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Reactions with delocalized transition states (plateau reactions) can be characterized statically by their energy

profile along the reaction path, where they exhibit a broad, flat region instead of one or several well-defined
saddle points on the potential energy surface. Employing our new, highly flexible quantum dynamics code to

perform two-dimensional and effective four-dimensional quantum wave packet propagations on ab initio based
model potentials, we show that plateau reactions can also be discerned from the other standard reaction types

by their dynamics.

1. Introduction meet several challenges: (1) identification of the degrees of
Instead of a usual, i.e., localized, transition state, plateau freedom (DO.FS) most relevant o the reaction, (2) calculation
of the potential energy surface in these degrees of freedom, to

reactions exhibit a flat region in their energy profile along the - i
reaction path. This puts them between the textbook case of asuff|C|ent accuracy (presumably possible Onlylon-f[he-ﬂy), and
(3) actually performing the quantum dynamics in all these

simple barrier reaction (Eckart potential profile) and a two-step d f freed hich includes th bl f setti
case with a reactive intermediate. First one-dimensional studies’©9r€€s ot freedom, which includes the problems of Setling up
fhe kinetic part of the Hamiltonian and of representing the

of plateau reactions have revealed that they show quite unusua i onal funct
features (vide infra) in contrast to standard concerted or stepwisemu idimensional wave function. ) .
Based on our exploratory studies using the RPH formalism,

mechanisms. At the moment, however, little is known about . 9 i
we expect that these systems will exhibit dynamical features

these reactions. Plateau reactions occur in different double hat differ f both dard book f a sinale Eck
proton transfer reactions (DPTRs) but also in other c&ses, that difter from both standard textbook cases of a single Eckart
barrier and of a reactive intermediate. Therefore, it is crucial to

including biochemically relevant ones as the guanine/cytosine A L N
base paif. Proton transfer steps not only are important for the characterize plateau dynamics in contrast to these two limiting
ses.

currently frequently studied base péif&ut also often constitute i .
Here, we present first steps toward quantum dynamics of

key steps in chemical reaction mechanisms and biochemical - ! - > U
plateau reactions, solving the challenge of setting up the kinetic

processe&:12 Therefore it is important to investigate their S i S
dynamics in detail. part of the Hamiltonian. We work out first characteristic

Single proton transfers have been intensely investigated, with differences of this reaction type compared to the standard ones.
high-level calculations and beyond the one-dimensional picture, 10 this end, we use both fully realistic ab initio quantum
leading to good agreement with experimental resdli4. cheml_st_ry potentlals and model _p(_)yentlals. The latter not only
Recently, even quantum effects on single proton-transfer stepsWere |_n_|t|aIIy fitted to theS(_a ab initio data but also o_ffer the
in an enzymatic system have been studfda. contrast, DPTR possibility to seamlessly switch between all three reaction types.,.
dynamics are much less well studied. Several groups haveAll of these reaction types have already be(_en_ detected by static
examined the formic acid diméf; 17 but due to symmetry this ~ €Nergy profllg analysis for pyrazole-guanidine clusters with
is a standard Eckart profile case, offering no insights for plateau Varying substituent patterdg® .
reactions. Two of the present authors have studied DPTR plateau The remainder of this paper is organized as follows: In
dynamics within the reaction path Hamiltonian (RPH) using Section 2 we briefly discuss relevant aspects of the theory. In
classical mechanid$,showing that transition state theory is not Section 3 we give essential details of our computational approach
applicable to these systems. The classical dynamics treatmenfnd of our test cases. In section 4 we present exemplary
within the RPH picture does not allow for a consistent dynamical results for these systems. Section 5 finishes with a
investigation of the dynamical effects associated with the Prief summary and conclusions.
different potential energy surfaces when switching from a
concerted to a stepwise reaction mechanism. In any case, the2- Theoretical Background
very light masses involved in DPTRs call for a quantum A standard approaches to full quantum dynamics scale very
dynamlc_al treatment. Howe\_/er, no higher-dimensional quantum steeply with the number of DOFs. To be able to focus the
mechanical dynamics studies of these systems are known t04ynamjcal treatment on the internal DOFs of the molecule, one
us, in fact not even one-dimensional ones. ) ) is therefore forced to abandon the simple form of the kinetic

Due to the size of the systems under consideration, the nart of the Hamiltonian operator in Cartesian coordinates and
quantum dynamical treatment of these reactions will have 10 14 gyyitch to curvilinear coordinates. However, this transforms

* Corresponding author. E-mail: hartke@phc.uni-kiel.de. the task of finding an analyticql representation for the kinetic
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employed for this task, resulting in long and complicated 1. The rigid-constraint modéf2° Within this approach, the
expressions that are awkward to handlédditionally, the passive coordinates are held fixed, e.g. at their equilibrium
resulting expressions (and computer programs) are not universalvalues. The big advantage concerning the quantum chemistry
but have to be changed for each new case to be treated. Ifcalculations is, of course, that the PES is needed only in the
constraints need to be added, as in the case of limiting the active coordinates and only in the form of single-point calcula-
dynamics to various active subsets of all DOFs (which is tions. However, freezing the passive coordinates may allow for
essentially unavoidable for larger systems), this approach canenergetically unfavorable motions of the molecule. Furthermore,
become completely impracticable. Active development is being there are no unique and obvious choices at which values to fix
done in this are&3 but these basic problems of the traditional the passive coordinates.
approach still persist. 2. The adiabatically constrained or flexible modelThis

In the following, we will briefly review the basic formulas  approach consists of adjusting the variation of the passive
needed in this context, where for the sake of simplicity we coordinates to those of the few active ones by means of a
restrict ourselves to the case of zero total angular momentumrestricted local potential minimization. On the quantum chem-

(J = 0). A detailed treatment including the ca¥e- 0 can be istry side, the local minimizations increase the computational
found in references 24 and 25. burden (but not as far as in the next case). They do, however,
Assuming that the configuration for a-atomic molecule provide a unique, well-defined choice of coordinate values for
is appropriately described in terms ofN3— 6 internal the passive coordinates. In general, these values of the passive

coordinatesy = (g..., g® )T, the general expression of the coordinates are not constant but rather functions of active
kinetic energy operator can be written in a very compact coordinates. This may or may not agree with the dynamic
form24-27 propensities of the system. Therefore, in some cases this model
is known to produce rather large and unrealistic effective masses

13¢° " and extrapotential tern?$
AL i ,
T@p) = le g(@h 1) 3. The (harmonic) adiabatic approximation (H)ADAS34In
! the adiabatic approximation, the active and passive coordinates
wheref; = —i hd/dq are the conjugate momentum operators, are treated very analogously to the slow nuclei and fast electrons
pit = J7Xq) pi J(q) are their adjoints, andi are the contra- in the Born-Oppenheimer approximation. The major disad-

variant components of the metric tensbdenotes the Jacobian  vantage is that the full PES for all coordinates is needed. One
determinant of the transformation from Cartesian to curvilinear possible way to circumvent this problem is to perform a
coordinates. guadratic (harmonic) approximation of the potential perpen-
Expanding eq 2.1 leads to an expression for the kinetic energydicular to the active minimum energy path or domain. In this
operator which is much better suited for numerical calculations sense the HADA is closely related to the RPH formalism.
But whatever the nature of the constraints, all of the above
36 considerations concerning the derivation of the kinetic energy
T(a.3;) = Zf (q) + z f 1(Q)_ (22) operator become more involved. This applies even if analytical
=1 expressions for the unconstrained system are avaitélbe
reason is simply that imposing constraints modifies the metric
of the (unconstrained) configuration space and thus the Jacobian.
) K2 Hence, as the above formulas show, the kinetic energy operator
f)'(a) = — Eg” (a) (2.3) also changes.

2 3N-6
8

with

2 N6

fil) = [J @2 J(q)]g"(q)+[ g"(q)]

3. Computational Details

For our current and future work on quantum dynamics of
(2.4) plateau DPTR reactions, we need an efficient route for testing
different sets of active DOFs and for treating passive coordinates

It should be noted here that all the above equations are validon different levels as described in the previous section. The

only if the standard Euclidean volume element=d J(g)dq importance of these choices has been nicely pointed out in the
has been used to normalize the wave function. In case anrecent literature, for example by Luckhai$nstead of deriving
arbitrary weighting functiorp is used (i.e,/y*(q)y(q)e(q)dq analytical expressions for the kinetic energy operator, we have

= 1), the kinetic energy operator in eq 2.1 has to be modified therefore decided to adopt an alternative approach of Lauvergnat
according toT — T¢ = J~120127J12p-12. As a consequence, et al3%37 They have shown that it is possible to calculate the
the substitution) — p is necessary in eq 2.4, and an additional coefficients needed in the general expression for the operator
purely multiplicative termVepappears in eq 2.2. The latter, being of the kinetic energy, eq 2.2, numerically (but exactly), as a
a function of the coordinates only, is often referred to as the function of the current geometry. This also allows for a
extrapotential term? comparatively simple restriction of the dynamics to arbitrary
However, if the size of the system under investigation exceeds subsets of active DOFs. (For brevity, in the following text, we
a number of four or maybe five atoms, and if traditional means use the designation TNUM both for this approach and for its
of wave function representation are used (which imply expo- implementation as a computer subroutine by Lauvergnat et al.)
nential scaling of computational expense), some kind of reduced- We have joined the TNUM program of Lauvergnat et al. with
dimensionality approach is clearly unavoidable. One general state-of-the-art quantum wave packet propagation technology
strategy is to divide the whole set of degrees of freedom into already present in our group, including various basis, grid, and
an active subset, which is treated explictly (and exactly), and DVR representations of the vibrational wave function as well
an inactive/passive subset, where approximations and/or con-as the most important time propagation algorithms (split-
straints are applied to reduce the overall work. Three commonly operator, symplectic, short iterative Lanczos, Chebyshev). The
used ways of treating inactive coordinates are as follows: resulting quantum dynamics program can be used unchanged
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to perform quantum dynamics for quasi-arbitrary choices of 80 T T T
coordinates and active/passive DOF subsets, including differing m:ﬁ;’) s
numbers of DOFs. Of course, since for the present study we Edart; case(3)
employ traditional direct product bases, practical applications mmﬁﬁ .
here are still limited to relatively few DOFs.

As a standard case for a plateau system we are employing
here the pyrazol-guanidine cluster, for which one- and two-
dimensional potential energy surfaces are available from prior
ab initio quantum chemistry calculatio#s38 Along the one-
dimensional reaction path (with all other coordinates relaxed),
this system exhibits an almost exactly flat plateau. With the
two NH-distances as active coordinates (and again with all other
coordinates relaxed), the plateau stretches in two dimensions
but is slightly less pronounced than in the 1D picture. This 0 —— ' :
indicates that the plateau is not just a 1D feature (a valley with 1 o 9 .
a level floor but steep walls) but a multidimensional one. reaction path / A
Naturally, however, it does depend on the choice and treatmentrigure 1. Energy profiles along the minimum-energy paths of the 5
of coordinates: With the passive coordinates fixed at their values model reaction types used here.
at the (formal) transition state, the plateau gives way to a well
with a depth of 5 kJ/mol. The choice of passive coordinate have pure Eckart form in the 1D cuts of Figure 1; in this sense,
treatment is further discussed below. we use “Eckart” as a shorthand for a typical single barrier case.

We know from previous worid® that more than two For simplicity, in the following we use the term “plateau region”
coordinates are significantly involved in the reaction path, notonly just for the true plateau region of case (1) (correspond-
including heavy-atom motions such as relative translation and ind to the reaction path intervat.25 A, + 0.25 A] in Figure
angular motion of the two monomers (which parallels findings 1) but also for the same spatial region in all other cases. In the
on similar systems in the literat#e949. At the present state ~ Present work, we are only interested in the dynamics in this
of propagation technology, we therefore see little chance for a plateau region; therefore, the form of the potentials beyond the
full investigation of the dynamics of this system, including all reactant/product minima (outside of the reaction path interval
48 degrees of freedom. Hence, we have resorted to fitting adepicted in Figure 1) is irrelevant to us and will be eliminated
two-dimensional model surface to the ab initio data, consisting from the dynamics by absorbing potentials (see below).
of a flexible set of Gaussians and polynomial functions.  These five prototype cases allow us to search for characteristic
Variations of the fitting parameters allow for all deformations differences in the dynamical behavior of plateau reactions versus
of the model surface needed in this context. single and double Eckart barriers. One obvious candidate for

In section 4, we present quantum dynamics on this model marked differences in behavior is the residence time in the
surface, for five selected cases: (1) Treemal plateau system  plateau region. Two of us have already investigated this quantity
which is the original fit of the model potential to the ab initio by approximate classical mechanical RPH dynartidsrom
data. Since the other coordinates were relaxed in the ab initiothese studies, and from straightforward physical intuition, we
calculation but are held fixed here, the dynamics on this potential €Xpect it to be very small in cases (3,4) and large in case (5).
corresponds to a hypothetical system exhibiting a realistic However, it is a priori unclear whether a plateau system will
plateau in two active coordinates. (An example for the effects be close to one of these two cases or between. As a simple but
of geometry relaxation in the kinetic energy operator is presented meaningful check for this situation we place an initial packet
in section 4.3.) (2) Thextended plateau systeim which the on the formal transition state, with a width on the order of the
model potential of case (1) has been modified such that the plateau width (case 1). To arrive at a meaningful comparison,
plateau is considerably broader, exaggerating its dynamical we use the same initial wave packe, to) for all cases, chosen
effects. This situation has been found and studied for the systemto be a two-dimensional Gaussian
fluoropyrazol-guaniding® (3,4) TwoEckart systemsn which

T
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the plateau is replaced by a single Eckart-type barrier in two _ 21\ B @ — g')?
different ways. (5) Theeactive intermediate systenwhere a Y. t) = I_l —| ex Tz (3.1)
well appears in place of the plateau. Figure 1 shows one- i=1\70 i

dimensional cuts along the minimum-energy paths for all five A
cases. As discussed in previous wbH2%4lthese energy profile  centered at coordinaté = 1.45 A and with widthsy; = 0.15/
variations can be understood as arising from the presence ofv2 A. Figure 2 depicts this initial wave packet on a two-
two single-barrier reaction steps which can occur simultaneously dimensional view of the PES for case (1), in the NH-distances
(Eckart cases (1) and (2)) or successively (case (5)). The plateaw! (j = 1, 2).
cases (1) and (2) arise between these two limiting cases. It should be pointed out that this initial packet is not merely
It should be emphasized here that the model potentials for a technically helpful construction but simultaneously a proposal
all cases (2)(5) were generated from case (1) by applying the for future experiments: As pointed out in previous wétk!
smallest possible amount of deformation, keeping all other the PES of certain excited states of plateau systems appear to
features of the two-dimensional PES (in particular including be mirror images of the ground state PES, with a broad
those away from the reaction path) as close to the original ab minimum in the region of the ground state plateau. Thus it
initio form as possible. For this reason, these deformed potentialsappears possible that the initial state we are using here may
can be expected to be good models for real DPTR systemsactually be accessible to experimental preparation via suitably
exhibiting these energy profile feature®.2041For the same  designed laser pump-dump schemes involving such an excited
reason, however, the profiles classified as “Eckart” here do not state.
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Figure 2. Initial wave packet in the plateau region of the 2D potential
energy surface (case (1)). The potential is depicted with a color code
(in kd/mol). The two stretch coordinates are shown in A.

As measures for the retention of the initial wave packet in
the plateau region we employ the autocorrelation function and
the quantum mechanical flux leaving the plateau area. The
autocorrelation function< is defined as

)= [y*(a,t) y(a.t) dg (3.2)
where we have used the Wilson normalization converfidh,
i.e., p(q) = 1= dr = dg. Due to the specially chosen spatial
extent and location of the initial packet, the absolute value of
A already provides indications for the retention time of the
packet in the plateau region. However, sindg, t) and hence
also _(t) are complex quantities in general, it is not strictly
conclusive to examing ¢(t)| (a single real function) alone. Or,
in other words, a decrease [in/(t)| can be caused by decrease
of overlap betweeny(q, t) andy/(q, to) in coordinate space or
in momentum space (or both).

In earlier case$! we have also examined the phase dft)

to overcome this ambiguity. Instead, in the present case of more

complex dynamics, we additionally monitor the quantum
mechanical flux leaving the reaction barrier region. For this
purpose, we have defined this region as a simple squarefarea
={qeRy0je{l,23:q9g=12AAq =17 A. The flux
through the boundarie®A of this area, denoted &g, can then

be written as

TM) = f,ajnds= [,V dg
with v+ = 2h Im(y(q, t) Ty(q, 1)) (3.3)

and the common notations for the flux dengifythe outward
pointing unit normaln and the surface elemenSdWe have

J. Phys. Chem. A, Vol. 110, No. 48, 20063017

energy conservation are then ensured to stay below 10
kJ/mol. For the absorbing potentidal, we apply the complex
version of Manolopould® and Zhang/’

2
=1
_ q ]max - q]
q' —ap
‘The starting coordinates of the absorbing potential are set to
qh = 2.15 A. The amplitudes of the real and imaginary part
areVrj= —0.127E;maxandV,j = —0.994E; nax respectively.
For the dimensionless parameters in the exponents wegjse
= 0.739 ando,; = 3.071. Under these conditions, we have

verified that no parts of the wave packet reach the grid
boundaries.

with (3.4)

K;

4, Results

4.1. Plateau vs Eckart.Figure 3 shows snapshots of the
propagation of our initial packet on the plateau PES (case 1).
A considerable amount of a surprisingly long-time retention of
the wave packet in the (blue) plateau region is visible, but in
this presentation this effect is obscured by other features of the
evolving wave packet that are irrelevant for our purposes.

Since it is difficult to easily show the differences between
the various cases in this form of presentation, we focus on more
condensed but also clearer information in the following. Figure
4 shows the modulus of the autocorrelation functions for 2D
guantum dynamics for the five test cases described in section
3. As explained there, due to the spatial extent of the initial
packet, the autocorrelation function is a good measure for the
retention time of the packet in the plateau region. The fluxes
provide a complementary view and ensure that the autocorre-
lation data are not misinterpreted.

As expected, in the two Eckart cases (3) and (4), the
autocorrelation falls off to almost zero without noticeable
features within 5-10 fs, corresponding to a fast and essentially
complete departure of the initial packet from the plateau region.
This is confirmed by the strong initial flux peaks, followed by
a quick return to the baseline. Apparently, the dynamical
differences between the two Eckart cases are only minor. At
about 30 fs, the wave packets have oscillated back and forth in
the reactant/product minima (black regions in Figure 2) and
partially return to the plateau region. To prevent this, we have
applied absorbing potentials at the boundaries of the propagation
grid. The remaining increase of the autocorrelation functions
at about 30 fs is largely due to a partial revival based on
oscillation in the symmetric stretch mode (along the bisectoring
line). In any case, the dynamics beyond 30 fs is not dominated
by the shape of the PES in the plateau region anymore.
Therefore we focus the following discussion only on the initial
time up to 30 fs.

The autocorrelation function for case (1) (corresponding to
the original ab initio data of pyrazol-guanidine) strongly differs

tested different reasonable sizes and shapes for thefarea from both Eckart cases. Besides falling off more slowly, this
ensuring that the results are qualitatively independent of the initial falloff is only to a value of 0.2, indicating retention of a
special choice made in the current presentation. surprisingly large part of the wave packet on the plateau, which
The results presented in the following section are all obtained disappears only on a longer time scale. Correspondingly, the
on a spatial grid betweeq!,,, = 0.6 A andq),, = 2.4 A, initial flux peak at 3 fs is much smaller than in both Eckart
using 80 gridpoints per dimension. Convergence of the results cases, and the following falloff to zero is less rapid and more
is checked with higher numbers of gridpoints up to 20Q00. structured.
For time propagation, we use the short iterative Lanzcos This is again clearly different from case (5) (reactive
schemé® with dimension 12 for the Krylov subspace and a time intermediate). There, we find retention to a much higher level
step of 0.1 fs. Without the absorbing potential, deviations from of 0.4 in the autocorrelation. As an additional signature of a
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Figure 3. Propagating wave packet on the 2D plateau potential (case (1)). Presentation as in Figure 2.
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Figure 4. Absolute value of the autocorrelation functions (left-hand) and quantum mechanical fluxes (right-hand) for 2D dynamics of the 5 model
reaction types used here plotted against the propagationttime

potential well, two peaks of a vibrational movement in this well Specifically, we have run large swarms of trajectories with
with a period of about 10 fs are visible (at 22 and 32 fs). Again, initial conditions sampled from a Wigner quasi-probability
both features (higher retention and systematic oscillations) aredistribution W, which for the initial wave packet (eq 3.1) is
also visible in the flux data. given by

This strong retention effect is induced by a comparatively
small well (cf. Figure 1). Or, viewing the situation from a _ 1 2, 0 a2 2,k xky2
different perspective, getting the same amount of retention usingW(q’p) - Hﬁ exp(-o; (@’ — @')) expt-oi (p" ~ P))
a plateau without any well is surprisingly difficult. Of course, Ik (4.1)
retention on a plateau increases if the plateau is extended.
However, as case (2) shows, even if the length of the plateau The average values for the momefitare zero, and all other
along the reaction path is doubled, the retention effect is still parameters are the same as described in section 3.
clearly below that of the reactive intermediate case (5) (and The classical Hamilton functioRl here reads
discernible by the shape of the autocorrelation and flux data).

Therefore, plateau reactions are not just an elusive borderline
phenomenon but presumably constitute a class of their own,
distinct from the two textbook cases of a single Eckart barrier
and of a reactive intermediate.

4.2. Quantum vs Classical MechanicsThe main aim of
the present work is to show that plateau reactions form a class
of their own, with distinctive features in their dynamics, as
compared to single-barrier and reactive-intermediate situations,
even in a quantum dynamical treatment, as it is appropriate for
dynamics mainly dominated by light hydrogen atoms. This has gnqg
been demonstrated by the result presented above. As additional
aspect, one may ask if this special status of plateau reaction
dynamics has quantum or classical mechanical origins. In our
previous worki®20 we have already performed classical-
mechanical dynamics, albeit for an RPH representation of these
systems, which is not directly comparable to the models studied We also need the derivatives of thenetric with respect to the
here. Therefore, we have also performed classical trajectory active coordinategi. These are also easily computed with the
calculations for the present model cases. TNUM code.

H(a.p) =3 p-a(a)-p + V(c) (4.2)

whereg is again the contravariant metric tensor from eq 2.1.
To solve the canonical equations of motion

q'= Zg"k(q) P (4.3)

i_ 1< i@ V()
p—zkzl aq" P« By aqj (4.4)
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i . . T T T . . . . case(s). Here, it is important to remember that we are using
= 08l Flutewn cusact) - e very special initial conditions (“on top of the barrier”), and
s - Plateau: case(2) ~ quantum | therefore tunneling through the Eckart barrier is not expected
g - Eckart: case(3) ~ ;,};;‘,‘;'ﬁ:{ Sy to be an issue. Likewise, effects from vibrational zero-point
: & N ] __ classical - 1 energies are not expected to induce qualitative changes in
=2 i\ ntermediate: case(5) — quantum K .
— o6t W clasdiil E dynamical behavior.
<. &l | For the case (1) plateau, classical and quantum mechanics
“g - | again are identical within the trajectory sampling error. As
S expected for a broader barrier, and as explicitly demonstrated
__ 03¢F 1 in our previous work,tunneling is unimportant for plateau cases,
;* 02 | g even for different initial conditions (corresponding to a full
“5' e b ; Pl = reaction, i.e., from one minimum over the barrier to the other
= minimum).

6 5 15 5 26 28 B . 45 45 &b First differences between classical and quantum mechanics

¢ [fs] are visible for the still broader case (2) plateau, and they become

) ) o ] ) significant for the case of a reactive intermediate. In the latter
Figure 5 Quantum mechanlca'l (solid lines) and classical (dashed lines) case, tunneling out of the shallow reactive intermediate well
B{gttt):g 'ggamgffhuge;éggézt?éﬁet?mt;; ?;rﬁzofsoer C?r:‘(; S?f the test cases cont.ributles to this eﬁept. In both cases, however,.also variations

of vibrational zero-point energy along the reaction path have
decisive effects. As we concluded in ref 20, this can transform
shallow reactive intermediate wells into effective plateaus or
even small effective barriers or vice versa. In fact, this
conclusion was our main reason for switching from classical to
guantum mechanical dynamics with the present work.

In summary, the presence of a plateaulike energy profile is
also qualitatively discernible in a classical trajectory treatment.
However, clear distinctions between true plateau cases and
deviations from them toward small single or double barrier cases
Figure 6. The two angular coordinates.{,a.;) incorporated into the can only_ b_e made V_V'th a quantum dynamical treatment.
dynamics via the flexible model. 4.3. Rigid vs Flexible Model.As an example for the effects

of incorporating geometry relaxation of inactive coordinates into

For the classical time propagation we use a fourth-order the kinetic part of the Hamiltonian, we use the flexible model

Runge-Kutta algorithm with a time step of 0.1 fs. This ensures for the two angular coordinates = O(H;, N;, C;), depicted in

energy conservation to within 1®kJ/mol. Figure 6. From our previous studi&swe know that these two
Figure 5 shows direct comparisons between the quantumcoordinates are among those with larger contributions to the
mechanical and classical probability measusgwm(A, *) = reaction path. Numerical single-point information on the

Saly(g, )12 dg anducm(A, *) = ZiN:‘il Oa(i, *) as functions of dependence of these two passive coordinates on the values of

the propagation time. Here, the functi@u(-, t) counts the the two active stretch coordinates was extracted from the

numbers of trajectories inside the spatial a#gghe same area  available ab initio data. Analytical fits of simple polynomials

as the one described in section 4.1) at timeshere the total to these data enabled us to provide analytical derivatives of these

number of trajectorieBl; for each case is 215 760 sampled from dependencies, which is necessary input information for incor-

eq 4.1. In order not to overload the figure we do not show the poration of these two DOFs as flexible passive ones into the

second Eckart case (case (4)) here, as the results are qualitativelpumerical kinetic energy part of the Hamiltonian.

the same as for case (3). Figure 7 shows the autocorrelation functions and fluxes for
Obviously, the differences between classical and quantum this new case (using again the same initial wave packet), in

mechanical dynamics are completely negligible for the Eckart direct comparison to the previously shown case (plateau case
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Figure 7. Absolute value of the autocorrelation functions (left-hand) and quantum mechanical fluxes (right-hand) for all passive coordinates taken
as rigid (red lines), compared with two angular coordinates treated as flexible (green lines).
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(2) in Figure 4) where these two passive coordinates were rigid establishes higher-dimensional but sparse representations of
(as all the other passive ones). vibrational wave packet$ and system-specific global reopti-

Clearly, the difference in the autocorrelation functions mization of parameters in semiempirical methéti€ombina-
between these two ways of treating the passive coordinates intion of these techniques with those presented here will allow
a plateau reaction is smaller than the differences for different for a quantum dynamical treatment of plateau DPTR reactions
reaction types (cf. Figure 4). They are also smaller than thosein all relevant degrees of freedom. This will be the topic of our
observed for tunneling splittings in an Eckart-potential energy future work.
profile 35> However, they clearly are far from negligible. An
analysis of the corresponding wave packet movement (not Acknowledgment. F.v.H. and B.H. thank the group of
shown) reveals that in the flexible case the effective 2D wave Michéle Desouter-Lecomte (Paris-Sud), in particular David
packet spreads more slowly (corresponding to a larger effective Lauvergnat and Benjamin Lasorne, for giving us their TNUM
mass), in particular in the asymmetric stretch direction (per- program and for helpful discussions regarding its use. Financial
pendicular to the bisectoring line). This causes the higher support for this work via DFG Grants RA 656/9-1 and HA 2498/
retention effect visible in the autocorrelation function during 6-1 is gratefully acknowledged.
the first 30 fs. This analysis is confirmed by the flux data, which
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