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We demonstrate a new ab initio semiclassical technique for investigating tunneling effects. Using a semiclassical
approach, the method incorporates tunneling effects into first principles molecular dynamics. We apply the

method to the intramolecular proton transfer in malonaldehyde and find good agreement with the experimentally
measured tunneling splitting. This agreement suggests a wide applicability of the new method to proton transfer
and coupled electrenproton transfer processes.

Introduction main stumbling blocks in the molecular modeling of proton
transfer. The quantum mechanical nature of the nuclei must be

groups in close proximity, an intramolecular hydrogen bond is confrontedl to include ze(o-pomt and tunneling effects and at
formed and the hydrogen atom may tunnel between the donorthe same time the potential energy surfac_es must b? capable of
and acceptor groups. Malonaldehyde serves as a textbooléjescrlblng bond rearrangement._'l_’he later IS often quite a"Y'_“Nafd
example for such intramolecular hydrogen bonding and the in the context of analytic empirical functlons..The gmplrlcal
theoretical interest in this molecule has been supplemented byvalenCe bon(_j approach of Warshel and V\Fémrowde_s a
a series of spectroscopic studiegMost of the theoretical work  selution to this problem that has recently become p:utlcularly
on malonaldehyde is based on approximate two-dimensional PoPular in studies of the excess proton in wafet® The
potential energy surfacési! although Thompson and co- Primary difficulty is that all bond rearrangements which will
workers have recently investigated a full-dimensionality médlel. e allowed must be enumerated explicitly, leading to complica-
Both the height and the width of the barrier through which tions when studying proton transport, The dissociable water
the proton tunnels often depend very strongly on the motion of Potential of Stillinger and co-worket§*° avoids this problem
all the atoms in the molecule. Consequently, tunneling rates @nd it has also seen recent dsé: However, the increased
can be extremely sensitive to the potential energy surface thatflexlblllty comes at the cost_of uncertain accuracy. A_n attractive
is employed, irrespective of the degree of sophistication of the OPtion is “on-the-fly” solution of the electronic Schtimger
method that is used to predict the splitting. Thus, when €guation, sometimes called “direct dynamics.” Truhlar and co-
experimental data is available, one expects that tunneling Workers have investigated the use of semiempirical methods
dynamics will provide a sensitive probe of potential energy for this purpose, but found that accurate results usually require
surfaces near the barrier region. explicit re-parametrization for specific reactiolsMolecule-
Proton transfer and Coup|ed e|ect1=qm'oton transfer are SpeCifiC parametrization or flttlng is avoided in ab initio
important in many biochemical processes, for example, glyco- Molecular dynamic:~2° Several workers have applied ab initio
lysis and oxidative phosphorylation. There is therefore much molecular dynamics to hydrogen-bonded systems, but these have
interest in simulating such reactions. However, there are two been restricted to either classical Newtonian dynaffisor
equilibrium (imaginary time) quantum mechan#€g?Over the
* Author to whom correspondence should be addressed. past few years, we have pioneered ab initio real-time quantum
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dynamics®®-36 We have emphasized the case of quantum effects of the momentum of the tunneling particle along the tunneling
due to electronic nonadiabaticity, but have also shown that thesecoordinate x, is monitored. Each time that a classical turning
methods can be applied successfully to treat tunneling effécts. point is reached, the tunneling integral is computed using eq 2.
Recently, the Voth group has also begun to pursue the goal of For each trajectory the net (i.e., cumulative) tunneling amplitude
ab initio real-time quantum dynamié. is given by the sum of these instantaneous tunneling amplitudes
In this paper, we concentrate on a slightly less ambitious goal. (eq 4) and the results are averaged over the initial phase. Thus,
We do not insist on quantum nuclear dynamics, but instead usein the semiclassical picture, tunneling is instantaneous in real
a semiclassical formalism to describe the quantum mechanicaltime and conserves the momentum of all the particles. This strict
tunneling events, coupled with “on-the-fly” solution of the sudden approximation poses a problem for symmetric double-
electronic Schidinger equation. The semiclassical method well systems for the following reason: when passing from one
used123%ears a resemblance to surface-hopffipgocedures,  well to the other the position of all the atoms should be
with the tunneling event described by trajectories instantaneouslysymmetrically reflected. However, within the sudden ap-
hopping under the barrier from one turning point to another. It proximation, the positions of all atoms except the tunneling
has been improved somewhat by Keshavamurthy and Miller, particle are kept fixed during the tunneling “event.” To
but judging from the performance of the original method in two- overcome this difficulty, Thompson and co-work@msuggested
dimensional model problenfswe saw no compelling reason  evaluating only half of the integral, from the inner turning point
to go beyond the original, simpler method in this work. By (x.) to a pointxeym Where roy = ro..n. The result is then
solving the electronic Schdinger equation at each pointintime,  doubled. This leads to a discontinuous derivative in the integrand
during the propagation, the required potential energy surfacesat x,m and is thus not wholly satisfactory. However, it does
are generated “on-the-fly” and the rearrangement of the provide a workable solution whose accuracy may be similar to
hydrogen bond is accomplished smoothly (without any input that of the sudden approximation itself. Therefore, we adopt
parameters). This ab initio semiclassical technique turns out to this suggestion in this work.
be very accurate in the test case used here, where high-quality A complete description of the semiclassical model requires
experimental information is available. Because the semiclassical specification of the tunneling path. The “optimal” choice of
formal.ism is much less co§tly than fully quantum dynamics, g path has been the topic of many paffer€ and a variety
there is considerable practlca! advantage 1o 'th.e. method. Theyt cpoices (e.g., least-action, minimum energy, and straight line
work p_resented here is the_ first use of ab initio molecular paths) have been investigated. In general, one expects the
dynamics to evaluate tunneling rates. tunneling path to be curved toward the transition state and the
choice of a simple straight line (in the full-dimensional
coordinate space) is an approximation whose accuracy will vary
The semiclassical treatment of the tunneling rate used in this from molecule to molecule. Nevertheless, since in the present
work has been presented previously? and we give only a  case of malonaldehyde there is no obvious choice for a curved
brief discussion here. The method is based on the procedurepath, we have chosen the tunneling path to be a straight line
suggested by Makri and Millérand can be viewed as a classical parallel to the equilibrium ©0 distance vector. Other, more
trajectory/WKB approach. The semiclassical/WKB expression sophisticated, choices may be the subject of future investigation.

fqr the tunneling splitting in a one-dimensional double well is Time-independent ab initio quantum mechanical studies on
given by243 malonaldehyde indicate that the Hartrdeock (HF) approxima-
0 tion is inadequate. The predicted-@H distance (1.88 A), which
AE = 2hve @) is clearly of crucial importance to the tunneling dynamics, is in
poor agreement with the value (1.68 A) deduced from experi-
ment® Adding electron correlation effects via perturbation theory
(MP2) yields a structufé that is in good agreement with
1 e = experiment (@-H distance 1.69 A) and a barrier height for
0= R Jx< 2m[V(x) — E]dx @) proton transfer of 3.6 kcal/mol. The “best” estimate for the
barrier is due to Barone and Adaffievho, using the G2 method
The limits of the integral in eq 2 are the classical turning points and B3LYP/DZP geometries, predicted a barrier height of 4.3
(at total energyE) on the two sides of the barrier. As discussed kcal/mol. They compared post-HF and DFT methods and
in ref 9, one can express the tunneling splittidge] in terms concluded that, among the less demanding methods, the best
of the time derivative of the averaged net tunneling amplitude results are obtained by a hybrid DFT/HF approach. In particular,
the B3LYP method provides accurate structural parameters and
AE = 2h9 (8,0 (3) minimizes one of the serious drawbacks of DFT methettie
dt over-stabilization of structures in which a hydrogen atom is
shared between two electronegative atoms. In the following
simulations, we use the B3LYP/DFT method with double-
_ 4t yabn basis set8%%1 The equilibrium and transition state (TS) struc-
Shel) Z h(t = t)e “) tures at this level of theory are shown in Figure 1 as well as the
potential along the intrinsic reaction coordinate (IRC), computed
The bracket in eq 3 implies an ensemble average over the initialwith Gaussian 982 The predicted theoretical equilibrium
vibrational phase. The times that a classical trajectory is at a geometry is compared with the experimental microwave struc-

Theory

wherev is the frequency of the oscillator at a total enekgy
and@ is the classical action integral through the barrier

where

turning point along the tunneling directiorare denoted, and ture of Wilson et af (numbers in parentheses). In general the
h(&) is the usual step functionh(§) = 1 if £ > 0, andh(&§) = agreement is quite good and in particular the-B distance is
oif & <0. within 0.04 A of the experimental value. The tendency of DFT

Equations +4 provide the prescription for the semiclassical methods to overestimate electron correlation leads to an
approach: a classical trajectory is propagated and the magnitudeunderestimation of the energy barrier for proton transfer. For
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Figure 1. Energy profile (B3LYP) along the intrinsic reaction Energy / keal mol 1

coordinate for symmetric hydrogen transfer in malonaldehyde. The Figure 3. Histogram plots of the distribution of barrier heights (black

theoretical equilibrium geometry (right inset) is compared with the boxes) and of the product of this distribution with the average tunneling

experimental structure of Wilson eta{numbers in parentheses). The  amplitude as a function of energy (gray boxes). (The barrier height is

predicted transition state structure lies 2.3 kcal/mol above the equilib- defined as the difference in energy betweenand xs,,) Both were

rium geometry. All bond distances are in A and the reaction coordinate computed by averaging over all the tunneling events (each trajectory

is expressed as a mass-weighted Cartesian displacement from thesxperienced approximately four turning points during the simulation

transition state structure. time and we propagated 150 trajectories). As discussed in the text, the
second distribution (gray boxes) serves as a measure for the barrier

0.15 T T T T T T T height experienced by trajectories which successfully tunnel.

9 the experimental valug®” 21.6 cnt?. Although traces of the
0.1} ‘ ’ 1 steplike behavior of individual trajectories are present in Figure

C“\CH/CH CH\CH% " 2, these would disappear givep a larger ensemble. To estimate

the accuracy of the calculation, we have (I) computed the

splitting using seven randomly chosen sub-ensembles of 80, 100,
and 120 trajectories and (1) fitted the data up to 35, 40, and 45
fs. Both procedures result in an error bardef cm ! and the
specific value of the splitting that we report is for the full 150
15 20 25 30 35 40 trajectories and an integration period of 40 fs.

The quantitative agreement between calculation and experi-
ment is somewhat surprising. Although the B3LYP method
Figure 2. Average net tunneling amplitude as a function of time in provides quite accurate structural parameters (when compared
femtoseconds. Results are for an ensemble of 150 trajectories and thefo the HF method and/or BLYP and BP functionals), it also
splitting derived from this curve is 2& 1 cm?, to be compared with . . . ’ .
the experimental valdé of 21.6 cnr™. underesumate; the barrier height for proton transfer (see Figure

1). Moreover, similar agreement (21.8 thhhas been reported
by Thompson and co-workérausing a parametrized PES with
a much larger barrier height (10 kcal mé) and a very similar
width along the IRC. Since this previous work used the same
semiclassical treatment of the dynamics, the final agreement of
the tunneling splitting may be puzzling. However, the important
point to note is that the dominant factor in determining the
tunneling splitting isnot the barrier height along the IRC, but
an effective barrier height, i.e., the barrier experienced by the

The tunneling splitting was calculated using egs4l A trajectories that have a nonnegligible contribution to the
modified version of the Jaguiicode was employed to compute  tunneling amplitude. This effective barrier height must be similar
the electronic structure and semiclassical dynamics. An en-in the B3LYP and parametrized PESs. (The effective barrier
semble of 150 trajectories was propagated using a velocity Verletwidth is also important. However, the width of the IRC in the
algorithm and a time step of 0.25 fs. At each point in time and two PESs is similar. Hence, the effective widths are likely also
for each trajectory, the necessary potential energies and gradientgery similar.) As a measure for the height of the effective barrier
were obtained by solving the electronic Satirger equation. we have computed the distribution of barrier heights and the
The initial conditions were sampled as appropriate for the product of this distribution with the average tunneling amplitude
molecule in the ground vibrational state. Zero-point energy was (as a function of barrier height). The second distribution serves
deposited in each normal mode, and the phases were choseas a measure for the effective barrier height (because it weights
according to the usual quasi-classical procedtifEo ensure each barrier height by its average tunneling probability). Since
that this initial state remains approximately unchanged (i.e., zero-the effective barrier height is a product of two functions: one
point energy does not flow between modes and classical barrierrapidly decreasing with energy (tunneling amplitude) and one
crossing does not occur) a short run time of 50 fs was used. centered at-27 kcal/mol (barrier heights), its magnitude12
Within this time duration, approximately four tunneling events kcal/mol) is determined (as expected) by the low energy tail of
were observed for each trajectory. the distribution of barrier heights. Figure 3 suggests that the

We have calculated the tunneling splitting (eq 3) from the relevant barrier height is actually £25 kcal/mol, much higher
average net tunneling amplitude shown in Figure 2. The than the barrier along the IRC.
calculated splitting, 23 1 cn1%, is in excellent agreement with Thompson and co-workers have pointed out that the effective

<8 (>

0.05 L AE=21 +1 cm’

0

0 5 10
Time / fs

example, the BLYP and BP functionals predict energy barriers
of 1.0 and 0.4 kcal/mol, respectivel§ This effect is strongly
reduced when including exact exchange (B3LYP), but not
completely eliminated judging from the resulting barrier height
of 2.3 kcal/mol.

Results and Discussion
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