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High level ab initio calculations have been performed to investigate the mechanism of the ion—
molecule reaction of Cl#+C,H,. Except for some subtle differences, the profile for the
H-abstraction channel obtained here at the G2M//B3PW91/6-34, 1} (evel is very similar to that

found in a previous study at the G2//MP2/6-3t}(level. For the complex formation channel,
however, a different transition state has been located; the geometry and energetics of which are
more consistent with experimental findings. Calculations of a few direct trajectories have been
carried out to investigate the possible reason for the significant mode enhancement observed
experimentally for the H-abstraction channel. Although none of them is reactive, a trajectory with
an asymmetric g+ bend excitation exhibits a clear signature for being more reactive than those
without vibrational excitation or with a symmetric bend excitation. 1898 American Institute of
Physics[S0021-960808)30125-7

I. INTRODUCTION In another experiment, Andersan al*@4? have stud-
ied the effects of collision energy and mode-selective vibra-
Controlling the outcome of a chemical reaction is thetjgnal excitation on the reaction of,8; with CH, and CD
dream of chemists and a fascinating branch of modern chenyith a guided-ion beam scattering instrument. Two distinct
istry. There are many approaches that attempt to take advapsaction mechanisms are active in the energy range below 5
tage of the power, frequency resolution, and coherence qfy_ At low energies, a long-lived £ complex forms effi-

lasers to achieve this task. Among them, two schemes aigently and then decomposes primarily toHg +H and
extremely appealing, i.e., “coherent control” and “mode- c 4 H, (R1), (R2)

selective excitation.” The former approach utilizes phase

and intensity properties of laser excitation to alter the char-  C,Hj +CH;—CgHg +H (RD
acter of the prepared states so that production of the desired 4
outcome is enhanced. This method has proved to be quite —CaHy +H, (R2)
promising not only in _cont_rolling the n_uclear_mo?ion of the . C,H} +CHs. (R3)
system, but also in directing electronic motion in chemical

systemg. The second approach of mode-selective excitation ~Competing with(R1) and (R2) is a hydrogen transfer
concentrates on local vibrational modes, and emphasizes sesaction(R3), producing GH; +CH; with little atom scram-
lective excitation of the particular motion, which nudges thebling. The (R3) channel is strongly enhanced by collision
reaction toward the desired chanfellany beautiful ex- energy and becomes dominant above 0.4 eV. One interesting
amples have accumulated over the years in the photodisséeature of this channel is that, while CC stretching provides a
ciation process of vibrationally or rovibrationally selected weaker enhancement than collision energy, two quanta of a
small molecules including $0,3@739 HNCO3®3*) and  C—H bending modes~ 155 meV) enhance the reaction at
C,H,.%9 Despite the clear chemical picture, there are fewleast~ 10 times! Based on the isotope study with Chey
bimolecularreactions where the effects of different reactantconcluded that there exist two possible reaction mechanisms
vibrational modes have been examined. This is largely due téor (R3): CH; elimination from a long-lived gHs complex

the difficulty of preparing mode-selective excited reactantsand a direct H-atom abstraction through an intermediate,
In addition, the vibrational coupling in most molecules where the latter path is dominant by a factor of 5-10:1. They
quickly redistributes the applied energy to a selected vibraalso predicted an early barrier of about #3980 meV. The
tional mode. Earlier studies have mostly concentrated oenhancement effect of C—H bending excitation on the reac-
small system including various isotopic forms of water mol-tion rate is explained by the necessity of carbon atom rehy-
ecules. However, recent findirfgsrovide us with some new bridization from sp to spto reach a bent transition state
examples in the case of more complex ion—molecular reaaduring the process.

tions which are vibrational selective. Zag¢ al. studied the This amazing experimental results certainly attracted the
reaction of ammonium ion and NDand found that the um- attention of theoreticians. A combined quantum and transi-
brella mode of N enhances charge transfer and deuteriuntion state theoryTST) study has been carried out by Klip-
abstraction significantly, while the isoenergetic excitation ofpenstein to unravel the detailed reaction mechanism and the
the breathing mode does not induce any effétt. observed mode-enhancement effeBased on the structure
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and frequencies of several intermediates obtained at the level

of MP2/6-31G() and Gaussian{%2)® energetics, TST was 1247 1.081
found to yield a qualitatively correct cross section for the
direct channel(R3), but not to be so satisfactory for the
complex channels(R1) and (R2). It was found that if the
energetics of the transition state involved in the complex
channels was lowered by 4.5 kcal/mol, 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 chan(i®B). How-
ever, it was found that the enhancement of the H-abstraction 103
cross section by thel—C—Cbending excitation in g4, was (1]662;,56)
qualitatively reproduced if the two quanta ldf-C—C bend-

ing were assumed to be totally randomized.

It might look as if all the issues have been resolved by
the work of Klippenstein. However, the necessity of artifi-
cially lowering the energy of the transition state involved in
the complex channel looks somewhat questionable. Judging
from the structure of the transition state presented in Ref. 5,
we suspect that there may be a lower saddle point with a
totally different structure involved in the complex channel.
This will be examined in the present work. In addition, this
might be the ideal system to test the capability of the direct
trajectory method, which has becomes popular due to the
advantage that no analytical potential energy functions have [178.2]
to be constructed. In application of the methodology without abs_TS1_MP2 C,2A’
approximation&® in the electronic structure part, it is usu- NIMAG=1, Idiem!(a")
ally too expensive to run a large number of trajectories for a 1.09s )
meaningful statistical average. It is hoped that the interesting
features of the reaction dynamics can be captured by few
limited trajectories with wisely chosen initial conditions. -

In Sec. Il, we shall discuss the method of computation. . SN 10T
Results of electronic structure calculation and direct trajec- NIAMGfl € o84
tory calculations will be discussed in Sec. Ill. Finally, we ™ oo o0
draw some conclusions in Sec. IV.

N
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FIG. 1. Geometrie§in A and deg of reactants, products, intermediates, and

transition states involved in the reaction of QI-CZH; Plain numbers are
Il. COMPUTATIONAL METHOD obtained at the B3PW91/6-311&p) level. Numbers in parentheses are

from UCCSD/6-31Gd,p) calculations. Numbers in brackets are from

In order to find the most appropriate method to investi_MPZlG-fSlle,p) calculations. _Italic numbers are taken from Ref. 5. The
gate the structure of the important infermediates and trans[Lin & AN fEaUEnOINAG) ot e BIPUSLO LD
tion states involved in the titled reaction, we have carried ouyith NIMAG > 0.

a series of test calculations at a variety of levels including

B3LYP2 B3PW91? and second-order Mier—Plesset per-

turbation theory(MP2), together with the 6-31G@(p)'®or minima. At the B3PW91/6-311@(p) and the
6-311G@,p)*! basis sets. Preliminary calculations clearly MP2/6-311G(l,p) levels, the nonclassical structure has been
indicated that polarizatiop function on the bridged H atoms calculated to be more stable by 0.06 €V4 kcal/mo) and

is rather important even for geometries, and therefore at lea§t33 eV (7.8 kcal/mo), respectively. Therefore, we did not
a 6-31G(,p) basis set should be used. At first, we examineuse the B3LYP method to further investigate the potential
the relative stability of the two conformations of the H- energy surface of this particular system of SHC,H,. As
abstraction reaction product,8;. It is well known from  will be discussed further in Sec. lll, we found that
numerous experimentalas well as theoretical calculatidils B3PW91/6-311Gq,p) seems to produce the most reliable
that the nonclassicahc) structure with a bridging H atom, structures on the sensitive potential energy surface of the
C,Hi(no in Fig. 1, is more stable than the classical CH,+C,H, system. Therefore, we shall use the
structure, GH; (c). The energy difference is as small as sev-B3PW91/6-31G(,p) structures in most of the discussions.
eral kcal/mol and depends sensitiVél§ on the level As to the energetics, we have carried out G2bhliculations

of calculations. In the three methods we have testedbased on the B3PW91/6-311¢50) optimized geometries
B3LYP/6-311G(@,p), B3PW91/6-311Gq,p) and MP2/6 and vibrational frequencies. Note that although the
-311G(,p), only the B3LYP results gave the wrong trend, RCCSOT)*® theory has been used in the original scheme of
namely, it predicted the classical structure to be the globaG2M,* we used UCCSIT) with unrestricted Hartree—Fock
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TABLE |. Energetics of intermediates, transition states in the reaction gft@HH; .2

Structure State B3PWI1/I PMP4/| UCCSD/I PMP4/lI PMP4/IlI MP2/IV G2M G2M+ZPE
CH, A, —40.51712 —40.40505 —40.40584 —40.40535 —40.42467 —40.40563 e
CHy 21'[g —76.90366 —76.72998 -—76.73115 —76.73087 —76.76391 —76.73490 0.00 0.00
CHy+C,H3 (no® 0.30 0.27 0.32 0.25 0.24 0.14 0.24 0.06
CHg+C,H3 (0)° 0.36 0.47 0.44 0.45 0.45 0.52 0.41 0.23
abs 1 2n —0.86 —0.64 —0.58 —0.65 —0.68 —0.45 —-0.61 —0.66
abs_TS1 A -0.71 —0.46 —-0.41 —0.46 —0.52 —0.49 —0.47 —0.55
Com_TS A —0.64 —0.40 -0.37 —0.40 -0.43 —0.27 —-0.41 —0.38
CiHg 2p” —-3.41 —3.04 —3.04 -3.04 -3.09 —2.94 —2.89 —2.74

3ptimized at the B3PW91/6-3116p) level. Total energies in hartree are shown in italics for the reactants, and relative energetics respectivedsHgH
in eV are shown for the other structures. Basis notations are |: 6-31Lp§(Il: 6-311+G(d,p), IlI: 6-311G(2df,p), IV: 6-311+G(3df,2p). No ZPE
included in the relative energetics unless specified. ZPEs are calculated at B3PW91/6;3)168(el.

bCzHef(nc) denotes the nonclassical H-bridged structure, Whﬂblﬂc) denotes the classical structure.

references in the current G2M calculations because of theeaction profile is shown in Fig. 2. Some results from limited
small spin contamination even at the UHF le&Rll the  direct trajectory calculations are presented in Fig. 3.
calculations have been carried out using theUsSSIAN94

7
package.” . . ___lll. AB INITIO AND DIRECT TRAJECTORY
In the direct trajectory calculations, a less computation-

ally demanding method has to be employed. According toCALCUL'A\TIONS
our preliminary calculations, the B3PW91/6-3136) In this section, we shall discuss our findings concerning
method can predict the structures and energetics of the intethe mechanism of the reaction GHC,H,. Two different
mediates and transition states rather well. Therefore, we hawvghannels are distinguished, the H-abstraction cha(iRa)
carried out trajectory calculations with the energy and gradiand the complex channéR1), (R2). The structures involved
ents obtained at the level of B3PW®131G(d,p) on the in the reaction will be labeled after the channel in bold face,
fly. e.g.,abs_1 and com_TS1 in Fig. 1 denotes intermediate
The structures of the intermediates and transition statemvolved in the abstraction channel, and transition state in-
involved are shown in Fig. 1. Their energetics calculated atolved in the complex channel, respectively. We note that
varieties of levels are summarized in Table I. The schematialthough the reactant is actually doubly degenerate due to the

Complex channel A H-abstraction channel
 C— E(eV) —

0.0 |CHACH,*CID) 0.06

C3Hg"

-3.0

FIG. 2. Schematic profile for the reaction of Q+C2H2+. Energies(in eV) are obtained from G2M//B3PW91/6-311&Gp) level including ZPE.
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Trajectory 1. b=0. E_kin=5.0kcal/mol
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FIG. 3. Results from three direct trajectory calculations. The figures in the first columns are kinetic and potential energies in kcal/mol. Those in the second
column are essential bond distan¢esA) as indicated in the figure. The plots in the third columns are important bond aiglésg as indicated in the
figures.

2I1 state of GH,, we only need to consider the lowest elec- Out entrance or exit barriers. Two minima with very similar
tronic state during the reaction, which%a’ if C; symmetry ~ €nergetics { — 13 kcal/mol) were found on the potential en-
is maintained. This is because the interaction between th@'dy surfaces, which resemble the structureab$_1, and

CH, and the?A” component of GH; is expected to be re- @bs_TS1shown in Fig. 1, respectively. A saddle point con-
pulsive. necting the two minima was also found, and the barrier was

calculated to be as small as 0.5 kcal/mol. Therefore, the so-

called “direct” H-abstraction channel actually can be

viewed as proceeding with a moderately bound intermediate
According to the previous studyat the level of complex.

UMP2/6-31G(), the H-abstraction channel proceeds with- At the level of B3PW91/6-311G,p), the overall pro-

A. The H-abstraction channel: MP2 vs DFT, which is
correct?
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file of the reaction remains the same. Namely, no entrance @nergy correctionsabs_1 lies 0.66 eV(15.2 kcal/ma] be-
exit channel barrier was found, and the structureab§_1  low the reactants, which is rather close to the G2 result of
from the current work and the so-called classicall2.9 kcal/mol from Ref. 5. Thabs_TS1 structure lies 0.55
CH, --C,H; minimum in Ref. 5 are rather similar as well. eV (12.7 kcal/mo) below the reactants, i.e., the barrier rela-
However, there are a few subtle differences between the sdive to abs_1 is predicted to be 0.11 e¥\2.5 kcal/mo).

called bridged Ci--C,H, geometry found by As a short summary, the overall mechanism of the H-
Klippenstein® and the similar structure we have obtained asabstraction channel as shown in Fig. 2, remains the same as
abs_TS1in Fig. 1. According to Ref. 5, this structure is a predicted by Klippenstein,despite some small differences.
minimum at the MP2/6-31G{) level. At the The so-called “direct” abstraction channel actually proceeds
B3PW91/6-311Gd,p) level, howeverabs_TS1is actually  through a moderately bound~(15 kcal/mol) complex, and

a second-ordesaddle pointwhich, according to tha’ nor-  without entrance or exit barrier.

mal mode (21Bcm 1) shown in Fig. 1, connectsbs_1 and

its pseudomirror imagabs_1' (not shown. In other words, B. The complex channel: A new transition state at
throughabs_TS1, the CH, group migrates from one carbon 'ower energy

atom of GH; in abs_1, to the other carbon atom abs_1". In Ref. 5 the complex channdR1), (R2) leading to
We use the word pseudomirror image becasbs 1 and  C;H: has been shown to proceed, starting from the so-called
abs_1' are not exactly a mirror image, since the ggtoup  ¢lassical CH --C,H; geometry, through a saddle point,
has different orientations in the two structures. In fact,com_TS1_K, which is also included in Fig. 1. However, as
abs_1" has to have one lova” imaginary frequency corre- mentioned above, with the energetics for this transition state,
sponding to CH rotation. Sinceabs_TS1 connects a one cannot obtain the cross section for this channel even
minima(abs_1) and a saddle poirtebs_1'), it can have two  qualitatively. In Ref. 5, the qualitatively correct cross section
imaginary frequencies, which is exactly what we find. Sincewas obtained by lowering the energyafm_TS1_K by 4.5
the CH; rotation is nearly free, tha” imaginary frequency is  kcal/mol. However, we suspect that the reason for the dis-
found to be as low as 14m™*. Therefore, we did not try to agreement is that another transition state with a different
look for a first-order saddle point i@, symmetry connecting structure exists at lower energy. Indeed, the structure of
abs_1 and its equivalent structure. com_TS1_K does not look like a transition state for C—H
Where does the difference betweahs TS1 and the  activation of CH by C,H,, but more like a GH; isomer-
bridged CH:--C,H, structure in Ref. 5 come from? ijzation transition state between its two conformations per-
Since both the basis set and the method employed am@rbed by a CH fragment. Since two bonds, C—C and C—H,
different in the two calculations, we have reoptimized thehave to be formed starting from thabs_1, the transition
structure of bridged CH--C,H; as a minimum with state has to break the symmetry and resemble the transition
UMP2/6-311G(,p) to have a fair comparison. The resultant state found in the similar reaction of,HC,H;.'® Bearing
structure is shown in Fig. 1 ssbs TS1_MP2. It has one these in mind, we have successfully located@eransition
small a” imaginary frequency of lidcm™! and all reala’ statecom_TS1 shown in Fig. 1. The length of the forming
frequencies. Clearly, the different results obtained here an@—C and H-C bonds and that of the breaking H—C bond are
Ref. 5 mainly originate from the difference in method, not in quite reasonable. The normal mode vector, shown on the
basis set. The basis set does have some influence on theucture in Fig. 1, also clearly manifests the character of the
geometrical parameters involving the bridging-H atom. Fortransition state. The IRE calculations verify that it does
instance, the distance between the bridging-H and carboconnectabs_1 at one end. Towards the other side of the
atom in GH, is seen to decrease from 1.718 A at thebarrier, geometry optimization starting from the structure ob-
UMP2/6-31G@) level to 1.633 A at the tained after 24 steps of IRC leads tgH, which indicates
UMP2/6-311G(l,p) level. that no other significant wells exist on the path. Therefore, in
Although the difference between B3PW91/6-31#G) the schematic reaction mechanism presented in Fig. 2, the
and UMP2/6-314) results are rather small and may not transition statecom_TS1 is directly connected to the final
have a major effect on the overall dynamics, it is interestingoroduct GH¢ . The situation is rather similar to the case of
to learn which method gives results that are closer to realityH,+C,H,, where the deep £1; minimum can be reached
To investigate this point, we have carried out optimizationnearly directly after overcoming a barrier similar to
for both the minimum and the transition state starting fromcom_TS1 with only few negligible bumps on the reaction
the structure oibs_TS1 at the CCSIT)/6-31G(d,p) level.  pathl®
The minimum search leads to a structure very similar to At the G2M level, the energy ofom_TS1 is 0.38 eV
abs_1, and the TS search leads to a structure similar tg8.7 kcal/mo} below the reactants, and the barrier height
abs_TS1. The optimized parameters are also shown in Fig. Imeasured fromabs_1 is 0.28 eV(6.5 kcal/ma). In the pre-
in parentheses. Therefore, the CQ$W6-31G(d,p) results  vious study of Klippenstein,it was found that qualitatively
agree with the B3PW91/6-3116p) results, which strongly correct cross sections for the complex channel can be ob-
suggests that B3PW91/6-311450) results are closer to re- tained if the barrier height is artificially modified to 7.2 from
ality than the MP2 ones. 11.7 kcal/mol calculated wittom_TS1_K. Therefore, we
The relative energetics @ibs_1 andabs_TS1does not are confident that with the present results reasonable cross
depend on the method of calculation very much, as illussections comparable to the experimentally measured value
trated in Table I. At the G2M level including the zero-point can be obtained.
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C. Direct trajectory calculations: Any hints on the the “reaction” process. It is also noted that the C—H bond
mode enhancement? that needs to be broken for the reaction has been significantly
stretched compared to the other two trajectories, and be-

According to ourab initio calculations presented above, ,
comes as long as 1.3 A. At the same time, the C—H bond that

it is seen thaH-C—Cbending is clearly strongly coupled to
the reaction path. Therefore, one can imagine that additiond]€€ , : A
energy in this mode may contribute to the reaction rate efthe other trajectories the closest contact was only 1.45 A. In

fectively unlike the C—C stretch, which is nearly inert during ©ther words, the second trajectory is nearly reactive.
the whole reaction. In conclusion, although our initial attempt at direct tra-

One wonders if anything additional can be learned with€Ctory calculations fails to produce any reactive event, we
the direct trajectory calculations. Since no statistical averagd® oPserve the significant effect of the asymmetric bending
can be made to obtain the cross section as a function of tH"ng the collision process. S:Iearly, the initial excitation of
bending excitation levels, one hopes that some characterif® @symmetric bending in,8, makes it easier to form the
tics of the dynamical process can be capturednisely se- highly as_ymmetrlc classw_al complabs_1 which is a criti-
lecting the initial conditions. In Fig. 3, we present the resultsC@! Step in the H-abstraction channel.
from three trajectory calculations as our first attempt.

In all three trajectories, the impact paramdteis taken
to be zero, the initial velocity is along the line that joins the

centers of mass of CHand GH,, and is perpendicular to

the CC triple bond in gH; . All the trajectories start with the High quality ab initio calculations have been carried out

center of mass separation of 4.0 A. In the first trajectory, the, study the mechanism of the ion—molecule reaction of
initial velocity in the center of mass frame has been scaled S€H4+C2H2+. Compared to the previous work of

that the total initial kinetic energy is 5.0 kcal/mol. In the Klippenstein® a very similar profile of the H-abstraction
second and thir+d trajectories, the initial velocities of the tWOchanneI(R3) is obtained despite some subtle differences. No
H atoms in GH, have been modified so that approximately gnrance or exit barrier was found, and the reaction proceeds
two modes of asymmetric and symmetHe-C—Cbending,  ,,ough a moderately bound~(15 kcal/mol) intermediate
respectively, are excited. To be more specific, we assUMEymplex. For the complex chann@2), (R2), a new transi-
that all the vibrational energgexcluding the zero-point en- oy state com_TS1, with a C; structure has been located.

ergy) went into kinetic energy, and we project the velocity the geometry and energetics of this structure seem to be
(momentun in normal mode coordinate back to the Carte- o6 consistent with experimental findings, and it is ex-

sian space according to the well-known relationship pected that a qualitatively correct cross section can be de-

IV. CONCLUSIONS

3aN-6 3N-6 rived using the results in the current work.
/_mkxk(o): E P,(0)- L = 2 /_Ei(o)'l-ikv (1) Our initial att_empt at direct t_rajectory ce}lculatlon in thg
i=1 i=1 current system is not very satisfactory, since no reactive

] ] events have been observed. Nevertheless, we do notice that
where the summation over the normal modes in @%be-  55ymmetricH—C—Cbending participates in the reaction ac-
comes a single term in such cases where only one mode {§,e|y and nearly induced reaction in one of the trajectories
excited and no zero-point energy is considered. In all theye have propagated. Clearly, one has to choose the initial
trajectory cglculanons, a step size of 0.2_ fs ha_s bee_n used. TQnditions wisely to gain any insights into the reaction pro-
save CPU time, we have run all the trajectories with@e a5 due to the limited number of calculations that one can
symmetry constraint. _ , _ . afford in direct trajectory study. In the future, it would be of

anortunately, all the three traj_ectones with the initial great interest if one can combine surface interpolation
conditions selected+here anenreactivé The CH, molecule  gchemes and direct dynamics, so that larger number of tra-
comes close to {H,, dances for a while, and then flies jectories can be carried out. Furthermore, more efficient
away. Nevertheless, we may make some observations on the, 3 4ation methods such as adaptive integrator should also

dynamical processes based on these results. First of all, By considered to achieve savings in CPU time requirement.
comparing the results of the third and the first trajectory, we

see that the symmetrid—C—Cbending does not have much

of an effect on the “reaction” process. Th&-C—Chending

is nearly adiabatic in the whole process. This may not bexckNOWLEDGMENTS
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