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Abstract: Reaction rate constants for the concerted proton transfer in cyclic hydrogen fluoride clusters obtained
by using a variational transition state theory approach with high-level data at three stationary points and with
interpolated corrections based on semiempirical Hamiltonians specially parametrized for these systemssMP2/
6-311++G(3df,3pd)///PM3-SRPsare reported. For the first time multidimensional tunneling is included in
the large curvature limit. The corresponding small curvature limit is benchmarked against higher level
calculations. The ridge of the reaction swath is defined in a general way and serves together with an estimate
of the barrier width as a validation of the potential energy hypersurfaces. Recent experimental and theoretical
results concerning carboxylic acids, whose hypersurfaces are found to be very similar to those of the HF
clusters, underline the relevancy of the investigated concerted proton exchange motion. A reaction rate constant
k(300 K)) 2.86× 109 s-1 is found for (HF)5, which is similar to carboxylic acid dimers, whose experimental
k(300 K) lie near 1010 s-1.

1. Introduction

Gaseous hydrogen fluoride clusters are well-known compo-
nents of hydrofluoric acid vapor1,2 and serve, not only due to
their planarity, as highly symmetric (i.e.,Cnh for minimum struc-
tures andDnh for transition states) models to establish hydrogen-
bonding concepts that should be extensible to more complex
systems such as water clusters or even condensed biomolecules
containing no symmetry elements, as base pairs in DNA or
RNA. This study focuses on the clockwise-counterclockwise
(cw-ccw) isomerization of cyclic (HF)n (n) 3-5) clusters,1,3-7
where n hydrogen atoms simultaneously move from their
covalent fluorine partners (hydrogen bond donor) to the
neighboring fluorine atoms (hydrogen bond acceptor) in a way
that the orientation of the hydrogen fluoride monomers is
reversed frequently between cw and ccw. Extensive theoretical
and experimental studies are available for gaseous, solid, and
solvated species showing such a multiple proton and deuteron
transfer, e.g. in carboxylic acid dimers,8-14 pure methanol,15

acetic acid/methanol,16,17solid pyrazoles,18,19amidine dimers,13,20,21

oxalamidines,22water clusters,23,24and porphyrines.25 Since the
abundance of (HF)n (n) 2-8) complexes in the gas phase has
been a familiar fact for a long time,26,27 experimental inves-
tigations have been performed exhaustively,1,2,28-32 which
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is reflected in the number of theoretical publications.5-7,33-37

Particularly, structure, thermodynamics, kinetics, rovibrational
spectra, and magnetic properties are interesting and extensively
treated questions in terms of spectroscopy as well as in terms
of computational methods.
This study concentrates on the dynamical behavior of (HF)3-

(HF)5 aggregates. (HF)2 is not considered, as its mechanism
of hydrogen exchange is different from the higher oligomers.38,39

A determination of reliable proton exchange rates is performed
by examining several different aspects: First, a basis transfor-
mation of the reactant’s geometry to the normal mode basis of
the transition state is performed. The reactant’s coefficient of
the reaction coordinate direction at the saddle point is related
to the barrier width. Second, the ridge of the reaction swath24

is defined in a systematic and generally applicable way. It
serves as a confirmation of the shape of the potential energy
surface (PES) and shows the indisputable need for the consid-
eration of direct corner cutting effects. Third, variational transi-
tion state theory with interpolated corrections (VTST-IC)40-42

including quantum-mechanical multidimensional tunneling cal-
culations in the small and large curvature case43-45 is applied
as a function of temperature. This approach is used to obtain
the rate constants based on the MP2/6-311++G(3df,3pd)
description of minima and the saddle point with interpolated
corrections by semiempirical Hamiltonians specially param-
etrized for each individual system (PM3-SRP).46,47 The concept
of SRP, which is an abbreviation for specific reaction param-
eters, already has been successfully applied by other groups in
the past12,41,42,48,49to achieve useful semiempirical hypersurfaces.
Finally, a comparison to calculations of carboxylic acid di-

mers is performed, where experimental investigations of rate
constants are available.8,9,11,14 The experimental rate constants
of carboxylic acid dimers were all found to be between 2.0×
1010 s-1 and 1.8× 1011 s-1 with natural isotopic substitution
and between 2.5× 109 s-1 and 1.5× 1010 s-1 for fully
deuterated complexes, and therefore allow a validation of our
predictions.

2. Methods and Calculations

2.1. Theory. Widely used approaches to calculate reaction rate
constants are collision theory50 and transition state theory (TST).43,51-53

We have chosen an advanced variant of the latter approach: In TST
the reaction rate is obtained a priori only from information about the
reactants and the transition state or, more generally spoken, the
bottleneck of the reaction. The products themselves do not contribute
to the evaluation of the rate constantk, as a major part of theory is the
“no recrossing assumption”, i.e., each trajectory that reaches the
transition state (TS) on the reaction path is assumed to be converted to
products and trapped there on the PES. This assumption is not fulfilled
in reality, and trajectories in fact can recross the highest point several
times. Therefore the TST rate constant provides only an upper limit
for the experimental rate constant. By varying the location of the
hypersurface, dividing reactants from products, and minimizing the
computedk and thus minimizing recrossing, this error can be reduced
drastically. This approach is called variational transition state theory
(VTST) and can provide considerably better agreement with experiment
than pure TST.43,52

Nevertheless, this strategy still fails to describe nonclassical trajec-
tories tunneling through a barrier. Especially when the curvature of
the PES near the transition state is large, the rate constants without
inclusion of quantum-mechanical tunneling methods can be considerably
wrong.43,52 The amount of tunneling is taken into account by
multiplying the pure variational rate constant kCVT (T) with a transmis-
sion coefficientκ, where the superscript CVT indicates that a canonical
ensemble was assumed for the calculation. Depending on the curvature
of the minimum energy path (MEP), which is defined as the steepest
descent path in mass-weighted Cartesian coordinates connecting saddle
points and minima,54 different quantum-mechanical methods can be
used to take into account the nuclei’s quantum properties. The
minimum energy path semiclassical adiabatic ground state (MEPSAG)
method is appropriate, if the tunneling path coincides with the MEP.55

It is also called the zero curvature method (ZCT), because a one-
dimensional, straight reaction path is assumed. As the reaction path is
in fact curved, tunneling is assumed to occur on the path defined by
the classical turning points on the concave side of the MEP (“anti-
bobsleigh effect”). This type of calculation is called the centrifugal-
dominant small curvature semiclassical adiabatic ground state (CD-
SCSAG) method, a small curvature tunneling (SCT) approach.45 For
light atom transfer reactions the reaction path curvature is very large
and the centrifugal dominant approximation breaks down. In the large
curvature ground-state approximation, version 3 (LCG3),43,44 a large
curvature tunneling (LCT) method, it is assumed that the short distance
between tunneling start and end point forces the system to take straight
paths between these two points. This approximation includes contribu-
tions from all straight-line tunneling paths with equal kinetic energy
in reaction coordinate motion at the pre- and post-tunneling configu-
ration coordinate by using a quasiclassical distribution function to
average over paths with different end points. Especially at low
temperatures,κ can deviate from one (i.e., no tunneling) considerably
and change calculated rate constants by several orders of magnitude.
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Depending on the nature of the PES,κ can also vary strongly with the
level of sophistication of tunneling inclusion. For a strongly bent PES
the differences betweenκZCT, κSCT, andκLCT can rise to several orders
of magnitude at room temperature.40,42 One should be aware that
calculations can only lead to results comparable to experiment for a
wide range of temperatures, when the provided PES is accurate enough.
Due to limitations in resources, it is hardly possible to calculate the
whole PES in terms of ab initio calculations and it is, therefore,
necessary to find a cheaper method for a good description of the
hypersurface as described in the following sections. The detailed
mathematical procedures and computational formulas are discussed
elsewhere.43,52

2.2. Potential Energy Hypersurface. To have a computationally
low demanding method available, which reproduces high-quality (MP2/
6-311++G(3df,3dp)) ab initio structural and electronic data at three
stationary points on the potential energy hypersurface as well as
possible, the common PM3 Hamilton operator46,47was reparametrized.
This parameter optimization was carried out with use of GAucsd1.4,56

a global optimization strategy,49 on the basis of a genetic algorithm.57

The fine-tuning was performed with an adapted implementation of a
Levenberg-Marquardt58 local minimization method. The necessary
structural, vibrational, and thermodynamical data were obtained from
an interface to MOPAC5.05mn59 by applying the PM3 Hamiltonian
with user defined specific reaction parameters (PM3-SRP).
For the determination of points on the ridge of the reaction swath,24

a basis set transformation of the reactant’s and product’s coordinates
to the normal mode basis of the transition state36 was performed with
the aid of the matrix manipulation tool MATLAB.60 For this purpose
rotational and translational contributions had to be removed before-
hand. For a validation of the PM3-SRP description between stationary
point single point energies for structures on the ridge of the reaction
swath, geometries of first-order transition states (TS) and minima on
the potential energy hypersurface were calculated with use of the
GAUSSIAN 9461 series of programs applying the hybrid density
functional theory Becke3LYP62 and 6-31+G(d) as the basis set.63-65

Compared to MP2/6-311++G(3df,3dp), this method consumes only a
small fraction of computation time and reproduces the MP2 results
quite well. The barrier was found to be consistently 2.5-3.5 kcal/mol
too low, while the zero-point corrections agree within 0.5 kcal/mol.
Geometric predictions are reproduced within 0.04 Å and less than 2.0°
for minima as well as for transition states. All hybrid density functional
theory normal modes deviate less than 10% or 50 cm-1 from the MP2
theory result. For the validation of the PES it therefore seems to be
legitimate to calculate points on the ridge of the reaction swath with
this cheaper approach. Finally, evidence that the chosen basis set is
sufficient can be found in the fact that the ridge of the reaction swath
curves calculated at the B3LYP/6-311++G(3df,3dp)24 level of theory
coincide with those of the B3LYP/6-31+G(d) level quite well.

2.3. Dynamics. Rate constantsk and transmission coefficientsκ
were obtained by using the program package MORATE7.2,66 applying
a dual-level dynamics method called MP2/6-311++G (3df,3dp)///PM3-
SRP, where “///” means “with interpolated corrections at” and is
equivalent to VTST-IC.51,52,67 Reaction paths were calculated starting
from the TS (by definition ats) 0 Bohr) up to a distance ofs) 3.5
Bohr for (HF)3, s ) 3.0 Bohr for (HF)4, ands ) 3.5 Bohr for (HF)5
away from the corresponding saddle point geometry in both directions.
The reaction coordinates is given in isoinertial coordinates with a
scaling factor of 1 amu. The variational approach showed that the
bottleneck (generalized TS) of all systems at the computed temperatures
stays at the transition state structure ats ) 0 Bohr. The dynamical
procedure uses accurate MP2/6-311++G(3df,3dp) ab initio data at three
extrema, namely at theDnh transition state structure and the twoCnh

minima. The interpolation between these extrema is based on the
logarithm of ratios (ICL)68 between the high-level ab initio and the
low-level PM3-SRP data. Hence, the Born-Oppenheimer potential
along the minimum energy pathVMEP (s), the vibrational frequencies
ω(s), and the moment-of-inertia determinants|I (s)| were corrected by
applying an Eckart functional form, using the low-level (PM3-SRP)
electronic structure data and providing an explicit match at the three
stationary points. This procedure ensures that the high-level data are
used, especially the energy difference betweenCnh andDnh structures,
where they are available and that the low-level information along the
whole range of the reaction path is smoothly fitted to the direct
interpolation as a function ofs. The range parameterL for the Eckart
fit was gained from a four-point fit, yielding 0.362297, 0.345629, and
0.359504 Bohr for tri-, tetra-, and pentamer, respectively.41

The transmission coefficientsκ for the description of the effect of
semiclassical multidimensional tunneling and nonclassical reflection
were obtained by using variational transition state theory with inter-
polated corrections (VTST-IC),51,52,69,67using the CD-SCSAG and LCG3
methods.52 On the minimum energy path some frequenciess1 degen-
erate pair, 2 single ones, and 2 pairs for tri-, tetra-, and pentamer,
respectivelyshad small “imaginary” values (i.e., negative force con-
stants) and therefore required special treatment. These small “imagi-
nary” frequencies were handled in terms of interpolated VTST of zeroth-
order (IVTST-0),40 which renders them positive along the whole range
of reaction coordinate motion, giving the possibility of including their
zero-point energy in the adiabatic ground-state potentialVa

G (s). The
normal modes were connected, as suggested previously,24,70by provid-
ing maximal overlap between two successive grid points on the reaction
path, a method now also implemented in POLYRATE7.2 (REORDER
keyword). The step size on the reaction path was 5.0× 10-4 Bohr in
an isoinertial coordinate system, where a scaling factor of 1.0 amu was
used for convenience.

3. Parametrization

3.1. Strategy. The PM3 parametrization strategy was worked out
with the smallest oligomer, namely (HF)3. A crucial step for the
theoretical prediction of the experimental rate of hydrogen exchange
is to provide a reasonable barrier (i.e., width and height) and frequencies
at computationally low demands. MP2/6-311++G(3df,3dp) data were
taken as reference.24,37 (The combination of all properties will be
referred to as “configurations” for future use.)
These reference results, most important the barrier height, are in

excellent agreement with the highest quality estimates available. For
example, the 18.73 kcal/mol (MP2/6-311++G(3df,3dp)) value for the
trimer’s barrier height agrees quite well with 18.61 kcal/mol (MP2/
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aug-cc-pVQZ) and 19.57 kcal/mol (CCSD(T)/aug-cc-pVTZ)71 and 18.46
kcal/mol (MP2-R12/aug-cc-pV(T/Q)Z).72 The MP2/6-311++G(3df,
3dp) and MP2-R12/aug-cc-pV(T/Q)Z barrier heights for the tetramer
(12.73 vs 12.32 kcal/mol) and pentamer (12.57 vs 12.63 kcal/mol) also
agree quite well. We did not consider the application of counterpoise
corrections for the improved description of the individual monomers
in the complex by the basis functions of the other monomers: Already
for the determination of the stabilization energy of the clusters under
consideration a counterpoise correction would have to be interpreted
with special care.73,74 Moreover, for the hydrogen rearrangement
considered in this study the supermolecular picture completely loses
its significance. Especially the tetramer and the pentamer have to be
considered as one single molecule that undergoes an intramolecular
rearrangement.37 For the transition state the concept of monomers,
which are improved in their electronic descriptions by basis functions
of other monomers, also loses its significance. Any definition of
monomers in the transition state is arbitrary. Further, a counterpoise
correction of the transition state would be completely dominated by
the monomer relaxation contribution.75 It is mathematically obvious
that the counterpoise corrected result converges (not necessarily faster74)
to the same value as the uncorrected one in the limit of infinite basis
set, if there were no fragment relaxation. This still can be assumed to
be valid, if the fragment relaxation is small. Significance, accuracy,
and most important the proper convergence of a counterpoise corrected
energy barrier has to be doubted if the fragment relaxation becomes
large, as in the case for the transition state of the concerted neutral
hydrogen exchange in cyclic hydrogen fluoride clusters. Therefore,
we rather rely on barrier estimates gained with large basis sets. Quite
low T1 diagnostics of both the minima and the transition state6,71(0.0106
for the minima and 0.0115 for the transition state at CCSD(T)/aug-
cc-pVTZ level) clearly indicate that a multiconfiguration treatment is
not needed76,77and that already MP2 calculations using large basis sets
can provide reasonable barrier estimates as is also indicated by the
aforementioned benchmark calculations.

As the zero-point corrected MP2/6-311++G(3df,3dp) barrier height
(16.0 kcal/mol) is grossly overestimated by PM3 (60.2 kcal/mol) and
AM178 (104.7 kcal/mol), it is evident that specific reaction parameters
are needed for the correction of these deficiencies. AM1 even fails to
reproduce the correct number of “imaginary” frequencies in theD3h

structure (3 instead of one), and some frequencies are prone to an error
of more than 100% in magnitude. PM3 performs considerably better,
since it describes the TS structure qualitatively right as a first-order
saddle point. In (HF)3 therefore all 17 nonderived46,47PM3 parameters
were adjusted for a reproduction of 6 geometrical quantities, 24
vibrational frequencies, the barrier betweenC3h andD3h structures, and
its zero-point corrected analogue. This task to reproduce geometry,
electronic information, and reaction energetics at the same time has
been considered to be “perhaps impossible”.41,79 With the intention of
finding a single set of parameters for all existing HF oligomers, all 17
parameters were reassigned, in order not to destroy the high interde-
pendencies and not to lose flexibility. It appeared to be impossible to
find such a set for all three oligomers simultaneously, mainly due to
the varying and steep valleyed nature of the PES for the different
number of monomers. From semiempirical theory it is quite clear that
the effects of parameter changes are in no way additive or even
systematic.46 This is the reason why the Hamiltonian had to be

reassigned with an optimizer like a genetic algorithm. The impact of
genetic algorithms on chemistry has grown enormously in the last
years.49,80-82

3.2. Implementation. We minimized the sum of weighted root-
mean-square deviations of all configurations with a genetic algorithm,
using a uniformly distributed starting generation of 130 individuals,
24 bits per parameter (making a total genome length of 408 bits), a
crossover rate of 0.6, a mutation rate of 0.001, and aσ selection with
a scaling factor of 2.0. The parameter optimization algorithm stopped
when one of the two following termination criteria had been fulfilled:
The first one was simply that in the evaluation of 20 successive
generations, no new best candidate solution is found. Second,
exceeding the maximum bias of 95% converged genes (a converged
gene is a gene that is found in 95% of all individuals in the current
generation) also led to an output of the best candidate and thus ended
the calculation. Further, a constraint of allowing a maximal deviation
for each individual parameter of 32% in any direction was imposed.
The use of the elitist operator or user selected initial populations only
improved convergence, but did not lead to a better guess for the optimal
parameter set.
The obtained set of parameters was used as a starting vector for a

Levenberg-Marquardt58 algorithm, which smoothly switches between
steepest-descent and Newton-Raphson search, to find a point with zero
gradient. This local extremization method changed the pre-optimized
parameters at most by 0.1%. Therefore, we concluded that the genetic
algorithm alone is sufficient and applied the same strategy for all other
oligomers, omitting the step of local refinement.
3.3. Resulting Parameters. In Table 1 the found sets of PM3

specific reaction parameters are shown. Some parameters deviate only
in one direction from the standard PM3 value and reach nearly the
same value (likeR(H),Uss(F), orâp(F)) for all oligomers, demonstrating
their physical significance and their specificity for the HF clusters. We
consider them as the most important ones for agreement with the ab
initio data. Others remain near the PM3 standard value (likeús(H),
Hsp(F), orR(F)). Eventually, they could be omitted completely in the
parameter optimization. Other PM3 parameters, which oscillate around
the standard value (likeUpp(F),Gpp(F), Gp2(F),Uss(H), or âs(H)), seem
to play a minor role for reaching the aimed configurations and could
be omitted as well. An attempt to accommodate a single set of 17
parameters to properties of all 3 oligomers failed in reproducing the 6

(71) Liedl, K. R.; Xantheas, S. S.; Rode, B. M.; Dunning, T. H., Jr. To
be submitted for publication.

(72) Klopper, W.; Quack, M.; Suhm, M. A.Mol. Phys., in press.
(73) Schwenke, D. W.; Truhlar, D. G.J. Chem. Phys.1985, 82, 2418-

2426.
(74) Liedl, K. R.; Sekusak, S.; Mayer, E.J. Am. Chem. Soc.1997, 119,

3782-3784.
(75) Xantheas, S. S.J. Chem. Phys.1996, 104, 8821-8824.
(76) Lee, T. J.; Taylor, P. R.Int. J. Quantum Chem.1989, 23, 199-

207.
(77) Lee, T. J.; Rice, J. E.; Scuseria, G. E.; Schaefer, H. F., IIITheor.

Chim. Acta1989, 75, 81-89.
(78) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.J.

Am. Chem. Soc.1985, 107, 3902-3909.
(79) Truong, T. N.J. Chem. Phys.1994, 100, 14-25.

(80) Mestres, J.; Scuseria, G. E.J. Comput. Chem.1995, 16, 729-742.
(81) Clark D. E.; Westhead D. R.J. Computer-Aided Molecular Design

1996, 10, 337-358.
(82) Judson, R. Genetic Algorithms and Their Use in Chemistry. In

ReViews in Computational Chemsitry;Lipkowitz, K. B., Boyd, D. B., Eds.;
VCH Publisher, Inc.: New York, 1997; Vol. 10, pp 1-73.

Table 1. Optimized PM3 Specific Reaction Parametersa

parameter atom (HF)3 (HF)4 (HF)5
standard
PM3

Uss F -135.084005-141.074 -137.399 -110.435303
Upp F -94.748699-111.125 -108.608 -105.685047
ús F 4.398730 3.46312 3.47866 4.708555
úp F 2.203690 1.9647 1.87568 2.491178
Gss F 11.509987 12.0691 11.8662 10.496667
Gsp F 14.987400 12.5312 15.206 16.073689
Gpp F 13.226399 17.9397 15.6197 14.817256
Gp2 F 12.761100 15.4722 14.3586 14.418393
Hsp F 0.767448 0.713225 0.800721 0.727763
R F 3.375850 3.23358 3.37126 3.358921
âs F -63.295196-55.6631 -47.3701 -48.405939
âp F -34.584496-33.5636 -34.394 -27.744660
Uss H -10.992701-16.1833 -13.4493 -13.073321
ús H 0.870627 0.941573 0.88933 0.967807
âs H -7.237549-4.06517 -4.07835 -5.626512
Gss H 11.737696 13.7746 13.7331 14.794208
R H 4.086760 4.0733 4.0889 3.356386

a R ) core-core repulsion integral in Å-1, â ) resonance integral
in eV,ú ) slater exponent in au,U ) one-center core electron attraction
in eV, G ) two-electron one-center repulsion integral in eV; indices
correspond to atomic orbitals.
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barriers and 3 “imaginary” frequencies of the 3 systems simultaneously
with a higher precision than 20%.

In Table 2 the reproduction of configurations for all oligomers is
given. For a better overview, only the “imaginary” frequencies and
the lowest and highest real ones are given for the aimed for MP2/
6-311++G(3df,3dp) and the original PM3 frequencies as well as for
the PM3-SRP case. The FF distance therein is defined as the shortest
distance between neighboring fluorine atoms, the FH distance is defined
as the distance from one hydrogen to the next fluorine atom, and the
HFF angle is defined as the angle measured from the midstanding
hydrogen to its nearest fluorine and finally to the other fluorine
neighbor. It serves as a measure for hydrogen bond linearity (cf. Figures
1 and 2). The PM3-SRP approach provides an enormous improvement
over the original PM3 method concerning barrier height, high-energy
frequencies, and “imaginary” frequencies. The geometric predictions
were improved especially concerning the angles. It was not possible
to compensate for the deficiencies of the semiempirical model to
describe geometric trends with cluster size (especially the minimum
FF distance) appropriately. Nevertheless, the PM3-SRP geometries
seem to be reasonable, looking at the magnitude and sign of errors in
bond lengths and angles for each individual species. Both pentamer
extrema only seem to be increased in size by 4-6%, but maintain the
correct relative arrangement, as can be seen from the angles. Similarly,
4-6% apply to the tetramer extrema. For the trimer, the TS structure
coincides perfectly with the MP2 geometry, whereas the minimum is
8° distorted due to a 0.06 Å elongated FH distance. We believe that
these deficiencies are small enough for obtaining a reliable hydrogen
exchange rate.

4. Energetics and Dynamics

4.1. Reaction Path.There is little doubt nowadays that the
hydrogen exchange mechanism between fluorine neighbors is
of a concerted rather than stepwise nature.5,6,24,36,37 Other
tunneling pathways via ionic intermediates can presumably be
excluded, because NMR spin doublet coalescence can be
suppressed in carefully neutralized liquid HF.27,72 An analysis
of the angles between the gradient on the MEP and the
“imaginary” modes of the transition states showed in a previous
study24 that the reaction path is dominated by the HF stretching
normal mode in the region of the saddle point, whereas
beginning between 0.5 and 1.0 Bohr (using a reduced massµ
) 1 amu) away from the saddle point, this rapidly changes to
the symmetric FF stretching mode (cf. Figures 1 and 2 for the
pentamer). Because the PES curvature is very large near the
transition state on the ridge of the reaction swath,24 the need
for reliable LCT calculations is clearly demonstrated.
In summary, the picture of vibration assisted tunneling for

the reaction process including large curvature via theDnhTS is
as follows: Starting from one minimum geometry, the heavy
atoms approach each other following the FF stretching mode
(“reaction-coordinate”) accompanied by the HF bending mode
(“vibrational assistance”). All hydrogens are transferred in the
same direction and at the same time to the next F atom, before
the heavy atom framework has reached its vibrationally most
compact form (“tunneling”). Thus, instead of going over the
barrier, the H atoms tunnel through the reaction swath with a
high probability. Therefore the apparent activation energy52,67

for the process is lower than the actual barrier height, which is
reflected in the nonlinear Arrhenius plots in Figure 6. This
tunneling event can occur far below the saddle point energy on
straight line paths from one side of the swath to the other. For
this reason, the term “direct corner cutting” is often used as a
synonym for LCT. SCT pathways as well do not cross the
saddle point on the MEP (“corner cutting”), but in contrast to
the LCT case, the trajectories stay near the MEP.
4.2. Ridge of the Reaction Swath.As the LCT trajectories

cross the PES on paths very far away from the MEP, the regions
of interest on the surface span from the surrounding of the MEP
to the reaction swath,41,83,84which can be found inbetween two
MEP branches (from the TS to the first minimum and the TS
to the second minimum). It is important to know the shape of
the PES in this region, because one can estimate the probability
of a trajectory passing through this region of the potential with
its aid.
For a symmetric reaction path, as in the case investigated

here, it is evident that information is best obtained in the middle
between the two branches connecting TS and minima, i.e., where
all hydrogens are forced to stay at the half angle between the
two neighboring fluorine atoms and the heavy atoms are moved
away from each other until their distance has reached the
minimum geometry value. This strategy has been performed
elsewhere,24 but it has the deficiency that it cannot easily be
extended to less symmetric or totally unsymmetric reactions.
Due to this deficiency, we here propose a more general,

improved definition of the ridge of the reaction swath: The
idea is to add both vectors pointing from the TS to the minima
(see Figure 3). Mathematically speaking, each vector is
represented by a numbern of coefficients, wheren is three times
the number of atoms. These vectors are obtained by performing
a basis set transformation of the Cartesian coordinates of both

(83) Truhlar, D. G.; Gordon, M. S.Science1990, 249, 491-498.
(84) Liu, Y.-P.; Lu, D.-h.; Gonzalez-Lafont, A.; Truhlar, D. G.; Garrett,

B. C. J. Am. Chem. Soc.1993, 115, 7806-7817.

Table 2. Structures, Frequencies, and Energetics (distances in Å,
angles in deg, frequencies in cm-1, and energies in kcal/mol) from
Calculations with the Optimized Parameter Sets, the Standard PM3
Sets, and the MP2 Reference Method37,24

PM3 PM3-SRP
MP2/

6-311++G(3df,3dp)

Trimer
barrier 72.9 24.9 18.7
corr barrier 60.2 14.9 16.0
(FF-dist)Min 2.472 2.556 2.612
(FF-dist)TS 2.128 2.238 2.242
(FH-dist)Min 0.953 0.993 0.933
(FH-dist)TS 1.149 1.155 1.152
(HFF-angle)Min 34.1 13.3 21.5
(HFF-angle)TS 22.2 14.4 13.2
(freq)Min 193.1-4191.7 448.4-4001.5 190.0-3892.7
(freq)TS 489.6-1985.2 477.0-2397.9 566.6-2117.1
(freq)imag 2605.1i 1539.3i 1733.3i

Tetramer
barrier 76.6 17.4 12.7
corr barrier 64.1 4.9 8.0
(FF-dist)Min 2.565 2.596 2.516
(FF-dist)TS 2.149 2.389 2.265
(FH-dist)Min 0.952 1.051 0.946
(FH-dist)TS 1.114 1.203 1.138
(HFF-angle)Min 23.6 10.2 9.4
(HFF-angle)TS 15.2 7.0 5.8
(freq)Min 36.4-4262.3 38.9-3663.8 46.3-3699.6
(freq)TS 75.5-2383.1 46.6-1683.2 72.9-2111.0
(freq)imag 1871.5i 1386.2i 1498.0i

Pentamer
barrier 91.2 17.9 12.6
corr barrier 76.4 2.5 6.5
(FF-dist)Min 2.604 2.600 2.484
(FF-dist)TS 2.171 2.390 2.264
(FH-dist)Min 0.951 1.058 0.950
(FH-dist)TS 1.105 1.198 1.132
(HFF-angle)Min 18.1 5.6 3.7
(HFF-angle)TS 10.7 3.9 1.7
(freq)Min 36.3-4290.4 28.7-3576.5 26.7-3611.9
(freq)TS 62.7-2503.3 21.8-1754.1 37.2-2111.3
(freq)imag 1614.8i 1217.4i 1431.3i
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minima to the transition states normal mode basis.36 All
rotations and translations have to be removed beforehand and
therefore have zero coefficients. These two sets of (n - 6)
coefficients (i.e., one number for each vibration) or in other
words these two vectors imply the distance one has to proceed
along each TS-vibration direction in order to reach the first or
the second minimum, respectively. To arrive at the point in
the middle of the line connecting both minima, which is the
final point on the ridge, one has to add the two vectors (i.e.,
the corresponding coefficients) to get the “ridge vector”. Now,
the improved definition of the ridge of the reaction swath is to
follow this “ridge vector” in different fractions reaching from
0 (i.e., the TS itself) to 0.5 (i.e., the structure between the two
minima). We calculated 11 equally spaced (i.e., fractions of
0.05) single point energies, as indicated in Figure 3. The final
point on the ridge vector is far away from all three extrema

and, therefore, the ab initio description here has only a minor
influence in the interpolation procedure. Hence, a good
description of PM3-SRP at this point is as well needed to
generate a reliable PES for all relevant regions in a LCT
calculation.
For the HF clusters the multidimensional picture is reduced

to a two-dimensional picture due to the facts that (a) all
asymmetric normal modes must have zero coefficients to retain
the reaction symmetry and (b) from the remaining three modes,
the one corresponding to the “imaginary” frequency has the
same coefficient, but with opposite sign for the two minima
and, therefore, cancels out upon addition of both vectors. The
two remaining modes correspond to the FF stretching and the
in-plane HF bending mode (cf. Figure 2). This demonstrates
the high symmetry of the reaction, i.e., only 2 out of 30 normal
modes are relevant for the ridge of (HF)5. (Note that these two
modes are represented as only one dimension in Figure 3.)
The former24 and this improved definition of the ridge are
identical, with the exception that the hydrogens are not re-
laxed in the direction of the TS’s symmetric bending mode (cf.
Figure 2).
In Table 3 the coefficients of one minimum in the basis of

the transition states’ normal modes in comparison between ab
initio and semiempirical methods are given. The minimum and
transition structures as well as the normal modes were all taken
from the specified computational method. The differences in
these coefficients can mainly be attributed to the problems of
semiempirical methods to reproduce MP2 geometries. For
example, in the case of the pentamer the coefficient for the
bending mode is higher, reflecting the fact that the changes
between TS and minimum are larger for PM3-SRP than for
MP2. Without specific reaction parameters, PM3 completely
fails to describe essential features of the reaction as can be seen
with the aid of the TS's normal mode basis. Therefore, evidence
is given again that specific reaction parameters are necessary.
This is especially obvious in the case of the symmetric HF
bending mode coefficient of (HF)5. The PM3 coefficient is
more than 13 times larger than the MP2 coefficient. This means

Figure 1. (HF)5 minimum normal modes: symmetric HF stretching, symmetric FF stretching, and symmetric HF bending.

Figure 2. (HF)5 transition state normal modes: symmetric HF stretching, symmetric FF stretching, and symmetric HF bending.

Figure 3. Simplified two-dimensional PES of (HF)5 showing the vector
from the transition state (in the middle) to the first minimum (top left),
the transition state to the second minimum (top right), and the “ridge
vector” of the reaction swath with 10 points on it, where single-point
energies were calculated. On the contour plot, abscissa and ordinate
represent symmetric HF stretching and FF stretching, respectively.
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that PM3 is unable to describe the reaction correctly, as its
geometry description and normal mode data are insufficient.
From a mere PM3 analysis, one would conclude that following
the symmetric HF bending mode is a vital part in the pentamer’s
hydrogen exchange reaction. But according to MP2, this normal
mode hardly plays a role in the description of the interconversion
from the TS to a minimum. Also the coefficient for the
symmetric HF stretching mode, which is a direct measure for
the barrier width, is increased by more than 30% in going from
MP2 to PM3 description. Tunneling becomes a less probable
event by using the PM3 Hamiltonian, by which the barrier width
is increased by one-third. For PM3-SRP the picture resembles
much more the MP2 characterization than the pure PM3 one.
The normal modes, the corresponding frequencies, especially
the higher frequencies, and their coefficients seem to be
reasonable in comparison to MP2 and thus a proper description
of tunneling events is feasible.
Looking at Figure 4, it is obvious that the height of the ridge

is strongly overestimated for the less strained oligomers at the
PM3 level and, therefore, does not allow the calculation of
reasonable LCT transmission coefficientsκLCT at this level of
theory. Due to this incorrect description of the reaction swath
and due to the too broad barrier (as discussed above), the
MP2///PM3 (without SRP) results in a former study24were about
the same for inclusion of SCT and LCT in (HF)3 and (HF)4,
implying that the system has no opportunity to cut the corner
far away from the TS. For (HF)4, the ridge rises steeply and
reaches an energy difference of 64 kcal/mol (instead of 22 kcal/
mol), and hence suggests that the LCT treatment cannot pro-
vide a further enhancement of SCT rate constants. For (HF)3,
the MP2///PM3 (SCT) rate constants were found to be con-
siderably higher than those obtained with the MP2///B3LYP
(SCT) treatment.24 This deficiency is corrected by the use of
MP2///PM3-SRP, confirming our parametrization. Therefore,
our treatment using PM3-SRP allows a proper description of
both SCT and LCT effects, as the parametrization of the
semiempirical method not only reproduces the barrier height
and width for all clusters, but also provides a solid picture for
the description of the reaction in terms of all essential vibrations.
Especially the coefficient for the symmetric HF-bending mode
shows a considerable improvement over the mere PM3 calcula-
tion. It is obvious that the SCT treatment has to be appropriate,
before starting to consider LCT. For (HF)3 the importance of
PM3 reparametrization lies therefore not mainly in the betterF
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Figure 5. Ridge of the reaction swath for the formic acid dimer
calculated at the B3LYP/6-31+G(d) and the AM1-SRP[12] levels of
theory.
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description of the ridge of the reaction swath or the barrier width
compared to PM3, which were already good enough. It rather
has to be seen in the much better agreement between both SCT
curves in Figure 4 (the MP2///PM3 (SCT) curve reaches from
k(100K) ) 8.5× 103 s-1 to k(300K) ) 4.1× 105 s-1).24

The PM3 agreement for the trimer’s ridge could be ascribed
to a fortuitous cancellation of errors. The error might be due
to a bad energetic description of the H-bond and a bad
description of ring strain having opposite sign and incidentally
the same amount. This fortuitous removal of error is lost partly
at the PM3-SRP level, but here the weakness should be of a
systematic nature rather than accidental. Nevertheless, for the
4- and 5- (heavy-atom) membered rings, the PM3-SRP Hamil-
tonian improves the description on a scale of about 50 kcal/
mol (ca. 300%) at the upper limit of the ridge of the reaction
swath.
For the formic acid dimer Kim published a set of nine specific

reaction parameters to the AM1- Hamiltonian (AM1-SRP) for
a direct semiempirical dynamics calculation (single-level).12 The
PES is very similar to those of the hydrogen fluoride clusters,
especially to that of (HF)5. This can be seen in Figure 5, where
the ridge is of an equally harmonic shape and of comparable
height, and from the calculated barriers (zero-point corrected
values in brackets), being 8.9 (5.2) kcal/mol for formic acid
dimer and 12.6 (6.5) kcal/mol for the cyclic pentamer of HF.
The best estimates for the electronic binding energy per
hydrogen bond of 8.1 kcal/mol74 for formic acid dimer and 7.7
kcal/mol37 in the case of (HF)5 underline this high similarity.
Further, only 4 out of the formic acid dimer’s 30 normal modes
are relevant for the description of the ridge, indicating a similar
high symmetry.
4.3. Reaction Rate Constants.For heavy-light-heavy

atom combinations, which can be found in the surveyed clusters
in repetitive units, the PES is strongly curved.52 Therefore state-
of-the-art rate constants can only be obtained by inclusion of
large curvature tunneling. Dual-level dynamics (i.e., VTST-
IC), using ab initio calculations alone, suffer from the disad-
vantage that no LCG3 calculations can be afforded to include
multidimensional semiclassical tunneling paths, because the
additionally necessary information for the reaction swath would
consume a multiple of the resources needed for the whole SCT
calculation. It is therefore necessary to provide a lower-level
PES for calculations including LCT. However, for a reliable
LCT description, the SCT rate constants of the ab initio///
semiempirical calculations should be similar to SCT results,
where interpolated corrections are evaluated at the ab initio level
of theory.
For this reason, the SCT rate constants obtained with the

centrifugal-dominant small curvature semiclassical adiabaticF
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Table 3. Non-ZeroCnh Coordinates in Dnh Normal Mode Basis

MP2/
6-311++G(3df,3dp)

B3LYP/
6-31+G(d)

PM3-
SRP PM3

Trimer
symm HF stretch 0.74 0.67 0.53 0.75
symm FF stretch 0.38 0.31 0.32 0.36
symm HF bend 0.27 0.21 0.08 0.49

Tetramer
symm HF stretch 0.63 0.58 0.51 0.79
symm FF stretch 0.40 0.34 0.31 0.66
symm HF bend 0.15 0.13 0.19 0.94

Pentamer
symm HF stretch 0.63 0.59 0.53 0.85
symm FF stretch 0.52 0.46 0.44 0.86
symm HF bend 0.09 0.08 0.18 1.20
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ground-state method (CD-SCSAG) and triple slash dynamics
at the MP2/6-311++G(3df,3dp)///B3LYP/6-311++G(3df,3dp)
level of theory were compared with CD-SCSAG results obtained
at the MP2/6-311++G(3df,3dp)///PM3-SRP level and found to
coincide reasonably, as can be seen in Figure 6. Further, it can
be seen in this figure that the linear Arrhenius behavior is
completely lost at low temperatures (going to the right sides in
Figure 6), which is due to nonclassical tunneling.
The most important feature in this figure is the vast amount

of increase in reaction rates due to large curvature tunneling
(LCT) effects found by applying the LCG3 method. The
curvature of the LCT line compared to the SCT lines is raised
considerably and the increased tunneling activity leads to rates
4, 5, and 6 orders of magnitudes higher at 100 K for (HF)3,
(HF)4, and (HF)5, respectively. In the case of the pentamer all
5 hydrogens swap their fluorine partners nearly a billion times
per second already at a temperature near that of liquid nitrogen.
Even at room temperature or higher a significant increase in
the exchange rate can be found for the tetramer and even more
so for the pentamer, for which the rate becomes the 240-fold
of the SCT result at 300 K by including LCT. For the tetramer,
the apparent Arrhenius activation energy52,67 is reduced com-
pared to pure TST treatment by 2.3 kcal/mol at 300 K and 5.4
kcal/mol at 100 K.
For formic acid dimer, Kim12 performed similar calculations

in a highly interesting study and found an increase from 4.34
× 107 s-1 (SCT) to 6.28× 108 s-1 (LCT) at 300 K using a
single-level AM1-SRP approach. This is about an order of
magnitude lower than the experimental results of various
carboxylic acid dimers suggest. We found an increase in
reaction rate constants of more than 2 orders of magnitude for
the cyclic pentamer of HF at 300 K, where the ridge is
reproduced very well by PM3-SRP. Probably, the rate constant
given by Kim12 could be refined further to higher numbers. The
AM1-SRP ridge in Figure 5, which is about twice as high as
the ab initio height at its final point, reveals that direct corner
cutting effects are very likely to be underestimated. The barrier
width is overestimated, looking at the basis-transformation
coefficient from the normal mode with “imaginary” frequency
(0.69 for AM1-SRP and 0.55 for Becke3LYP/6-31+G(d)) and,
therefore, shows that the amount of tunneling is again under-
estimated. For benzoic acid, which is thought to be very similar
to formic acid concerning hydrogen exchange,85 the inverse
correlation timeτc-1 has been estimated by field cycling NMR
via measurement of nuclear spin-lattice relaxation timeT1.14

Brougham et al. found the rate constantk ) 8 × 1010 s-1 at
300 K, which coincides with our opinion that Kim’s12 exchange
rates could be an order of magnitude too low and that the
estimated time scale for hydrogens swapping heavy-atom
partners of slightly less than a nanosecond is reliable, for both
formic acid dimer and (HF)5. Earlier studies11 showed that this
time scale for carboxylic acid dimers is nearly independent of
substitution, as the rate constants for three different deuterated
carboxylic acid dimers are found to agree within a factor of 2
at 300 K (2.5× 109 s-1 to 5.2× 109 s-1).

5. Conclusions

We analyzed in detail the mechanism of the reactive pathway
converting clockwise “isomers” of cyclic hydrogen fluoride

clusters into counterclockwise isomers, as we hoped that our
calculations can help to encourage further experimental work
using NMR and FTIR spectroscopy, which should confirm the
presented results. We believe that the major problem, why
such studies have not been published yet, is the abundance of
various stable clusters of different size in HF vapor.1,2,5

Nevertheless, we are rather sure that effects such as tunneling
splittings, which have already been estimated by measurements
in benzoic acid dimer crystals for the symmetric limit (0.32
cm-1)86 and for asymmetric carboxylic acid dimers in the gas
phase (0.5-5.0 cm-1),87 could in principle be found for the HF
complexes, as the barrier height and width and the shape and
height of the ridge of the reaction swath are very similar,
especially for (HF)5 and the formic acid dimer. In addition,
rate constants such as the ones presented here should be
measurable by means of nuclear magnetic resonance spectros-
copy.
The calculation of concerted hydrogen exchange rate con-

stants, especially at low temperatures, but also at room tem-
perature or even higher, can only be reliable if large curvature
effects are included. Nowadays, this can only be achieved
within affordable time and with reasonable results by using
specially parametrized low-cost methods, like PM3-SRP, or an
appropriate analytic potential for interpolation between high-
level stationary points. The reaction rates are increased up to
6 orders of magnitude at 100 K with the presented triple-slash
approach in comparison to previously published results.24 This
shows that treatment with SCT is insufficient to provide even
a crude estimate of rates. For methods neglecting multidimen-
sional tunneling completely, at least at temperatures up to 300
K, the picture is in fact worse than that. The enhancement of
rate constants can still be more than 2 orders of magnitude at
room temperature.
The improved definition of the ridge of the reaction swath

and the discussion of basis-transformation coefficients itself
should help in understanding, why and how much reaction rates
differ in going from methods ignoring multidimensional tun-
neling to SCT and further to LCT approaches. This provides a
theoretical basis capable of estimating or explaining experi-
mental results.
The high similarity of the hydrogen bond characteristics of

the cyclic hydrogen fluoride pentamer to those of the dimer of
formic acid in combination with the large amount of reliable
experimental data for carboxylic acid dimers ensures us that
our estimate of the rate constantk(300K)) 2.8× 109 s-1 for
(HF)5 is realistic and gives hope that it will be confirmed
experimentally.
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