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Prediction of Absolute Rate Constants for the Reactions of NHwith Alkanes from ab Initio
G2M/TST Calculations

A. M. Mebel™* and M. C. Lin* 8

Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, Taipei 106, Taiwan,
Department of Chemistry, Tamkang Weisity, Tamsui 25137, Taiwan, and Department of Chemistry,
Emory Unversity, Atlanta, Georgia 30322

Receied: Nawvember 20, 1998; In Final Form: February 3, 1999

Systematic ab initio calculations of potential energy surfaces for the reactions ofvitfiHvarious alkanes

(CHy, CoHg, C3Hg, andi-C4H10) which involve abstraction of a hydrogen atom from primary, secondary, and
tertiary C-H bonds have been performed using the G2M method. The calculated activation barrier for the
NH, + CH, reaction, 15.2 kcal/mol, is higher than those for the H-abstraction from a primah labnd in

C.Hs, CsHg, andi-C4Hj0, 11-12 kcal/mol. The barrier height decreases to 8.4 and 8.3 kcal/mol for the
abstraction from a secondary-El bond in GHg and a tertiary GH bond ini-C4H, respectively, in line

with the weakening strength of the-® bond and the increase of the reaction exothermicity. The G2M
energies and the molecular and transition-state parameters are used to compute thermal reaction rate constants
within the transition-state theory formalism with tunneling corrections. A good agreement of the theoretical
rate constants with the experimental is found if the computed barriers are adjusted-Ryk@ad/mol, which

is within the accuracy of the G2M method. The H-abstraction from the tertiarid ®ond is shown to be

faster than the other considered reaction3 a 2000 K, while the secondary H-abstraction is the second
fastest reaction at < 1600 K. The rate of the primary H-abstraction decreases with the increase of the
alkane size, from ethane to propane and to isobutane. The calculated rate constants for the H-abstraction by
NH, from primary, secondary, and tertiary-&l bonds can serve as models for the reactions of the amino
radical with various saturated hydrocarbons.

Introduction On the other hand, theoretical calculations on the reactions
of NH, with saturated hydrocarbons are scarce and limited only
to the reaction with methane. Leroy, Sana, and co-wo?Kkérs
studied the NH + CH; — NH3 + CHs reaction at the CI//
UHF/6-31G level. Recently, Basch and Hbezarried out more
accurate UMP2, CCSD(T)//UMP2, and B3LYP calculations
with the 6-31%+G(2d,p) basis set. We have studied this
reaction using the G2M approach, computed absolute rate
constants employing the transition-state theory (TST), and
investigated the kinetic isotope effeéts.

Reactions of the amino radical, NHare relevant to planetary
atmospheric chemistry, particularly those of Jupiter and Titan
as well as to the NfldeNQZ2 and HNCO RAPRENQ (rapid
reduction of NQ)3 processes and have recently attracted much
attention. The reactions of NHwith saturated hydrocarbons
proceed by direct abstraction of the hydrogen atom from RH
giving NHs and alkyl radicals R. These reactions are relatively
well studied experimentally, and their rate constants are reported

for a broad temperature range. For instance, Demissy and . )
Lesclau# measured the reactions with a series of alkanes [N the present paper, we report systematic G2M calculations

including methane, ethane, propane, isobutanenandane at of potential energy surfaces for the reactions of,Mtth various
temperatures between 300 and 520 K. They performed their @lkanes that include abstraction of the hydrogen atom from
measurements by flash photolysis using laser-resonance absorglfimary, secondary, and tertiary-& bond:

tion for the detection of Nkl Hack et ak~7 used an isothermal

flow system to study the reactions of Mkvith CH4, CoHg, NH, + CH, — NH; + CH, 1)
CsHg, isobutane, and cyclohexane. [BJH)-profiles were NH. + C.H..— NH.. + C.H 2
measured at temperatures from 400 to 1080 K with the laser- 2 2e S )
induced fluorescence (LIF) technique. Hennig and Wéigmszd NH, + C;Hg — NH; + i-C;H, (3a)
the shock tube method to measure reactions of, Mkth

methane, ethane, and propane at temperatures between 1500 NH, + C3Hg = NH3 + n-C;H; (3b)
and 2100 K. The experimental rate constants for the reactions NH. +i-C.H..— NH. + t-C.H A3
of NH. with alkanes are collected in Table 1. Hennig and 2 4710 8 40 (42)
Wagner suggested three-parameter expressions for thetNH NH, + i-C;H;,— NH; +i-C,Hq (4b)

CH4, NH, + C,Hg, and NH + CsHg reactions that fit the rate

constants for different temperature ranges. The results for reaction 1 published eadfeare given for

P - - - comparison. The ab initio data are used to compute reaction
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TABLE 1: Heats of Reactions (kcal/mol), Activation Barriers (kcal/mol) Calculated at the G2M(rcc,MP2) Level, and Rate
Constants for the Reactions of NH with Saturated Hydrocarbons

AE#
AHey theoretical rate constdnt experimental rate constant
reaction AE2 (298)g clag gm? adp (cm¥molecules) (cm¥molecules)

NH; + CHs—NH3 + CHz (1) —2.3 —2.6 15.0 14.9 14.4 (4.49 10 23)T3.60g 47751 300-520 K9 (8.30 x 10 13)g10500RT
(5.12 x 10-23)T35%4545M(adlj) 740-1030 K (9.63 x 10 19)g13169RT
1740-2140 Ki (1.99 x 10-11)g15153RT
300-2100 K! (1.18 x 10718)T2.0g=4690T

NH; + CoHg — NH3 + CoHs  (2) —5.7 —6.4 12.8 12.2 10.2 (4.0% 10 23)T3:54 3719T 300-520 K9 (6.14 x 10 13)g 7150RT

(7.54 x 10-23)T346-28207 (g ) 598-973 Ki (1.61x 10~ 11)e~10612RT
1500-1900 Ki (1.61 x 10" 11)g-11472RT
300-2000 Ki (5.09 x 10-18)TL8-3185T

NH, + CgHg— NHz +i-CoH;  (3a) —8.2 —8.8 9.3 84 7.9 (1.7k 10°22)T330% 24471
(1.93 x 1072 T3.2%2218M(ad))
5.0 —=7.0 117 11.1 10.6 (5.75 10723)T35lg-3401T
(6.71x 10-29) T34%3175M(ad))
NH, + CaHg— NH3 + CsH7  (3) (2.98x 10723)T3 622474 300-520 K9 (7.47 x 10-13)g 6150RT
(3.49 x 10729 T3:605-2249M(alj) 550-1073 Ki (1.41 x 10711)g9393RT
1500-1900 K (2.82x 10~11)g~10660RT
300-2000 Ki (2.87 x 10-18)T20g-32107 4
(1.66 x 10-13)g~1600T

NH, + C3H8" NHs3 + n—C3H7 (3b)

NH, + i-C4Hio— NH3 + t-C4He  (4a) —9.8 —11.0 8.3 8.3 7.3 (3.6% 1072232023661
(5.20 x 10722 T3165-1925M(al))

NH, + i-C4Hio— NHs + i-CqHe  (4b) —5.0 —7.4 12.0 12.4 11.4 (1.15 10723)T3 6537807
(1.69 x 10-29)T361-3342T(ad))

NH; + i-C4H10— NH3 + CsHg  (4) (2.39x 10_23')1'3'608_2239’r 300-520 K9 (3.82x 10_13)8_4900RT
3.35 x 10723)T3:57g1795M(5(] 470-973 KX (8.14 x 10713)g™5258RT
( j
(1.46 X 1@11)e—10397RT
NHz + n-CsHio— NH3z + C4Hg  (5) 300-520 K9 (1.16 x 10_12)8_6100RT
NHz + CeHi2— NH3z + CgH11  (6) 544-973 Ki (4.48 x 107 11)g8915RT

2 Heat of reaction calculated at the G2M(rcc,MP2) leVdExperimental enthalpy of reaction at 298 K, from ref $€lassical barrier at the
G2M(rcc,MP2) level 4 Quantum mechanical barrier at the G2M(rcc,MP2) le¥@ldjusted barrier heighf.Eckart tunneling correction was used
to compute the rate constants. The adjusted expressions are obtained from TST calculations with adjusted barridtrbeiglef 4." From ref
5.1 From ref 8. From ref 6.k From ref 7.

Calculation Methods axis. Therefore, in the rate constant calculations we replaced
éhis vibration by a one-dimensional internal rotation. The
reduced moment of inertia shown in Table 2 was computed

calculated using different versions of the G2M methdH This base_d on _the geome_try Of. TS.l' As seen in Table 3, all G2M
involved geometry optimization and vibrational frequency versions give the barrier height in the 1436.4 kcal/mol range,

calculations at the density functional B3LYP/6-311G(d,p) Close to the CCSD(T)/6-3H1+G(2d,p) result of Basch and
level 15 The G2M(RCC), G2M(RCC,MP2), G2M(rce,MP2), and Hoz 1! The lowest value, 14.9 kcal/mol, fou_nd at G2M(rcc,MP2)
G2M(rce,MP2*) calculational schemes used herein were de- Was used for the rate constant computations.
scribed in detail earlie¥®14 All of them were targeted to Figure 2 shows the Arrhenius plot of the calculated and
approximate the RCCSD(T)/6-3315(3df,2p) energy through  experimental rate constants for reaction 1. With the barrier of
a series of RCCSD(T), MP4, and MP2 calculations with 14.9 kcal/mol and the Wigner tunneling correction, the theoreti-
different basis sets. We used the GAUSSIAN®dnd MOL- cal rate constants significantly underestimate the low-temper-
PRO 967 programs for the ab initio calculations. Optimized ature data of Demissy and Lesclatagree reasonably well with
geometries of the transition states are presented in Figure 1. the values of Hack et &lin the 740-1030 K temperature range,
For the thermal rate constant calculations, we employed TST and overestimate the shock tube high-temperature data of Hennig
with the Wigner and Eckart tunneling correctidfighe B3LYP/ and Wagnef.The activation energies computed from the two-
6-311G(d,p) molecular parameters of the reactants and transitionparameter fit of the theoretical rate constants, 13.9, 16.7, and
states used for the rate computations are given in Table 2. Total22.7 kcal/mol for the temperature ranges of 3@Q0, 740~
energies for the optimized geometries of various species are1030, and 17462140 K, respectively, overestimate the corre-

The energies of the reactants, products, and transition state
for the reactions of NK with saturated hydrocarbons were

summarized in Table 3. sponding experimental values of 10.5, 13.2, and 15.2 kcal/mol.
] ) If the reaction barrier is reduced by 1 kcal/mol to 13.9 kcal/
Results and Discussion mol, the agreement of the theoretical rate constant with the low-

NH- + CHy. The transition state for reaction 1, TS1, has a temperature experiment improves(theor)= (0.24-1.36)-
structure with a nearly linear NH—C fragment and NH and ~ (€xp)] and is still fair for the 7461030 K range fs(theor) =
CH distances of 1.26 and 1.33 A, respectively. Both NH and (2.1—3.4ki(exp)]. However, for the 17462140 K interval, the
CH bonds are elongated by about 22% as compared to thecalculated rate constants are higher by 1 order of magnitude
regular NH and CH bond lengths, respectively. Thus, the than the experimental data of Hennig and Wadndie
transition state is neither early nor late, which agrees with the computed activation energies for the three temperature intervals,
fact that the NH + CH; — NH3 + CHjs reaction is nearly 12.9, 15.6, and 21.7 kcal/mol, respectively, still overestimate
thermoneutral (exothermic by-B kcal/mol). The lowest real  the activation energies derived from experiment. Further reduc-
vibrational frequency of TS2 is 49 cth This normal mode  tion of the barrier height leads to an increasing disagreement
corresponds approximately to internal rotation around th&IlC of the theoretical rate constants with experiment in the medium-
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TS1

TS4a TS4b

Figure 1. B3LYP/6-311G(d,p) optimized geometries of transition states for reactieds Bond lengths are given in angstroms and bond angles
in degrees.

and high-temperature ranges. Thus, the calculations predict atunneling is not significant, anld; values calculated with the
stronger upward curvature for the Arrhenius plokpthan that Eckart and Wigner tunneling corrections are similar.

observed experimentally. In this study, we use a three-parameter fit for the rate
The use of the Eckart tunneling correction improves agree- constants where they are expressedAd®exp(—E/T). This
ment of the calculated rate constant with experiment, especially expression is a simple way to describe a non-Arrhenius behavior
in the low-temperature region. If the barrier is not adjusted (14.9 of the rate constants and to fit them in a broad temperature range.
kcal/mol), theoreticak, constitutes 3468% ofkj(exp) for 306- Besides, this form of expression is used widely in practical
520 K. For higher temperaturel(theor) = (1.1-2.1)ki(exp) applications, for example, for kinetic modeling using the
and (6.1-8.4k(exp) in the 746-1030 and 17482140 K cHEMKIN program®® The three-parameter fit for 366000
ranges, respectively. A small adjustment of the barrier height ot ihe theoretical rate constant computed with the 14.4 kcall

to 14.4 keal/mol reSl.mS in a very close agreement of the ol barrier and Eckart tunneling correction resulted in the
theoretical and experimental rate constants between 300 an(#n

520 K, and the apparent activation energy from the two- ollowing expression fok:
parameter fit ofk,(theor) is 10.8 kcal/mol, only 0.3 kcal/mol 93359 3 11
higher than that experimentally found. At higher temperatures, k;=(5.12x 10 3)T exp(—4,547M) cm’ molecule ™ s
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TABLE 2: Molecular and Transition-State Parameters of the Reactants and Transition States of the N+ CH4, NH, + CsHe,
NH, + C3Hg, and NH, + C4H; Reactions, Calculated at the B3LYP/6-311G(d,p) Level

(l(T“Og CI’T?) ZPE
species i li lintrot v (em™) (kcal/mol)
NH, A 1.239 1535, 3325, 3413 11.8
B 2.169
C 3.408
CH, A 5.347 1342, 1342,1342, 1561, 1561, 3026 28.0
B 5.347 3131, 3131, 3131
C 5.347
TS1 A 8.919 2.142 1649i, 49388, 401, 569, 786, 859, 1160, 39.7
B 95.97 1367, 1425, 1441, 1502, 1576, 3054, 3179,
C 97.00 3183, 3386, 3476
CoHe A 10.49 310, 827, 829, 997, 1215, 1218, 1406,
B 42.46 1426, 1506, 1506, 1507, 1508, 3025, 3026,
C 42.26 3072, 3072, 3097, 3097
TS2 A 35.96 3.308 1611i, 34155, 200, 422, 534, 742, 751, 881, 924, 1034, 1151, 1228, 57.9
B 169.8 1390, 1412, 1467, 1477, 1495, 1497, 1562, 3003, 3052, 3062,
C 190.6 3080, 3130, 3378, 3468
CsHg A 28.59 230, 285, 369, 749, 842, 912, 936, 1059, 1177, 1210, 64.7
B 101.1 1315, 1363, 1407, 1424, 1489, 1494, 1498, 1512,
C 114.0 1512, 3014, 3016, 3020, 3034, 3074, 3084, 3085, 3087
TS3a A 111.3 3.374 1479i, 43121, 148, 189, 253, 355, 483, 656, 740, 874, 931, 945, 953, 1113, 1179, 75.6
B 202.3 1206, 1352, 1356, 1401, 1416, 1468, 1482, 1490, 1496, 1501, 1558,
C 283.5 2996, 3000, 3051, 3058, 3063, 3087, 3093, 3374, 3465
TS3b A 41.29 3.397 1614i, 5292, 124, 248, 319, 422, 586, 736, 742, 800, 901, 940, 995, 1064, 1135, 75.9
B 341.7 1218, 1317, 1347, 1386, 1408, 1466, 1476, 1491, 1499, 1509,
C 362.7 1562, 3012, 3020, 3038, 3050, 3084, 3087, 3121, 3379, 3469
CsH1o A 109.0 211, 257, 257, 363, 367, 435, 796, 923, 925, 956, 971, 971, 1191, 1191, 1209, 82.2
B 109.0 1360, 1360, 1401, 1401, 1430, 1484, 1490, 1490, 1509, 1509, 1516,
C 188.5 2993, 3011, 3011, 3018, 3070, 3070, 3079, 3080, 3083, 3083
TS4a A 194.3 3.404 1518i, 39111, 122, 194, 227, 235, 330, 363, 367, 527, 669, 778, 808, 952, 953, 972, 94.0
B 293.6 1022, 1024, 1198, 1254, 1262, 1368, 1423, 1425, 1450, 1494, 1503, 1510, 1513, 1526,
C 294.3 1531, 1537, 1616, 3013, 3013, 3021, 3078, 3083, 3086, 3107, 3115, 3118, 3344, 3447
TS4b A 116.5 3.417 1702i, 783, 127, 232, 261, 314, 365, 400, 447, 582, 713, 823, 832, 939, 951, 971, 94.4
B 366.4 983, 1050, 1165, 1201, 1226, 1357, 1380, 1399, 1425, 1443, 1483, 1518, 1520, 1530,
C 441.3 1533, 1539, 1622, 3011, 3036, 3041, 3072, 3100, 3106, 3112, 3114, 3146, 3361, 3465

a|n rate constant calculations, this frequency is replaced by a one-dimensional internal rotor with the reduced momentlgfdnertia

TABLE 3: Calculated Energetics (kcal/mol, ZPE corrections are included) for the Reactions +4 at Various Levels of Theory:
C—H Bond Strengths in Alkanes, Heats of ReactionsAE), and Activation Barriers (AE?)

B3LYP/  CCSD(T)) CCSD(T)/ G2M
reaction 6-311G*  6-31G*  6-311G* (RCC)  (RCC,MP2)  (rcc,MP2)  (rcc,MP2¥)

NHz + CH4_’ NH3 + CH3 (1)

C—H bond strength 102.2 100.6 99.7 104.6 104.3 104.2 104.0

AE -0.3 1.8 0.2 -17 21 —-2.3 —-21

AE# 10.2 18.5 16.0 15.2 15.1 14.9 15.4
NHz + C2H5 - NH3 + C2H5 (2)

C—H bond strength 97.3 97.4 97.0 101.3 101.1 100.7 100.5

AE 52 -13 —-25 —-5.0 —53 57 —5.6

AE# 7.7 15.7 13.7 12.7 12.7 12.2 12.7
NHz + C3H3 - NH3 + i-C3H7 (3a)

C—H bond strength 92.4 94.7 94.3 98.5 98.4 98.3 98.1

AE —10.0 —4.0 52 -7.8 —-8.1 —-8.2 —-8.1

AE# 4.2 12.9 9.7 8.6 8.4 8.6
NH, + C3H3 — NHs3 + n-C3H7 (3b)

C—H bond strength 96.9 98.1 97.4 101.8 101.5 101.4 101.2

AE —55 —0.6 21 —4.6 —4.9 —5.0 —4.9

AE# 6.7 155 13.3 11.3 111 116
NHZ + i-C4H11 - NH3 + t-C4Hg (4a)

C—H bond strength 90.6 92.9 92.9 96.9 96.8 96.7

AE —-11.9 —6.0 —6.7 —-9.7 —-9.8 —-9.7

AE# 4.5 11.7 8.3 8.8
NHZ + i-C4H10_’ NH3 + i-C4Hg (4b)

C—H bond strength 97.9 98.4 97.6 101.7 101.6 101.4

AE —4.6 —-0.5 —-2.0 —-4.9 -5.0 -5.0

AE# 9.0 17.2 12.4 12.9

This expression better reproduces the experimental data for low The Wigner tunneling correction is an approximation corre-
temperatures than the expression derived previdtiglyat sponding to an asymptotic form of the Eckart correcfidmhis
employed the Wigner tunneling correction and the barrier approximation should be accurate for small barrier heights and
adjustment to 13.9 kcal/mol. widths, which apparently is not the case for the ;\NH CHy
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NH2+CH4-->NH 3+C.H3 NH2+C2H6-->NH 3+C2H5
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Figure 2. Arrhenius plot of the rate constaki for the NH, + CH, Figure 3. Arrhenius plot of the rate constakt for the NH, + C;Hs

reaction. Long-dashed and dashed-dotted curves khealculated with reaction. Long-dashed and dashed-dotted curves khoalculated with

the Wigner tunneling correction with the barriers of 14.9 (G2M- the Wigner tunneling correction with the barriers of 12.2 (G2M-
(rcc,MP2)) and 13.9 (adjusted) kcal/mole, respectively. Short-dashed (rcc,MP2)) and 10.2 (adjusted) kcal/mol, respectively. Short-dashed and
and solid curves shoki calculated with the Eckart tunneling correction ~ solid curves shovk; calculated with the Eckart tunneling correction
with the barriers of 14.9 and 14.4 kcal/mol, respectively. Experimental with the barriers of 12.2 and 10.2 kcal/mol, respectively. Experimental
rate constants are shown by open circles (ref 4), squares (ref 5),rates are shown by open circles (ref 4), squares (ref 6), and diamonds
diamonds, and triangles (ref 8). (ref 8).

reaction. Several approaches exist to improve treatment ofshould be reasonable, and because of its simplicity, we use this
tunneling since the Eckart correction is valid only for a special method in the present study for the reactions of ;Nkth
barrier shapé® For instance, for systems in which the curvature alkanes.

of the reaction path is not too severe, the small-curvature Another question related to the accuracy of the present
tunneling (SCT) methd@?!includes the effect of the reaction  calculations concerns the use of variational TST (VIST) instead
path curvature to induce the tunneling path to “cut the corner” of conventional TST (CTST). For the reaction with a relatively
and shorten the tunneling length. However, for the heavy high and distinct barrier, the variational effects are usually
light—heavy mass combination present in the reactions of NH insignificant. For example, only a small rate constant decrease
with alkanes, the SCT method may not be suitable. This can befrom CTST to VTST was found for the N-H OH?® and,
illustrated by two examples. Espinosa-Garcia and Corchado haveespecially, GHz + H,2” reactions with the barriers of 3.7 and
studied? the tunneling effect in the NiH+ OH reaction and 10.4 kcal/mol, respectively. The recent study of NH CHy
found that the rate at 300 K computed with SCT correction by Yu et al?® demonstrated that the VTST rate constants deviate
underestimates the experimental value by a factor of 16, while from the CTST ones by less than 5%. Thus, for the reactions
the Eckart tunneling correction gives the value only 1.8 times of NH; with alkanes where the barriers are in thel® kcal/
lower than that obtained in the experiment. On the other hand, mol range, the variational effects on the rate constant can be
a recent study of the NjH- CHj, reaction by Yu et a#2 shows neglected.

that the rate constant at 300 K obtained with SCT correction  NH, + C,Hg. The NH, + C,Hg reaction (2) is calculated to
overestimates the experimental rate by 7.7 times. In our have a barrier of 12:212.7 kcal/mol. The primary €H bond
calculations with the Eckart tunneling correction, the difference in ethane, 101.3 kcal/mol at G2M(RCC) or 101.1 kcal/mol in
between the theoretical and experimental rate constants at 30&xperiment® is weaker than that in methane, 104.8 kcal/fol.

K is only 6%. Espinosa-Garcia and Corchado argue that for As a result, reaction 2 is more exothermic than reaction 1 and
the heavy-light—heavy reactions a large-curvature tunneling the activation barrier for the hydrogen abstraction decreases by
(LCT) would be more appropriate. However, the LCT approach ~2.5 kcal/mol. The transition state TS2 has an earlier character
requires more information about the potential energy surface than TS1; the forming NH bond in the former is 0.04 A longer
and can be too demanding computationally for the reactions, than that in the latter, and the breaking-B bond in TS2 is
such as NH -+ CsHg or NH, + C4H10. Besides, the LCT method ~ 0.03 A shorter than that in TS2. The CHN angle increases from
has only been applied in a few systems. The Eckart tunneling 168.C in TS1 to 171.2 in TS2. Similar to TS1, the lowest real
factor is overestimated at low temperatures because of thevibrational frequency in TS2 is very low, 34 ch and was
potential being much narrower in the “tail region” than the true replaced by internal rotation in computations of the rate
adiabatic potentigd*2>Therefore, according to Espinosa-Garcia constants.

and Corchado’s results for NH- OH, the simple Eckart model Figure 3 shows the Arrhenius plot for the calculated thermal
simulates the behavior of the more sophisticated LCT results. rate constants for reaction 2. First, we analyze the rates
Later, this conclusion was confirmed by Truhlar and co- computed with the Wigner tunneling correction. If the G2M-
workerg® at a more complete level, the microcanonical opti- (rcc,MP2) barrier height of 12.2 kcal/mol is taken for the rate
mized multidimensional tunnelingtOMT) method, in which constant calculations, theoretical values underestimate the
the transmission probability is taken as the maximum of two experimental data in the 36%20 and 598973 K temperature
trial calculations, SCT and LCT. ThéOMT rate constants agree  ranges and slightly overestimate the experimental measurements
better with the experimental results, but their difference from [ky(theor)= (1.9—3.2k(exp)] in the shock tube temperature
the rates obtained with the Eckart tunneling correction does notrange. The computed activation energies, 11.6, 13.7, and 19.0
exceed~80%. Hence, the accuracy of the Eckart approach kcal/mol for the temperature ranges of 3820, 598-973, and
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1500-1900 K, respectively, also overestimate those derived a NH +C H -->NH +C H
from experiment, 7.2, 10.6, and 11.5 kcal/mol. Therefore, we 2 3, 8 3_ 8 ,7
tried to adjust the barrier height, reducing it by 2.0 kcal/mol.

10 F 3
Then, the agreement with experiment improves significantly. —~ 10 3 E
In the 300-520 K range ky(theor) equals to (0.190.93- T 10T | :
(exp); in the 598973 K range, the difference between the “¢ 10™ [ 2
experimental and calculated rate constants is less than 40%. In 3 44 I_ 3
the high-temperature range, the deviation of theory from g . E
experiment increasekz(theor)= (3.7—5.5k,(exp). The com- £ 10 E
puted activation energies are 9.6, 11.7, and 17.0 kcal/mol for 10" F

the three temperature ranges, respectively. As for reaction 1, S g

LI

theoretical calculations for reaction 2 predict stronger curving =<

[ vvand vl ound v od vl

-17

for the Arrhenius plot when temperature is increasing, and 10 3

differences between the calculated and experimental rate L e

constants are largest for the shock tube region. 0 0.5 1 15 2 25 3 3.5
A much better agreement of theoretidal with the low- 1000/T (K™)

temperature observations is found when we use the Eckart

tunneling correction. With the barrier reduced to 10.2 kcal/mol, b NH2+C3H8-->NH 3+i-C 3|-|7 (3a)

ko(theor)= (0.75-1.18ky(exp) for 306-520 K, (1.12-1.41)-
ke(exp) for 598-973 K, and (3.7-5.6)u(exp) for 1506-1900 NH,+C H —~>NH ,+n-C H, (3b)
K. The activation energy computed in the 36820 K temper- b s b b b b
ature range is then 7.6 kcal/mol compared with 7.2 kcal/mol

found experimentally. The three-parameter fit in the temperature =~ 1o
range of 306-5000 K using theoretical rate constants calculated
with the adjusted barrier and Eckart’'s tunneling gives the
following expression foks:

TN T
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vl s sund somd voned
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T TTITI T

vomd ol

k, = (7.54 x 10" ?)T**®exp(-2820) cm® molecule *s*

Ty
amd 1

NH» + CsHg. For the reaction of Nklwith propane, H-atom
abstraction from one of the primary as well as a secondailyiC
bonds can occur. The secondary-& bond (~98.5 kcal/mol
both in theory and in experimef} is weaker than the primary
one (101.8 kcal/mol at G2M(RCC) vs 100.4 kcal/mol in
experimem®), and reaction 3a producirigCzH- is calculated
to be 3.2 kcal/mol more exothermic than reaction 3b producing
n-CsH7. Accordingly, the activation barrier for reaction 3a, 8.4
kcal/mol at the G2M(rcc,MP2) level, is 2.7 kcal/mol lower than ¢ NH_+C_H -->NH +C_H,
that for reaction 3b, 11.1 kcal/mol. The structure of transition 1 IR R LA LR B B LS
states TS3a and TS3b reflects the reaction energetics. TS3a is
an earlier transition state as compared to TS3b, TS2, or TS1. It 08
has a shorter breaking-€H bond of 1.28 A and a longer
forming N—H bond of 1.33 A. The linearity of the CHN
fragment increases and the corresponding angle is 17612
the other hand, the geometry of TS3b is very similar to that of
TS2, except a hydrogen atom is replaced by a methyl group. 0.4
The activation barrier for (3b) is about 1 kcal/mol lower than - N Ok /k 1
the barrier for (2); however, this difference is within the accuracy 02 [ ~ \3‘3\ 3 ]
of our calculations. 3 =~ ]

The total rate constant for the reaction 3, N#H CgHg, as - T T T T T
measured in the e_xperiment, is thg sum of the individual rate 0 05 1 15 o 25 3 35
constants for reactions 3a and 3b. Figure 4a shows the Arrhenius 1000/T (K'1)
plots for the total rate constark in comparison with the
experiment. As seen from the plots, the rates computed with
the Eckart tunneling correctlon_match_ better the expenmental Figure 4. (a) Arrhenius plot of the rate constakg for the NH +
measurements than thqse obtained Wlth the Wigner (:o_rrectlon.Cs,_|8 reaction. Long-dashed and dashed-dotted curves hoalcu-
Therefore, below we discuss onky with Eckart’s tunneling.  |ated with the Wigner tunneling correction with the G2M(rce,MP2)
If we use for the TST computations the G2M(rcc,MP2) barriers, (8.4 kcal/mol for the (3a) channel and 11.1 kcal/mol for (3b)) and the
8.4 and 11.1 kcal/mol for reactions 3a and 3b, respectively, the adjusted (7.7 kcal/mol for (3a) and 10.4 kcal/mol for (3b)) barriers,
theoretical values df; agree with experiment reasonably well. respectively. Short-dashed and solid curves shewalculated with
In the 300-520 K temperature rangks(theor) equals to (0.41 the Eckart tunneling correction with the 8.4/11.1 and 7.9/10.6 kcal/

- . . mol barriers, respectively. Experimental rates are shown by open circles
0.77ks(exp). The accord is best in the 550073 K range:ks- (ref 4), squares (ref 7), and diamonds (ref 8). (b) Arrhenius plot of the

(theor)= (0.92-1.69ks(exp). Theoretical rate constants for the  cajculated individual rate constarks, (solid curves) ands (dashed
high temperature 15601900 K range overestimate the experi- curves). (c) Calculatekk/ks andksy/ks branching ratios as function of
mental valuesks(theor) is a factor of 2.64.1 higher tharks- temperature.
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(exp). The computed activation energies for the three temper-

ature ranges are 7.0, 10.8, and 17.1 kcal/mol, respectively, vs

6.2, 9.3, and 10.7 kcal/mol derived from experiment. If the

barriers for both reactions 3a and 3b are reduced by 0.5 kcal/

mol to 7.9 and 10.6 kcal/mol, respectively, the deviations of
theory from the experiment are very small for the low-
temperature rangéd(theor)= (0.94-1.25k;(exp)] and slightly
increase for the middlekf(theor)= (1.4—2.1)ks(exp)] and high-
[ks(theor) = (3.0—4.7ks(exp)] temperature ranges. The com-
puted activation energies, 6.6, 10.3, and 16.7 kcal/mol for the
300-520, 556-1073, and 15081900 K temperature ranges,

respectively, reproduce better the experimental values, especially <

for low temperatures. As for reactions 1 and 2, the calculations
for reaction 3 tend to overestimate the experimental activation

energies in the high-temperature region and to predict a stronger
curvature in the Arrhenius plot at higher temperatures. Whereas
the absolute values of the theoretical and experimental rate

constantds agree fairly well, their disagreement is significant
in the shock tube region. The total theoretical rate condtant
calculated with the adjusted barrier heights is fitted in the
temperature range of 36G000 K by the following three-
parameter expression:

ks = (3.49 x 10 2 T**exp(-2249) cm® molecule *s*

Figure 4b exhibits the individual rate constakgg andKksp,

and Figure 4c shows the calculated temperature dependence of

the ksdks and ksy/ks branching ratios. Because of the lower
activation barrier, reaction 3a is faster than reaction 3b at
temperatures below 2000 K. In the low temperature-3800

K region, the rate constant for the abstraction of a secondary
C—H bond in GHg constitutes 8595% of the total rate
constant. The contribution df;; into ks decreases to 65 and
50% when temperature increasing to 1000 and 2000 K,

respectively. Reaction 3b becomes dominant at the temperatures

higher than 2000 K.

NH> + i-C4H10. The reaction of NH with isobutane also
can proceed by two different channels: the abstraction of a
hydrogen atom from a tertiary and a primary-8 bond. The
tertiary C—H bond ini-C4Hjg is calculated to be 4.8 kcal/mol
weaker than the primary one, which results in the higher
exothermicity of the 4a channel as compared to (4b). The
agreement between theory and experiment for the tertiari C
bond strength is close again, 96.9 kcal/mol at the G2M-
(RCC,MP2) level vs the experimental value of 96.4 kcal/ffol.
The G2M(rcc,MP2) barriers are found to be 8.3 and 12.4 kcal/
mol for (4a) and (4b), respectively. Transition state TS4a is the
earliest TS among all transition states for the hydrogen atom
abstraction from €H bonds in the alkanes considered in the
present study. It has the shortest breakingHChond, 1.26 A,
and the longest forming NH bond, 1.37 A. The linearity of
the CHN fragment is also maximal, with the CHN angle of
176.7. The structure of TS4b is again very similar to those of
TS2 and TS3b, indicating that the geometry of a TS for the H
abstraction from a primary €H bond is not sensitive to the
size of the carbon chain in alkanes.

The Arrhenius plot for the total rate constant for the NH
i-C4H1p reaction,ky = kya + kap, is shown in Figure 5a, while
individual rate constants;, andks, are presented in Figure 5b.
Experimental data fdks are available only for two temperature
ranges, 306520 and 476-973 K. Using the calculated G2M-
(rcc,MP2) barriers of 8.3 and 12.4 kcal/mol for (4a) and (4b),
respectively, and the Eckart tunneling correction, we obtained
ks, which underestimates the experimental data in both tem-
perature regions. For instance, in the 3GQ0 K range ks
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Figure 5. (a) Arrhenius plot of the rate constaki for the NH, +
i-C4H10 reaction. Long-dashed and dashed-dotted curves skiow
calculated with the Wigner tunneling correction with the G2M(rcc,MP2)
(8.3 kcal/mol for the (4a) channel and 12.4 kcal/mol for (4b)) and the
adjusted (7.3 kcal/mol for (4a) and 11.4 kcal/mol for (4b)) barriers,
respectively. Short-dashed and solid curves shgwalculated with
the Eckart tunneling correction with the 8.3/12.4 and 7.3/11.4 kcal/
mol barriers, respectively. Experimental rates are shown by open circles
(ref 4) and squares (ref 6). (b) Arrhenius plot of the calculated individual
rate constantks, (solid curves) andéy, (dashed curves). (c) Calculated
ksdks andkay/ks branching ratios as function of temperature.

(theor) is 15-54% ofks(exp) and in the 476973 K rangek,
= (0.25-1.19k4(exp). The computed activation energies, 6.7
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and 9.4 kcal/mol for the two temperature ranges, respectively, TABLE 4. Calculated Relative Rate Constants for Reactions
are higher than the experimental values of 4.9 and 5.3 kcal/ 24 with Respect to the Ratek; of the NH, + CH,4 Reaction
mol. Reduction of the barriers by 1 kcal/mol each improves &t Various Temperatures

the agreement with experiment. In this cdsétheor) is (0.72 CsHg CaH1o CsHs CaH1o

1.41x4(exp) and (0.72.0)ku(exp) in the 306-520 and 476 T.K GCHske p-CH ks p-C—H ki $-C-H ksa t-C—H, kia

973 K temperature ranges, respectively, and the computed 300 199.2 66.0 20.8 1257 4223

activation energy in the low-temperature region decreases to 500 23.5 11.8 4.43 71.4 159.7

5.8 kcal/mol. The three-parameter fit fku obtained with the 1000 3.55 2.65 1.36 4.93 7.52

adjusted activation barriers gave the following expression for 1288 i:gg i:gg 1'35 f?g 5'28

300 K= T = 5000 K: 2000  1.36 1.24 0.76 1.22 1.45
2500 1.13 1.06 0.67 0.92 1.03

k, = (3.35x 10 2 T*>*" exp(~1795M) cm® molecule *s* 3000 0.99 0.95 0.61 0.76 0.82

) ) of the alkane size, from ethane to propane and to isobutane.
Channel (4a) dominates reaction 4 through the-38I000 K The activation barrier does not change significantly, but the

temperature range. As shown in Figure Sc, tgks ratio preexponetial factor fitted in the 36%20 K range decreases

exceeds 85% at temperatures below 1OOQ K but decreases tGom 9.4 x 10-3 en® molecule® s for (2) to 8.3x 10713

66 and 57% at 2000 and 3000 K, respectively. for (3b) and 3.6x 10713 for (4b). At temperatures higher than

3000 K reactions 24 are slower than NyH CH,. This result

is attributed to the higher activation energy for reactiorkl;
For all the reactions of Npiwith alkanes considered herein, grows faster with temperature thda—ks and overtakes all

we found a fairly good agreement of the theoretical rate individual ratesko, Ksa Kan, Ksa @ndka, at 3000 K.

constants with experiment if one tolerates the adjustment of the The rate constants for the hydrogen abstraction by fibin

computed barrier heights by 6-2 kcal/mol, within the accuracy ~ primary, secondary, and tertiary-& bonds discussed in this

of the G2M method. Different schemes of the G2M approach study can serve as models for the reactions of the amino radical

give similar (within 1 kcal/mol) values for the reaction heats with other saturated hydrocarbons. For example, the rate

and activation barriers. Therefore, the cheapest versions of theconstant measured for the WH n-C4H;o reactiort is close to

method G2M(rcc,MP2) and G2M(rcc,MP2*) can be applied to that for NH, + C3Hg. As in GeHs, the abstraction of an H atom

larger systems without significant loss of the accuracy. The in n-C4H1ocan take place from a primary and a secondaryHC

B3LYP method tends to underestimate reaction barriers, andbond and this explains the observed similarity in the rate

CCSD(T) with moderate basis sets overestimates them. Bothconstants. The rate constant reported for the, NHCgH12

B3LYP and CCSD(T) calculations underestimate the strength reactio has a similar exponential factor as that for NH

of C—H bonds by 3-4 kcal/mol. G2M calculations should give ~ C3Hg because of the fact that all-¢4 bonds in cyclohexane

the results close to those of the CCSD(T) calculations with large are secondary.

basis sets. Similar trends were shown earlier for the reactions
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