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ABSTRACT. The direct participation of water molecules in aqueous phase reaction processes has been
postulated to occur via both single-step mechanisms as well as concerted hydrogen atom or proton shifts.
In the present work, simple prototypes of concerted hydrogen atom transfer processes are examined for
small hydrogen-bonded water clusters - cyclic trimers and tetramers - and hydrogen-bonded clusters of
formaldehyde with one and two water molecules. Rate constants for the rearrangement processes are
computed using variational transition _ ate theory, accounting for quantum mechanical tunneling effects
by semiclassical ground-state adiabatic transmission coefficients. The variational transition state theory
calculations directly utiUze selected information about the potential energy surface along the minimum
energy path as parameters of the reaction path Hamiltonian. The potential energy information is obtained
ft:oreab initio electronic structure calculations with an empirical bond additivity correction (the BAC-
MP4 method). Tunneling is found to be very important for these concerted rearrangement processes - the
semiclassical ground-state adiabatic transmission coefficients are estimated to be as high as four orders of
magnitude at room temperature. Effects of the size of the cluster (number of water molecules in the
cyclic complex) are also dramatic - addition of a water molecule is seen to change the calculated rates by
orders of magnitude.

1. Introduction

Hydrogen atom and proton transfer are among the simplest of elementary processes that can
occur in aqueous solutions. These processes are important in proton transfers in enzyme and
other biochemical processes, chemical reactions occurring in aqueous solutions, and oxidation of
organic waste in supercritical aqueous solutior,s. Large proton transfer rates between oxygen
atoms in organic acids have been observed in alcohol and aqueous solutions of acids, and these
have been attributed to multiple proton jumps involving direct participation of solvent molecules
[1-3]. Using simple models for the potential energy surfaces, the relative energetics of reaction
pathways have been used to examine the competition between stepwise mechanisms and
concerted pI:ocesses of proton transfer [4-8]. Ab Initio electronic structure methods have also
been employed to investigate the mechanisms of these proton transfer processes [9-11]. In some
instances large measured rates for proton transfer have been attributed to concerted processes
[12-14].



In this paper prototypes of concerted hydrogen atom transfer in hydrogen-bonded clusters
are examined using modem computational techniques for obtaining reaction energetics and for
calculating i'eaction rates. The effects of the size of the cyclic hydrogen-bonded cluster on
calculated rates of hydrogen atom transfer processes are studied for water trimers and tetrarners,
diagrams 1 and 2 below, and for formaldehyde hydrolysis by one and two water molecules,
diagrams 3 and 4_below. We treat the unimolecular process of reacting from the bound
hydrogen-bonded cluster. In aqueous phase the breaking up and reformation of these cyclic
structures will be facile and calculation of the rates of these processes in condensed phase will be
more complicated, Furthermore, other mechanisms may be important, for example, it may be
more realistic to treat reaction 4 as a formaldehyde molecule which is solvated and reacting with
a water dimer in bulk water rather than a unimolecular rearrangement, In addition, these
complexes will be solvated by water molecules that do not directly participate in the hydrogen
atom transfer and this wiU also change the reaction energetics. These effects are beyond the
scope of the current paper whict_ represents a first step towards addressing some of these more
complicated issues.
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Rate constants for these unimolecular processes are calculated using variational transition
state theory with semiclassical adiabatic ground-state transmission coefficients [15-25]. These
calculations include important quantum mechanical tunneling effects by the small-curvature
semiclassical adiabatic ground-state method which includes the effects of curvature of the
reaction path. Compared to conventional transition state theory [26] with simple tunneling
correction factors based on quadratic expansions of the potential energy surface near the saddle
point [27], variational transition state theory with semiclassical adiabatic ground-state
transmission coefficients uses a more extended description of the potential along a reaction path
and is able to provide more quantitative predictions of reaction rates. Even though variational
transition state theory requires more extensive descriptions of the potential energy surface, these
calculations can directly utilize potential information obtained from modem electronic structure
methods, i.d., the energy and derivatives of the energy along a reaction path, providing an
efficient means of estimating reaction rates from first principles calculations [15].

In the present work, information about the potential energy surfaces for these systems is
obtained by the BAC-MP4 method [28-33]. This method has been very successful for predicting
the thermochemistry of molecules and radical species, and has been extended to calculating the
potential information along reaction paths needed for the variational transition state theory
calculations. In the latter case, the method has been shown to be capable of quantitative
predictions for a gas phase chemical reaction [33]. In the present study our interests are in
estimates of the order of magni.tude of reaction rates, and in studies of qualitative trends such as

the effect of cluster size on the magnitude of quantum tunneling. The methods employed here
are more than adequate for these types of studies.

The previous studies of concerted hydrogen atom and proton transfer in hydrogen-bonded
systems have been limited to studies of reaction pathways for simple model systems [4-8] with
simple, reduced dimensionality methods for including quantum tunneling [13,14,34,35]. The
applicability of modern computational methods to such systems is er_emplified by more recent
studies of the energetics of intramolecular hydrogen atom transfer in molecules such as
malonaldehyde [36-39] and models of tunneling in malonaldehyde [39,40]. Williams and
coworkers [10] have used ab initio electronic structure methods to investigate the concerted
proton transfer reaction mechanisrn in addition to carbonyl groups. We extend the studies of
Williams et'al, to include higher levels of elec'.ron correlation and follow the entire reaction
pathway in order to apply variational transition state theory and to treat the tunnelhlg process.

Variational transition state theory, including semiclassical transmission coefficients, has
been extensively review in the literature [15-25], and tt'.e use of variational transition state theory
with the BAC-MP4 method has also been described in detail [33]. The reader is referred to the
previous papers for details of the theory and the computational procedures; a brief outline of the
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Hartree-Fock level with the ti-31G* basis. We then distinguish the method for computing the
energy along the reaction path as HF, MP4 (which is computed with the 6-31G** basis), and
BAC-MP4 when the bond-additivity correction is added to the MP4 results.

The bond additivity correction is typically computed only for atom pairs with interatomic
distances within a preset cutoff• For studying chemical reactions in which bonds are made and
broken it is necessary to force the BAC to be computed for some pairs of atoms at all distances to
insure continuity of potential energy curves. In the present study the BAC is applied to ali the
hydrogen-bonded interactions, although in the standard application it is not. This introduces
approximately an additional 0.8 kcal/mol of binding for each hydrogen-bonded interaction at the
equilibrium hydrogen-bonded internuclear distance.

Rate constant calculations were carried out using the POLYRATE program [23]. These
calculations directly utilize the energy and the first and second derivatives along the minimum
energy path. Rate constants are calculated by the canonical variational theory (CVT) [24] with
multidimensional quantum mechanical tunneling effects included by the small-curvature
semiclassical adiabatic ground-state (SCSAG) transmission coefficient [46,47]. The small-
curvature semiclassical adiabatic ground state (SCSAG)method includes the effect of the
reaction-path curvature to induce the tunneling path to 'cut the comer' and shorten the tunneling
length. A central quantity in both the CVT and SCSAG calculations is the ground-state adiabatic
potential curve

F-I

VaG(s)= VMEP(S)+ Z e._t_,m(nm=0,S) (1)
• nl=l

where VMEP(S) is the value of the potential along the reaction path at s, the sum is over the F-1
bound vibrational modes of tb,e generalized transition state at s (F=3N-6, where N is the number

of atoms), and _,m(nm,s) is the bound energy level for state nm in mode m at the generalized
transitiot_ state. It is also useful to define the adiabatic potential relative to the total zero-point
energy of the reactants

F

AVG(s) = "_(s)- 2_ at_(nm=0) (2)
m=l

where et_(nm) is the reactant energy level for state nm in mode m and the sum goes over F bound
modes (instead of the F-1 modes at the generalized transition state where the reaction coordinate
motion is the Fth mode). Choosing the zero of energy such that VMEp(s) is zero at the reactant

equilibrium geometry, the maximum of ZS_a(s) is the adiabatic threshold for reaction. In the
current studies we treat all bound degrees of freedom harmonically, and the energy levels are
given simply b_

ev.Gt_,m(nm,s)= (nm-e'_)2CfX_m(S) (3)

where O._a(S)is the harmonic frequency for mode m at the generalized transition state located at
s. The harmonic frequencies are obtained from the gradient vector and Hessian matrix using the
projection technique of Miller, Handy, and Adams [48].
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More accurate calculations of the reaction rates require a careful investigation of the effects
of anharmonicity, especially for the the low frequency modes in these loosely bound complexes.
As discussed elsewhere [33], effects of anharmonicity are approximately included in the
empirical BAC correction. A manifestation of anharmonicity in these hydrogen-bonded
complexes is multiple minima in the equilibrium region and multiple transition states that
correspond to different orientations of the terminal hydrogens in these cyclic complexes. For
example, in the cyclic water trimer, orienting the three hydrogens labeled H2, H4, and H6 in
diagram 1 below the plane of the 6-atom ring is slightly higher in energy than to have two
hydrogens below and one above the plane. These two minima are similar in energy- they differ
by about two kcal/mol - and are separated by a transition state of less than a kcal/mol, Similarly,
in the transition state region for the reaction in diagram 1, the two transition structures with all
terminal hydrogens below the plane is higher in energy by about two kcal/mol than for two
below and one above the plane. The harmonic approximation for these H wagging modes will
underestimate the contribution to the partition functions for these modes. Howew._r, since these
modes are treated the same in the reactant and transition state, the errors will tend zo cancel.

Another concern in the dynamical calculations is the accuracy of the approximations used
in the calculations of the quantum tunneling corrections. The concerted proct_sses considered
here are light hydrogen atom transfers between heavy groups. In analogy with gas phase
reactions of light atom transfer between two heavy moieties, these types of systems have regions
of the reaction path with high reaction-path curvature. For reactions in which tunneling occurs in
regions of high reaction-path curvature, the SCSAG method only gives quolitative estimates of
the tunneling factor; more reliable estimates can be obtained using the large-curvature ground-
state (LCG) method [22,49] which has recently been extended to polyatomic systems [50].
However, in its present implementation, it can only be applied with giobal potential energy
surfaces, although there are indications that the method can be adapted to using only limited
information about the potential energy surface within the framework of the reaction path
Hamiltonian [50].

The transmission coefficients are obtained from Boltzmann averages of the probabilities
for tunneling through the ground-state adiabatic barrier. For the unimolecular processes
considered here the reactant and product species correspond to local wells in the adiabatic
potential separated by the adiabatic barrier. For this case, averaging over a continuum of
translational.energies is only an approximation since tunneling occurs from discrete energy levels
in the bound wells of the adiabatic potential [51,52]. For the systems studied in this paper, the
barriers are high and the adiabatic potentials wiU support many states. Thus, the continuum limit
will yield a reasonable approximation. Quantitative accuracy in calculations of reaction rates for
polyatomic systems presents a challenge because of limited accuracy in the computed energies
and the approximations in the dynamical calculations of the rates. However, the methods used

here will provide good estimates of the orders of magnitude for these reactions and will be very
useful for predicm_g relative rates in homologous series of reactions.

3. Results and Discussion

3.1. STRUCI_YREANDENERGETICSOFWATER CLUSTERS

The heat of formation of water at 0 K using the BAC-MP4 method is taken to be -57.1 kcal/mol,
the same as the experimental value [53]. The accuracy of the BAC-MP4 method for predicting
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the structure and binding in hydrogen-bonded clusters is tested by comparing the calculated
values with experiment [54,55] and with previous calculations [56,57]. The calculated geometry
is shown in diagram 5 (bondlengths are in units of ,_).

- i171,2_.947
L,,_ 2.031

0.94n.8__" " "

The bond angles and lengths are in reasonable agreementwith previously calculated results. The
computed hydrogen-bond energy (neglecting zero-point energy) in the dimer is 5.5, 6.7, and 7.4.
kcal/mol computed by the HF, MP4, and BAC-MP4 levels of theory. The heat of formation of
the dimer from two water molecules at 0 K is computed to be -5.2 kcal/mol at the BAC-MP4
level. This is about 2 kc_mol lower in energy than the experimental value and is consistent
with the reliability of the BAC-MP4 method.

The lowest energy equilibrium cyclic configuration of the trirner is shown in diagram _6.
This agrees with previous ab initio electronic structure calculations [58,59]. The (OH)3 ring is
nearly planar- the largest distortion out of plane is about 9" - and two of the terminal H atoms
are below the plane with one above. The hydrogen bondsare not quite symmetric - bond lengths
range from 1.99 to 2.01 A- and the OHO bond angle varies from 150"to 152". Relative to three
separated water molecules (at their equilibrium geometries), the cyclic trimer is calculated to be
bound by -17.1, -21.5, and -23.6 kcal/mol at the HF, h.,IP4,and BAC-MP4 levels of theory (these
energies represent the electronic energies without zero-point energies), and the heat of formation
relative to three water molecules is predicted by the BAC-MP4 method to be -17.7 kce.1/molat 0
K.

,, ,¢g,¢ _,_

s
¢ %

.. %_

ii 1

The rearrangement of the hydrogens as indicated in diagram .k proceeds via the transition
state structure shown in diagram 7. The transition state,is also nearly planar- its largest out-of-
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plane distortion is about 10". The ring OH bonds are ai1 1.21 A and the OHO bond angles are all
153". The OO distances in the transition sta2 structure are about 2.3 ,_ which is smaller than the

values of 2.9 A in the equilibrium geometry. The energy of the transition state structure is
predicted to be higher than that of the equilibrium structure 6 by 46.6, 28.8, and 29.1 kcal/mol at
the HF, MP4, and BAC-MP4 levels of theory. Although the HF calculations give hydrogen-
bond energies that differ from the higher quality MP4 calculation by only about 2 kcal/mol for
each hydrogen bond, the energy of the transition state for the bond-breaking and bond-making
process is nearly 18 kcaYmol higher at the HF level than the MP4 level.

Frequencies calculated as a function of location along the reaction path are presented in
figure I. The highest frequency modes corresponds the the OH stretch for the terminal
hydrogens. These frequencies change only slightly as a function of the reaction coordinate. The
next (lower) set of frequencies correlate with the 'in-plane' OH stretch in the equilibrium
configurations. At the saddle point the OH bond is stretched relative to the equilibrium
geometries and this frequency is greatly reduced.

4000 40 ,.,L.,, i ,,,,, _,-,1 r-_, .-- 25 ,

='o 30 !- ,"1 _', J 15_
"7, _ "

2000 20 5

1000 10 -5

0 ' 0 -15
-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4

s (ao) s (ao)
Figure 1. Harmonic frequencies for bound Figure 2. Potential energy along the minimum
modes orthogonal to the reaction path as a energy path and relative ground-state adiabatic
function oft he reaction coordinate for the potential energy [eq. (2)3 as a function of
concerted hydrogen atom transfer in the reaction coordinate for lhc concerted hydrogen
water trimer (see diagram 1). atom transfer in the water trimer, The zero ,_,._

energy for the potential along the minimum
• energy path is the at the equilibrium geometry of

the reactants. Solid lines are calculated using
the BAC-MP4 calculations and the dashed
curves are computed using the MP4 calculations.

Rapid changes in the frequencies occur near s----Z0.1ao which is the region of the reaction
path with the highest reaction path curvature. Near the saddle point, the reaction coordinate,
motion corresponds mostly to concerted motion of the three hydrogen atoms in the ring and this
motion occurs ',tong nearly straight lines in cartesian coordinates. However, as is evident from
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diagrams 6 and 2 the oxygen atoms must also move away from each other in proceeding along
the reaction coordinate from the saddle point to the equilibrium geometry. Near s----2:0.1ao the
reaction coordinate motion incorporates more oxygen atom motion and the coupling of the
oxygen and hydrogen motions along the reaction path leads to more reaction-path curvature.

The energy on the minimum energy path (neglecting zero-point energy effects) VMEp(s)
and the ground-state adiabatic potential curve relative to the reactant zero point energy AV_(s)

are plotted in figure 2. The BAC-MP4 (solid curves) and MP4 energies (dashed curves) agree
surprisingly well, indicating that the bond additivity correction nearly cancels out between
reactants and points along the reaction path. Besides the large drop in the three 'in plane' OH
stretches in going from the reactants to the saddle point, as indicated above, there is one extra
bound vibrational mode in reactants that becomes the unbound reaction coordinate motion at the

saddle point: This is the mode which contributes to the zero-point energy of the reactants, but
has no contribution to the adiabatic potential along the reaction coordinate,. Thus, the zero-point
energy at the saddle point is nearly 5 kcal/mol lower than at the reactants, leading to an adiabatic
threshold of only 24 kcal/mol compared to the classical barrier height of about 28 kcal/mol.

Diagrams _ and 9 show the lowest energy cyclic configuration of the water tetramer and
the transition state for the rearrangement process depicted in diagrarn _. As for the cyclic trimer,
the lowest energy equilibrium geometry of the cyclic tetramer also has a nearly planar (OH),, ring
- the largest out-of-plane distortion is 20°. The terminal hydrogens alternate above and below
the plane of the ring. The OHO bond angles in the tetramer are about 167°, which is closer to the
preferred near collinear geometry than for the trimer, and the hydrogen-bond lengths are all near
1.88 A.. Relative to four separated water molecuIes, the cyclic tetramer is lower in energy by -
29.0, -35.9, and -39.2 kcal/mol by the HF, MP4, and BAC-MP4 methods, and the BAC-MP4
predicts the heat of formation from the water molecules to be 30.4 kcal/mol at 0 K.

.......I
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I
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The tr_sition state structure has a planar ,ring - its largest distortion is only 2 °. The OHO
bond angles are 168 °, very closer to those for the equilibrium structure, and all the OII bond
lengths in the ring are 1.20 ,/k. Similar to the trimer structures, the OO distances change from 2.8
A in the equilibrium structure to 2.,* A in the transition state structure. Relative to the reactant

complex, the transition state is higher in energy by 45.2, 25.0, and 25.1 kcal/rnol at the HF, MP4,
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and BAC-MP4 methods. As was the case for the water trimer, the HF method is much higher in
energy than the MP4 method, but the MP4 and B AC-MP4 methods agree very weil.

Frequencies and potential energy curves for the concerted hydrogen atom transfer process
in the tetramer (diagram 2.) are presented in figures 3 and 4. The variations of the frequencies
with s are v.ery similar to those for the trimer; for the OH bonds in the ring, the stretching

frequencies exhibit large ch_ges in going from the reactant to the transition state. The potential
curve VMEP(S) for the tetrarner is very similar in shape to that for the trimer (shown as a dashed
curve in figure 4)but the barrier height is lower in energy by about 4 kcal/mol. The changes in
zero-point energies in going from the reactant to the saddle point are greater in the tetramer than
the trimer. The difference in adiabatic thresholds is nearly 8 kcal/mol. The adiabatic potential
for the tetramer also shows more structure and is a little broader than that for the trimer. .

4000., ,, l' '-'q'--'l [, ,, 40 _r,,,1,n,,_,_,,i,,,, 25

: ; AV_
3000 ,-, - I ;

° 30"

- : ['_, - 15 o
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 2ooo. // -
" " ,q , """ " "- 20 ,'- _ ' ._1 ii ,, - 5

.+ . ..8 1000 . - = "'" '_,
<- l/ v,.,

,n _,, #f •

r% 7 I, ' *'..., ..,e' ii qill

It_ e

m i I _ #,l' l I q-1000 , ' _ '-'-J-±-_:_ ' , ' 0 '_,-_.d_-,a,_ '''"_ -15
- 1.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4

s (ao) s (ao)
Figure 3. Same as figure 1 except for the Figure 4, Comparison of potential energy
concerted hydrogen atom transfer _nthe along the minimum energy path and relative
water tetramer (see diagram 23. ground-state adiabatic potential for the

concerted hydrogen atom transfer in the water
trimer (dashed curves) and water teu'amer

,, (solid curves), using BAC-MP4 calculations,

3.2 STRUCTURES._rD ENF_GETICSOFFORMALDEHYDE.-WATERCLUS_S

Diagrams .LO.,.]_L. and 1.2. show the reactant, transition state, and product structures for
formaldehyde hydrolysis by one water molecule (see diagram 3.). The reactant complex is nearly

,,-in,,' the torsion angle for these four atoms is only 11° Theplanar for the COHO forming a ...._ -
OH hydrogen bond has a length of 2.1/_ and the distance for the oxygen h_ the water molecule to
the carbon atom is 3.2 _. The dimer is bound relative to separated formaldehyde and water by
5.2, 6.6, and 7.3 kcal/mol by the HF, MP4 and BAC-MP4 methods. For the products, diagram
j2., the CO bonds lengths are 1.4 A with OH bond lengths of 0.95 A.. Relative to separated
formaldehyde and water, the diol is more bound by 14.6, 14.2, and 17.5 kcal/mol at the HF,
MP4, and BAC-MP4 levels of theory.

===
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"l'he transition state shown in diagram 1.1.is much nearer to planar than the reactant with an

out-of-plane torsion of less than 0.1". Compared to the reactants, the OH hydrogen bond has
shortened to 1.3 ,_, the distance from the carbon to the water oxygen is only 1.6 A., and the
'active' OH bond in water has lengthened from 0.95 A to 1.15 _. The energy of the transition
state relative to the reactant dimer is 53 5, 42.3, and 41.0 kcaYmol by the I-IF, MP4, and BAC-

MP4 methods. Once again the HF method gives an energy which is much larger than either the
MP4 or BAC-MP4 methods. As was the case for the water clusters, the MP4 and BAC-MP4

methods agree well for the relative energetics going from the hydrogen-bonded species to the
transition state. However, the two methods do not agree as well for the overall reaction

energetics (product energies relative to reactant energies) - the MP4 method predicts the reaction
is downhill by 7.7 kcal/mol while the BAC-MP4 method predicts 10.2. The BAC-MP4 method
has been shown to predict the heats of formation of bound species more accurately, therefore we
prefer the BAC-MP4 results over the MP4 results in t.hi_case.

Plo_ of frequency and potential energies versus reaction coordinate are shown in figures 5
and 6. As-for concerted hydrogen atom transfer in water clusters, some of the harmonic
frequencies exhibit dramatic changes in going from the reactant to the saddle point. The high
frequency mode which changes the most corresponds to the OH bond of the water that is being
broken and will become the new OH bond in the clio1. Unlike the water clusters which indicate a

lower zero-point energy at the saddle point compared to the hydrogen-bonded reactant, for
forrnaldehyoe hydrolysis the adiabatic threshold and classical barrier heights agree to within 0.3
kcal/mol. Obviously the marked decrease in one high frequency mode is offset by the more
gradual increase in many of the low frequency modes, The classical potential VM:EP(S)and the

relative adiabatic potential _V_s) are nearly identical in height and shape for this process.
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Figure 5. Same as figure 1 except for Figure 6. Potential energy along the minimum
formaldehyde hydrolysis by a single energy path and relative ground-state adiabatic
water molecule (see diagram _. potential curves as a function of reaction

coordinate for form,_Idehyde hydrclysis, by
one water, using BAC-MP4 calculations.

Diagrams 1._ 14_, and 15 show the reactant, transition state, and product structures for
formaldehyde hydrolysis by two water molecules (see diagram 4_). In the reactant complex, the
OHOHO forming the ring is nearly planar- the largest ou_-of-.plane angle is only 9° - but the
carbon atom is distorted from planar by 22". The OH hydrogen bond between the carbonyl
oxygen and water has a length of 2.1 ]_ the water-water OH hy_ogen-bond length is 2.0 ,;k,_nd
the distance for the oxygen in water to the carbon atom is 2.8 _. The dimer is bound relative to
separated formaldehyde and 2 water molecuies by 13.5, 16.4, and 16.0 kcal/mol by the Ht:, MP4
and BAC-MP4 methods.
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For the product, diagra_mj_., the CO bonds lengths are 1.4,/kwith OH bcnd lengths of 0.95
A. The OH hydrogen-bond lengths are 2.0/_, for the disutnce from the water O to alcohol H, and
2._/_ for the dist,.rice from the alcohol O to the water H. The OH groups that help form the ring
are nearly planar - the largest torsion angle is only 5" - but the two CO bonds are at angles of 2I"
and 38" to this plane. Relative to separated formaldehyde and two water molecules, the diol-
water complex is more bound by 18.6, 20.7 and 23 7 kcal/mol at the I-IF,MP4, and BAC-MP4
levels of theory.

For the transition state shown in diagram L.4.,the atoms OHOHO that form the ring with C
is much neaze,r to planar than the reactanZ- the largest out-of-plane torsion is about 5" - but the
carbon atom is still out of the plane - the largest out-of-planetorsion is about 30". All OH bonds
in the ring are intermediate between a covalent OH bond length of 0.95/_,and a hydrogen-bond
OH I_nd length of nearly 2.0 ._ The distance from the carbon atom to oxygen atom in the water
molecule is 1.6 A and the carbonyl CO bond length has lengthened from 1.2 A to 1.3 ._. The
energy of the transition state relative to the reactant dimer is 40.1, 24.2, and 20.3 kcal/mol by Lhe
HF, MP4, and B.AC-MP4methods. Once again the I-IFmethod gives an energy which is much
larger than either the MP4 or BAC-MP4 methods. As for the water clusters, the MP4 and BAC-
MP4 methods agree well/or the relative energetics going from the hydrogen-bonded species to
the transition state. However, the two methods do not agree as well for the overall reaction
energetics (productenergies relative to reactant energies) - the MP4 method predicts the reaction
is downhill by 4.3 kcal/mol wtfile the BAC-MP4 method predicts 7.7 kcal/mol.

The frequencies as a function of reaction coordinate presente.din figttre 7 show the same
general behavior seen for the formaldehyde-water cluster. As in the previous case, the zero-point
energy of the reactant is within 0.3 kcal/mol of the zero-point energy of the reactants. Therefore,
the relative adiabatic potential at the saddle point is nearly equal to the classical barrier height.
As seen in fig,,re 8, the maximum of the adiabatic potential occurs about 0.06 ao before the
barrier and is about 1.3 kcal/mol higher than the value at the saddle point. Compared to the
formaldehyde-single-water reaction, the classical barrier for the reaction with two water
molecules is lowered by over 20 kcal/mo] and the adiabatic threshold is lowered by 17.5
kcaYmol. The shapes of the two classical barriers are very similar for the two systems, but the
adiabatic barrier for the system with two waters is slightly broader than that for the single water
system.
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3.3 REACTIONRATES

In this paper, the direct participation of water molecules in the concerted proton transfer process
has been addressed, but the large solvating effect of surrounding water molecules on the
stabilization of the transition state has not been considered. For the reactions studied here, the

barriers are quite high, ranging from -16 kcal/mol to --40 kcal/mol. As a consequence, the
resulting gas-phase rate constants are quite low and would not be measurable in the temperature
range from room temperature up to about 600 K. ttowever, it is interesting to see how these
rates var3' with the number of participating water molecules in the concerted proton transfer and
how the number of participating water molecules effects the importance of tunneling. Rates for
the hydrogen atom transfer processes in water clusters (diagrams 2 and 2) are shown in figure 9
and those for the two formaldehyde hydrolysis reactions (&iagrams _. and _ are compared in
figure 10.

The rate constants for the concerted hydrogen atom transfer in cyclic water clusters are
seen to change dramaticaUy with the number of waters in the clusters. The CVT/SCSAG r_te
constants for the tetramer are enhanced by factors of 4.5x104, 7500, and 4 relative to the trimer
for temperatures of 200, 300, and 400 K. Tu_meling is very important for these reactions, a_;can
be seen by comparing the CVT results (which neglects tunneling) with the CVT/SCSAG results
in figure 9. Tunneling is more important for the trimer- with tunneling correction factors of
1.7x 105, 42, and 5 at 200, 300, and 400 K - than for the tetramer - with tunneling corrections
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factors of 280, 5.4, and 2.1 for the same temperatures. As is seen in figure 4, the adiabatic
barrier is broader for the tetramer and the reduced mass factor for the tetramer is larger. Both
factors contribute to the diminished tunneling.
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Figure 9. Rate constants calculated by Figure 10. Same as figure 9 except for
the CVT (clashed curves) and formaldehyde hydrolysis by one water
CVT/SCSAG (solid curves) methods for molecule(lower set of curves) and by two
concerted hydrogen atom transfer in water molecules (upper set of curves).
cyclic water trimers ('lowerset of curves)
and tetramers (upper set of curves).

The changes in the rate constants with addition of water molecules are even larger for
formaldehyde hydrolysis. Compared to the reaction with one water molecule, the rates of the
reaction with two water molecules are enhanced by 3.4x1011, 2.1x109, and 2.2x107 at 200, 300,
and 400 K. Tunneling is also important for formaldehyde hydrolysis: the tunneling correction
factors are 6.1x1011, 1.6x104, and 77 with one water, and 12, 2.5, and 1.6 for two waters at 200,
300, and 400 K. As for the concerted hydrogen atom transfer inthe water clusters, the broader
adiabatic barrier and heavier reduced mass diminish the tunneling in the larger cluster.

In an aqueous environment, the surrounding medium of additional water molecules will
further stabilized the transition state structure of the proton transfer reaction tk:ough hydrogen
bonding. This solvation stabilization is greater for the transition state than for the reactants due
to the greater ionic character of the transition state. Using an equation of state with critical
parameters scaled from changes in the atomic charge of each hydrogen [60], we estimate that the
free energy of activation for the reaction in diagram 2: is lowered by 18.3 kcal/mol. This large
lowering of the activation barrier will significantly flatten the adiabatic potential along the
reaction coordinate, thereby decreasing the effect of tunneling significantly. On the other nand,
the overall rate constant will be greatly increased due to the lower adiabatic activation energy.
Thus, we expect the effect of increasing the polar strength of the solvent will be to decrease the
tunneling contribution to the rate constant, but increase the proton transfer rate. More reIiable
estimates of the rates of these processes in aqueous solutions will also require calculations of the
equilibrium populations of these cyclic complexes in solution. One expects the population of
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the complexes to decrease with increase in the number of water molecules in the complex;
therefore, even though Ihe rates of reaction are larger for the larger complexes, they may be less
important in the overall mechanism. The calculations of the rates presented here will be of more
direct relevance to these clusters in apL'otic,yet polarizable, solvents. We are pursuing further
research on the effects of the solvating medium on the concerted proton transfer reaction within
the variation_.l transition state 'theory formalism.

4. Conclusions

Rate constants have been computed over a temperature range from 200 to 600 K for the
concerted hydrogen atom transfer in cyclic water trimer and tetramer, and for formaldehyde
hydrolysis in clusters with one and two water molecules. The rates are computed by variational
transition state theory with semiclassical adiabatic ground-state transmission coefficients using
limited information about the potential energy surface along the reaction path. This type of
information about the potential is obtained directly from ab initio electronic structure
calculations of the energy and its f'trst and second derivative with respect to coordinates. In the
present calculations, ab initio information is empirically adjusted by the BAC-MP4 method to
yield more reliable predictions of the reaction energetics.

Dramatic effects of the number of participating water molecules on the reaction rates are
predicted. At 300 lC, enhancements of nearly four orders of magnitude and over nine overs ef
magnitude are obtained for the addition of a water molecule to the cyclic water trimer and the
formaldehyde water dimer, respectively. Tunneling is also predicted to be important for these
systems but the effect diminishes as additional water molecules participate actively in the proton
transfer. .
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