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The optimal tunneling path for the proton transfer in malonaldehyde
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The proton tunneling reaction in malonaldehyde at low temperatures is investigated. The principal
aim of this study is to find the optimal tunneling pathGaK in the framework of the semiclassical
theory with a global optimization method. An amount of 112@&6inito points was determined in

the reaction swatfi.e., the conformational space enclosed by the minima and the transition state
of malonaldehyde. With a simulated annealing approach, the path with the smallest integral of the
imaginary action through the swath from minimum to minimum was determined. Surprisingly the
optimal tunneling path was found to be quite far off the large curvature tunneling[paththe
straight connection of the two minima large-current tunnelinGT path]. At the beginning, it is
following the minimum energy pattMEP) (i.e. the path with the lowest energy connecting the two
minima and passing through the transition stad@d then it is describing a curved path through the
reaction swath. This curve was determined several times with different annealing schemes, which
ended up with the same result—the tunneling path is proceeding close to the MEP rather than to the
LCT path. Along the optimal tunneling path, the ground-state tunneling splitting was calculated with
a new semiclassical method introduced in an accompanying &idy. Tautermann, A. F. Voegele,

T. Loerting, and K. R. Liedl, J. Chem. PhyKkl7, 1967(2002, following papet. Another focus of
investigation was the influence of deformation of the tunneling paths and a general scheme of
determining an approximated optimal tunneling path at 0 K is introduce@0@2 American
Institute of Physics.[DOI: 10.1063/1.1488924

I. INTRODUCTION rier is one central point to be considered. Actually one has to
bear in mind that the tunneling path crosses a high dimen-

The nonclassical crossing of energy barriers is a subjedional space, as the dimension of a nonlinear molecular sys-
which has been investigated since the quantum theory arosgm with N atoms is 8I-6. Therefore, the determination of
Several different tunneling corrections beginning with thethe tunneling path is a nontrivial task. Normally, the space
crude Wigner correctionare added to Eyrings theory of the enclosed by the three stationary points of a reactien, the
activated complekto reproduce accurate reaction dynamicsminima and the transition statehe so-called reaction swath
of molecular systems. Wigner’'s correction just depends ofs considered for tunneling. As the instanton is considered to
the imaginary frequency at the transition state of the reache the path with the highest tunneling probability through a
tion, but in the meantime, there has evolved a vast number gkaction swath, it would be necessary to determine it at each
different methods which aim to describe the tunneling corpoint along the minimum energy patMEP) to yield accu-
rection accurately:* The most prominent methods make Userate dynamics. In the framework of the applied instanton
of the reaction path Hamiltonidrand apply different tunnel-  theory the instanton path is normally not computed explicitly
ing schemes in this framework with further generalizationspyt only information about the potential energy surface
by additionally taking into account the regions where the(pgg at the stationary points is used to calculate the trans-
reaction path Hamiltonian is not valid. Nonclassical behavioimissjon probability>'’~2° When describing the molecular
as quantum-chemical tunneling is considered in this theorgystem with the reaction path Hamiltonian, normally a grid
by semiclassical methodsthus yielding the so called of tunneling paths is determined, but their shape is predeter-
“variational - transition state theory with semiclassical mined: either the the tunneling occurs via a straight line
tunnelllr;gi:‘“ A different approach is the instanton through the swathfi.e., the large-curvature tunnelifyCT)
theory,““where the system is assumed to tunnel along the,pproachor the tunneling occurs along paths closely related
path of maximal tunneling probabilithe so called “instan- g the MEP(i.e., the small-curvature and zero-curvature tun-
ton”) or very close to it. Unfortunately, the instanton is nor- neling approachg222 There are also attempts to determine
mally not calculated explicitly. Both aforementioned ap- tynneling paths with the least actiéepmposed piecewise of
proaches were shown to yield comparable results in SOMg e small curvature tunneling and LCT paths.

7
casesl,: , . ) When calculating the ground-state tunneling splitting in
Within both theories, the tunneling path through the baryhe framework of the semiclassical theory, the tunneling

probability (Py) at 0 K has to be known as it is directly
dElectronic mail: klaus.liedl@uibk.ac.at related to the tunneling splitting:
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H IIl. METHODS

N

O O A. Determination of the swath

The general procedure was to determine a vast amount
of points in the swath with hybrid-density-functional theory
(DFT) and a moderate basis and then mapping these points
H H onto some high-level points.

FIG. 1. The structure of malonaldehyde. First, the MEP was determined at tH&3LY P/6-31
+G(d) level of theory with the Page—Mclver algoritfias
implemented inPOLYRATE®? and GAUSSRATE>® The stepsize
in mass scaled coordinatéscaled to 1 amuwas set to 0.01
a.u. and the second derivatives of the potential energy in

A= w JPq 1) respect to the coordinates were calculated every third step. In
T ' the spatial region enclosed by the MEP and the straight con-
nection of the minima, 11 366 points were determined in that

with w being the impinging frequency. There are plenty ofWay, SO that the neighbored points lie within a distance of
methods to calculate the tunneling splitting in molecular sys9.025 a.u., which is close enough for a good interpolation. As
tems, most of them being within the framework of the semi-the DFT is known to reproduce the results of high-level
classical theor§:?*?5Malonaldehydésee Fig. 1is a system Mmethods quite weff! the points yield a qualitative correct
which has been investigated thoroughly, bothdescription of the reaction swath. All energies were deter-
experimentall§®2” and theoretically®28-2° Therefore, we mined with theGAUSSIAN 98 program packag€ at an 8-CPU
chose this system for our benchmarks to determine the mo§&GI Origin 2000.
probable tunneling path in all dimensions. The need for the ~ With an interpolation scheme, the PES generated by
explicit calculation of the path emerges from the current usdFT methods is mapped onto high-level quantum chemical
of the instanton theory: The barrier for the proton transfer inpoints. For this, the stationary points and one additional point
malonaldehyde was assumed to be higher than 10 kcal/me@n the ridge of the reaction swath were determined by
and the calculated tunneling splitting met the experimentatoupled cluster theory. As fourth geometry, the structure on
values very well® One year later, the barrier in malonalde- half way on the straight line connecting the minima was
hyde was shown to be 4-5 kcal/mol, when applying varioushosen, for being the highest point on the ridge of the reac-
high-level quantum chemical methotfsTherefore, we as- tion swath(see Fig. 2 This structure differs from the tran-
sume that a strong cancellation of errors must have occurreglition state in that way, that the oxygen atoms have not come
and the implementation of the instanton theory still sufferscloser with respect to the minima. Therefore, the distance
from the lack of explicitly computing the tunneling path.  between the moving hydrogen atom and the oxygens is about
Now, we calculated more than 4points in the swath of 0.14 A elongated at the highest point on the ridge of the
malonaldehyde quantum chemically to determine the patheaction swath with respect to the transition state.
along which the tunneling probability is a maximum with a The barriers from the high-level method coupled-cluster
global optimization scheme. singles and doubles with perturbative triples with Dunnings

FIG. 2. The stationary points of mal-
onaldehyde on the MEP and the high-
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TABLE |. Comparison between DFT and high-level energies for the proton Transition

transfer in malonaldehyde. ) State
possible

movement

AE between minima and representative

Method Reaction barrier highest point of the ridge points of the
) tunneling path
B3LY P/6-31+ G(d) 3.8 kcal/mol 11.2 kecal/mol possible :
CCSDOT)/aug-cc-pvVDZ 4.4 kcal/mol 13.1 kcal/mol tunneling !
Baroneet al? 4.3 kcal/mol path
aSee Ref. 30.

augmented correlation-consistent double zeta basis set base
on the geometries obtained by Mgller—Plesset perturbation
theory (CCSO(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZcorre-
spond quite well to the low level dataee Table)l

Interestingly, the deviation between the low-level and
high-level data is for both energy differences about 169 FIG. 3. Schematic tW(_)—dimensionaI representation of the_minimization pro-
Therefore, we used the straightfonward interpolation schemd e e eternrationof e mostprotable melng pah, fhe pt
just to scale all energy differences of the low-level swathmove on the projection hyperplane randomly.
with the scaling factor 1.16 to gain an interpolated high-level
swath for the electronic energies.

Another correction which has to be done due to the zerovery strongly influenced b,, which is directly related to
point motion of atoms alsot@ K is the zero-point correc-  the tunneling probabilit} via Eq. (1). Therefore, one has to
tion. The second derivatives of the energy in respect to théind the optimal tunneling path in a way that the action inte-
coordinates have to be determined along the ridge of thgral is minimized. Thus, we have the problem of the deter-
reaction swath and the gradient was projected out of the seecnination of the tunneling splitting reformulated into a mini-
ond derivative matrix:*® The sum of the eigenvalues of the mization problem, which may be solved by various
projected second derivative matrix yields the zero-point corminimization techniques. In the following section, the opti-
rection and this is implemented with a more subtle interpo-mal tunneling path is computed with a simulated annealing
lation proceduré! which has already been successfully ap-approach.
plied to many other molecular systeri{s:*

CT—path ‘\f Minimum

equidistant projections

—E----

Minimum

C. Search for the optimal tunneling path

B. Determination of the tunneling splitting The quest for the optimal tunneling path is a difficult

The newly introduced method is presented in an accomtask as the optimization is high dimensional. In addition to
panying stud§! and is reviewed briefly. A reformulation of that, one is interested in finding the global minimum rather
the semiclassical formula for the tunneling splitting by than local ones. Thus, we have applied a simulated annealing
Gard? led to a new method of computation. The splittiag ~ approacf®**with an exponential schedule to gain the most

is transformed to probable path. The path was described by a set of 19 points
B with the premise that their projections onto the LCT path is
Mowa _— . g
A=2%wA/ e Soligh (2)  equidistant. In each annealing step, the position of one of

these points was changed randomly in the swatbng the

where the limits of the action integr&, are the minima Projection hyperplane, see Fig) and with the Metropolis
(+a) of the double wellV(x) is the potential energy along algorithm it was decided whether the step was accepted or

the path, andy is the so-called impinging frequench. is a not. As starting points, two different conformatiofsIEP
correction factor with and LCT path were chosen for different optimization runs to

be sure that the global minimum was reached. The tunneling

al Mo 1 path was assumed to be symmetric as the whole reaction
A= fo J2mvx)  a—x dx. @ swath is symmetric. '
One simplification we had to take into account was the
The action integral is computed via minimization of the action integral of Eq4) rather than the
a whole term with the correction factéx from Eq. (3). But, it
So= f V(2mV(x))dx. (4)  was seen that the correction factor is very small in compari-
—a

son toSy, and therefore, we decided to concentrate on the
The advantages of calculating the ground state tunnelingptimization of the main contribution as the correction factor
splitting with Eq. (2) over other methods is discussed will not change the choice of the tunneling path considerably.
elsewheré! The factors which are directly influenced by the Thus, the goal of the optimization was to find a path with
choice of the tunneling path are the integration limite the line integral along a given functiofV(x) in mass scaled
and the potential energy(x) along the tunneling path. One coordinates. The values fM(x) at any arbitrary conforma-
very obvious fact, seen from E@R) is that the splitting is tion were taken as interpolated values of the next neighbors
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FIG. 5. The optimal tunneling path if the MEP was assumed to be parabolic.
The dashed path shows a possibility to approximate the optimal tunneling
path to evaluate the tunneling splitting in a more economic way.
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FIG. 4. Accepted steps in the minimization @f"2\\/(x)dx with simulated This method of determining the optimal tunneling path

annealing. The first minimization lasts 1600 steps with a starting temperaby describing the swath correctly with a vast amount of en-
ture of 0.006 and a temperature reduction of 10% for each of the 50 step%rgy points is 0n|y feasible for small systems as malonalde-
The second minimization started Bt 0.0003 and the temperature is low- hvde. This studv should b n as a benchmark for molecu-
ered every 100th step for 10%. yae. IS stu y 5 _Ou € see )
lar systems which involve symmetrical proton transfers, as
tropolone, the benzoic acid dimer, and many more. As one
clearly sees from Fig. 5, the tunneling path is curved also in

and the integration was numerically performed by Gausdh€ regions of higher energy, i.e., under the ridge of the re-
quadrature as it is implemented imTLAB ° Different an- action swath. Thus, we tried to approximate the path with a

nealing schedules were used, first for preoptimization, théntuitiye s'traightforward method: It was descriped asa linear
temperature parametd beginning with T=0.15 was re- combination of the MEP and the LCT path with a fixed pa-

duced for 15% for each of 30 steps at the same temperaturg’.‘meterp' which may be seen as the “mixing ratio” of the

Then, the annealing was slowed down as described in Fig. 4° Paths(i-e., p_=0 means that tunneling occurs along the
which shows the combination of two consecutive annealind-CT Path andb=1 means that the system is tunneling along
runs. he MEB. The path withp=0.8 is depicted in Fig. 5.

By calculating the tunneling splitting along these very
simple paths, one sees that the splitting approaches a maxi-
mum atp=0.8 (for details see the accompanying stifdy
and this splitting equals the splitting evaluated with the op-
timized tunneling path. So, we can conclude that along the

Altogether, eight different annealing schemes have beetunneling path withp=0.8 the integral of the square root of
applied and all ended up with the same resultSgr There-  the potential is very similar to the globally optimized one.
fore, we believe to have reached the global minimum withThis may sound very surprising, but if one looks at the two
fﬂ}ﬁf\/V(x)dx: 0.52/Hartree a.u. which leads to a tunnel- paths in Fig. 5, one may realize, that the paths do not differ
ing splitting*! of 7.4x 10 s™*, which is in very good accor- greatly. At the beginning, the simple path takes a somewhat
dance with the experimental vafifeof 6.5x 10'* s 2. shorter way, but in the middle, it lies closer to the MEP. One

The optimal tunneling path follows the MEP in the very feature, which both paths have in common is to avoid the
beginning and then it crosses the swath in a curve, which liekigh-energy region near the LCT path. In addition to that, is
closer to the MEP than to the LCT path. As the proton transwas observed in the various annealing approaches that the
fer in malonaldehyde is a typical case for L& (as a very  global minimum is very shallow, therefore, a small variation
light atom moves between two heavy opeme would have of the location of the path did not change the transmission
expected a path, which lies much closer to the straight conprobability very much—as far as the path did not come too
nection between the two minima. Figure 5 shows the hypoelose to the high-energy region around the LCT path.
thetic progression of the optimal tunneling path if the MEP  So, we have found a possibility to calculate the tunneling
was assumed to be of parabolic shape. This clearly shows ttsplitting accurately along these very easily generated paths.
strong deviation from the LCT path and the strong curvatureThus, one has to determine these paths for some values of
in the center of the tunneling region. This is a differenceand then the ground-state tunneling splitting for the molecu-
from other methods, which take the tunneling path to bdar system can be determined by interpolating and taking the
straight in the middle paft. maximum. This method works very wet praxi.*!

D. The optimal tunneling path
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