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The concerted proton transfer hypersurface of cyclic water and hydrogen fluoride clusters has been described
by high-level molecular quantum mechanical calculations. For the cyclic water clusters the concerted proton
transfer transition states have been investigated for the first time with methods including treatment of dynamic
electron correlation. The crucial importance of dynamic electron correlation for the barrier heights is
demonstrated. A detailed analysis of the minimum energy path has been performed. The reaction swath of
the concerted proton transfer was examined indicating a reasonable description by harmonic approximation
of the energy hypersurface. Transfer rates have been calculated by means of variational transition state theory
with interpolated corrections (VTST-IC) and dual-level direct dynamics (DLDD), both with semiclassical
tunneling corrections. Tunneling is very efficient in the concerted proton exchange reaction of the cyclic
hydrogen-bonded clusters under investigation. Rate constants for the concerted exchange of hydrogens in
important hydrogen fluoride vapor phase species are reported for the first time. In the hydrogen fluoride
tetramer and pentamer the concerted proton exchange of four and five protons, respectively, takes place with
reaction rates that are comparable with the concerted exchange rates in carboxylic acid dimers and is not
hindered by the large number of simultanously moving protons. The concerted proton exchange rates in the
studied water clusters are comparably low because of higher exchange barriers. It is shown that hydrogen
fluoride clusters can be used to a large extent as “simplified” experimental and theoretical models for water
clusters.

1. Introduction description of the effects within an “infinitely” long chain
because of their topology. The minimum energy structures of
the cyclic water cluster have been investigated in numerous
studies over the past yeds?° In 1992 Pugliano and
fSaykallfl discussed the “clockwise and counterclockwise”

Long-range proton transfer is a key step in many biological
reactions-? In most of these reactions water plays a central
role in the transfer of protons. Nevertheless, these proton

transfer processes are not well understood mainly because Otunneling motion that reverses the sense of the hydrogen

pronounced guantum effects in t_he_nuclear motion of protons. bonding. To our knowledge, this concerted proton transfer has
Several studies on charged or ionic water clusters have beennot yet been investigated in more detail after early pioneer
published recentl§:56.7.8 However, considering the autodisso- o

o o . studieg? in 1991 yet.
ciation constant of water, it is quite clear that even at (locally)

very low pH values nearly all the transporting agent is neutral, se\ljggarloggc;rl]ltj:rgs C%l;iteerﬁ:h?& irSIir:]]\l/lggtief;eticc:ﬁ bggr:ta\{ﬁe
i.e., a major part of proton transfer processes has to be of 9 g 9 ) ’

“nonionic” nature. This implies that we need a better under- structural complexity of the clusters is significantly simplified

standing of another concept that does not involve ionized because of their prevalent linear bond topology and their

species, namely, concerted proton tunneling, in order to explaing 2T E Y BOL R, S S SR SR
the phenomenon of proton transfer completely. Whereas there gp

is a deeper understanding of the ionic proton transfer, the modelsm'ght be less obvious in the corresponding water clusters. Not

for concerted tunneling contributions are not well established. only are several .effects less hlddgn in the strugtural simplicity
Most of the information available for concerted proton transi- of hydrogen fluoride clusters than in the complexity of the water

tions arises from studies on carboxylic acid dinferghe present glgséi?z” bu;ffslzst: r'g;pi?lrtagtn ?:fcf)%Ct:raa':ir\?e rrr:gﬁ -Fk))rc?(;]ouigfeef,
study aims to improve the understanding of concerted proton P y ying P y y

i 23—32 i i
transfer by giving a description of the hypersurface’s shape as 2|CJ 2:2?5 of c Itc:;giﬁzeg :Sgggzhe;;h::;hn?;g?Loogrﬁn;wgr:geof
well as of the rate constants in small cyclic clusters of solvent Y P ! P

, 20 i .
molecules. hydrogen fluoride vapo*2° Computational studies revealed

. . Lo . astonishingly low barriers for concerted proton tunneling in
Cyclic clusters are optimal for concerted tunneling investiga- . X 25 84
. O . . .2 cyclic hydrogen fluoride clustefs:2>:
tions, because it is possible to avoid the effect of ionic

contribution mpletely and because th re approaching th
ontributions completely because they are approaching € Methods
:To_who_m correspondence should be addressed. Recently, it has been shown that inclusion of dynamic electron
; University of innsbruck. correlation is necessary for a reasonable description of concerted
Institute of Rudjer Boskovic. 534
§ University of Oxford. proton transfer process&&?>3* Therefore, all molecular quan-
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. tum mechanical calculations in this study include an approximate
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TABLE 1: Energy Barriers [kcal/mol] (Values in Cong’
Parentheses are Zero-Point Corrected) %‘O f % oY ¥ O?
MP2 B3LYP @) O
(H0)s 27.0 (22.9) 26.3(22.2) <§ o8 ® o &=0 &
(H0)s 23.3(16.9) 22.6 (16.3) %
(H0)s 26.1 25.0 (16.5)
(HF)s 18.7 (16.0y* 16.6 (13.7)¢ %
(HF), 12.7 (8.1 10.4 (6.0)%¢ % o Ong®
(HF)s 12.6%(6.5)% 9.8 (4.1)% o§ ? o &
TABLE 2: Dynamic Electron Correlation Energy Difference @ © % gﬂ@
AE® between Minimum Energy Structures and Transition 2o © 4 &y
States [kcal/mol] g f
AEY (MP2) AEY) (MP2) Figure 1. (H:0), and (HO)s concerted tunneling minimum energy
(H0)s 20.8 (HF) 16.834 structures and transition states.
(H20)s 225 (HF) 15.9% . . . .
(H20)s 26.3 (HF} 17.0% of calculating reaction rates for systems with more than five

atoms at an accuracy comparable to accurate quantum dynamical
treatment of dynamic electron calculation. Either this ap- calculations.
proximate treatment of dynamic electron correlation is per-
formed by second order perturbation theory (frozen core MP2) 3. Results
or by the hybrid density functional method B3LYP.Detailed In the following sections 3.1, 3.2, and 3.3 we give a short
investigations concerning the reliability of B3LYP for the gyerview of energetics, geometries and frequencies of both

description of hydrogen fluoride clusters showed that the hybrid minimum energy structures and transition states followed by a
density functional method is able to reproduce dynamic electron getajled discussion of dynamics in section 3.4.

correlation effects predicted by second-order perturbation theory 3 1 Energies.Table 1 contains the energy barriers for

quite well, even though it cannot completely replace MP2 concerted proton transfer in cyclic water and hydrogen fluoride
calculations® Density functional theory benchmark studies for  ¢jysters. Details concerning the results for the hydrogen fluoride

water clusters"*”led to similar conclusions. clusters are discussed elsewh#® The excellent agreement

If not otherwise denoted, all molecular quantum mechanical of MP2 and B3LYP results regarding the barrier heights for
calculations were carried out using the 6-31G(3df,3pd) the concerted proton transfer in cyclic water clusters is most
basis séf 4% with the Gaussian 94 series of prograthsThe striking. This excellent agreement is not due to smaller dynamic
6-311++G(3df,3pd) basis set was chosen because it offers electron correlation contributions for water clusters in compari-
higher angular momentum flexibility than the aug-cc-p\¥924 son to the hydrogen fluoride clusters as can be seen in Table 2.

basis set at considerably lower computational demands than theThis table contains the dynamic electron correlation energy
aug-cc-pVT22 44 basis set. For the calculation of stabilization difference of minima and transition states at MP2 level of theory,
energies of the clusters the aug-cc-pVDZ basis set is considered g AEE)Z) in common terms of many-body perturbation
to be more advantageous because of the excellent convergenceheory®® As in the case of hydrogen fluoride, the neglect of
properties of MP2/aug-cc-pVxZ calculations in determining dynamic electron correlation leads to a highly overestimated
hydrogen bond strengtts;*4’due to reduction of the so-called  energy barrier. The better agreement between MP2 and B3LYP
basis set superposition error or at least through a very reliablefor water than for hydrogen fluoride is not a result of the lower
error compensation. However, in studying the concerted gemands for the description of dynamic electron correlation. It
tunneling path and barriers, we assume the improvement of theactually could arise from the parametrization procedure for
monomers description by the basis functions of the other B3Lyp35that relies on more compounds with oxygen than with
monomers within the complex to be rather constant and, flyorine. Itis also quite interesting that the concerted tunneling
therefore, to be more advantageous. These assumptions ar@arrier of water seems to have its minimum at the tetramer
confirmed by high-level benchmark calculatidfisHence, we  whereas for hydrogen fluoride this seems to be the case for the
consider the 6-31t+G(3df,3pd) basis set as a good compro- pentamef®
mise between accuracy and affordable system size. 3.2. Geometries. Figure 1 displays the starting point,
Reaction rate calculations were done with variational transi- transition state, and end point of the concerted tunneling path
tion state theory with interpolated corrections (VTST4C) for the water tetramer and pentamer. Whereas for hydrogen
implemented in POLYRATE, version 6°8and dual-level direct  fluoride all minima haveCy, and all transition states haw
dynamics (DLDDj! in MORATE version 6.5? both with structures$? the situation for water is much more complicated
semiclassical tunneling corrections. (VTST-IC and DLDD are as will be discussed below.
used as synonyms in the literature. However, we use the 3.2.1. Minima. The minimum energy structures of cyclic
abbreviation VTST-IC when we relate to variational transition water clusters in the gas phase are well known up to the
state theory based on interpolation between a comparably smalhexamef%11.15 The water trimer and pentamer are 6f
number of high-level points. The approach relying on direct symmetry whereas the tetramer isafsymmetry. Tables-35
calculation of the energy surface at every point needed we will summarize the most important structural properties of the cyclic
call DLDD in the following. This should not be confused with  clusters minimum energy structures both for water and for
the interpolated corrections by means of the most accurate datehydrogen fluoride. The results for water agree quite well with
available for minimum energy structures and transition states results published so far. In ti& water structures we find ©0
applied to both these methods.) These and related approachedistances differing from each other. Generally, the-@
developed by Truhlar and coworke¥s®® have been tested distance corresponding to the hydrogen bond with both “out-
successfully both against experim&nt® as well as against  of-plane” hydrogens on one side of the “oxygen-plane” is the
accurate quantum dynaméé$8and open the unique possibility  longest one and all others are close to the lower boundary given



Proton Tunneling J. Phys. Chem. A, Vol. 101, No. 26, 1994709
TABLE 7: O —H and F—H Distances of Transition States
[A] (values in Parentheses Denote &H Distances of
Hydrogens Not Taking Part in Hydrogen Bonds)

TABLE 3: O —0O and F—F Distances of Minimum Energy
Structures [A]

MP2 B3LYP
(H20)5 2.791-2.798 2.799-2.808 MP2 B3LYP
(H:0)e 2.731 2741 (H20) 1.213-1.216 (0.960) 1.22%1.223 (0.961)
(H:0)% 2.710-2.724 2.718-2.737 (H:0) 1.203 (0.959) 1.210 (0.960)
(HF)s 2.613% 2.593% (H:0)s 1.196-1.202 (0.959) 1.2031.209 (0.960)
(HF) 2.516% 2.499% (HF)s 1.151% 1.161%
(HF)s 2.484% 2.467% (HF). 1.138% 1.147%

(HF)s 1.132% 1.141%

TABLE 4: O —H and F—H Bond Distances of Minimum
Energy Structures [A] (Values in Parentheses Denote ©H
Bond Distances of Hydrogens Not Taking Part in Hydrogen
Bonds, i.e., the Ones of “Out-of-Plane” Hydrogens in the
Water Clusters)

TABLE 8: O —H and F—H Stretching Frequencies of
Minimum Energy Structures [cm~1] (Values in Parentheses
Denote O-H Stretching Frequencies Emerging from
Hydrogens Not Taking Part in Hydrogen Bonds)

MP2 B3LYP MP2 B3LYP
(H0)s 0.972 (0.958) 0.975 (0.960) (H,O)s  3628-3700 (3942-3946)  3542-3615 (3876-3881)
(HO)s 0.979 (0.958) 0.983 (0.960) (H,O)s  3436-3574 (3937-3939)  3345-3484 (3874-3876)
(H0)s 0.981 (0.958) 0.986 (0.960) (H0)s 3287-3444 (3873-3879)
(HF)3 0.93334 0.94236 (HF)3 3777-38933436 3618-37493%
(HF), 0.9463% 0.9573% (HF);  3418-37003436 3197-352236
(HF)s 0.9503% 0.9633% (HF)s 3278-36123% 3025-34193%
TABLE 5: O —H and F—H Hydrogen Bond Distances of
Minimum Energy Structures [A] %:Qx %@* %’% X
MP2 B3LYP
(H20)3 1.897~1.919 1.902-1.925
(H20)4 1.766 1.772 W} gﬁ%
(Hz0)s 1.730-1.748 1.7341.754 <~ 8,
(HF)s 1.778% 1.75036
(HF), 1.59134 1.56336
(HF)s 1.5373 1.50736
TABLE 6: O —0O and F—F Distances of Transition States R% J g
A ® ? e @ O ¢
MP2 B3LYP
3 o € <0 o=
(H20)3 2.367+2.370 2.379-2.381
(H20) 2.396 2.409 %\ @e@
(H20)s 2.396-2.398 2.41%+2.413 w @a % %
(HF)s 2.242% 2.255%
(HF), 22653 2.28036 Figure 2. “Symmetric” O—O stretching, H-O stretching, and HO
(HF)s 2.26434 2.28036 bending modes of (}D), minimum energy structure and transition state.

increasing cluster size. Within thgs clusters G-O distance

in Table 3. It could be that these differences in the@ gifferences were found to be smaller than for the minimum
distances in the present study result from using default stryctures and could even be regarded as insignificant within
convergence criteria in the Gaussiart'®&ries of programs as  the limitations of the used convergence criteria.
suggested previousK:'* However, because the geometry 33 FrequenciesFor all minima and transition states except
optimizations were all started with identical-@ distances,  the water pentamer frequencies have been calculated at both
the deviations of 0.01 A for the trim®rand 0.02 A for the MP2 and B3LYP levels. The water pentamer MP2 frequencies
pentamer do not appear to be artifacts. were computationalwise too expensive because of the low

In general, the FF distances are considerably smaller than symmetry of this species. In the following only the frequencies
the corresponding ©0 distances, indicating that the hydrogen corresponding to “symmetric’ normal modes (“symmetric”
bonds in hydrogen fluoride can profit more from forming cyclic H—O and H-F stretching, “symmetric’ @0 and F-F stretch-
clusters than those in water. However, the best available ing, and “symmetric” G-H and H-F bending), being the most
estimates for the noncyclic dimépg’ also show considerably  relevant ones for concerted hydrogen exchange, are discussed.
larger O-O distances compared with- distances (2.91 and  For the tetramer of water these “symmetric’ modes are shown
2.73 A, respectively). in Figure 2 for the minimum structure and the transition state.

The bond distances in Table 4 and the hydrogen bond Detailed information concerning the water cluster minima
distances in Table 5 have been listed for comparison with Table frequencies and their assignment can be found in the litera-
7 of the following chapter. ture11.18.15,20

3.2.2. Transition StatesTables 6 and 7 summarize the most 3.3.1. Minima. Table 8 gives an overview of the hydrogen
important transition state geometry parameters. The water stretching frequencies in the minima. The lower boundaries of
clusters transition state is dofs symmetry for trimer and the ranges given in Table 8 correspond to the “symmetric” bond
pentamer and oD,y symmetry for the tetramer, whereas the stretching mode relevant for the concerted tunneling gaéts
transtion states of the hydrogen fluoride clusters are dbgf can be seen from stretching frequencies of “free” hydrogens,
structure. The tendencies observed in changing from the minimagiven in parentheses, the shift of water frequencies is reproduced
to the transition states are the same for water and hydrogenquite well by B3LYP.
fluoride. The most prominent feature is the decrease 600 Tables 9 and 10 contain the remaining two “symmetric”
and F-F distances. However, this effect becomes smaller with modes, namely, the “symmetric” bending and the “symmetric”
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TABLE 9: “Symmetric’ O —H and F—H Bending TABLE 12: “Symmetric’ O —O and F—F Stretching
Frequencies of Minimum Energy Structures [cnT1] Frequencies of Transition States [cm?]
MP2 B3LYP MP2 B3LYP
(H20)s 875 893 (H0)s 741 729
(H20)4 1011 1010 (H20)s 624 613
(H20)s 1006 (H20)s 512
(HF); 9733 10143 (HF)s 73034 714
(HF), 116034 119736 (HF), 62234 608
(HF)s 1179% 12163% (HF)s 524 513
TABLE 10: “Symmetric’ O —O and F—F Stretching TABLE 13: “Imaginary” Frequencies of Transition States
Freqguencies of Minimum Energy Structures [cnT?] [cm~1] (Corresponding Reduced Masses Are Given in
MP2 B3LYP Parentheses [amul])
(H20)s 217 216 MP2 B3LYP
(H:0)4 207 207 (H20)3 1833i (1.0262) 1815i (1.0272)
(H20)s 179 (H20) 1675i (1.0316) 1651i (1.0324)
(HF); 2153 22836 (H20)5 1617i (1.0365)
(HF)4 21034 224536 (HF)s 1733i%4(1.0329) 165376 (1.0334)
(HF)s 1863 1973% (HF), 1498i34(1.0385) 1403#° (1.0389)
(HF)s 1431i% (1.0423) 131876 (1.0426)

TABLE 11: “Symmetric’ O —H and F—H Bending

. h ;
Frequencies of Transition States [cm] 3.4. Dynamics. 3.4.1. General. For investigation of

MP2 B3LYP dynamics the extrema on the minimum energy path are far from
(H0) 2028 2008 being sufficien®” Ideally, one would like to have an analytic
(H20)4 1843 1813 representation of the complete energy hypersurface for the
(H20)s u 1699, 1799 systems under consideration. If such a representation is not
§EE§3 iégﬂ iggz available, one tries to describe the most relevant parts of the
¢ energy hypersurface as well as possible. Besides the energy
(HF)s 1710 1674

_ o _ extrema, the minimum energy path (MEP) and the region in

__*For the water pentamer there is a strong mixing of bending and the vicinity are essential for variationally minimizing recrossing

out-of-plane” modes preventing a strict assignment. Therefore, the 1 oyimizing the generalized free energy. Additionally, these

two frequencies with the highest “symmetric” bending contribution are 7 - 2!

given. parts of the energy hypersurface are crucial for estimating small
curvature tunneling effects.

0-0 and F-F stretching modes. It is interesting to note the ~ The treatment of large curvature tunneling effects due to

large similarity of the above-mentioned frequencies for water corner cutting also needs information from the area that cannot

and hydrogen fluoride. be described in terms of an expansion of the potential around
3.3.2. Transition States\Whereas the minimum energy the MEP?® The region containing the points that lie on

structures and their frequencies are well-known in the literature, significant tunneling paths in the large-curvature case is called

the concerted tunneling transition states for hydrogen fluoride the reaction swatf.

have been investigated just recently in detail at a higher level 3.4.2. The Minimum Energy PatiOwing to the excellent

of theony4 and to our knowledge those for water have not been agreement between B3LYP and MP2 with respect to the barrier

studied so far. This may be due to the conceptional difficulties heights and the chosen basis set, we decided to investigate the

of finding transition states betwed@y structures that involve  reaction path for the trimer, tetramer, and pentamer of hydrogen

the simultaneous cleavage of several bonds, even though théluoride and for the trimer and tetramer of water with the
initial direction toward the concerted tunneling transition computationally much less demanding B3LYP method in more

state-the direction of the “symmetric’ ©0 and F-F detail. For each of these five clusters the minimum energy path
modes-always corresponds to the direction of an eigenvector for the concerted tunneling was calculated in steps of 0.1 au.
with one of the five lowest eigenvalues of the minimum The Born-Oppenheimer potential energy along minimum
structures’ mass-weighted matrix of second derivatives. energy paths is displayed in Figure 3.

All transition states reported here are first-order transition It is rather easy to show that every physical quantity of a
states. The eigenvector corresponding to the “‘imaginary” symmetric species has to have zero derivatives with respect to
frequency always points toward the concerted exchange of changes that break the symmetry. (In more mathematical terms,
hydrogens, i.e. there is no indication for pathways toward every physical quantity has to be an even function if the
ionic structures of the type @®)"(OH) (H20)n—2 or (HzF)* geometry is changed along a direction that corresponds to an
F (HF)n-2. eigenspace of the symmetry operator with an eigenvaluelof

As will be shown below, the “symmetric” bending modes For the present study this has the consequence that not only
listed in Table 11 are of major importance for concerted the energy has zero derivative with respect to the reaction
tunneling not only because of their high values. Both the coordinate at the symmetric saddle point but also necessarily

“symmetric” bending and the “symmetric” €0 and FF all generalized normal mode frequencies. To take advantage
stretching frequencies listed in Table 12 are very similar for of this knowledge, we implemented a cubic spline interpolation
water and hydrogen fluoride cluster transition states. for the energy and the frequencies in the POLYRATE

The imaginary frequencies are listed in Table 13. The program. Cubic splines not only interpolate the data points but
reduced masses belonging to the imaginary frequencies ardeave two external conditions undetermined. Most frequently,
almost equivalent to the one of a single hydrogen atom. This these two external conditions are chosen in a way to let the
indicates that it is a common misunderstanding that concertedsecond derivatives at the end points of the interpolation interval
tunneling is unlikely because a “large” number of atoms vanish (this type of spline is called “natural” splines). In this
corresponding to a “large” mass has to be moved. work, however, these two external conditions were chosen
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Figure 3. Born—Oppenheimer potential energyuer) and adiabatic ground state potential ener\z@) (along the MEP.

differently, i.e., the first derivative vanishes on the saddle point mode 12 for the tetramer, and mode 19 for the pentamer of HF
and the second derivative at the minimum of the MEP. This in Figure 4; modes are numbered in descending order of the
procedure was advantageous with respect to be computationatransition state frequencies). The symmetrie Hstretching
effort required and numerical stability of the calculations, as mode becomes the-H- bending mode, corresponding to the
outlined below. highest frequency of the transition state of the trimer, the second
For the hydrogen fluoride trimer the performance of this highest of the tetramer, and the third highest of the pentamer
strategy was checked by successively calculating energies andmode 1 for the trimer, mode 2 for the tetramer, and mode 3
generalized normal mode frequendfeim steps ofAs = 0.01 for the pentamer of hydrogen fluoride; in the case of the
au along the reaction coordinatéetween the saddle pointand pentamer the highest frequency of the transition state is 2-fold
s=0.05 au. These directly calculated generalized normal mode degenerate). For the tetramer and the pentamer of hydrogen
frequencies were compared to the frequencies at these pointdluoride, one “negative” frequency of very small magnitude
resulting from fitting generalized normal mode frequencies to appears on the reaction path, which is most likely due to
points in steps oAs = 0.1 au along the minimum energy path. numerical inaccuracy in the algorithm for finding the minimum
Both methods were found to agree very well. Thus, the chosenenergy path. These are assumed to have no influence on the
procedure helped in avoiding calculations of points very close further considerations.
to the transition state for symmetric reactions. This not only  The trimer and tetramer of water were treated analogously.
saves computation time but also reduced numerical instabilitiesOwing to stronger coupling of frequencies, especially with
that can arise from very small differences between close pointsmodes of hydrogens not taking part in hydrogen bonds, the
on the reaction path. assignment and meaning of the generalized normal modes are
Starting from the saddle point, the force constant matrix was not as clear as in the case of the hydrogen fluoride clusters.
computed for the pentamer of hydrogen fluoride in steps of 0.1 For reordering and connecting the frequencies, we relied
au along the minimum energy path. The resulting generalized completely on the projecting procedure described above rather
normal modes were reordered by projecting the eigenvectorsthan on trying to mimic the connection scheme of the hydrogen
of successive steps onto each other and connecting the onefiuoride clusters. The changes of the generalized normal modes
giving the largest contribution for a specific eigenvector. As along the MEP still show very similar motives.
can be seen in Figure 4, the generalized normal mode frequen- The consequence for the adiabatic ground state potential
cies mostly change in the rangeof —1.0 tos= +1.0 of the energy along the MEP can be seen in Figure 3. Upon the
minimum energy path. Outside this range, changes are lessincrease of the number of monomers, two characteristic maxima
pronounced and easily predictable by interpolation over longer on the left and on the right side of the transition state appear.
distances. Therefore, for the hydrogen fluoride tetramer the For the hydrogen fluoride tetramer and pentamer these side
second derivatives were only computed upste 1.4 and for maxima are at = +0.58, whereas they show upsat +0.69
the hydrogen fluoride trimer up t®9= 1.1, with an additional for the water tetramer. The appearance of the side maxima is
point ats = 2.0, reordered and connected as described above.a consequence of a strong increase of higher generalized normal
In general the low generalized normal modes increase towardmode frequencies in this region of the reaction path, which is
the saddle points, whereas the higher ones decrease. The threeot yet compensated by the lowering of electronic energy toward
most interesting frequencies are the symmetric ones (symmetricthe minima. However, even for the hydrogen fluoride pentamer
H—F stretching, symmetric+F stretching, and symmetric-H- the “global” maximum adiabatic ground state potential energy
bending). In all three hydrogen fluoride clusters they show the remains as = 0.
same characteristic permutation along the minimum energy path. Another very important feature for dynamics is the angle
In the beginning the symmetric-H- stretching corresponds to  change of the reaction coordinate along the minimum energy
the direction of the reaction path. However, toward the saddle pattf." as displayed in Figure 5. A comparison of the angle
point this mode continuously changes to the FHstretching. change with the study on formic acid dim&reveals some
On the saddle point the HF stretching exactly corresponds to  differences. The species investigated in our study display a
the direction of the minimum energy path. The-Hsymmetric smaller reaction path curvature near the transition state,
bending mode in the minima changes to the symmetfi¢-F  especially for the trimer of hydrogen fluoride and the trimer of
stretching mode on the saddle point (mode 9 for the trimer, water. Changing of the angle takes place more rapidly,
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Figure 4. Generalized normal modes along the concerted tunneling MEP of (kt)left), (H.O)s (top right), (HF) (middle left), (HO)s (middle
right), and (HF} (bottom).

indicating that there is nearly an “edge” in the minimum energy along the MEP. Also, for the formic acid dimer two side
path where the reaction coordinate changes from the symmetricmaxima appear on the reaction path. Unfortunately, the changes
H—F stretching mode of the transition state to the symmetric of the generalized normal modes along the minimum energy
F—F stretching mode of the minimum. This change takes place path are not given for the formic acid dimer and exclude the
at the position of the above-discussed side maxima of the possibility of a detailed comparison with these results.
adiabatic ground state potential energy on the minimum energy  3.4.3. Reaction SwathAs mentioned already, the shape and
path. In the study of formic acid dim@ra similar but less height of the so-called reaction swath determine the relevance
pronounced curvature of the reaction path is apparent, as alsoof large curvature tunneling because of corner-cutting effects.
can be deduced from the adiabatic ground state potential energyOwing to the high symmetry of hydrogen fluoride clusters, it
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Figure 5. Angle between gradient on the MEP and the “imaginary” mode of the transition states (calculated in steps of 0.1 au and connected).

E (keal/mol) approach will be called B3LYP(SCT) in the following. This
3. B3LYP(SCT) approach was improved by interpolated correc-
50.00 Hiial tions5 at the MP2/6-311+G(3df,3pd) level. These corrections

45.00

include the inertia tensor, the classical barrier height, and all
frequencies of the saddle point and minima. This version of
the B3LYP(SCT) approach with interpolated corrections will
be referred to as MP2///B3LYP(SCT) in the following.

40.00

35.00 /
30.00 .

™
\\

7 (2) Direct dynamics was used for the trimer of hydrogen
2500 // fluoride and the trimer of water. This approach was used in
/ / order to judge the importance of large curvature tunneling effects
20.00 #

that cannot be predicted a priori for unimolecular reactfdns.
Direct dynamics do not rely only on a quadratically ap-
proximated surrounding of the minimum energy path but rather
calculate the information necessary for large curvature tunneling

i

]
\

15.00

10.00 —

5.00

'*% corrections whenever they are needed. Owing to the large
000 —— = = _ number of calculations that are necessary for such an approach,
230 240 as0 g | disance(d) this method is only feasible at semiempirical le¥elWhereas

Figure 6. Born—Oppenheimer potential energy on the minimum AM17277° even fails to reproduce the transition states as first-
energy path and on the ridge of the reaction swath for a giveR F  order saddle points, the description of the reactions with P{#3
distance. is qualitatively right, but classical barrier heights are much too
high. The results emerging from this direct dynamics approach
is possible to define the ridge of the reaction swath in a very with interpolated correctiofi3at the MP2/6-311+G(3df,3pd)
easy way: One simultaneously has to increase th @istance level—corrections done exactly as for MP2///B3L¥ill be
and to force the hydrogens to stay at half angle in between thedenoted in the following as MP2///PM3(SCT) for small curva-
two fluorine atoms. This corresponds to following the sym- ture tunneling corrections and MP2///PM3(LCT) for large
metric FF stretching mode but relaxing the hydrogens’ distance curvature tunneling corrections.
from the center of mass. In comparison to the direct following  The results of all the aforementioned calculations are sum-
of the symmetric FF stretching mode of the transition state, marized in Figure 7 showing the reaction rates at 100, 150, 200,
this procedure has the advantage that it delivers the lowest250, and 300 K. In all cases there is no variational effect on
hydrogen transition barrier for a given—F distance but has  the transition state location, i.¢CVT is identical withk™ST. This
the disadvantage that the followed direction has, besides themeans that the dynamical bottleneck of each reaction is the
direction of the symmetric +F stretching mode, contaminations  saddle point.

from the symmetric HF bending mode. In each of the graphs of Figure 7 there are three lines

The results of this procedure are shown in Figure 6. Most corresponding to successivly more sophisticated methods of
striking, the ridge is of a rather “harmonic” shape up to the tunneling corrections of MP2///B3LYP results. The first curve
F—F distance of the minima. This implies that the description corresponds to the Wigner method for tunneling corrections. It
of the reaction swath by the quadratic approximation is, in corresponds to a quadratically approximated one-dimensional
contrast to all expectations, at least qualitatively reasonable for barrier assumption. Whereas this is a rather rude estimate, the
nearly the whole region of interest. zero curvature tunneling (ZCT) approximation already takes into

3.4.4. Reaction RatesTo get estimates of reaction rates, account the actual form of the potential along the reactions path.
two different approaches were used. (1) Interpolated variational However, this correction still assumes a one-dimensional
transition state theory was based on the B3LYP/643tG potential. Finally, the small curvature tunneling (SCT)
(3df,3pd) description of the minimum energy path and its first method-also called centrifugal-dominant small-curvature semi-
and second derivatives. The major disadvantage of this ap-classical adiabatic ground state (CD-SCSAG) methaat only
proach is that there is no possiblitiy of including large curvature relies on the actual form of the potential but also includes
tunneling effects in the estimate of the reaction Patelhis multidimensional corner-cutting effects on the concave side of
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Figure 7. Rate constants of (HE)top left), (H:O); (top right), (HF) (middle left), (HO), (middle right), and (HF) (bottom) at the MP2/6-
311++G(3df,3pd)///B3LYP/6-31%+G(3df,3pd), B3LYP/6-313+G(3df,3pd), and MP2/6-311+G(3df,3pd)///PM3 levels with small curvature
tunneling (SCT) and large curvature tunneling (LCT) corrections description.

the reaction path. For low temperatures the difference in the similarity of the reactions under investigation, the small
predictions of these three methods range from more than 20curvature tunneling corrections do not influence the ordering
orders of magnitude for the trimer of water to only 3 orders of of the reaction rates given by the classical barrier heights.
magnitude for the pentamer of hydrogen fluoride. This indicates To give an estimate of the effect of MP2 corrections to the
that the demands for the proper description of tunneling effects B3LYP calculations, the rate constants directly calculated from
lower with increasing number of monomers. Small curvature B3LYP calculations with small curvature tunneling corrections
tunneling corrections predict enormous tunneling effects in all are shown in Figure 7. The MP2 corrections to B3LYP(SCT)
studied systems as can be seen in Table 14. Owing to thechange the calculated rates of the hydrogen fluoride clusters
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TABLE 14: Transmission Coefficients from Semiclassical energy path alone is not sufficient for a reasonable description
Small Curvature Tunneling Calculations of the reaction swath. At least the proper description of the
KSCT v 100 K 200 K 300 K ridge of the reaction swath as displayed in Figure 6, probably
including its second derivatives, would be necessary for such a
(H20)3 7.53x 107 2.08x 1P 54 . - o -
(H:0)s 8.07 x 101 118 10° 15 semiempirical description of the energy hypersurface with
(HF)s 225 106 8.24x 1(° 27 specific reaction parameters.
(HF), 1.99x 107 47 5.2
(HF)s 2.71x 10¢ 9.2 2.9 4. Conclusions

Despite the fact that the results on the reaction rates in this
study can be improved further, some important conclusions can
be drawn.

Dynamic electron correlation treatment is essential for the
description of concerted proton transfer both in cyclic water
and in cyclic hydrogen fluoride clusters. The reaction swath
of the concerted proton transfer indicates a reasonable descrip-

description of the minimum energy path and its vicinity, should tion by harmonic approximation of the energy hypersurface. In

offer a good benchmark for MP2///PM3(SCT) especially because the hydrogen fluoride tetramer and pentamer the concerted

these two calculations are based on the same interpolatedOrOton gxchang_e of four and five protons, res_pectively takes
corrections. However, the agreement is quite poor. Several place with reaction rates that are comparable with the concerted

reasons could be responsible for such behavior. Above all, thei?g?ggﬁzngﬁls Irr;g\zjli;b()x}:(l)lfoﬁglgotrsnﬁgst'hi-rl;ggrliir:i%etrglrj\r;z?r
description of the classical barrier height at the semiempirical Tunneling is veyr effici%r?t in the concerted broton exchan e‘
level is, especially for the hydrogen fluoride clusters, much too eling y . X g

high (e.g., 91 kcal/mol for the hydrogen fluoride pentamer). reaction Qf all_the cyclic hydrogen-bonded clusters qnder
Also, the reproduction of essential parts of the reaction path, investigation. The concerted proton exchange rates in the

where the strongest frequency changes occur, is far from beingzyc(i:zg Vgag::rgﬁstefov%g:f?:E:&aggslg‘r’lvcgzrﬁf\‘s r?f dr:ggheenr
satisfactory. Furthermore, the structure of the minima at the 9 : ’ ydrog

PM3 level is quite different from the one resulting from ab initio bonding of the *free out-of-plane” hydrogens to additional water

methods. PM3 in partcular appears to overemphasize the™ (R FELT BTSSR NN FORERER
importance of the symmetric bending mode for the reaction by are well-suited model systems for stu)(; ing concerted tunnelin
underestimating the linear character of the hydrogen bonds in. y ying 9

the minimum energy structures. Altogether, these deficiencies'r? dk:ydrc:]ge?(-tr)]or:]dedb Cr“rJiStrerS'r Evﬁni dthro%?hhithﬁ rc?nrc\(,avrt?dr
appear to be responsible for the fact that the rather simple form ydrogen exchange barriers are considerably igher for wate

of representing the hypersurface cannot be regarded as theC|USterS’. many - common features can be observed. This
method of choice. emphasizes the importance of experimental work on hydrogen

Nevertheless, it is very interesting that for the trimer of fluoirldrev\?lusiﬁrsntr;attﬁan prow?er (izsster;tlall mforrm\?vtiltck)\ntlr? ziarrlnurch
hydrogen fluoride at the MP2///PM3 level, small curvature easier way than Is the case for water clusters er large

tunneling is predicted to be more efficient than large curvature number of low energy rearrangement possibilities. .
tunneling over the whole range of studied temperatures. For For a more accurate refinement of concerted tun.nellng.rates
the trimer of water the picture changes, but for higher temper- a consideration of I_arge curvature tunnelmg corrections W'." be
atures the small curvature tunneling correction still leads to necessary. We t_hlnk_that_our_ resglts provide a solid basis for
nearly identical reaction rates as the large curvature correction.further investigations in this direction.

At lower temperature, however, the efficiency of large curvature
tunneling seems to be higher.

There are mainly two important factors that may influence
the further refinement of reaction rates rather strongly. Im-
proved classical barrier heights could easily shift the reaction
rates by 2 orders of magnitude. Nevertheless, we think that
this effect would be very similar for all clusters, at least within (1) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological
the hydrogen fluoride clusters and within the water clusters. S”“(Czt;‘rggiﬁ’t?sngfr'\é%rlgg;to?]e;“gnls?gli'n Hydrogen-Bonded Systems
Also, the role of large curvature tunneling is not entirely clear. NATO ASI Series 291: Plenum Press: New York, 1992.

One way to reduce these problems could be the introduction of  (3) Simkin, B. Y.; Sheikhet, I. I. Proton Transfer Reactio@siantum

more sophisticated interpolated correct®ndy including gg%g‘z'ggd Statistical Theory of Solutipfiis Horwood: London, 1995;

additi.on.al high Ievell gb initio points that could help in a proper (4) Bamett, R. N.; Landman, Ul. Phys. Chem1995 99, 17305
description of the minimum energy path. Reasonable agreementi7310.
of predictions for small curvature tunneling corrections within, Eg; ioniﬁ' R sRogle-Chgm Phé’sd'é%tg%‘ﬁ 21%‘%7431_51‘0‘;28%

H s antheas, S>. al. Am. em. SO f .
for example MP2///B3LYP and MP2///PM3 is a precondltlor_l (7) Siegbahn. P. E. MJ. Comput. Cheml996 17, 1099-1107.
but not a guarantee for reasonable large curvature tunneling  (g) Tozer, D. J.; Lee, C.; Fitzgerald, G. Chem. Phys1996 104
corrections at the MP2///PM3 level. 5555-5557. ) _

In addition, the deficiencies of semiemprical calculations heﬁ)icgfggﬁ;srﬁilégé tAi_;onva'Il('zrr(r)\\Se?éEﬁj  ight, C. A Hydrogen ;ﬁ;;‘;esr-
ifi i 80

could be reduped by spgcn‘lc reaction parametbfé? .In the CLXXXVIII; Wiley: New York, 1994; pp 151207.
process of deriving specific reaction parameters special emphasis (10) Xantheas, S. S.; Dunning, T. H., JrChem. Phys1993 98, 8037-
should be put on reproducing not only the minimum energy 8040. _ ]
path and the quadratic approximation of the energy surface __(L1) Xantheas, S.S.; Dunning, T. H., JrChem. Physl993 99, 8774~
surrounding it but also on the shape and the height of the (1) xantheas, S. Sl Chem. Phys1994 100, 7523-7534.

reaction swath. A satisfactory reproduction of the minimum  (13) Xantheas, S. Sl. Chem. Phys1995 102 4505-4517.

significantly (up to 3 orders of magnitude), whereas the
corrections for the water clusters are comparably smaller (less
than 1 order of magnitude). This simply reflects the “better”
parametrization of B3LYP and, therefore, the better agreement
of B3LYP and MP2 molecular quantum mechanics calculations
for water than for hydrogen fluoride.

The MP2///[B3LYP(SCT) calculation, due to the careful
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