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Thermal rate constants for the a(?P) + CH, (CD,) reactions have been measured using a technique of
pulse radiolysis resonance absorption in the temperature range between 223 and 298 K. Activation energies
determined from the temperature dependence were about 1.5 and 1.0 kcal/mol for the reactiéb$ afidh (

N(?P), respectively. The H/D kinetic isotope effects were about 1.8 and 1.6 o) ldad NEP), respectively.

The rate constants for RF) + CH, were much smaller than those fora) by a factor of 46-60. Variational
transition-state theory calculations of the rate constants for tAB)NE CH, (CD,) insertion reaction have

been carried out using the reaction path information obtained from ab initio molecular orbital calculations.
The comparison between the calculated and experimental rate constants shows that multiple surface coefficients
are larger than the statistical value, meaning that nonadiabatic transitions are important fébthe- ’KH,

reaction.

1. Introduction conditions and detected NEK) as a primary product of this
reaction. From the vibrational and rotational distributions of NH,
they suggested that R§) inserts into a CH bond to produce
an intermediate radical. We previously performed ab initio MO
calculations in order to understand the detailed reaction mech-

The reactions of atomic nitrogen in the electronic ground-
state or excited state are very important in interstellar, combus-
tion, and atmospheric chemistries. Although the reactivity of
atomic nitrogen has extensively been studied using active anisms of N{D) -+ CH, and confirmed theoretically that Rif)
nitrogen; which !S the mi>_<tu_re of _ground and excited atomic inserts into the CH bont. We also carried out conventional
and mo_lecular nitrogen, It is quite recent that th_e deta_uled transition state theory (TST) calculations of the rate constants
mechanisms and dynamics of reactions of N with various ,qjng ap initio saddle point properties and compared the resulting
molecules have been understood. On the experimental side, 5 65 to the value of the experimental rate constant at room

Urr]nemotoh antlj cp-wcf)rllil%?rsecentlé/ used a teck;]hnlllque |Sf two- temperature. However, we could not discuss the accuracy of
photon photolysis o to produce ), which makes it the ab initio results in detail because the experimental data for

pos_si.ble to pgrform pumpprobe experimgnts under single temperature dependence of the rate constants were not available
°°'2"S'°” conditions. They have applleq thlsstechnlque to the at that time. Here we will use a more accurate variational
N(D) + Hz, CHy, CoHe, and GHg reactions™ Casavecchia  yangition state theory (VTST) with the results of ab initio

and co-w_orkgréhave r?cently s%cck?eded n ?roduglng mtenge reaction path analyses and compare the calculated rate constants
supersonic beams of Kp) and have performed crossed g ihe experimental ones. It is expected that we can discuss the

i 2]
molecular.be;rgl (Txperlm?ngs for thi N + Ha, §2H2' and accuracy of the ab initio MO results as well as approximations
C2H4 reactions’® Also, our la Oratory as reporte temperature used in the VTST calculations in detail.

dependence of thermal rate constants for theéDN@- H, and

C,H, reactions and their isotopic variafsi!On the theoretical

side, we have carried out ab initio molecular orbital (MO)

calculations on the potential energy surfaces for theDIN¢- We employed a method of pulse radiolysi®sonance

Hz, CHs, CHz, and GH, reactions in order to understand  ahsorption to determine the temperature dependence of the rate

reaction mechanisms as well as possible product chaiéfs.  constant. The procedure was very similar to that used for the
In this paper we will present experimental results for N(2D,2P) + H,,10 C;H,,'t and other molecular reactiofsA

temperature dependence of the rate constants for the reactionsixture of N, and CH, (CDy) in a stainless steel vessel was

of N(2D,2P) with CH, using a technique of pulse radiolysis irradiated by a pulsed electron beam from a Febetron 706

resonance absorption. The rate constants previously reportechpparatus (Hewlett-Packard) to producéMy(and NEP). The

for these reactions are only at room temperatfr&. As time profile of the concentration of Rp) and NEP) was

mentioned above, Umemoto and co-worRérave experimen-  monitored using the absorption of atomic lines at 1422

tally studied the NAD) + CH, reaction under single collision  32P) and 174 nm (@D-3?P), respectively. In the present

experiments, optical densities less than 0.5 were always used
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2. Experimental Section
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TABLE 1: Measured Rate Constants for the Reactions of
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Figure 1. A typical plot of the pseudo-first-order decay rate of D %gg gg%i 8231 ig“
as a function of Chlpressure at 292 K. N(2P)+ CD, 298 (6.2+ 1.0) x 1014
273 (5.1£0.7)x 10714
and N@P) atoms so that LamberBeer’s law approximately 253 (4.1+1.0)x 1014
holds819The atomic lines were derived from a CW microwave 233 (3.9+£0.7)x 10714
discharge in a flow of MHe. Transmitted light was detected iterature values 225 (3.8£0.5)x 107
with a photomultlphe_r tube (Hamamatsu, R976) through aV_U_V N(D) + CHa 300 (4.6+ 1.4) x 1012
monochromator (_Shlmadzu, SGV-50). The §|gn_al was amplified N(2D) + CHa 205 (3.33+ 0.22) x 10120
and processed with a wave memory (NF Circuit Design Block, N(?D) + CD;4 205 (1.97+ 0.28) x 10712b
WM-852) and a personal computer (NEC, PC-9801RX). Since N(3P) + CH,4 295 (7.74+ 0.5) x 10714¢

the spin-orbit fine structures of the atomic lines were not able
to be resolved in the present experimental system, the rate

constant obtained is averaged over sponbit sublevels. For 30 i reported by Fell et 4F However, the present value is as
the measurement of RR), the typical pressure ofdWas kept | g times as large as the literature value of (339.22) x
at 700 Torr, while the CH(CDs) pressure was varied between  15-12 cn2 molecule® 51 recently reported by Umemoto et'l.

0 and 2.4 Torr. For the measurement ofDl, the gas mixture Also, the present value for RB) + CD, at 298 K is larger

was dli(l)“ted, with He because #lY) is deactivated efficiently i, the value at 295 K measured by Umemoto et al. by a factor
by No.™® Typical pressures of CHCDa), N2, and He were 865 of 1.5. Umemoto et a7 employed a two-photon laser photolysis

mTorr, 1 Torr, and 700 Torr, respectively. The initial concentra- ¢ NO to produce ND) and detected the RID) by monitoring
tion of the N('S) atoms was previously estimatgd to be an order 1o 149 nm fluorescence induced by the 269 nm two-photon
of 10* molecule cm?9 Since the concentration of Kg,P) excitation of NgD), while Fell et al® used a technique of

is much smaller than that of K§) and that of Chl (CDx), it electron spin resonance (ESR) absorption in a discharge flow

can be postulated that the rea_ction is pseudo-_first-order and thesystem. The origin of these differences in the absolute value of
rate constants can be determined by measuring the decay rate§ o rate constants is unclear although our value of the H/D

of N(°D,?P). CH, (purchased from Takachiho Shoji), @D yinetic isotope effect is in good agreement with the value of
(ICON), Nz (Taiyo-Toyo Sanso), and He (Union Helium) were  \jemoto et al. (1.8 vs 1.7).

used without further purification. The charging voltage of
Febetron was varied in the range of-226 kV in order to check
the effect of the radiolysis of CHCD,) on the measured rate
constant, but we found that the rate constant does not depen
on the charging voltage.

aReference 15° Reference 17¢ Reference 16.

The temperature dependence of the measured rate constants
is found to be well reproduced by the Arrhenius equation as

hown in Figure 2; the Arrhenius parameters calculated by a

onlinear least-squares method are summarized in Table 2.
Activation energies determined are almost the same (about 1.5
kcal/mol) for both the ND) + CH4 and NED) + CD, reactions.
Activation energies for the reactions of AR} are somewhat

A. Experimental Rate Constants.The time profile of the smaller than those for RID). From Tables 1 and 2, the values
concentration of the ND) or N(2P) atom could be fitted with  of the H/D kinetic isotope effects for RD) and NEP) are about
a single-exponential curve. This means that the concentration1.8 and 1.6, respectively. It is interesting to note that the value
of the N@D) or N(?P) atom decreases via the pseudo-first-order for N(°D) is larger than the value predicted from the ratio of
decay process, as mentioned previously. The decay rate wasollision frequencies, i.e., the ratio of reduced masses. This
calculated by using a nonlinear least-squares fitting method. A suggests that the properties of the transition state are important
typical plot of the decay rate as a function of the {essure for the reactions of ND) with CH, and CD. The present H/D
is shown in Figure 1. Each experimentally determined decay kinetic isotope effects are also in contrast to the results of
rate has an error of about 10%. The rate constant can be easilyreactions with H(D2)° or with C;Hx(CzD2).1* In the case of
obtained from the slope of the linear plot. Table 1 summarizes N(°D,?P) + H, and D, the kinetic isotope effect was almost
the rate constants measured foPD) + CHg4, N(?D) + CDsy, comparable to the ratio of collision frequenci€sn the case
N(2P) + CH,, and NgP) + CDy; the error limit is two standard ~ of N(?D,2P) + C,H, and GDy, the ratio of the measured rate
deviations. The rate constants are also compared to literatureconstants was nearly unity and thus the kinetic isotope effect
values in Table 1. The present result forPB) + CH, at 292 was nearly unity:!
K, (5.4 &£ 0.3) x 10712 cm® molecule! s™1, overlaps the It has been found that the rate constants foiR)l@re much
literature value of (4.6t 1.4) x 10712 cm® molecule! s71 at smaller than those for RID) by a factor of 46-60. This means

3. Results and Discussion
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Figure 2. Arrhenius plots of the rate constants forPNjf + CH, (open
circles), NED) + CDy (solid circles), NfP) + CHa(open squares), and
N(®P) + CD; (solid squares). The lines indicate Arrhenius fits to the
corresponding experimental data. Literature values are also included:
(<) ref 15, (7) ref 16, and & and ®) ref 17.

TABLE 2: Arrhenius Parameters for the Reactions of N@D)
and N(@P) with CH4 and CD,

reaction Alcm? moleculel st E4kcal mol?
N(?D) + CH, (7.1+4.4)x 1071 1.5+0.3
N(?D) + CD; (3.3£1.4)x 101 1.4+0.1
N(?P)+ CH, (5.04+2.2)x 1013 0.98+ 0.22
N(?P)+ CD, (3.1+£1.4)x 10713 0.96+ 0.24

that the NfP) atom is less reactive thana®) despite that N{)

has higher electronic energy than?lj. Since small activation
energies were observed for both the reactions, small rate
constants for N§°) are mainly due to the small preexponential
factor. This result is also similar to the reaction with. 1 It

has been reported that the rate constants f6PN¢ H; are
much smaller than those for N{) + H; by a factor of 156

200 depending on temperatuf@sThe deactivation process of
N(?P) was previously discussed on the basis of adiabatic

Takayanagi et al.

mechanism of N{D) + CHjy is rather simple since previous
experimentd& and theoretical studiésreveal that the ND)
atom inserts into a CH bond in GHThe saddle point molecular
structure obtained at the complete-active-space self-consistent-
field (CASSCF) level was already reported in our previous
papert® As mentioned in the Introduction, we previously
employed conventional TST; however, in this paper, we use
more accurate VTST to calculate thermal rate constants. This
is quite reasonable since the?Rj + CHj, insertion reaction
has a small classical barrier height and a loose saddle point
structure, for which the variatonal effect is expected to be
important.

In canonical VTST2! the position of the transition state along
the reaction path is optimized at each temperature so as to
minimize the calculated rate constant

KYT(T) = mink®'(T,9) (1)

where

ke T
KI(T,9) = fl—

Q%'(T,9 —V(s)/keT
oM ©

2

QM @
Here k®7(T,s) is the generalized transition-state theory rate
constant at the reaction pasi#! kg is the Boltzmann constant,
his Planck’s constan®(T) is the reactant’s partition function,
QCT(T,s) is the partition function for the bound degrees of
freedom orthogonal to the reaction path, an@) is the value

of the potential energy along the reaction pattsat is the
reaction path degeneracy (or statistical factor) and is 4 for the
insertion reaction into a CH bond in GHIn the above
expression, we explicitly use a “multiple surface coefficient”,
fe,2223which approximately takes the effect of electronic excited
states into account. The multiple surface coefficiéntis
generally given by the ratio of the number of reactive potential
energy surfaces and the number of potential energy surfaces of
reactants (or electronic degeneracy of react&@dts).the case

of the N@D) + CHjy reaction, if we assume that only the lowest
doublet potential energy surface leads to reaction and the
collision process proceeds adiabatically on this surface, we
would havefe = 2/10= 0.2 since the electronic states of’Nj

can be 10-fold degenerate with neglect of spimbit coupling.
More precisely, the multiple surface coefficient with inclusion

correlation between reactants and products by Donovan andof spin—orbit coupling can be given by the ratio of electronic

Husain?® They proposed that the main exit channels may include
physical deactivation processes to producéD)(or N(*S)
because the RP) + H, channel adiabatically correlates to the
endothermic NH(AIT) + H channel underCs symmetry.
Umemoto et atb also suggested that the AR) + CH, system
may be very similar to the NP) + H, case if the collision
proceeds withCs or C3, symmetry. The reaction KD) + CH,

— NH(X3Z) + CHs is exothermic by 26 kcal/mdE The energy
difference between ND) and N@P) is 27 kcal/mol and the
energy difference between NH{X) and NH(AIT) is 85 kcal/
mol.2° Thus the reaction NP) + CH; — NH(ASII) + CHz is
endothermic by 32 kcal/mol. Umemoto et al. then qualitatively
concluded that the main deactivation process dP)py CH,

is physical quenching to RID) or N(*S). However, further
experimental studies including detection of primary products

partition functions between transition state and reactnts.
Again, if we assume the only the lowest doublet surface is
reactive, fo is given by 2/[6 + 4 exp(—AE/RT)] for the
N(?Dsy2,319 + CHg reaction, wheré\E (=8.7 cnil) is the spin-

orbit splitting between NDsj2) and N@D3). Thus, the values

of fe are calculated to be 0.203 and 0.205 at 300 and 200 K,
respectively, which are comparable to the value calculated with
neglect of spir-orbit coupling. This means that the spiarbit
coupling can be primarily ignored in the rate constant calcula-
tions for the N{D) + CH, reaction. However, it should be
emphasized thdt ~ 0.2 is obtained under the assumption that
only the lowest doublet surface leads to reaction and that the
collision process occurs only on this surface. Indeed, if all five
doublet surfaces give reaction via nonadiabatic transititns,
would be nearly unity. This will be further discussed in detalil

as well as theoretical studies of excited-state potential energybelow.
surfaces would be needed for understanding of the deactivation Quantum mechanical tunneling was not considered in the

processes of the K) atom.
B. Variational Transition-State Theory Calculations.
Compared to the deactivation processes dP)(the reaction

present VTST calculations, since our previous Wérkvealed
that tunneling is less important for the 3 + CH, reaction.
This is mainly because the tunneling motion is associated with
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Figure 3. Harmonic vibrational frequencies as a function of the IRC  Figure 4. CASSCF potential energies (lower curve) along the IRC
path: (a) NtD) + CHs and (b) N¢D) + CDa. Solid and dashed lines  path and vibrationally ground-state adiabatic potential energies along
correspond to'aand & symmetry, respectively. the IRC path for N{D) + CH, (upper curve) and for ND) + CDs

. s . . (middle curve). Arrows indicate potential maxima.
TABLE 3: Saddle Point Harmonic Vibrational Frequencies

at the CASSCF(5,5)/6-311G** Level TIK
symmetry frequency/cr ,, 320 300 280 260 240 220 200
10" . : .
N(ZD) + CH4 [ T T T T T T
a 593i, 378, 1346, 1450, 1615, 2368, 2999, 3264 | Two-Param. Fit N(*D)
a' 203, 1294, 1551, 3322 K

N(?D) + CD,
d 504i, 305, 1024, 1085, 1149, 1744, 2179, 2386
a’ 148, 968, 1109, 2465

the relative translational motion between N and,Cidr which
the corresponding reduced mass is relatively large.

All the information needed to calculate the VTST rate
constants was obtained from ab initio MO electronic structure
results. The intrinsic reaction coordinate (IRC) path for the
N(2D) + CH, insertion reaction was calculated at the CASSCF-
(5,5)/6-311G** level of theory. The active orbitals were exactly L —
the same as those used in our previous p&b€&he harmonic
vibrational frequencies along the IRC path were obtained from
projected force constant matric&swhich were calculated at
the same level of theory. These ab initio calculations were done
using the Gaussian 94 prografis.

Figure 3 shows the vibrational frequencies along the IRC path
for both the N{D) + CH, and N¢D) + CD, reactions. Since
the molecular geometries along the IRC path are witGin
symmetry, symmetry of each vibrational mode can be assigned
as aor d' as shown in Figure 3. Table 3 summarizes harmonic
vibrational frequencies at the saddle point. The potential energies
along the IRC path are plotted in Figure 4. The CASSCF energy ' . . -
profile is smooth and has a maximum of 2.8 kcal/mol. Also glassmal barrier height obtained gt the CASSCF level calcula-
shown in Figure 4 are the vibrationally ground-state adiabatic ions; the value of 2.8 kcal/mol is too large. Therefore, we
potential curves (potential energyzero-point energy) for both adjusted the classical bar_rler height by multiplying a factor to
the N@D) + CH, and CD reactions. It is interesting to note ~ the potential energy function along the IRC paii(s) = a V-
that the zero-point correction shifts the location of the potential (S)- The value ofa. was determined so as to reproduce the
maximum toward the reactants for both the reactions: the experimental data. The result of this fitting is shown in Figure
maximum occurs as = —0.21 (amu)?2 bohr for CH, and ats 5, and the value oft was determined to be 0.1 0.02. This
= —0.15 (amu¥2 bohr for CDy, respectively. This suggests that indicates that the classical barrier height should be reduced to
variational effects are rather important for these reactions. ~ 0.47 kcal/mol so as to approximately reproduce the absolute

The observed H/D kinetic isotope effect was found to be values of the experimental rate constants. However, a significant
reproducible by the present VTST calculations. However, the deviation from the experimental temperature dependence can
absolute values of the VTST rate constants calculated using thebe seen in Figure 5. This means that it may be impossible to

k / em®molecule's™

v

108 T/ K!
Figure 5. Arrhenius plots of the rate constants for the’!D)+ CH,

and CD reactions. Lines represent the VTST rate constants. Open and
solid circles correspond to the present experimental data.

ab initio potential surface information were much smaller than
the experimental values. For example, the VTST rate constant
at 292 K (withfe = 0.2) is calculated to be 8.5 10714 cm?
molecule® s71, which is smaller than the experimental value
at the same temperature by a factor of about 60. This serious
disagreement is primarily attributed to the inaccuracy in the
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potentials at the transition state. We have found that the first
excited state?Q\’) is 4.6 kcal/mol higher in energy than the
lowest doublet statéA’"). Other three doublet states were about
20 kcal/mol and more higher in energy than the lowest doublet
state. This result indicates that only the lowest doublet potential
energy surface leads to reaction under thermal condition and
that nonadiabatic transitions are not important around the
transition state region. Thus, it is suggested that nonadiabatic
transitions play a significant role only in asymptotic region. The
second-order configuration interaction method employed here
is not very accurate enough for quantitative descriptions of
potential energy surfaces since the effect of electron correlation
in CH, is not fully taken into account. Nevertheless, the present
experimental results can qualitatively be explained if the
transition probabilities among the five doublet states would be

large.
Figure 6. Ab initio potential energies for five doublet electronic states . . . -
which asymptotically correlate to Rj) + CH; as a function of the C. General Discussion on Multiple Surface Coefficients.
internuclear distance between N and H. Solid and dashed lines are forThe‘_ Convent'on_a| approach to the inclusion of e|eCtr9nlca”y
A" and A symmetry, respectively. An insert is an expansion of the excited states in the calculation of rate constants involves

potential energies in a van der Waals region. multiplying a rate constant calculated on the lowest electroni-
cally adiabatic potential energy surface by a “multiple surface
coefficient?223which is defined as the ratio of transition state
to reagent electronic partition functiodsas mentioned previ-
ously. This approximate approach is usually employed in the
TST calculations, as has been done in a previous section. In
the case of the ND) + CH, reaction, the multiple surface
coefficient should be 0.2 since the electronic state D){s
10-fold degenerate without a sptrbit interaction. The present
experimental results suggest, however, that this simple ap-
proximation cannot be applied to the reaction ofD)(with
methane and that nonadiabatic transitions play important roles
in collision dynamics although the rate constant calculations
have been carried out within a framework of VTST using ab

Potential Energy / kcal mol™

35

e
R(N-H) / A

5.0

reproduce the experimental data only by adjusting the barrier
height.

Next, we treated the multiple surface coefficidptas an
additional adjustable parameter. Therefore, two parameters,
and o, were determined so as to reproduce the experimental
data by a nonlinear least-squares method. By additadfitting
parameters, we were able to fit the VTST rate constants to the
experimental data satisfactorily. The results are plotted in Figure
5. The value of. was determined to be 0.46 0.10 with one
standard deviation. This indicates that the barrier height is in
the range of 1.61.6 kcal/mol. On the other hand, the value of
fe was calculated to be 0.95 0.43 with one standard deviation.
Since the condition witlie > 1 is physically meaningless, the . .. : . -
value ofais in the range of 0.521.0. Thus, it can be concluded initio reaction path |nf0rm&_1t|0n. ) o
that the multiple surface coefficient should be much larger than __ 't may be generally difficult to discuss the validity of the
the value predicted from the electronic degeneracy (0.2) in order Multiple surface coefficient” from a theoretical point of view
to explain the present experimental data; even the lower limit Sinceé we have to employ a multiple surface quantum reactive
of the coefficient (0.52) is larger by a factor of 2.6. This result Scattering method. Schétzhas performed exact quantum
strongly suggests that nonadiabatic transitions are very efficientSCattéring calculations including the effect of atomic fine
for the NED) + CH, reactions. structures for the_C?Pglz,l/Q) + H_CI rt_aactlo_n and dlscgssed _the

To qualitatively understand the importance of nonadiabatic &ccuracy of the simple approximation with electronic partition
transitions, we calculated five doublet potential energy curves functions mentioned above. As far as we are aware, this is only
which asymptotically correlate to R) + CH, as a function ~ On€ report in which the accuracy of this approximation is
of the internuclear distance between N and one of the H atomsduantitatively discussed. He has found that the approximation
in CHs. The molecular geometry of CHwas kept in its using the multiple fsurffa\c_e coefflc:l_ent is very accurate and that
equilibrium structure and onlZs symmetry was considered. the Cl+ HQI reaction is in the ad!abatlc limit with respect to
The angle N-H—C was set to be 120which is comparable to the correlation between asymptotic gnd sgddle point electrqnlc
the value of the saddle point structure. In this calculation, the States. However, the classical barrier height for this reaction
second-order configuration interaction wave function, for which (8-6 kcal/mol) is much larger than that for the’®j + CHs
only three N2p orbitals were treated as valence orbitals, was "€action. Also, a simple LEPS potential energy surface, which
employed with the triple& 4 polarization basis set. Molecular qloes not include Iong-range van der Waals. attractive interac-
orbitals were determined from the restricted open-shell Hartree  tions, was employed in the quantum scattering calculations of
Fock method. This ab initio calculation was done using the Schatz. In addition, the Gt HCl reaction is a very simple atom
HONDO? progran?® The calculated result is plotted in Figure + diatom reaction, and the domln.ant reaction path is coIIllnear.
6. It can be seen that all five doublet states are asymptotically On the other hand, RP) + CH, is an atom+ polyatomic
attractive and the five doublet potential energy curves have very molecule reaction and it is expected that molecular geometries
shallow van der Waals wells. Also, it is interesting to note that With C: symmetry significantly contribute to the total reaction
these five doublet states are very close in energy and crossingate constants although the saddle point geometry fEDN¢
or avoided crossing points can be seen in the range of®2  CHa hasCs symmetry. Therefore, it may not be clear if the
A_ This means that there may exist more avoided Crossing pointsconclusion obtained from the qUantUm Scattering calculations
in this region when the molecular symmetry is reduced fo C ©n the Cl+ HCI reaction can be applicable to the?®j +

symmetry fromCs symmetry. We have also carried out similar
configuration interaction calculations for the transition-state

CH, reaction system.
Interestingly, Clary et a4 have found that nonadiabatic

geometry in order to understand the effect of the excited-state transitions play important roles in several temolecule reac-
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