in the reactions of 3] with methan& 26
and fluoromethane¥.28

It can be seen that all the reactions4l are endothermic.
The CH—H, CHyF—H, CHFR,—H, and CkE—H bond dissocia-

tion energies are as high as 104.8, 101.1, 101.4, and 106.7 kcal/

mol, respectively?3! Therefore, these H abstraction reactions
are expected to involve high-energy barriers. Moreover, the
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barriers should have rather late character. As indicated by therigure 1. UMP2(full)/cc-pVDZ optimized geometries for the reactants,

endothermicity and the €H bond energy, reaction 4 is

predicted to possess the highest barrier.

Ill. Computations

Ab initio calculations were carried out using the GAUSSIAN
94 programs$? The geometries of reactants, transition states,
and products were optimized at the UMP2(full) I16¥elith the
cc-pVDZ basis set? It is noted that this level of theory has
been successfully used to study the reactions ¢PPDith
fluoromethanes?® The vibrational frequencies were calculated
at the same level of theory in order to determine the zero-point
energy (ZPE, scaled by a factor of 0.95 to eliminate known
systematic errors® The number of imaginary frequencies (0

transition states, and products. Bond distances are in angstroms and
angles are in degrees. The data with asterisks are the experimental
values.

demonstrated in the rate calculations for several analogous
reactionst?—42

IV. Results and Discussion

The optimized geometries of the reactants, transition states,
and products are shown in Figure 1. The vibrational frequencies
for the reactants and the products (including those for the isotope
species) are listed in Table 1. Table 2 lists the vibrational
frequencies for the transition states. The heats of reaction and
the energy barriers are summarized in Table 3. The comparison

or 1) indicates whether a minimum or a transition state has beenpetween the calculated rate constants and the experimental

located. The intrinsic reaction coordinate (IRC) calculaifon

values for the NHt+ CH,4 reaction is depicted in Figure 2. The

confirms that the transition state connects the designatedpredicted rate constants for the reactions of NH with fluo-
reactants and products. Finally, the MP2 optimized geometriesromethanes are shown in Figure 3.

were utilized to obtain the total energies via the inexpensive
G2(MP2) method?

Because reactions—#4 possess high energies of activation,
the rate constantk can be evaluated reasonably by the
nonvariational transition-state thed¥yvith the tunneling cor-
rection« using the asymmetric Eckart potentfl:

@ _mks p( AG (T))

wherea is the statistical factoikg is Boltzmann’s constant
is Planck’s constant, amiG*(T) is the standard-state free energy
of activation. The reliability of this procedure has been well

®)

1. Reliability of the Calculations. It is worth stating the
reliability of the calculations in this work. Since unrestricted
Hartree-Fock (UHF) reference wave functions are not spin
eigenfunctions for open-shell species, we monitored the expec-
tation values of ®(lin the UMP2(full)/cc-pVDZ optimization.

As shown in Table 3[$0was always in the range 0.762
0.754 for doublets and in the range 2.614054 for triplets.
After spin annihilation, the values é&Care 0.75 for doublets
and 2.00 for triplets, where 0.75 and 2.00 are the exact values
for a pure doublet and a pure triplet, respectively. Thus, spin
contamination is not severe. This suggests that a single
determinant reference wave function for these systems is suitable
for the level of theory used in the optimizatiéh.
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TABLE 1: Scaled Vibrational Frequencies (in cnm?) for the Reactants and the Products in Reactions 442

species frequencies exptl fundamerftaty

NH 3175 3126

NH> 1492, 3247, 3349 1497, 3219, 3301

NHD 1309, 2402, 3300

CHs 369, 1358 (2), 3026, 3220 (2) 580, 1383 (2), 3002, 3184 (2)

CD; 286, 999 (2), 2140, 2401 (2)

CHyF 676, 1135, 1145, 1427, 3040, 3193

CD:F 532, 870, 987, 1185, 2194, 2388

CHF, 526, 1012, 1135, 1163, 1311, 3036 -, —, 1164, 1173, 1317#

CDR, 523,817,911, 1117, 1222, 2238

CHa 1273 (3), 1490 (2), 2934, 3079 (3) 1306 (3), 1534 (2), 2917, 3019 (3)

CDs 961 (3), 1054 (2), 2075, 2281 (3) 998 (3), 1092 (2), 2118, 2260 (3)

CHsF 1052, 1149 (2), 1430 (2), 1434, 2938, 3038 (2) 1049, 1182 (2), 1464 (2), 1467, 2930, 3006 (2)
CDsF 884 (2), 971, 1036 (2), 1131, 2106, 2256 (2)

CHF, 510, 1085, 1097, 1139, 1230, 1423, 1477, 2968, 3047 529, 1090, 1113, 1178, 1262, 1435, 1508, 2948, 3014
CD;F; 503, 885, 928, 980, 998, 1145, 1175, 2154, 2273

CHF; 488 (2), 672, 1100, 1148 (2), 1362 (2), 3055 507 (2), 700, 1117, 1152 (2), 1372 (2), 3036
CDF; 509 (2), 701, 999 (2), 1125, 1276 (2), 2377

aNumbers in parentheses represent degrees of degeneftg. value is taken from a very recent measurement (Ram, R. S.; Bernath, P. F.;
Hinkle, K. H. J. Chem. Phys1999 110 5557).

TABLE 2: Scaled Vibrational Frequencies (in cnt?) for the Transition States TS1-TS4?

species frequencie’
TS1 1771i, 6F,350, 399, 570, 770, 1086, 1113, 1365, 1372, 1434, 2974, 3133, 3135, 3230
TS1 1306i, 62,272, 293, 498, 649, 788, 904, 999, 1001, 1163, 2115, 2329, 2331, 3229
TS2 1986i, 118,124, 379, 573, 710, 1088, 1112, 1141, 1170, 1416, 1497, 2972, 3089, 3229
TS2 1454i, 113122, 285, 522, 636, 819, 876, 914, 984, 1123, 1190, 2150, 2304, 3228
TS3 2062i, 5(,138, 156, 506, 586, 725, 1104, 1105, 1142, 1145, 1325, 1486, 2991, 3226
TS3 1507i, 49,138, 147, 490, 534, 662, 804, 925, 932, 1087, 1185, 1187, 2204, 3225
TS4 1893i, 28,114, 135, 386, 488, 488, 674, 754, 1054, 1110, 1201, 1219, 1480, 3234
TS4 1317i, 28,113, 135, 382, 484, 484, 616, 739, 770, 1079, 1197, 1206, 1212, 3233

aThe species in italics represent the deuterium-substituted struct(ifies.values initalics are the frequencies for the deuterium-substituted
structures.i represents the imaginary vibrational frequehthe lowest-frequency vibrations of TS1, TS2, TS3, and their deuterium transition
states are considered as the internal rotations. The reduced moments of inertia are the following (in units 6¢)maiS1, 0.75:TS1, 0.85
TS2, 0.66;TS2, 0.79TS3, 0.93;TS3, 0.93TS4, 0.97;TS4, 0.97

TABLE 3: Energy Barriers ( Ej, in kcal/mol) and Heats of [ ]
Reaction (AH, in kcal/mol) Calculated at the G2(MP2) Level 1012 .
for the Reactions -4 L ]
15 -
no. reaction (BFE Ea AH  AHgpf N " : NHSCH e N+ ]
1 NH+ CH;— NH,+ CHs 2051 21.6 12.0 12.4 LA
21.8 12.2 2 ool
223 12.7 2
NH + CDs — NHD + CDs 226 130 g 1024
2 NH+CHF—NH,+CH;F 2054 196 89 8%3 R
NH + CDsF — NHD + CD,F 206 9.8 KSR
3 NH+ CH)F;,—NH;+ CHF, 2.054 19.2 95 10.Z22 = [
NH + CD,F, — NHD + CHD, 20.3 10.2 1030 P T T
4 NH+ CHR— NH;+ CR; 2.054 221 145 15218 I
NH + CDR; — NHD + Cky 233 151 10 0|5 1|0 1I5 2I0 . 2I5 I 3lo I 315 . 4|0 ‘ 4|5 5.0
aThe expectation values 6% before projection for the transition 1000/T

states. For the reactants and the products, [BEvalues are the
following: NH, 2.014; NH, 0.758; CH, 0.762; CHF, 0.760; CHE,
0.756; CR, 0.754.>The G2 calculated value$The G1 calculated
values.? The experimental enthalpies of formationGeK from refs 20
and 21 for the reactants and products are the following (in kcal/mol):
NH, 85.2; CH, —16.0; NH,, 45.8; CH, 35.8; CHF, —56 4+ 1; CH,F, .
—7.9+ 2: CHy,, —108.2: CHE, —58.6 + 2: CHFs, —166.6+ 0.8; calculated energetics at the G2(MP2) level, we also calculated

CFs, 1124+ 1. the G¥8 and G2° energetics for reaction 1, which has the
accurate experimental heat of reaction at &As indicated in

To clarify the general reliability of the theoretical calculations, Table 3, the G2(MP2) calculated energy barrier for reaction 1
it is useful to compare the predicted chemical properties of the is virtually equal to the G2 value, and the heat of reaction
present particular systems of interest with experimental data. obtained at the G2(MP2) level is in very good agreement with
As shown in Figure 1, the geometric parameters for NHpNH  both the experimental values and the G1, G2 values. Addition-
CHj3, CH,, CHsF, CHF,, and CHE are in good agreement with  ally, the G2(MP2) heats of reaction for reactions®are also
the available experimental valu&sAs can be seen from Table  in agreement with their respective experimental values. All these
1, the scaled vibrational frequencies for both the reactants andgood agreements provide confidence that the G2(MP2) level is
the products agree well with the experimentally observed adequate to calculate the energetics. The comparison of the G2-
fundamental$>47 Furthermore, to check the reliability of the (MP2) C—H bond dissociation energie®) for CHy, CHsF,

Figure 2. Plot of the logarithm of rate constants for the reactions of
NH(X3Z") with CH,. For clarity, the comparison between the calculated
and the experimental values in the temperature range-11500 K is
expanded in the insert.
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elongated by 29%, 26%, 26%, and 30% in TS1, TS2, TS3, and
TS4, respectively. (i) The forming NH bonds are longer than
the equilibrium value in the NHradical by 14%, 16%, 16%,
and 13%, respectively. The HNH angles in the transition states
are very close to that in the NHadical. As mentioned above,
the rather late character in these transition states is in accordance
with the high endothermicities of the reactions4. Addition-
ally, it is interesting to note that the breaking-@& bond
distances are in the order of TS4 TS1 > TS2 ~ TSS.
However, the forming N-H bond distances have the reverse
order. This type of changing trend of bond distances not only
L . . . . e reveals the effect of fluorine substitution but also reflects the
e Tos 10 15 20 25 a0 a5 40 45 50 sequence of energy barriers.
1000/T Table 2 shows that the hydrogen abstraction transition states
Figure 3. Plot of the logarithm of rate constants for the reactions of have large imaginary frequencies which implies that the quantum
NH(X3=") with fluoromethanes:kt;, NH + CHsF — NH, + CH,F; tunneling effect may be significant and may play an important
kH3, NH + CHF>, — NH; + CHR; ks, NH + CHR; — NH; + CRs. role in the reactions. It is noted that each transition state involves
a very low vibrational frequency, which originates from a large-
CH,F, and CHR to the experimental data also results in the amplitude motion of the methyl (or fluoromethyl) group around
same conclusion. The theoretically predicted values are thethe reactive bond. The low frequency indicates that at the

10712 |-
1018 [
10-20 -

1024 |-

KH (cm3molecule-1s-1)

1028 |-

following (in kcal/mol): Do(CHs—H) = 104.8, Do(CHz- transition state the methyl (or fluoromethyl) group has a small
F—H) = 101.2, Do(CHR—H) = 101.7, andDo(CF—H) = barrier to internal rotation.

106.7. The corresponding experimental vafiésare 104.8+ Table 3 lists the energy barriers for reactiorsdlcalculated
0.2,101.1+ 1.0, 101.4+ 1.0, and 106.2 1.0. Obviously, an  at the G2(MP2) level. It is obvious that all reactions possess
excellent agreement is obtained. relatively high barriers. Reaction 4 has the highest barrier of

2. Reaction Mechanism As expected, direct hydrogen 22.1 kcal/mol at the G2(MP2) level, in accordance with its
abstraction transition states, namely, TS1, TS2, TS3, and TS4highest endothermicity and the strongestiCbond in the CHE
in Figure 1, are located for reactions 1, 2, 3, and 4, respectively. molecule. Certainly, this barrier is only slightly higher than that
Each transition state h& symmetry and A" electronic state,  for reaction 1, which involves a barrier of 21.6 kcal/mol. The
which is consistent with that surmised from spin and orbital barriers for reactions 2 and 3 are calculated to be 19.6 and 19.2
correlation rules. In principle, each transition state has four kcal/mol, respectively, at the G2(MP2) level.
possible structural forms defined by two dihedral angles: |t is worth discussing the effect of fluorine substitution on
7(HNHC) and7(NHCH) in TS1 and TS3, and(HNHC) and the energy barriers for the four reactions. When one of the
7(NHCF) in TS2 and TS4. The four forms are (cis, trans), (Cis, hydrogen atoms in CHs substituted by the fluorine atom, the
cis), (trans, trans), and (trans, cis). However, optimizations at barrier height for the corresponding reaction, i.e., reaction 2, is
the UMP2(full)/cc-pVDZ level reveal that only one structure reduced by about 2.0 kcal/mol. This can be attributed to the
is the true transition state, which is characterized by only one weakening of the €H bond and the decrease of the reaction
imaginary frequency. For instance, TS1 is found to be the (Cis endothermicity. If one of the hydrogen atoms in $EHis
trans) structure. The (cis, cis) structure corresponds to a secondreplaced by a second fluorine atom, the corresponding barrier
order saddle point with two imaginary frequencies. The larger height barely changes. It is not surprising that the reactions 2
imaginary frequency is consistent with that of the (cis, trans) and 3 have close energies of activation because both their
structure, and the smaller one actually results from the internal endothermicities and the -€H bond strengths in C#f and
rotation around the breaking:GH bond. Neither (trans, trans)  CH,F, are nearly identical. However, as mentioned above, the
nor (trans, cis) structure exists because the optimization barrier for the NH+ CHF; reaction becomes slightly larger
inevitably converges to the (cis, cis) and the (cis, trans) than that for the NH+ CH, reaction. This may be caused by
structures, respectively. Similarly, TS2, TS3, and TS4 are found the stabilization of trifluoromethyl, which makes the-& bond

to be the (cis cis), (cis trans), and (ciscis) structures,  in CHF; becomes somewhat stronger than that ing&H
respectively. 3. Kinetic Calculation. We have calculated the rate constants
It is worth noting that the IRC calculation for reaction 1 of reactions +4 over a wide temperature range 208000 K
exhibits a CH--NH complex on the reactant side and a42H using eq 5. The vibrational frequencies, moments of inertia, and
HNH complex on the product side. The corresponding M the barrier heights are taken directly from the ab initio data in

and G--H bond distances in the fully optimized structures are this work. It should be noted that in the rate calculation the
both about 2.7 A. The analogous complexes are found in low-frequency vibration at the transition state has been treated
reactions 2-4. It is evident that these complexes result from as a hindered internal rotation using the hindered rotor (HR)
the very weak long-range interactions. The binding energies aremodel developed by Truhlar et ®.The partition function for
calculated to be less than 0.2 kcal/mol (including the ZPE the hindered rotor is approximated as
corrections) at the UMP2(full)/cc-pVDZ level. Therefore, these
shallow minima are of negligible importance in the abstraction Q"N = Qhaf
reactions.

There are two geometric features for FSIS4. One is that whereQ" is the harmonic partition function at temperatdie
they have the nearly collinear-NH---C structures. The angles  f is an interpolating function expressed as
of NHC are 169.5, 167.6, and 167.7, respectively. This
indicates that the hydrogen abstraction reaction prefers to occur f= tanhQ”u)
collinearly. The other is that they are product-like structures as
indicated by two aspects: (i) The breaking-B bonds are whereQ is the free rotor partition function at temperat(ire



Reactions of NH(X=") J. Phys. Chem. A, Vol. 103, No. 45, 1999053

Q" =0.36(,T) "0, a:

andu = hv/(ksT). I, is the reduced moment of inertia (in g mbl 0
/3(2) for the internal rotation, which was calculated from the | o KK
geometric parameters of the transition states using Herschbach’'s '™ £ e
schemé?! g;; is the symmetry number for the internal rotation, e
andv is the frequency.

The rate constants for reaction 1 were calculated first for the
purpose of comparison, and the results are depicted in Figure
2. Itis encouraging that the calculated values are in quite good
agreement with the experimental data in the range +1500
K.16 This agreement not only demonstrates that the G2(MP2)

1
2
3
a

KH/KD

10

calculation for the reaction of NHGE™) with CH, is reliable o o!5 ‘ 1%0 ‘ 1?5 . 2?0 ‘ 2?5 . 3?0 ‘ 375 470 ‘ 415 5.0
(note that the energy barrier of 37.7 kcal/mol reported by Fueno 1000/T

et al?> must be overestimated significantly) but also implies Figure 4. Deuterium KIEs for the reactions of NHEX-) with methane
that the direct hydrogen abstraction mechanism by NBI(X and fluoromethanes vs 1000/See text for definition.

is valid. Therefore, the calculations for the reactions of

NH(X3=") with the fluoromethanes, namely, GFCH,F, and The D abstractions are apparently different from the H

CHF;, are expected to have similar accuracy. However, one abstractions in two aspects. (i) Table 2 shows that the imaginary
should remember that the rate constants were deduced only byfrequencies of the transition states are lowered by about 500
the conventional transition-state theory (CTST). Although all cm™L. So the tunneling effect in the D abstraction reactions
of the reactions 44 involve the high and distinct barriers, the becomes somewhat weaker than that in the H abstraction
theoretically predicted rate constants may be still overestimatedreactions. However, the lowest vibrational frequencies show
slightly—especially at higher temperaturelsecause of the little change. (i) As shown in Table 3, the deuterium-substituted
neglect of variational effects. reactions are somewhat more endothermic than the unsubstituted
As shown in Figures 2 and 3, the rate const&hisk™,, kM3, reactions. Furthermore, it is interesting to note that the barriers
and kM, for the reactions 1, 2, 3, and 4, respectively, exhibit for the former also become about 1.0 kcal/mol higher than those
apparently non-Arrhenius behavior, which results from the for the latter. Therefore, the rates of the D abstractions should
significant tunneling effect at lower temperatures. Over the be slower than those of the H-abstractions. As a result, the
whole temperature range of interekty is the smallest one.  calculated KIEs (see Figure 4) are always larger than unity over
kH, is very close tdks. At temperatures below 900 K, the rate the whole temperature range of interest, especially at lower
constants for all reactions are lower tham¥m? molecule® temperatures. On one hand it shows that the KIEs are “normal”
s71 It indicates that the reactions of NE") with methane for the reactions of NH(X=") with methane and fluo-
and fluoromethanes do proceed very slowly at lower temper- romethanes; on the other hand, it indicates that the KIEs are

atures. BothkH, and kH3 are larger thark"; at T < 800 K. extremely significant for all reactions. It is worth noting that
However, with the elevation of temperatures, all the rate the KIEs for reactions 44 are nearly identical above 500 K.
constants increase rapidly. Moreovklt; exceedxH, andk™s. For completeness, the rate constakisfor the substituted

At T > 2500 K, the rate constants are about#@o 1012 cm? reactions have also been fitted to the three-parameter expressions

molecule® s71. So the reactions of NHE~) may play an as follows (in units of crhimolecule® s™%):
important role in combustion processes. The rate constants for

reactions 4 have been fitted to the three-parameter formula k®, = (2.60 x 10 M7 14 g 109941
by the least-squares method as follows (in units of3cm
molecule’! s73): K2, = (5.30 x 10" 18)T216 ¢ 99%T

KN = (9.41 x 10 18)T228 g~ 102337

1= ) KO, = (4.78x 10 1) T?16g 798791
kH2 — (169X 10—1B)T2.31 e—9217l|'

k®, = (5.85x 10 *T> g 11307
kH3 — (152X 10—1B)T2.32 e—90807|' .
V. Conclusions
K, = (2.12x 10 18T229 g 207507 In this paper we have studied systematically the reactions of
NH(X3=") with CH4, CHsF, CHF,, and CHFR; using the G2-

4. Kinetic Isotope Effects (KIEs). We have also studied the  (MP2) method. Both the reaction mechanism and the rate
kinetic isotope effects (KIEs) for reactions-4 because the  constants for the range 26@000 K were reported. Several
KIEs can provide unique insight into the dynamics of chemical major conclusions can be drawn from this calculation.
reactions?53 For such direct hydrogen abstraction reactions, (i) The G2(MP2) level of theory is adequate for describing
only the deuterium KIEs are found to be important and thus the potential energy surfaces for the title reactions. This is
are examined in this work. The deuterium KIEs for reactions supported by the good agreement of both the calculated

1—4 are defined as the ratid&1/kP;, kHo/kP,, kHa/kP3, andkH,/ properties of various species and the rate constants oftNH
kP,, respectively, wherek's are the rate constants for the CH, with the available experimental measurements.
reactions of NH with the unsubstituted alkanes &Pslare the (i) The title reactions proceed via the direct hydrogen

rate constants for those in which all protiums in alkanes are abstraction mechanism. The rates of the reactions are very slow
substituted by deuterium. By definition, a KIE is “normal” if it  because of the significant barriers involved. However, the rates
is greater than unity; otherwise, it is “invers®”. increase rapidly with elevated temperatures. Meanwhile, the rate
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constants show non-Arrhenius behavior resulting from signifi-
cant tunneling.

(iii) The abstraction reactions occur collinearly. The transition
states involved have rather late character.

(iv) The best-estimated energy barrier for the NHCH,
reaction is 21.6 kcal/mol. The barriers for both NHCHsF
and NH + CH,F; reactions are about 2 kcal/mol lower than
that for the NH+ CH, reaction. However, the barrier for the
NH + CHF; reaction appears to be slightly higher than that for
the NH + CHg, reaction.

(v) The title reactions show significant and “normal” KIEs.

Supporting Information Available: Tables S1, S2, and S3
list the Z matrices for TS-TS4, the total energies for various
species in reactions-#4, and the values of the rate constants
(kH1, KMy, K3, kHy, kPq, KP,, kP3, andkP,), respectively, Figure
S1 shows the result of the IRC calculation for the reaction of
NH with CH,4. This material is available free of charge via the
Internet at http://pubs.acs.org.
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