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Potential-energy surfaces and their dynamic implications
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Accurate density functional and ab initio calculations have been performed
to study the potential-energy surfaces (PESs) and their implications for
kinetics and dynamics of : (1) the spin-forbidden reaction CH(2%)

PES characteristics are calculated and used to] N2] HCN] N(4S) ;
evaluate the overall rate using non-adiabatic transition-state theory. (2) Gas-
phase ionÈmolecule reactions : PESs are calculated and theC2H2`] NH3 ;
mechanism of efficient charge transfer and proton transfer competing with
stable complex formation is discussed. the mode-C2H2`] CH4 ;
enhancement e†ect has been elucidated in terms of the new transition state
and by direct trajectory calculations.

1 Spin-forbidden reaction CH(2P) + N
2

The reaction : is a very important reaction in com-CH(X 2%)] N2] HCN ] N(4S)
bustion chemistry and is believed to be the key step in the production of NO in hydro-
carbon Ñames.1 The pressure and temperature dependences of the reaction rate indicate
that the reaction proceeds via formation of a long-lived complex, and that di†erent
mechanisms dominate at low and high temperatures, respectively.2

The PESs for this reaction have been studied by many, including Manna and
Yarkony,3 Martin and Taylor4 and Walch.5 It has been established from these studies
that the mechanism of the reaction can be summarized as :

No barrier exists between the reactants and the dative minimum, while a ca. 0.7 eV
barrier exists between the reactants and the minimum. A large barrier exists betweenC2vthe dative and the structure and, therefore, isomerization between the two does notC2vhappen directly. A 2D model potential surface for the channel involving the doubletC2vminimum has been constructed by Walsh and Seideman and used for calculations of the
cumulative reaction probability, N(E), and the thermal rate constant.6

It would be very useful to have a simple expression for the non-adiabatic reaction
rate constant as the standard transition-state theory (TST) for the adiabatic reaction.
Such an idea has been discussed by a few authors in a di†erent context.7 Among those,
the work of Lorquet et al.7a is the closest to the extension we plan to make here.

1.1 PESs

There still remain some uncertainties on the barrier heights as well as the energetics of
the crossing point. Some structures are found to be not directly connected and some
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72 PESs and their dynamic implications

intermediates are missing. Therefore, we have, Ðrst, carried out high-level ab initio calcu-
lations of the structures and energies of the minima, transition states and the minimum
on the seam of crossing (MSX). The structures were optimized and vibrational fre-
quencies were calculated at the B3LYP/6-311G(d,p) level and the energies were recalcu-
lated at the G2M(RCC) level.8

The global potential-energy proÐle for the present system thus calculated is shown in
Fig. 1. The two dative complexes, HCNN, d1 in 2AA and d1-2 in 2A@, have been found, of
which d1 is the ground state. No encounter barrier exists from the reactants to either d1
or d1-2. The path leading to the other type of complex, the so-called complexCHN2 C2vd3 as explored by Walch,5 goes over a transition state d4-ts to a interme-(2A2), C1 Csdiate d4 (2A@), which is converted to a stable complex d3 after a small barrier at(2A2)d3-d4-ts. As pointed out by Martin,4 a large barrier exists at the transition state d2-ts
(2AA) for isomerization between d1 and d3.

The quartet state potential-energy proÐle can also be divided into two di†erent
regions : the dative region and the region. The region includes the well-C2v C2vcharacterized minimum and the transition state q3-ts (4AA) for dissociation toq3(4B1)HCN] N(4S). They can be accessed at relatively low energy only through intersystem
crossing from the doublet state surface in the region. HCN ] N(4S) can be formedC2vdirectly from the quartet reactants of via the two energetically similarCH(4&~)] N2trans and cis dative pathways, via encounter transition states, q1-ts-cis and q1-ts-trans,
through dative minima, q2-cis and q2-trans, and dissociation transition states, q2-ts-cis
and q2-ts-trans.

The optimized MSX between doublet and quartet MSX-dq3, is very close(2A2) (4B1),to that of Yarkony.3 At the G2M(RCC) level without ZPE, the energy of MSX-dq3 is
nearly the same as the doublet reactants. The search for MSX for the dative channel
between 2AA and 4AA converged to a structure very close to the trans-minimum on the
quartet state surface, q2-trans. Judging from the higher energy of q2-trans, the high exit
barrier at q2-ts-cis or trans and the smaller spinÈorbit coupling element (calculated at
the CASCF level with the one-electron BreitÈPauli Hamiltonian and empirically Ðt
nuclear charge) between 2AA and 4AA, the dative intersystem crossing channel is not
likely to compete with the intersystem crossing mechanism.C2vIn the rate constant calculations with non-adiabatic TST to be discussed below,
frequencies of vibrations orthogonal to the norm of the seam at the MSX have to be
calculated. The vibrational frequencies at the MSX for the doublet and the quartet states
were found to di†er by up to as much as 20%. Much tighter convergence criteria9 did
not reduce the di†erence, and the di†erence in the projected vibrational frequencies of
the two electronic states comes intrinsically from the deÐnition of the norm of the seam,
which is expressed as the energy di†erence gradient, and causes some errors on the
degeneracy condition starting from the second order.

1.2 Non-adiabatic TST

As is well established, the central issue in the rate constant calculations is the derivation
of the cumulative reaction probability, N(E), which, within the framework of classical
mechanics, is deÐned as the following :10

N(E)\ 2n+(2n+)~F
P

dp
P

dq d[E[ H(p, q)]F(p, q)s(p, q) (1)

where H(p, q) is the classical Hamiltonian of the molecular system. The Ñux operator
F(p, q) is deÐned in terms of a dividing surface f which, in most cases, is a function of the
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Fig. 1 Global potential-energy proÐle for the reaction : Energies are calculated with G2M(RCC) includingCH(2%)] N2 ] HCN] N(4S).
ZPC[B3LYP/6-311G(d,p)].
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coordinate. To calculate N(E) within a TST framework, one has to obtain the following
quantities : (i) the deÐnition of the dividing surface ; (ii) the reaction coordinate ; (iii) the
Hamiltonian in terms of the reaction coordinate and those orthogonal to it and (iv) the
characteristic function. We will deÐne these for a non-adiabatic extension of the TST.

(i) Expression of the dividing surface. In the standard TST, one uses the hypersurface
that is perpendicular to the reaction coordinate and contains the saddle point : q

F
\ 0.

In the present non-adiabatic extension, we choose the seam of crossing as the dividing
surface, and use a simple Taylor expansion of the two PESs around the MSX.

Let us start by recalling the deÐnition and a few geometrical properties of the MSX.
Let and be the two PESs, which behave like diabatic states in the usual senseV1(q) V2(q)
owing to their di†erent space] spin symmetries. The qs are the mass-weighted Carte-
sian coordinates. The seam surface can be deÐned with the simple equation :

V1(q) [ V2(q) \ 0 (2)

Expanding both and up to the Ðrst order, we may writeV1(q) V2(q)

[V1(q0)[ V2(q0)]] *q Æ [g1(q) [ g2(q)]
K
q0

\ 0 (3)

Clearly, the norm of the seam surface is nothing but the normalized energy di†erence
gradient,

sü \ *g12(q)
o*g12(q) o

K
q0

.

In the following, is used to denote the normalized vector, and s is used to denote thesü
actual numerical value of the displacement along The MSX is deÐned by eqn. (3) andsü .
the condition of the minimum on the seam of crossing :

(IŒ [ sü sü )g
i
(q) \ 08 (4)

As discussed by many authors including us, it is straightforward to set up a NewtonÈ
Rhapson optimization scheme to locate the MSX with those two constraints.11h13 Since
the MSX is a true minimum on the seam of crossing, it is valid to make a harmonic
expansion around the MSX on the seam of crossing. Following MillerÏs reaction path
Hamiltonian,14 one can achieve this by diagonalizing a projected Hessian matrix :

H@\ (IŒ [ PŒ )H(IŒ [ PŒ ) (5)

where the projector contains the normal vectors corresponding to the inÐnitesimalPŒ
total translation, rotation, and the energy di†erence gradient vector sü .

At the MSX, it is well known that the gradient vectors of the two electronic states
are either parallel or anti-parallel.15 Therefore, the vector is parallel or anti-parallel tosü
the gradient of each PES, and the projector in eqn. (5) becomes exactly the same as that
in the case of the reaction-path Hamiltonian. Therefore, one can calculate the projected
vibrational frequencies at the MSX directly with any ab initio package that can handle
reaction-path frequency calculations. Since the degeneracy condition is up to Ðrst order,
the error starts from the second order, which implies that the projected vibrational
frequencies for the two electronic states involved will not be exactly the same, as shown
in Section 1.1.

From the normal mode analysis on the seam, one obtains (3N [ 7) non-zero eigen-
values corresponding to the bound motion on the seam surface, and seven zero eigen-
values corresponding to the total translation/rotation, and the norm of the seam surface.
One also obtains a new set of orthonormal coordinate MQN, which are also orthogonal
to With this new set of coordinates, the two diabatic potentials can then be expressedsü .
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as :

V
i
(q)4 V

i
(s, Q) \ V

i
(s) ] 1

2
;
k

u
k
2(0)Q

k
2(0) (6)

and the dividing surface can be expressed by the simple equation

s \ (q [ q0) Æ sü \ 0 (7)

(ii) The “hoppingÏ coordinate. It is natural to choose to be the reaction coordinate,sü
or more appropriately the hopping coordinate. We should emphasize that in most rea-
listic reactions, the hopping coordinate is not the coordinate that leads to the products.
Therefore, the N(E) one calculates at the MSX may only be a component of the total
rate constant. One usually has to consider the reaction as a multi-step process, and
derive the rate constant for the entire reaction with the N(E)s calculated at several criti-
cal structures. The reaction of is a very typical example, as we shall discuss inCH ] N2Section 1.3.

(iii) System Hamiltonian. The system Hamiltonian can then be expressed as :

H
i
\ p

s
2
2

] V
i
(s) ] ;

k

Cp
k
2
2

] 1
2

u
k
2Q

k
2
D

(8)

(iv) The characteristic function. The characteristic function for a non-adiabatic
process is clearly just a probability factor that the system makes a transition from one
diabatic surface to the other :

sr(J2E
s
, Q) \ Ptr(J2E

s
, Q) (9)

In the standard TST, all the trajectories with momenta pointing towards products are
counted in the rate expression. In a non-adiabatic process, the trajectory with momenta
pointing towards the reactants can also make diabatic transitions and contribute to the
rate constant. Therefore, in the weak coupling limit, no Heaviside function of the
momentum appears in eqn. (9).

With the deÐnition of necessary ingredients above, one can carry out the integration
over s and and obtain the following :p

s

N(E)\ 2 ] (2n+)~(F~1)
P

dp
Q

P
dQh[E[ HF~1(p

Q
, Q)]sr(J2E

s
, Q) (10)

where the characteristic function depends, in general, on the energy in the s degree of
freedom and also on Q. The factor 2 comes from the fact that the Ñux ofE

s
\E [ H

F~1,both directions can contribute to the rate constant.
The evaluation of the phase-space integral in eqn. (10) can be rather complicated if

one considers the transition probability as a function of Q coordinates. Great simpliÐca-
tion can be achieved if we consider the transition probability only as a function of
energy in the hopping coordinate. Rewriting the Heaviside function as the integral of a d
function we can write eqn. (10) as :

N(E)\ 2 ] (2n+)~(F~1)
P
0

E~Ec
dE

s
s
r
(E

s
)
P

dp
Q

P
dQd[E[ Ec [ E

s
[ H@F~1(p

Q
, Q)]

4 2 ]
P
0

E~Ec
dEv Ptr(E[ Ec [ Ev)oF~1(Ev) (11)

where is the energy of the MSX, and denotes the energy in the “boundÏ modes onEc Evthe seam. The physical meaning is very clear, N(E) is nothing but a weighted sum of
density of states at the MSX. The quantum mechanical correspondence of eqn. (11)
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is given as :

N(E) \ 2 ] ;
KnL

Ptr(E[ EvKnL) (12)

1.3 Application of non-adiabatic TST to the reaction

We would like to apply the non-adiabatic TST descibed above to the reaction rate of
the reaction : using the potential-energy properties cal-CH(2%) ] N2 ] HCN] N(4S),
culated ab initio in Section 1.1. In the current study, we have employed the simpliÐed
reaction mechanism,6 as illustrated in Fig. 2, without considering the dative channel.
The entire process of is divided into three stages : (i)CH(2%) ] N2] HCN ] N(4S)
overcoming the barrier d4-ts to form d3 ; (I) intersystem crossing from the doublet d3 to
the quartet state q3 through the region around MSX-dq3 ; and (ii) overcoming the
barrier q3-ts to form the quartet product HCN ] N(4S). We treat each step indepen-
dently and Ðnally combine them to obtain the rate constant from the whole process
using the uniÐed statistical theory (UST) of Miller,16 noting that we have two rather
deep and long-lived complexes d3 and q3. N(E) for the rate constant for the total spin-
forbidden reaction process is obtained as the following in terms of the N(E) at each
critical structure :

N0(E)\ N1N2 N3N
x
N

y
(N2 N

y
] N3N

y
[ N2N3)(N2N

x
] N1Nx

[ N2N1)
(13)

Here, as illustrated in Fig. 2, 1, 2, and 3 denote the Ðrst, second and third transition
states, respectively, and x and y denote the Ðrst and second complexes, respectively.

In the calculation according to eqn. (13), we have used harmonic direct counting to
calculate all the To calculate the at MSX-dq3, we used the calculatedN

i
(E)s. N2(E)

projected vibrational frequencies. In order to calculate the transition probability,
another ingredient in the calculation of as a function of energy in the hoppingN2(E),

Fig. 2 SimpliÐed schematic potential-energy proÐle for the reaction : CH(2%)] N2] HCN
used in the rate constant calculations] N(4S)
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coordinate we Ðrst had to establish a 1D model. We carried out CASPT2/6-311G(d,p)sü ,
along the NwCwN bending coordinate from d3 to q3, with other parameters Ðxed at
those of MSX-dq3. We used the spinÈorbit coupling elements calculated in Section 1.1.
To carry out calculations quantum mechanically, we artiÐcially Ñattened out theN21d(E)
potential-energy curves of the doublet (quartet), when the NwCwN angle was
smaller(larger) than that in the d3(q3) to model the asymptote. Furthermore, we also
made the doublet artiÐcially steeper after the NwCwN angle was close to that in q3.
The goal was to calculate the transition probability which was only a†ected by a very
small portion of the PESs near the MSX. Even with these artiÐcial modiÐcations, the
model is still far better than the linear potentialÈconstant coupling model assumed in
many transition formulae. After the 1D model was established, the distorted wave
approximation (DWA) was used to calculate the transition amplitude (the square root of
the transition probability) :

T0i4 JP0i \ 2(k0 k
i
)~1@2

P
0

= t
i
(0)(r@)V

i0(r@)t0(0)(r@) dr@ (14)

where is the diabatic coupling element.V
i0(r)The parameters obtained in the ab initio calculations and used in the non-adiabatic

TST calculations are shown in Table 1. The calculated transition probability N21d(E),
thus calculated as a function of energy is presented in Fig. 3(a). Evidently, the DWA
exhibits oscillations in the transition probabilities, which manifest as interference
between the trajectories on the two diabatic surfaces. The absolute value of the tran-
sition probability is very small, of the order of 10~4 ; the reaction is very “diabatic Ï in the
MSX region. To examine if the numerical value of is consistent with the 2DN21d(E)

obtained by Seideman,6b we convoluted with the asymmetric CwNN22d(E) N21d(E)
stretch vibrational frequency at MSX-dq3 (943 cm~1, which is 1005 cm~1 for the quartet
state). The derived result, denoted as plotted in Fig. 3(b), is of the order of 10~3,N22d(E),
and exhibits some moderate oscillations, much less sharp than those of SeidemanÏs
N22d(E).

With the obtained we then calculated N(E) and k(T ) for the whole reaction.N21d(E),
N(E) for J \ 0 is shown in Fig. 3(c). Even after convolution of the Ðve vibrational
degrees of freedom, N(E) shows structures which are more visible when the 2AA fre-
quencies at MSX-dq3 are employed in the calculations. In addition, N(E) obtained with
the 4AA frequencies is larger than that calculated with the 2AA frequencies, as the numeri-
cal values of the frequencies are generally smaller for the former. The transition prob-
ability at MSX-dq3 is so small that the total is reduced to N(E) at MSX-dq3. SinceN0(E)
MSX-dq3 is the rate-determining structure, we have simply employed J-shifting to
derive the thermal rate constant. The resultant k(T ) in the temperature range of 1000È
3000 K, shown in Fig. 3(d), can be Ðtted to an Arrhenius expression with a prefactor of
109.19, which seems to be too low compared with recent experimental measurements and
an empirical RRKM study, which has a prefactor of ca. 1011h12.

Comparing our results with the previous empirical RRKM study of Rogers et al.17
in Fig. 3(d)], we note that they mentioned that a much smaller rate constant is[kfit(T )

obtained compared with experimental measurement unless several empirical frequencies
are scaled down by a factor of 2 and a very large i value of 0.04 (larger than the LÈZ
probability 0.001È0.01 of Yarkony et al.) is used to describe the intersystem crossing
probability. Indeed, the scaled results contain three frequencies around 300 cm~1, much
lower than the ab initio frequencies we have obtained. With their vibrational frequencies,
we found that our rate constant increased by more than an order of magnitude. Further,
assuming that the spinÈorbit coupling element is two times larger than we have calcu-
lated, the derived thermal rate constant becomes in Fig. 2(d).k2(T )

Obviously, scaling the frequencies and coupling element is not a solution but, rather,
it strongly suggests that some important issues may have been overlooked and require
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Table 1 Parameters used in the non-adiabatic TST calculation for the reaction of CH] N2
structure frequenciesa/cm~1 energeticsb/cm~1 Ia/u a02 kIDc

CH2(2%), N2 2804.3, 2447.0 0.0 4.2, 30.0
d4-ts(2A) 300.9, 600.4, 1036.2, 1900.7, 3008.2 4932 52.2, 19.9, 14.6
d3(2A2) 718.1, 838.7, 926.3, 1193.3, 1636.4, 3206.2 [7310 41.4, 29.1, 17.1
MSX-dq3(2A2) 943.2, 948.3, 1370.7, 1476.0, 3025.8 1609 63.5, 16.6, 13.2 16242.8
MSX-dq3(4B1) 797.4, 1005.0, 1059.7, 1358.6, 3040.8 1600 63.5, 16.6, 13.2
q3(4B1) 562.0, 809.1, 1103.4, 1187.4, 1225.2, 2886.5 [700 98.0, 13.1, 11.5
q3-ts(4AA) 349.2, 741.1, 866.2, 1929.5, 3294.6 6401 68.2, 10.0, 8.7

a Derived from the B3LYP/6-311G(d,p) results. b Derived from the UCCSD(T)/6-311G(d,p) results. c Reduced mass
in the 1-D e†ective Hamiltonian, in au.
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Fig. 3 (a) 1D transition probability obtained with the distorted wave approximation as a function
of energy. (b) 2D cumulative reaction probability obtained by energy shifting approx-N22d(E)
imation based on as a function of energy. The frequency for the bound degree of freedomN21d(E)
is selected to be the asymmetric CwN stretch of the 2AA state at MSX-dq3. (c) for the totalN0(E)
reaction calculated according to eqn. (13). The relatively smooth curve is obtained with the set of
vibrational frequencies for the 4AA state at MSX-dq3, and the curve with more visible structures is
calculated with the 2AA frequencies at MSX-dq3. (d) Calculated thermal rate constant for thek1(T )
production of quartet products. is computed with scaled vibrational frequencies of MSX-dq3k2(T )

from ref. 17 and two-fold larger spinÈorbit coupling constant. is from ref. 17.kfit(T )

further investigation. For instance, although a 1D model for the intersystem crossing
sounds very reasonable, judging from the structure of d3, MSX-dq3 and q3, it is possible
that another degree of freedom, possibly the CwN stretch, is also crucial to the spin-
forbidden transition. By this we mean that the transition probability s, which in the
current work is assumed to depend only on the energy in the hopping coordinate, might
actually vary signiÐcantly along one or more degree of freedom orthogonal to the norm
of the seam s. We note that at the q3 structure, the doublet electronic state is not very
high in energy and, therefore, the seam might cover a larger region of the PES at a
certain energy than that based on simple harmonic expansion at MSX-dq3. Indeed, as
we mentioned above, N2d(E) appears to increase too slowly as a function of the energy,
compared to the explicit 2D quantum mechanical calculation of Seideman.6b Therefore,



80 PESs and their dynamic implications

rigorous quantum dynamic calculations with at least two degrees of freedom, with accu-
rate spinÈorbit coupling elements in an extended region, together with approximate
treatment of other degrees of freedom, are required to examine the situation in more
depth.

1.4 Conclusions

The detailed reaction mechanism of the spin-forbidden reaction CH(2%) ] N2] HCN
] N(4S) has been studied with high-level ab initio methods. Although a few new struc-
tures have been found on both the doublet and quartet electronic states, the dominant
mechanism remains the intersystem crossing mechanism summarized by Walch.5C2vVibrational frequencies orthogonal to the norm of the seam have been calculated at the
MSX and applied to calculate the rate with an extension of the TST for spin-forbidden
reactions. A one-dimensional model was set up to consider the spin-forbidden transition
probability. The e†ect of other degrees of freedom was then considered by energy con-
volution with the vibrational frequencies orthogonal to the seam of crossing at the
MSX. The calculated cumulative reaction probability N(E) seems to be consistent with
that obtained by Seideman.6b with the ABC-DVR-Fermi-Golden-rule approach and a
2D model. Nevertheless, with such a TST expression and the 1D model for the inter-
system crossing process, the thermal rate constant k(T ) seems to be too low by two
orders of magnitude compared with experimental measurements. Indeed, the vibrational
frequencies obtained in the current study are much larger than that from an empirical
RRKM study, where empirical vibrational frequencies at the MSX had to be scaled by a
factor of two in order to derive a reasonable k(T ). Such a discrepancy strongly suggests
that some important issues might have been overlooked. In particular, the assumption
that the spin-forbidden transition takes place with uniform probability on the seam may
be a poor assumption in the particular case we are considering.

2 Dynamics of gas-phase ion–molecule reactions
2.1 C

2
H

2
‘ + NH

3
In the recent experiment by Anderson and co-workers,18 the only product channels
observed over a wide range of collision energy are charge transfer (CT) and proton
transfer (PT).

C2H2`] NH3 ] C2H ] NH4` (PT) (III)

] C2H2 ] NH3` (CT) (IV)

] C2H5N` ] (complex) (V)

] C2H3`] NH2 (H-abstraction) (VI)

Surprisingly, no evidence for the formation of the stable intermediates hasC2H5N`
been observed. The H-abstraction channel, which was dominant at high collision energy
for the isoelectronic system of was also not observed. It is not sur-C2H2`] CH4 ,19
prising, for thermodynamic reasons, that the CT and PT channels become open for the

system than for the system. However, the thermodynamic properties of theNH3 CH4complex channel and the H-abstraction channel are qualitatively similar for both
systems. Therefore, it is really intriguing why these channels have been observed experi-
mentally for but not for over a wide range of collisionC2H2` ] CH4 C2H2`] NH3energy.

All the observations suggest that PT is a direct channel with a proton-stripping
mechanism. As for the CT channel, two di†erent mechanisms seem to exist. At low
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energy, CT takes place through a weakly bound complex with a lifetime longer than ca.
1 ps. At higher energy, the charge seems to be transferred by a long-range electron
hopping mechanism.

Finally, the e†ect of vibrational excitation in the reactant on the reaction hasC2H2`also been examined, as in the study of where a large e†ect has beenC2H2`] CH4 ,
observed. The e†ect is much smaller in the present system, albeit very mode-speciÐc.19
In the PT channel, the reaction is enhanced by bending and inhibited by the CCC2H2`stretch. In the CT channel, both CC stretch and bending in inhibit the reactionC2H2`at high collision energy. At low collision energy, the reaction is inhibited by the CC
stretch, but enhanced by the HCC bending in All these facts suggest a reactionC2H2`.
mechanism where the vibration inÑuences the probability of a favourable reac-C2H2`tant geometry arrangement, while the branching between product channels is deter-
mined later in the collision by factors not strongly dependent on the reactant vibration.
However, the origin of the mode-speciÐcity observed remains unclear.

Very little is known about the PESs of the present system, except for some structures
of the stable complexes in the ground electronic state.20 In the present study,C2H5N`
in order to Ðnd the relationship between the potential-energy characteristics and the
reaction dynamics, we have performed detailed and highly accurate calculations of the
PESs. The overall potential-energy proÐle calculated at the G2M(RCC)//B3PW91/
6-311G(d,p) level, with sketches of some important structures, is shown in Fig. 4.

PT channel. For both the reactants and products of the PT channel, close-lying
electronic states exist. For the reactants, is doubly degenerate, withC2H2`(2%)] NH3the low lying non-degenerate state. For the products,C2H2] NH3` C2H(2&`)

is the lowest asymptote, with the upper dissociation asymptote] NH4` C2H(2%)
0.50 eV higher in energy, and also lower than the reactants of] NH4`only

If the reaction proceeds from with perfect linearC2H2`] NH3 . C2H2`] NH3NwCwC framework, which is the minimum energy path, PT1, symmetry is main-C3vtained during the reaction. In both and fallC3v , C2H2`(2%) ] NH3 C2H(2%) ] NH4`into the doubly degenerate 2E symmetry and are directly correlated. The PT1 channel in
the 2E symmetry does not involve any entrance or exit barrier, and proceeds through an
intermediate complex, PT-1, which resembles the products, as shownC2H(2%) ] NH4`,
in Fig. 4. Although the 2E state in is subject to JahnÈTeller distortion, in general, theC3ve†ect is evidently very small in the case of PT-1. Although the calculation is carried out
in the A@ and AA states are nearly degenerate, and all the vibrational frequencies areCs ,real. This is not unexpected, because the structure of PT-1 is very product-like. In the
experiment, the detection of the velocity distribution of (or actually its iso-NH4`topomer indicates that the PT channel follows a direct stripping mechanismND3H`)
even at low collision energy. The present channel supports the fast “ strippingÏ mecha-
nism proposed by Anderson and co-workers.

The PT2 channel, on the other hand, proceeds from the ground state of the reactant,
through a transition state, PT-TS1, shown in Fig. 4, and no interme-C2H2] NH3`,

diate is involved. and both fall into the sym-C2H2 ] NH3` C2H(2&`) ] NH4` 2A1metry, and are directly correlated. In the PT2 channel it is actually an H atom that has
been transferred. The existence of the barrier in the PT2 channel is not surprising either,
since unlike PT processes, most H-atom transfer reactions proceed with barriers. PT-1
lies 1.41 eV below and PT-TS1 lies 0.77 eV aboveC2H2` ] NH3, C2H2] NH3`.

In addition, we have found an unexpected 2A@ TS structure in PT-TS2, as shownCs ,in Fig. 4. IRC calculation indicates that PT-TS2 actually connects intermediate PT-1
and CC-1, a covalent complex which will be discussed later. Therefore, theNH5CHCH`
PT channel and the CC channel are now connected via PT-TS2, which is only 0.30 eV
above PT-1.
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Fig. 4 Overall potential-energy proÐles for the reaction of Energies are obtained from the G2M//B3PW91/6-311G(d,p) level includ-NH3] C2H2`.
ing ZPE. The B3PW91/6-311G(d,p) optimized geometries (in and degrees) of some key structures are also shown.A�
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2.1.2 Covalent complex (CC) formation channel. Several isomers ofC
2
H

5
N‘

CC-1 CC-2 CC-3 and CC-4C2H5N`, (NH3CHCH)`, (NH2CHCH2)`, (NHCHCH3)`and several isomerization TSs between them, CC-TS-12, CC-TS-23, CC-(NH2CCH3)`,
TS-24 and CC-TS-34, have been located. The results for the ground electronic-state
structures agree well with the previous study,20 except for CC-1 (which(NH3CHCH)`
connects the Pt channel to the CC channel, as discussed above) and CC-TS-12, which
seem to have been overlooked previously. No entrance channel barrier has been found
on the lowest adiabatic PES, which makes it even more mysterious that no products
from the covalent complexes have been found in the experimental work.18C2H5N`

To rationalize the experimental fact that no CC channel products have been
observed, one recognizes that the reactants correlate adiabatically to theNH3] C2H2`excited states of these covalent species. Although not very high in energy, theC2H5N`
formation of these complexes requires signiÐcant alternation of the geometryC2H2`and electronic structure. Therefore, the system is most likely to follow the PT channel
instead of visiting the CC formation channel. However, the experimental fact that no
products from the CCs have been observed still remains to be a mystery. The fact that
no H-abstraction products have been observed can be understood simi-NH2] C2H3`larly, although no calculations have been carried out.

2.1.3 CT channel. For the CT process, two pathways seem to exist according to the
di†erent product recoil velocity distribution.18 Although it is not totally clear from the
current study what are these two paths, one may make some speculations. First, one
may imagine di†erent crossing structures, depending on the angles of approach of the
two fragments. As we have seen in Section 1.3, the two asymptotes andNH3] C2H2`are rather close in energy at the geometry. As the twoNH3` ] C2H2 NH3] C2H2`fragments and approach with large angles, the two 2A@ states interactNH3(`) C2H2(`)
strongly and the 2 2A@ adiabatic state becomes repulsive. Therefore there exists a good
chance for the PES to cross at long separation. CT cannot take place at very far nuclear
separation, however, owing to the weak interaction between the electronic states and,
therefore, the small coupling element. Consequently, to have a good FranckÈCondon
factor as well as a reasonably large coupling element, an intermediate-range crossing
structure is desired. On the other hand, the situation is rather di†erent when the two
fragments approach with small angles, close to linear. In this case, the two 2A@ surfaces
interact rather weakly owing to their diabatic characters and undergo weakly avoided
crossings. As a result, the CT channel for the linear conÐguration case might yield pro-
ducts with quite di†erent characteristics. In addition, one may also suspect that the two
CT paths come from di†erent non-adiabatic processes, namely A@] A@ CT and AA ] A@
CT. To have more quantitative results, one needs to optimize the MSX structures for
2A@/2A@, and also 2A@/2AA, probably as a function of the relative angle of approach of the
fragments. These calculations have not been carried out in the current study.

2.1.4 Conclusions. In symmetry where the NwCwC framework is linear, theC3vreactants lead to the PT products without anyNH3] C2H2` NH4`] C2H(2%),
barrier, and only through a moderately bound complex which is very product-like. This
path supports the fast stripping mechanism proposed by Anderson and co-workers.
We have also located, on the 1 2A@ state surface, a transition state that connects the inter-
mediates in the PT channel to the covalent species CC-1. Some trajectories may take
this pathway. Several isomers of and the isomerization TSs between them haveC2H5N`
been located. To rationalize the experimental fact that no CC channel has been observed,
we argue that the reactants correlate adiabatically to the excited statesNH3] C2H2`of these covalent species. Although not very high in energy, the formation ofC2H5N`
these complexes requires signiÐcant alteration of the geometry and electronicC2H2`structure. Therefore, the system is most likely to follow the PT channel rather than
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visiting the CC formation channel. However, the experimental fact that no products
from the CCs have been observed still remains a mystery. The fact that no H-abstraction
products have been observed can be understood similarly, although noNH2] C2H3`calculations have been carried out in the current work. For the CT channel, the 2AA
state is repulsive in most regions except around the linear conÐguration, where the
potential energy is attractive and readily leads to CT or PT. The shape of the 1 2A@ state
conÐrms the existence of a saddle point between the potential well at the linear conÐgu-
ration and CC-1, which has been optimized as PT-TS2. The 2 2A@ state is mostly repul-
sive at all angles of approach. CT at di†erent angles of approach, or CT between
electronic states of di†erent symmetries, (A@] A@, AA ] A@) may produce Ðnal products
with di†erent characteristics, and might account for the two pathways proposed by
Anderson co-workers.

2.2 CH
4

+ C
2
H

2
‘

2.2.1 Mode-enhancement e†ect. Controlling the outcome of reaction by “mode-
selective excitationÏ concentrates on the local mode, and emphasizes selective excitation
of a particular motion, which encourages reaction toward the desired channel.21 Many
beautiful examples have been accumulated over the years in the photodissociation pro-
cesses of vibrationally or rovibrationally selected small molecules including H2O,21ahd
HNCO,21e,f and C2H2 .21g

Recent experiments19 provide some new examples in the case of more complex ionÈ
molecule reactions that are vibrationally selective. Zare et al. studied the reaction of
ammonium ion and and found that the umbrella mode of enhances CT andND3 NH3`deuterium abstraction signiÐcantly, while the isoenergetic excitation of the breathing
mode does not induce any e†ect.19c In another experiment, Anderson and co-
workers19a,b have studied the e†ects of collision energy and mode-selective vibrational
excitation on the reaction of with and via a guided-ion beam scat-C2H2` CH4 CD4tering instrument. Two distinct reaction mechanisms are active in the energy range
below 5 eV. At low energies, a long-lived complex forms efficiently and thenC3H6`decomposes primarily to andC3H5` ] H C3H4`] H2 .

C2H2`] CH4] C3H6`] C3H5`] H (complex) (VII)

] C3H4`] H2 (complex) (VIII)

] C2H3`] CH3 (H-abstraction) (IX)

Competing with reactions (7) and (8) is a hydrogen transfer reaction (9), producing
with little atom scrambling. Channel (IX) is strongly enhanced by colli-C2H3`] CH3sion energy and becomes dominant above 0.4 eV. One interesting feature about this

channel is that, while CC stretching provides a weaker enhancement than collision
energy, two quanta of CwH bending modes (ca. 155 meV) enhance the reaction at least
ca. ten-fold. Based on the isotope study with they concluded that there existCD4 ,
two possible reaction mechanisms for reaction (9) : elimination from a long-livedCH3complex and direct H-atom abstraction through an oscillating intermediate,C3H6`where the latter is dominant by a factor of ca. 5È10 : 1. They also predicted an early
barrier 150 ^ 50 meV. The enhancing e†ect of the CwH bending mode on the reaction
is explained by the necessity of carbon atom rehybridization from sp to sp2, thus
forming a bent TS during the bonding process.

The amazing experimental results have certainly attracted the attention of theo-
reticians. A combined quantum and TS theory (TST) study has been carried out by
Klippenstein to unravel the detailed reaction mechanism and the observed mode-
enhancement e†ect.22 Based on the structure and frequencies of several intermediates
obtained at the level of MP2/6-31G(d) and G223 energetics, TST calculation was found
to yield qualitatively correct cross-sections for the direct channel (9), but not so satisfac-
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tory for the complex channels, (VII) and (VIII). It was found that, if the energetics of the
TS involved in the complex channels was lowered by 4.5 kcal mol~1, the magnitude of
the cross-section for the complex channel could be qualitatively reproduced. Most
importantly, no entrance or exit channel barrier was found for the H-abstraction
channel (IX). However, it was found that enhancement of the H-abstraction cross-
section by the HwCwC bending excitation in was qualitatively reproduced ifC2H2`the two quanta of HwCwC bending were assumed to be totally randomized.

It might look as if all the issues have been solved by the work of Klippenstein.
However, the necessity of artiÐcially lowering the energy of the TS involved in the
complex channel looks somewhat questionable. Judging from the structure of the TS
presented in ref. 22, we suspect that there may be a lower saddle point, with totally
di†erent structure, involved in the complex channel. In addition, the system might be an
ideal one to test the capacity of the direct trajectory method.24 In the present study, we
have performed detailed and highly accurate calculations of the PESs and compared
these with the previous results. We also performed a few direct trajectory calculations.
The overall potential-energy proÐle calculated at the G2M(RCC)//B3PW91/6-311G(d,p)
level, with sketches of some important structures, is shown in Fig. 5.

H-abstraction channel. For the H-abstraction channel, as shown in Fig. 5, there exists
no entrance barrier to reach the structure of abs-1, the so-called classical CH4É É ÉC2H2`minimum, or no exit barrier from abs-1 to the product, the results are essentially the
same as in ref. 22. However, the so-called bridged is a minimum at theCH4É É ÉC2H2`MP2/6-31G(d) level, while it is a second-order saddle point abs-TS1 at the present
B3PW91/6-311G(d,p) level, connecting abs-1 and its pseudo-mirror image abs-1º. Opti-
mization at the CCSD(T)/6-31G(d,p) level agrees with the present results, suggesting
strongly that B3PW91/6-311G(d,p) is closer to reality than MP2. To summarize, the
overall mechanism of the H-abstraction channel is the so-called “direct Ï abstraction
channel, actually proceeding through a moderately bound (ca. 15 kcal mol~1) complex
without entrance or exit barrier

Covalent CC channel. In ref. 22 the complex channel (7) and (8) leading toC
3
H

6
‘

has been shown to proceed from the so-called classical through aC3H6` CH4É É ÉC2H2`saddle point, com-TS1-K, which is also included in Fig. 5. However, with the high
energy for this TS, the calculated cross-section is, even qualitatively, too small. Indeed,
the structure of com-TS1-K does not look like a transition state for CwH activation of

by but more like a isomerization TS between its two conforma-CH4 C2H2`, C2H3`tions, perturbed by a fragment. We have actually located a new transition stateCH3 C1com-TS1, shown in Fig. 5, which was missed in the previous study.22 The IRC25 calcu-
lations verify that this TS actually connects abs-1 and C3H6`.

At the G2M level, the energy of com-TS1 is 0.38 eV (8.7 kcal mol~1) below the
reactants, and the barrier height measured from abs-1 is 0.28 eV (6.5 kcal mol~1). In ref.
22, a qualitatively correct cross-section was obtained by artiÐcially lowering the barrier
at com-TS1-K from 11.7 to 7.2 kcal mol~1. Therefore, we are conÐdent that with the
present results reasonable cross-sections, comparable to the experimentally measured
value can be obtained.

Direct trajectory calculations. Our ab initio calculations indicate that HwCwC
bending is clearly strongly coupled to the reaction path and, therefore, additional energy
in this mode may contribute e†ectively to the reaction rate, while the CwC stretch is
nearly inert during the whole reaction. In order to Ðnd some characteristics of the
dynamical process, we have ran three direct trajectories with the constraint at theCsB3PW91/6-31G(d,p) level.

In all the trajectories, the impact parameter b is taken to be zero, and the initial
velocity is along the line that joins the centres of mass of and and isCH4 C2H2`
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Fig. 5 Overall potential-energy proÐles for the reaction of Energies are obtained from the G2M//B3PW91/6-311G(d,p) level includ-CH4] C2H2`.
ing ZPE. The B3PW91/6-311G(d,p) (CCSD(T)/6-31G(d,p) in parentheses) optimized geometries (in and degrees) of some key structures are alsoA�

shown.
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Fig. 6 Results from three direct trajectory calculations for the reaction of The ÐrstCH4 ] C2H2`.
column [(a), (d) and (g)] represents kinetic and potential energies in kcal mol~1. The second [(b),
(e) and (h)] and the third column [(c), (f) and (i)] give essential bond distances (in and bondA� )

angles (in degrees), respectively, as indicated in the Ðgures.

perpendicular to the CC triple bond in All the trajectories start with theC2H2`.
centre of mass separation of 4.0 In trajectory 1, the initial velocity in the centre ofA� .
mass frame has been scaled so that the total initial kinetic energy is 5.0 kcal mol~1. In
the trajectories 2 and 3, the initial velocities of the two H atoms in have beenC2H2`modiÐed so that approximately two modes of asymmetric and symmetric HwCwC
bending, respectively, are excited. The results are shown in Fig. 6.
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Unfortunately, all three trajectories with the initial conditions selected here are non-
reactive. The molecule comes close to dances for a while, and then Ñees.CH4 C2H2`,
Nevertheless, we may make some observations on the dynamical processes based on
these results. First, by comparing the results of the third and the Ðrst trajectory, we see
that the symmetric HwCwC bending does not have much e†ect on the “reactionÏ
process. The HwCwC bending is nearly adiabatic in the whole process. This may not
be very surprising considering the “symmetry Ï of this trajectory. We expect a larger e†ect
for cases with non-zero impact parameters.

Secondly, we see that trajectory 2, with the initial asymmetric bending excitation
reveals interesting features of the process. Although the trajectory starts with a nearly
symmetric conÐguration, favours one carbon atom in as it propagates, andCH4 C2H2`forms the conÐguration that resembles abs-1. Clearly, the HwCwC asymmetric bending
mode is far from being adiabatic and participates the “reactionÏ process actively. It is
also noted that the CwH bond that needs to be broken for reaction has been signiÐ-
cantly stretched compared to the other two trajectories, and has been as long as 1.3 A� .
At the same time, the CwH bond that needs to be formed has been as short as 1.15 A� ,
whereas, in other trajectories, the closest contact was only 1.45 In other words, theA� .
second trajectory is nearly reactive. Clearly, the initial excitation of the asymmetric
bending in makes it easier to form the highly asymmetric classical complexC2H2`abs-1, which is a critical step in the H-abstraction channel.

2.2.2 Conclusions. High quality ab initio calculations have been carried out to study
the mechanism of the ionÈmolecule reaction Compared with the pre-CH4] C2H2`.
vious work of Klippenstein,22 very similar proÐle of the H-abstraction channel (9) was
obtained, despite some delicate di†erences. No entrance or exit barrier was found, and
the reaction proceeds through a moderately bound (ca. 15 kcal mol~1) intermediate
complex. For the complex channel (7) and (8), a new transition state, com-TS1, with a C1structure has been located. The geometry and energetics of this structure are more con-
sistent with experimental Ðndings, and it is expected that, qualitatively, a correct cross-
section can be derived using the results of the current work. Direct trajectory calculation
reveals that asymmetric HwCwC bending participates in the reaction actively.

The authors are grateful to Prof. Joel M. Bowman and Prof. Steven J. Klippenstein
for collaboration in the non-adiabatic TST project. This work was, in part, supported by
Grants F49620-95-1-0182 and F49620-98-1-0063 from the Air Force Office of ScientiÐc
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