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Theoretical Study of the NH, + C,H» Reaction
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The potential energy surface of the amino radical reaction with acetylene has been studied by the ab initio
molecular orbital method, and the reaction rate has been computed by a multichannel RRKM calculation. At
the highest G2M(RCC) level of theory, the barrier height for the addition step was calculated to be 8.24
kcal/mol, producing solely the HCCH-trans amino-vinyl radical. The adduct can further undergfoNH
displacement decomposition and several isomerization reactions. The RRKM calculation was carried out for
the lowest energy path, and the result indicates that the rate constant is expected to be pressure-dependent
due to increased redissociation rate at low pressures. Kinetic modeling performed under experimental conditions
reveals a substantial effect of secondary reactions on the observedddbly rates. This may explain the

low activation energies reported for this reaction.

I. Introduction

The amidogen (or amino) radical, NHs isoelectronic with
CHs and OH. These radical species are relevant to fossil fuel
combustion reactions. Niplays a pivotal role in the thermal
deNQ process and in N-containing fuel chemistry.

The reactions of NEwith hydrocarbons, particularly small
unsaturated ones such agHz and GH,, are also important to
the atmospheric chemistry of Jupiter and Saturn involving,NH
CHjy, and their photochemical derivativé. The mechanisms

of these reactions have not been sufficiently characterized. For

the reaction of interest to the present study,,NHC,H>, four
independent investigations employing different methods of
reaction rate determination have been repoletf Hack et
al22 first measured the rate constant by a discharge-flow/laser-
induced fluorescence (DF/LIF) technique using He as carrier
gas at 1 Torr pressure in the temperature range-808 K.
The reported rate constait= 1.42 x 107270 cm3/(mol-s),

the major products formed over the ranges of temperature and
pressure investigated? To address these questions, we carried
out detailed ab initio molecular orbital (MO) and RRKM
calculations to elucidate the mechanism of the reaction and to
calculate the rate constants for the formation of various products
accessible at temperatures from 250 to 2500 K. In addition,
we have performed kinetic modeling for the decay of NH
radicals under the conditions employed by HatlStiefl3
Lesclaux®® and co-workers to examine the potential effect of
secondary reactions. The results of this investigation are
presented herein.

[I. Computation Procedure

A. Ab Initio MO Calculations . The G2M theoretical model
employed in the present calculation, has been extensively

exhibits a strong negative temperature dependence. Bosco andescribed elsewhefe.The method modifies the original G2
co-workers'®on the other hand, observed a positive temperature techniqué for applications to larger open shell systems.

dependence witk = 6.68 x 10'% 185" cm¥/(mol-s), employ- The following is a brief description of the calculation
ing a flash photolysis/laser-induced fluorescence (FP/LIF) procedure. The most elaborate RCC version of G2M has been

method at 16-100 Torr (Ar dilution) in the temperature range
241-459 K. A similar study by Lesclaux and co-work¥ts
used a flash photolysis/visible absorption (FP/VA) technique
at 340-510 K with 30-100 Torr GH> without dilution. Their
result,k = 4.49 x 10*e~2780T cmd/(mol-s), agrees reasonably
well with that of Bosco, but differs significantly from that of
Hack. More recently, Hennig and Wagheinvestigated the
reaction at high temperatures behind incident shock waves
(1500-2000 K) at Ar pressures centering-a850 Torr. They
reportedk = (3.7 4 0.4) x 10'%5700T cd/(mol-s), giving the
activation energy as high as 11.3 kcal/mol.

Theoretically, we must ask: What is the origin of the large
scatter in the reported activation energies (which vary from ca.
—5to +11 kcal/mol) and what is the mechanism involved and
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employed, as recommended for systems with one to three heavy
atoms. Accordingly, the geometries of all the reactants,
products, and transition states were fully optimized using the
hybrid density functional B3LYP method (Becke's three-
parameter nonlocal exchange functiénalith the nonlocal
correlation functional of Lee, Yang, and Pamwith the 6-311G-
(d,p) basis set. Vibrational frequencies were obtained at the
same level of theory for characterization of the nature of the
stationary points and zero point energy (ZPE) corrections. The
G2M(RCC) energy was calculated for each optimized structure
as follows®

E[G2M(RCC)] = E[PMP4/6-311G(d,p)}- AE(+) +
AE(2df,p) + AE(RCC)+ A’ + AE(HLC) +
ZPE[B3LYP/6-311G(d,p)]
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Figure 1. (A) Optimized (B3LYP) geometries of the various species involved in the reaction of theradital with acetylene. (B) Optimized
(B3LYP) geometries of the various transition states involved in the reaction of theadlital with acetylene.
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where inclusion of the deactivation of the chemically activated adducts
denoted by t:
AE(+) = E[PMP4/6-311-G(d,p)] —
E[PMP4/6-311G(d,p)] NH, + C2H2%t-HZNCHCHT_~—b‘—b

C
AE(2df,p)= E[PMP4/6-311G(2df,p)}- C¢-H,NCHCH' =H,NC,H + H (1)
E[PMP4/6-311G(d,p)]

t-H,NC,H," + M — t-H,NC,H, + M 2)

AE(RCC)= E[RCCSD(T)/6-311G(d,p)t N
E[PMP4/6'311G(d,p)] C_HZNCZHZ +M— C_HZNCZHZ +M (3)

. Several multichannel, coupled systems of this type have been

A" = E[MP2/6-311G(3df,2p)] - treated in this laboratory earlier, e.g., the reaction of,Mlith
E[MP2/6-311G(2df,p)}- E[MP2/6-31H-G(d,p)]+ NO producing OH+ HNz and HO + N via two long-lived

E[MP2/6-311G(d,p)] intermediates, BNNO and HNNOH!* The same computer
program employed for the NH+- NO reaction was used in the

AE(HLC) — _5-71% _ 0_191(1 present calculation.

[1l. Results and Discussion
wheren, andng are the numbers af andg valence electrons,

respectively, and the numerical coefficients are given in units 1€ geometries of the reactants, intermediates, products, and
of mhartree. connecting transition states are summarized in Figure 1(A) and

. (B). The schematic potential energy profile of the entire system
The frequencies and ZPE calculated at the B3LYP/6-311G- . P : .
. . . is shown in Figure 2. The computed energetics by various
glré)u:z;ilnvgi:/iéssgr\?ggf:é ?NCI;']"T[EG éi\tgggzlﬁgilfrgg:zﬂ methods and the molecular parameters for the species relevant

. X to RRKM calculations are presented in Tables 1 and 2,
packagé except those of RCCSD(T), which were carried out egpectively. Here, and in the discussion below, all the energies

using the MOLPRO98program. are related to the reactants, unless otherwise noted.

B. Multichannel RRKM Calculations. The effects of A. Reaction of Amidogen with Acetylene. Two options
temperature and pressure on the rate of the Wi,H, reaction are open for the first reaction step, namely, addition to the triple
were examined for the lowest energy path (Figure 3) with the bond and the abstraction of a hydrogen atom by the fdHical.
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Figure 2. Schematic energy diagram for the potential energy surface of thedNB,H, reaction. Energies are obtained from the G2M(RCC)
calculation.
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Figure 3. Lowest energy path used in RRKM calculations on the;NHC,H, system.

The latter is shown to have a high barrier of 26.34 kcal/mol  The transition state for NHaddition to GH,, represented
and is, therefore, of minor importance for the reaction kinetics. on the diagram as TS1, lies 8.24 kcal/mol above the reactants
Our investigation has thus been focused on the addition channelat our G2ZM(RCC) level. It ha€s symmetry, the two hydrogen
and the further transformations of the adduct. atoms of the amino group being out of plane. However, in the
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TABLE 1: Relative Energies (ZPE-Corrected, in kcal/mol) for Species and Transition States Involved in the Reaction of Amino
Radical with Acetylene

species and transition

states ZPE B3LYP/6-311G(d,p) UMP2/6-31EG(3df,2p) PMP4/6-311G(2df,p) RCCSD(T)/6-311G(d,p) G2M(RCC)
NHo(2By) + CoHa(15¢*)P 28.76 0.00 0.00 0.00 0.00 0.00
TSabstr 30.47 18.64 37.28 25.42 25.63 26.34
NHs(*A7) + CHES*)  30.37 28.86 38.69 29.89 27.04 27.45
TS1 1.16 4.55 16.65 6.57 8.56 8.24
transNH,C.H, 34.48 —24.21 ~17.25 —20.31 -19.81 —20.65
cis-NH2CoHa 34.47 ~25.38 ~18.7794 —21.48 —20.98 -21.97
TS5 33.37 —22.50 —17.90 ~18.13 ~16.58 —17.90
TS2 28.71 14.66 15.65 16.01 19.99 14.24
NH,CCH(A') + H 27.77 12.02 5.18 10.26 13.98 13.06
TS3 30.76 16.39 19.61 21.12 24.12 21.79
TS3iso 31.74 11.94 16.77 17.45 18.80 16.46
NH,CCHy(*A") 34.38 -32.93 —24.70 —26.24 —26.63 —27.73
TS4 30.47 9.68 17.18 13.55 16.34 16.10
NHCHCH, 34.46 ~50.15 -38.77 —47.85 —45.78 —45.32
TS6 28.21 1.18 8.88 3.99 8.16 7.53
TS7 28.51 —2.58 3.78 2.73 6.40 5.96
NHCCH,(*A’) + H 27.42 —0.64 -7.77 —5.41 -1.85 —2.02

aZPE is calculated at the B3LYP/6-311G(d,p) leveThe total energies (in hartree) for the MH C,H, system are B3LYP/6-311G(d,p),
—133.2498; MP2/6-311G(d,p);132.84799; MP4/6-311G(d,p);132.89817; MP2/6-3tG(d,p), —132.85455; MP4/6-311G(d,p), —132.9047;
MP2/6-311G(2df,p);-132.90969; MP4/6-311G(2df,p);132.96359; MP2/6-3+tG(3df,2p),—132.93016; RCCSD(T)/6-311G9d,p)132.89761.

adduct, the hybridization changes t&;sghat is, the geometry mol more stable than its counterpart. In fact, J€H, can

of the N-center is almost planar and twisted relative to the TS also decompose to NHC=CH, but because of high endot-
structure, so that th&€s symmetry is not preserved. This hermicity, this channel is not important to the overall reaction
symmetry breakdown at some point along the reaction coordi- rate.

nate is causing splitting of the path or double path degeneracy p. Rate Constants for the Reaction via the Lowest Energy

on going from the product to TS1. To be accurate, we carried paths The lowest energy paths for the reaction of Niith
outan IRC procedure which enabled us to observe the geometryc,H, and the decomposition of the,NC,H, (cis + trans)
change in the course of the reaction. An IRC (intrinsic reaction adducts are depicted in Figure 3. Because of the small energetic

coordinate) analysis revealed additionally that the product and structural difference between this- andtransH,NC,H,

However, we were unable to locate any other transition state gpjy g single well was assumed in our RRKM calculations.
different from TS1 that would relate the alternative- sisucture
and the reactants.

The geometries of the two isomers are similar (with the
exception of one angle) and so are their energieX).65 and
—21.97 kcal/mol relative to the reactants, the deeper minimum
corresponding to cis-isomer. The conversion barrier is small,
less than 3 kcal/mol from trans to cis. Therefore, at moderately
high temperatures the interchange occurs fast enough to rende
the two structures indistinguishable.

The rate constant for the disappearance of the Widical
in the presence of an excess amount gfi£ as employed under
all pseudo-first-order conditions, is controlled primarily by the
addition step (a) via TS1 at low temperatures and at pressures
greater than 10 Torr (as in the studies by Bd%and Lesclau¥®
and their co-workers). At lower pressures, employed in Hack’s
experimentp = 1 Torr), the redissociation of the excited adduct
HZNCZHZT becomes competitive with the deactivation process.
B. Hydrogen Atom Migration. We considered two pos- The measured rate constant is thus pressure-dependent.
sibilities for the hydrogen atom migration to form more stable The pressure depgndency becomes greater when th_e temper-
radicals NH—C=CH, and NH-CH=CH,. The latter is ature _of the system increases bec_ause of the increasing redis-
remarkably stabilized by electronic resonance (its energy is sociation rate. The pressure effect is expected to diminish when
24.67 kcal/mol lower compared teansNH,C,H,). The two the temperature of the system reaches that of the shock tube
corresponding transition states (defined as TS3iso and TS4) havetudy by Wagner and co-workers,> 1500 K, because of the
close energies, 16.46 and 16.10 kcal/mol above the reactants2ccessibility of higher energy decomposition channels producing
respectively, the former being linked to the trassmer whereas H atoms wg_the direct decomposmon_ ano_l indirect isomerization/
the latter is allied with the cissomer. NHC=CH, product decomposition channels as shown in Figure 3.
can be formed from the cistermediate as well; this process The calculated rate constants for the disappearance of NH
refers to TS3 and requires much higher activation energy. at different pressures have been fitted to the following Arrhenius
C. Dehydrogenation. At high temperatures, all radical —equations:
intermediates are expected to lose a hydrogen atom, forming

stable molecules. Kicking off the hydrogen atom frais- K* = 1.46x 10T %259 250 K < T < 500 K
NH,—CH=CH produces aminoacetylene BHHC=CH. Simi-
larly to the NH addition to the triple bond of acetylene, H K° = 6.76 x 10T %% #9500 K < T < 2000 K

addition to NH—C=CH occurs stereospecifically; that is, only

cissNH,—CH=CH is formed. This was confirmed by IRC k(350 Torr)= 3.74 x 1077 %% 37T 250 K < T < 500 K
reaction path analysis. The corresponding barrier height for

the forward reaction is 36.21 kcal/mol. The hydrogen atom k(350 Torr)=7.65x 10 #1834 500 K < T < 2000 K
loss by the two other intermediates, BMECH, and NHCHCH,,

leads to an isomeric product, HMC=CH,, which is 15.08 kcal/ k(1 Torr)= 2.01 x 10T 2% 2% 250 K < T < 500 K
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TABLE 2: Molecular and Transition-State Parameters Used for RRKM Calculations on the NH, + C,H, System

species or Ere? lalplc x 1017 species or Erel lalplc x 1017
transition state (kcal/mol) (g® cb)P v (cm™) transition state  (kcal/mol) (g cnb) v (cm™)
NH. 0.009102 1536 TS4 16.1 114.3 1761i 1159
3328 49 1382
3414 646 1410
798 2034
933 3103
1011 3144
1077 3460
1110
CoH» 0.563% 643 NHCHCH —45.32 99.23 491 1378
643 493 1452
774 682 1499
774 826 3096
2060 988 3132
3420 1077 3235
3523 1140 3383
1238
TS1 6.24 264.5 435i 826 TS6 7.53 92.39 947i 1042
162 1548 28 1119
264 1913 460 1425
536 3375 564 2028
611 3398 603 3156
691 3468 730 3248
742 3481 884 3440
780 1007
NH,C;H, (average —21.31 100.7 327 1331 TS2 14.25 89.89 616i 1078
of cis and trans) 449 1645 178 1198
559 1673 423 1632
672 3104 458 2165
798 3262 497 3479
884 3527 524 3534
1070 3628 596 3627
1193 690

a2 Energies relative to the reactants are given as calculated by G2M(RCC)//B3LYP/6-311G(d,p), except the TS1, for which the energy was
lowered by 2 kcal/mol; the geometries and vibrational frequencies are computed at the B3LYP/6-311G(d,p) level of Buedhe acetylene
molecule we giveal, x 1077 in g? cn? (Ic = 0).
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Figure 4. Arrhenius plot of rate data for the reaction NH C;H.. reported by these authors. Using the predicted rate constant

RRKM result with the ab initio barrier lowered by 2.0 kcal/mol; [10],

[12], [11]. and [13] are experimental data calculated at 1 Torr pressure, we found that Hack’s, Melcay
) , X 1 .

rates were enhanced significantly by fast side reactions such as
and are also presented in Figure 4 in comparison with NH; + NH2 and NH, + NH2CoHo.
experimental data. To quantitatively account for the low- We have also examined the effects of secondary reactions
temperature data of Bosco ettdhnd Lesclaux and co-workéfs on the results of Boséd and Lesclau¥ under individual
(they are in close agreement), the calculated addition barrier experimental conditions. Surprisingly, both sets of data obtained
was lowered from 8 to 6 kcal/mol. The result of Hack etZal.  under the [GH,] > [NH;] pseudo-first-order conditions were
obtained at 1 Torr He pressure with negative activation could not immune to the effects, particularly at lower temperatures,
not be reasonably accounted for, however. The apparent largeat which the addition reaction became slower and the faster
deviation between theory and experiment, particularly that of radical-radical reactions became competitive despite their lower
Hack, results from the combination of pressure and secondaryconcentrations, because the kinetically modeled rate constants
reaction effects. for NH, decay exhibit 2 kcal/mol higher activation energies

In the Appendix, we summarize the results of kinetic than originally reported (see Figures3 and the discussion in
modeling of NH decay rates employing experimental conditions the Appendix for detail).
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TABLE 3: Mechanisms Used for the NH, + C,H, Reaction?

reaction A B C remarks
Modeling under Boscd Conditions
1. NHg + C2H2 = NH2C2H2 580>< 1010 00 19867 b
2.NH; + NH,+M = N,H; + M 1.00 x 10 0.0 0.0 19
3.CH,+H+M=CH;+ M 1.90 x 101 0.0 1470.0 18
4. CGH,+H=H,+ CH 6.02x 108 0.0 27821.0 18
5. GHs + NH; = NH3 + C,H» 1.00x 1043 0.0 0.0 C
Modeling under Lesclau® Conditions
1. NH2 + C2H2 = NH202H2 2.64 x 1012 0.0 3612.8 b
2. NH; + NH; = NoH,4 1.50x 10 0.0 0.0 19
3. NH, + NH; = NH3 + NH 2.50x 101 0.0 0.0 17
4. NH,C:H;, + NH,; — NHLCoHoNH, 1.00x 10 0.0 0.0 c
5. NH,C;H;, + NH, — NH,CoH + NH3 5.00x 1012 0.0 0.0 c
6. NH,C,H, + H — NH,C,H3 1.00x 10 0.0 0.0 c
7. NHgCgHg + Csz_’ NH2C4H4 5.00x 10° 0.0 0.0 C
8. GH; + H=C;H3 5.55x 10%2 0.0 2410.0 16
9.GH,+H=H;+ CH 6.02x 108 0.0 27821.0 2
10. GH3 + NH; — NH,C;H3 1.00x 10 0.0 0.0 c
11. GH3z + NH; = NH3 + C,H;, 1.00x 10%3 0.0 4000.0 c
12. GH3 + NH = NH; + C;H; 1.00x 10t 0.0 5000.0 c
13.NH, + H = NH; 6.00 x 10% 0.0 0.0 c
14.NH, +H=NH + H, 4,00 1013 0.0 3650.0 15
15H+H+M=H,+ M 7.31x 10v —-1.0 0.0 18
16. NH; + C;H = NH + C;H, 1.00x 10 0.0 4000.0 c
Modeling under Hack Conditions

1. NH; + C;H, = NHCoH» 2.30x 108 0.0 2255.3 d
2.NH, + NH; + M = NHy + M 1.00 x 101 0.0 0.0 19
3. NH, + NH; = NH3 + NH 2.50x 108 0.0 0.0 17
4. NHgCgHg + NHQ_’ NHgCgHgNHz 1.00x 1013 0.0 0.0 C
5. NH,C;H, + NH, — NH,C,H + NH3 5.00x 10+ 0.0 0.0 c
6. NHgCgHg + Csz_’ NH2C4H4 5.00x 10° 0.0 0.0 C
7.NH; + H = NH3 1.00 x 10%? 0.0 0.0 c
8. NH; + C;H = NH + C;H, 1.00x 10 0.0 4000.0 c

2The rate constants are given ky= AT®e T in units of cn?, mol, and sP The rate constants were obtained by fitting to Ntécays observed
in the corresponding experimental studigdssumed? RRKM prediction for 1 Torr.
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Figure 6. Kinetic modeling of the €H, + NH; reaction under Lesclaux  Figure 7. Kinetic modeling of the H, + NH; reaction under Hack
conditions (50 Torr): ¥) Lesclaux;® (O) modeling result. Rate  conditions (1 Torr): ¥) Hack2? () RRKM; (O) modeling result. Rate
constants are given in éemols™%, constants are given in éimol-1-s1.

To complete the analysis, we employed a tunneling correction
for the high energetic channels b and c (eq 1). This test revealed
tunneling effects on the overall rate to be negligible.

The theoretically calculated results presented for 350 Torr
Ar duplicating the condition employed by Hennig and Wagdher
exhibit a strong nonlinear behavior because of the redissociation
of NH,C,H, at moderate temperatures (80200 K), beyond IV. Conclusion
which the value of the rate constant turns up sharply, resulting
from the opening of the exit channels as mentioned above. The
predicted value in the 1562000 K region agrees reasonably
with the measured result of Hennig and Wagner. Under high-
temperature conditions, the NHbr-H displacement process

We performed a detailed investigation of the NH C,H>
reaction mechanism combining high-level MO and statistical
theory calculations. The calculated barrier for the addition step
is 8.24 kcal/mol at the G2ZM(RCC) level. With the exception
of the NHx-for-H displacement products, NB;H + H and
+ NHCCH,, all adducts and their isomers, NEbH, (—HCCH-

NH, + CH, = NH,CH, — NH,C,H + H (4) trans and—HCCH-cis) were found to be more stable than the
reactants, Nbl+ C,H,. Therefore, the reaction is expected to
becomes dominant, as illustrated in Figure 4. A similar produce predominantly these isomeric products.
observation was made for the isoelectronic ;CH C;H; Multichannel RRKM calculations were carried out for the
reaction?! lowest energy path including hydrogen loss by the adduct or
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its isomerization to allyl analogue, NHCHGHfollowed by Hack et al*2 measured the Njdecay in about the same
dissociation to form NHCCEH H. The low conversion barrier  region as the two studies discussed above, but at lower pressures
between cis- and trans-adducts enabled us to treat them as &1 Torr) using a discharge flow system with the laser-induced
single well. Our calculation reveals that the rate constant for resonance fluorescence detection of JNWhich was generated
the NH; disappearance is controlled primarily by the addition in the F+ NH; — HF + NH; reaction. The modeling based
step. The reaction rate is expected to be pressure-dependermin the RRKM-predicted (for 1 Torr) rate constant shows an
due to the increased redissociation rate of the activated adducenormous deviation due to side reactions (Figure 7). Our
at low pressures. The pressure effect is diminished at temper-preliminary ab initio calculation predicts the formation of the
atures above 1000 K because of the accessibility of higher NH,---HF molecular complex, which is 9.7 kcal/mol [B3LYP/
energy decomposition channels and indirect isomerization/ 6-311G(d,p) level] more stable than the isolated species. This
decomposition channels. may affect the observed NHlecay rate as well.

Kinetic modeling performed under experimental conditions
reveals a substantial effect of secondary reactions on the ) .
observed NH decay rates. This explains the large scatter in ;¢ ga)?_M'"er' J. A; Bowman, C. TProg. Energy Combust. Sc1989
the reported rate constants and activation energies obtained under = (2) (a) Kaye, J. A.; Strobel, D. Fcarus 1983 54, 417. (b) Strobel, D.
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