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When classical trajectory calculations are run on the two isomerization reactions RCREGINC and CH-

CN = CH3NC over a long period of time, up to ca. & each, one finds many more recrossings than actual
reactive events. In these calculations a “recrossing” is defined as passage over the potential barrier separating
the two species followed by return to the original side within 0.2 ps. For the €ase there are about twice

as many crossings of the barrier as there are genuine reactive events, ands@¥,Ghere are about 10

times as many. Long-term mean residence tinn®gy andz®nc, in reactant and product wells are compared

with the corresponding mean first passage tin&s, andz'nc, the latter found by terminating the trajectories

at the first crossing of the barrier. For the NCENNCNC reaction, except at the lowest energies, the mean
residence times are exactly twice the mean first passage times, implying that the transition-state theory
transmission coefficient, as traditionally defined, shouldcle 0.5.

Introduction which the trajectory could loiter either in the vicinity of the
saddle point, causing unwanted recrossings, or away from it,
causing retardation the reaction in one or both directions.
Moreover, the fitting of large numbers of energy values to a
complex polynomial is not a trivial exercide.

With continuing increases in computing power it has become
possible to observe reactive trajectories by “ab initio molecular
dynamics” calculations in which the energy and its gradients at
a particular geometric arrangement are found by using standard
ab initio procedures and the motion followed by classical
trajectory methods. Surprisingly, unexpected numbers of re-
crossings of the potential barrier have been observed within the In previous work$ trajectories starting from either side of
picosecond time scale for some simple isomerization reactionsthe barrier were terminated as soon as the saddle point was
of vinylidené" and the cyclopropyl radica&lthe former result crossed, and the present work was undertaken to find whether
was soon corroborated by a full quantum wave packet calcula-the mean first passage times so obtained would coincide with
tion.2 Similar recrossings were observed in a calculation on the the mean residence times for a single trajectory that was
reaction Ct + CH;Cl == CICHz + CI-, but the integration times  continued indefinitely. The earlier unidirectional routihesre
were insufficient for an estimate of the reaction rate to be altered appropriately for this purpose.
compared with the transition-state valtie. For each trial value of the energy trajectories were com-

Such results are mostly limited to the femtosecond time range menced from the normal internuclear configuration with random
or up to a few picoseconds, but many reactions of practical momenta assigned to each degree of freedom; the study was
importance to which transition-state theory is applied take place restricted to the behavior of rotationlesk= 0, molecules.
on millisecond, second, or even longer time scales; it is therefore Integrations were performed, as beféfeégy using a fourth-
important to considemuchlonger computational time scales. order Runge-Kutta procedure with fifth-order Adamdviouton
On the other hand, traditional trajectory methods in which a predictor-corrector. Integration steps of 0.1 fs were used
potential-energy surface is constructed beforehand are readilywhence energy was conserved to within 1 part it#H0 10 ps
extended to submicrosecond durations, enabling comparisonfor the CHCN = CH3NC reactiod® and 1 part in 10for the
with the results of conventional transition-state theory to be NCCN == NCNC reaction; the difference arises from a differ-
made. ence in complexity of the potential-energy functions, 20 versus

In this paper we extend our earlier one-trip trajectory 90 terms in the two cases, and the consequent proliferation of
calculations on two simple isomerization reactions in order to the number of derivatives to be evaluated. At longer times, for
examine their long-time crossing behavior: first, £ = the NCCN= NCNC reaction, energy conservation held to
CHsNC using an interpolated potential surface constructed from within 1 part in 16 and 10 at 100 ps and 1 ns, respectively.
known experimental and ab initio resdlend NCCN=NCNC Occasionally, at low energies the random assignment of
using an analytic four-body function created by least-squares momenta placed insufficient energy in the bending modes and
fit6 to a set of 597 ab initio MP2/6-31G* energy valudeBoth a single crossing would fail to occur far beyond the mean
methods of construction have their drawbacks: the former was expected first passage time for that energy; such trajectories
alleged (on the basis of irreversible behavior restated in Table were rejected in the analysis below. Also, to avoid any hidden
1) to provide insufficient coupling between internal degrees of bias from this source, each trajectory was terminated at 1 ns
freedom (IVR) that could lead, indirectly, to a failure in and a new one was started; this, in an approximate manner,
microscopic reversibility between the forward and reversg-CH mimics the randomization that would occur upon each collision
CN=CH3NC reactions,and in the latter it is difficult to know at a pressure of about 100 Torr. It also helps to keep the rounding
with certainty whether there exist spurious valleys or basins in errors within reasonable bounds.
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TABLE 1: Comparison of Mean First Passage Times for Isomerization of X-NC and of X—CN (where X = CH; or NC)

energy’;‘/cm’l P(E)NC (per le) p(E)(;N (per le) P(E)CN /p(E)NC ‘L’lNc /pS TlcN /pS ‘L’lcN/‘ElNc
CH3NC = CH3CN (100 trajectories)
25019 9.6x 10¢ 7.0x 10° 7.3 203 107 0.53
33085 9.8x 10° 4.7 x 10° 4.8 55 30 0.55
41 150 6.7x 10° 2.4x 10 3.6 16 7 0.44
NCNC==NCCN (1000 trajectories)
13814 7.4x 10 1.2x 10 16.2 7.6 105.6 13.9
15528 1.3x 1¢° 1.7 x 10 13.1 3.7 43.0 11.6
18 361 3.1x 10° 3.0x 10* 9.7 1.8 15.3 8.5
20809 5.9x 10° 4.6 x 10* 7.8 11 8.2 7.5
26 055 1.9x 10¢ 1.1x 10 5.5 0.6 2.7 45

aFor consistency with earlier papersgnergies listed in column 1 are for the isocyanide molecule, relative to the level; those for the
cyanide isomer are greater by 8256 and 11 084dior CH;CN and NCCN, respectively.

For the CHCN = CH3NC case, to amass a large number of
crossings, it was necessary to use fairly high energy véiues
at which C-H dissociation could occur. Typically, for the three
energy values used, an average of 100, 80, and 30 crossings
took place before dissociation occurred and the next trajectory I
in the ensemble was commenced. 1000 - 7100

The NCCN= NCNC case presents the additional complica- I (
tions that NCNC can also isomerize into CNNC and that there
are two ways in which NCCN can change into NCNC; the _‘1 — ‘(’)‘ — 1' —— '2 —
former possibility was excluded by keeping the trial values of log1o (time/ps)
the energy baelow thi.s threSh.OId’ a.nd ;ymmetry nu_mber Figure 1. Distribution of residence times for transitions from N
considerationg2can be, in the main, av0|d¢d in the COMPArisons  “~\ o at an energy of 25 019 crh (Note the change in vertical
because they apply equally to the reaction of NCCN in both gcgie at = 1 ps).
the one-trip and the extended calculations.

In addition, the existing potential-energy surfaseas ex- is clearly bimodal with a large preponderance of crossings
amined for defects, and it was found that there were two gccurring before 1 ps and a smaller number of reactive events
unwanted depressions, one at fairly large-NCN separations ~ peaking around 100 ps. Figure 2 shows a typical 300 ps segment
and the other near the barrier to CNNC. These were remediedof 3 trajectory in which the central portion indicates upon which
by the inclusion of about 50 new MP2/6-31G* points covering sjde of the barrier the system resides and the outer portions
these two regions to make (with deletion of a handful of very represent the potential energies at which the crossings occur; it
high lying values) a set of 640 energies for fitting to a new s seen that the crossings tend to come in clusters, the feature
analytic function. This produced, somewhat unexpectedly, a near 200 ps lasting about 3.7 ps with a 0.48 ps gap partway
diminution in the unidirectional lifetimes of a factor of up t0  through and containing 49 events in all. An obvious conclusion
about 3 or 4 with respect to those found previodsBhen, to  from this diagram is that within a cluster the crossings do not
try to ensure proper behavior in the transition region, another gecyr at the same potential-energy value, implying that signifi-
230 energy points around the barrier were added, making a totalcant redistribution of energy occurs on this time scale.
of 870 points upon which the final potential-energy surface was  (h) NCCN = NCNC Reaction. The results for this reaction
based. The difference in lifetimes derived from the two new yield diagrams at all energies very like those shown in Figures
potentials was inconsequential, suggesting that there are noj and 2, except that crossings come in smaller clusters, no more
unwanted trapping areas in the barrier region. than 10-12 at a time. One example of a bimodal distribution

One other possible cause of spurious recrossings wasjs shown in Figure 3.
examined and discounted: in these calculations the potential |y every case the mean residence times in either well of the
energies are evaluated using internal coordinates (In the NCCNrecrossing trajectoriegvere within a few percent of 0.1 ps for
case, for examplejj, 1 < i,j < 4,i = j) which could lead to  poth reaction systems. Figure 2 and the ones like it for this
an Uncertainty in orientation as three atoms pass thrOUgh ”nearityreaction Suggest that this recrossing phenomenon is not caused
or four atoms through planarity. (This could have accounted py inefficient IVR, as suggested previouslyCrossing-point
for the much greater frequency of recrossings found inthe-CH  energies exhibit a sinusoidal distribution about the midpoint
CN = CHsNC reaction since there are many more ways in petween the barrier and the total energy, as we noted e&rlier.
which such coincidences could occur.) Long stretches of Exact coincidences between successive pairs of energy values
coordinates and momenta during clusters of recrossings (se€or nonreactie crossings, printed out to four significant figures,
Figure 2) were examined, but no sudden reversal of any were the same for both reactions, at about 0.05%, and recur-
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component of momentum was ever detected. rences to within+0.1% and+1% were, respectively, about
0.5% and 5%; given the sinusoidal distribution, these prob-
Results abilities are close to being statistical.

(a) CH3CN = CH3NC Reaction. The occurrence of large
numbers of recrossings on a very short time scale was noticed
during the earlier investigatiSnbut was deferred for later Table 1 shows the corrected data for the mean first passage
examination. Figure 1 depicts a histogram of the residence timestimes of the forward and reverse processes in both reactions.
in the CHNC well at an energy of 25 019 crh The distribution Despite the procedural changes noted above, the conclusions

Data Analysis
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Figure 2. Distribution of crossing times and crossing energies fos@KM = CH3NC processes at a total energy of 41 150 &nThe horizontal
dashed lines represent either the barrier height or the maximum energy, measured from the minimum e€theve€H In the central portion of
the diagram a horizontal segment above the zero line depicts residence in §8& @ell, likewise for CHNC when below.
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Figure 4. Recrossing ratiofs versus densities of states(E)cn +
P(E)ne) for the NCCN= NCNC and CHCN = CH3NC reactions.

are as befor@that there is a gross failure to observe microscopic
reversibility, i.e.

P(E)n/T'ne = P(E)en/T"
NCTT NC GV CN Again, the pairs of residence times for the £THN = CHs-

in the CHHCN = CH3NC reaction where the interpolated NC reaction do not obey microscopic reversibility, although here
analytic potential surface was used, whereas for the NEEN  the mean lifetimes for isocyanide are shorter than for cyanide,
NCNC reaction, where an (improved) empirical potential surface as they should be, and not longer as they were in Table 1. The
was used, microscopic reversibility is fairly well obeyed, reason for these discrepancies, in both Tables 1 and 2, is not
remembering that the densities of states are only simple clear but may arise from some unsuspected discontinuities,
harmonic oscillator approximations. perhaps in the handling of the switching functions used in the
Table 2 gives the statistics from trajectories that were allowed potential-energy formulatiohlf so, this is a problem that may

to run beyond the first passage time for which the cumulative compromise other trajectory simulations that use similar kinds
reaction time over all trajectories is a little oveus. For the of potential functions, perhaps in protein folding, for example.
CH3CN = CH3NC reaction the total numbers of crossings On the other hand, the situation is very satisfactory for the
exceed the numbers of truly reactive crossings by an order of NCCN == NCNC case as far as microscopic reversibility is
magnitude, whereas in the NCCK- NCNC reaction the concerned. However, the mean residence times in the two
discrepancy is only about a factor of 2; in both cases, however, penultimate columns of the lower half of Table 2 are ap-
this recrossing ratioRg, increases with increasing energy and proximately a factor of 2 greater than the corresponding mean
therefore densities of states, as shown in Figure 4. This is notfirst passage times throughout Table 1; these differences are
an unexpected result; see, for example, refs 13 and 14. explained in more detail below. It should also be noted that the

TABLE 2: Recrossing Statistics for Extended Trajectories and Mean Residence Times Following Reactive Events

energy/cm? cumulative time/ns total crossings reactive crossings Rtio  t™ne/ps °cn/pS °cN/T Ne

CH3NC = CH:CN

25019 243 19 425 2217 8.8 191.4 206.6 11

33085 281 80 455 7918 10.2 56.4 76.0 1.3

41150 248 168 961 15142 11.2 18.8 31.6 1.7
NCNC==NCCN

13814 100 4605 2717 1.69 14.0 179.0 12.8

15528 200 23574 12 949 1.82 7.2 79.4 111

18 361 40 13109 6499 2.02 3.6 31.0 8.8

20 809 20 12172 5477 2.22 2.4 16.8 7.2

26 055 20 29508 12109 2.45 14 5.4 3.9
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TABLE 3: Mean NCCN Lifetimes Adjusted for Recrossing tories it does not. The latter gives the appearance that escape
Ratios from the NCCN well is a two-step process
energy/cm? Rs tlendps {Min2|Re}tlen/ps  cn/pS " L
13814 169  105.6 1785 179.0 A—B—C
15528 1.82 43.0 78.3 79.4 ) ) )
18 361 2.02 15.3 30.6 31.0 The standard expression for the concentration [B] as a function
20 809 2.22 8.2 16.4 16.8 of time ist2b
26 055 2.45 2.7 5.4 5.4
_ Kyt kot
[B] = [Aloki (e ™ — e )(k, — ky) 1)

division between recrossing and reaction, placed at 0.2 ps, is
rather subjective, and a different choice would alter some of ko kg it
the shorter mean residence times by as much as-20%, [Alokyte

whereas those longer than about 15 ps are negligibly affected

)

‘The function that approximates the right-hand hump in Figure

Discussion 3 has the same form, viz

Due to the imperfections in the GAN = CH3NC calcula- N(z) = Noklfe—klf or N(r) = Nyr/t“¢y, g N (3)
tions already exposed, the remainder of this summary will
concentrate mainly on the NCCi¥ NCNC results. The former  with k; = 1/r°cy andNg, which depends on the total number
are only of qualitative significance and included as evidence of crossings, adjusted to fit. This is similar for the other NCCN
that the bimodal distributions found in Figures 1 and 3 probably |ifetimes in Table 2 but somewhat more ambiguous for those
represent a more general pattern and to call attention to someof NCNC because the tail of the short-time recrossing peak
unresolved problems. merges significantly into the reaction peak.

As mentioned, the mean residence times for NCNC are too |t should be noted that the simple & B isomerization
short to be considered accurate, but we see that at the thregeaction was extensively treated as a three-state process ca. 20
highest energies the mean residence times for NCCN areyears agd?? but the distribution of lifetimes between the
virtually exactly twice those of the corresponding first passage various domains was not discussed. Further reexamination in
times. It is clear that here we have a situation somewhat like light of these new results is clearly warranted.
that envisaged by Polartyiand expanded upon later by many In an earlier numerical experiment on NCR@e found mean
otherd®awherein the potential-energy surface representing the first passage time distributions conforming to eq 1 when
reaction trajectories were started from a nonrandom distribution (zero

kinetic energy) withk, being identical with X'yc and kg

H+H,—H,+H interpreted as the rate constant for approach to the randomized

state from which isomerization took place. In this light the
has a basin at the top of the barrier in which the trajectory may equality ofk; andk; that is implied in eq 3 becomes plausible:
be trapped temporarily and from which it stands an equal chanceif each trajectory were to be run backward from its 1 ns end
of emerging in either the forward or the reverse direction. Thus, point (at infinite precision so that it did not diverge), then the
the transmission coefficiertwill then be one-half rather than  same distribution of residence times would be found but with
unity, which it would be if there were no basif. labels 1 and 2 interchanged. Moreover, the observation in Table

This is quite unlike the alternative models of Hirschfelder 3 thatr®cy = 2rlcy is consistent with the fact that for the
and Wignet’819and of Mille?® in which the recrossings distribution functionP(t) = kit exp(—kit) the mean lifetime
exhibit random gap behavior and the transmission coefficient f = 2/k;.
can takeany valuex < 1 depending upon the magnitudes of  One can also match the GEN and CHNC peaks to similar
the reflection coefficients. functions but only withky = kp, possibly related to the

In the present case there is no depression at the barrier alonghortcomings of those trajectory results already mentioned.
the minimum energy path and no obvious signs of one in the  |n addition to a fundamental understanding of the reasons
vicinity. Animation of the trajectories within these clusters of for the occurrence of the distribution function eq 3, with the
recrossings reveals a complicated set of twisting and breathingpossible implication that return from the transition region
motions in which the ends of the two CN groups continually resembles emergence from an ordered state, some other ques-
exchange allegiance with either C atom having an equal chancetions remain to be answered. It is not clear what determines the
of being terminal. There is no propensity for a return from the recrossing ratioRg, other than that, as shown in Figure 4, it
transition region to the original region of phase space, as foundincreases with density of states, i.e., either with increasing energy
in some other trajectory calculatios. or with increasing molecular complexity, nor whether the large

At the two lowest energies Table 2 shows recrossing ratios step inRy arises from these effects or from an insufficiency of
Rr < 2, and therefore, the transmission coefficiermhust be  coupling between the vibrational modes which we have alleged
greater than one-half: simply multiplying the mean first passage on previous occasiof8to impede proper randomization in the
timest'cy by {min2Re} yields numbers virtually identical with  CH,CN == CH3NC case. These are important questions since,
the corresponding mean residence tim&gy, as in Table 3. in the absence of tunneling, the transmission coefficient is given
Perhaps we could associate these values of the recrossing ratigy
Rr < 2 with the onset of small-molecule unimolecular reaction
behaviot® for which the transmission coefficient would then k= {min2|Ry} * (4)
be Rz L

The bimodal distribution of residence lifetimes exhibited in Recently, Truhlar and co-workéfsedefined the transmission
Figures 1 and 3 was unexpected: for the one-trip trajectories coefficient to include the augmentation of the rate by tunneling
the distribution of lifetimes conforms to the usual unimolecular as well as retardation from causes noted above. This is perhaps
exponential decay pattefd?but for the nonrecrossing trajec-  unfortunate at the present juncture as the former is a quantum
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process that can occur at any energy (but has its greatest import At this time these conclusions are claimed only for the two
below the classical barrier) and the latter are classical manifesta-isomerization reactions described in this paper and maybe for
tions which occur solely at or above the classical barrier. the isomerizatioh® and exchandereactions mentioned earlier,
However, in a fully quantum (wave pack&talculation sucha  all of them for isolated systems in vacuo; further work, both
distinction would disappear. Nevertheless, there is an interestingexperimental and computational, will be needed to demarcate
confluence in behavior on both sides of the barrier, with the their generality.

possibility that a unifying concept can be achieved through an

appeal to Ehrenfest's theorem. The approximate convergence Acknowledgment. | thank Dr. Raj Vatsya for discussions
of classical and quantal descriptions with increasing energy or about Ehrenfest's theorem.

density of states is well know#¥:26 It is most simply shown

for a single harmonic oscillator as the approach of the quantal
solution toward the classical o026 or for a single Morse < (%OHa)llgs,gilL-éSF;\ttal, E.; Govind, N.; Carter, E. A.Am. Chem.
oscnlat0|27_ and is equally applicable to any collection of OC-(Z) d'ann% D. 3. Hase, W. LJ. Am. Chem. So@002 124 3208
anharmonic oscillators. The present results show, conversely,3,gg.
an approach of the classical result toward the quantum picture:  (3) Schork, R.; Kppel, H.J. Chem. Phys2001, 115 7907-7923.
when the molecule finds itself in the immediate vicinity of the (4) Sun, L.; Hase, W. L.; Song, K. Am. Chem. So2001, 123 5753~
transition region, it stands an equal chanceT of going. eit_her to (5) Sumpter, B. G.: Thompson, D. ll. Chem. PhysL987, 87, 5809~
product or back to reactant. The corresponding behavior is very sg19.

familiar in the tunneling region, where the transmission coef- (6) Press, W. H.; Flannery, B. P.; Teukolsky, S. A; Vetterling, W. T.

ficient approaches one-half as the width of the (symmetric) g‘;gggr icggmcr:ggzz ISSSA” of Scientific CompufiGgmbridge University
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