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We present a theoretical study of a model of the ClH‚‚‚OH2 h Cl-‚‚‚HOH2
+ acid-base proton-transfer reaction

in nonaqueous solvents with low dielectric constants. In this low-polarity environment, both the reactants
and products of the proton-transfer reaction are observable. The electronic structure of the acid-base pair is
treated via a two-state valence-bond description parametrized using a combination of experimental and ab
initio data. The fundamental nature of this proton-transfer reaction is investigated with particular emphasis
on the effects of quantization of the proton and hydrogen-bond vibrations. Vibrational wave functions in
these coordinates are presented, along with coordinate expectation values and variances, and are placed in
the perspective of the proton-transfer process.

I. Introduction

The proton transfer (PT) between the molecular pair HCl and
H2O

represents an interesting and favorable system in which to
examine the effect on the reaction of a quantum-mechanical
treatment of the vibrations, the polarity of a surrounding solvent,
and the homolytic bond dissociation energy (BDE) of the acid.
First, the acid and base are simple: the reaction complex
involves only five atoms. Second, the acid ionization of HCl is
interesting in its own right and has been studied extensively1-7

(particularly in water or on ice), which aids in building a
reasonable model such as the one we present here. In this paper,
the PT reaction 1 in a low-polarity solvent is examined. This
yields a case where the reaction is nearly thermoneutral, in
contrast to the situation in water where the reaction is very
exothermic and almost barrierless.

There is increasing general recognition that nuclear quantum-
mechanical effects can be important in PT reactions in solution
(see, e.g., refs 1, 2b, and 8-15). Even so, such effects are still
often believed to be limited to tunneling of the proton. The
importance of quantization of vibrations in the hydrogen-bonded
reaction complex in the absence of tunneling is not as well
appreciated. In the present work, we simultaneously quantize
the vibrations of the proton and hydrogen-bond (H-bond)
coordinates in studying the PT reaction. The goal is twofold:
to evaluate the importance of a quantum-mechanical description
of the H-bond coordinate and to investigate the role of the
H-bond coordinate in the PT on the basis of a consistent
treatment of the modes.

In a series of papers, Ando and Hynes have examined the
ionization of HCl and HF in water using a combination of
extensive ab initio calculations and Monte Carlo simula-
tions.1,16,17 They found that the ionization of HCl in water to
produce a contact ion pair occurs essentially without a barrier,
whereas for the reaction involving HF, the barrier is∼2.9 kcal/
mol. Their examination of the atomic charges in the reaction
complexes (obtained from ab initio calculations) supports the
Mulliken picture of PT.18-21 Specifically, they find that, as the
reaction proceeds, a negative charge is transferred from the base
(H2O) to the acid, whereas the charge on the transferring H’s
charge remains relatively constant with a value of∼0.3-0.5
(depending on the atomic-charge calculation method). Such a
scenario is precisely what is predicted by the Mulliken picture.
Accordingly, in developing the valence bond (VB) state
potentials within describing the PT in the present study, we adopt
a Mulliken perspective.

The outline of the remainder of this paper is as follows.
Section II describes the two VB state model used to represent
the electronic structure of the hydrogen-bonded ClH‚‚‚OH2

complex and the dielectric continuum model to account for
solvation of the complex in a low-polarity solvent. The details
of the quantum treatment of these vibrations and the resulting
free-energy surfaces along with the quantal expectation values
and variances are given in section III. Finally, concluding
remarks are offered in section IV.

II. Outline of the Model

In this Section, we describe a semiempirical two VB state
model for the PT reaction in the ClH‚‚‚OH2 pair that makes
use of ab initio calculations on the gas-phase complex. We first
discuss the determination of the VB potential-energy surfaces
in the gas phase and then outline the incorporation of nonequi-
librium solvation effects.

A. Gas-Phase Potentials.We use a semiempirical two VB
state model to describe the electronic structure for the PT
reaction, with the two VB states being those appropriate for
the Mulliken picture of PT.1,13,14,16-18,20,22,23Mulliken proposed
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that a PT reaction occurs as a concerted electron-hydrogen atom
transfer,18 that is, that the reaction proceeds by a synchronous
transfer of electron density from a lone pair orbital on the base
to the antibonding orbital of the acid (A-H bond) and the
transfer of a hydrogen atom from the acid to the base. The
transfer of electron density to the antibonding orbital weakens
the A-H bond just as the A-H bond stretching lowers the
antibonding orbital’s energy. Thus, the electron and hydrogen
atom transfers act in concert to complete the net PT. Therefore,
the neutral (N) state (appropriate to the reactants) in our model
has the charge character ClH‚‚‚OH2 and the ionic (I) state
(appropriate to the products) has the charge character
[Cl-‚‚‚H‚‚‚OH2

+.] These states will be found to have strong
electronic coupling between them, such that the transferring
species carries a partial-charge intermediate between that of a
canonical proton and an H atom. All calculations are carried
out assuming a linear Cl-H-O arrangement,24 with the
hydrogens in the water molecule fixed relative to the oxygen.
The VB energy surfaces are based on empirical and ab initio
data, and the electronic coupling is obtained (vide infra) by
requiring that these VB surfaces give the correct adiabatic
ground-state surface as determined by ab initio calculations at
the MP2/6-31++G** level.25 Optimized geometries of the ClH‚
‚‚OH2 dimer at this level26 agree well with previous B3LYP27

and MP228 calculations.
It is important to note at the outset that our model potentials

do not accurately represent ClH‚‚‚OH2 at large Cl-O distances.
In particular, the ab initio calculations at this level do not
correctly reproduce bond dissociation energies in the system.
However, this does not pose a problem, because the model
potential and ab initio results are appropriate for the limited
range of coordinates relevant to the PT reaction within the
complex, the reaction of interest here.

We first consider the neutral VB state. The potential-energy
surface for this state is given as a sum of pairwise interaction
terms:

where, given the linear Cl-H-O arrangement,RClO is a
redundant coordinate that is fully determined byrHCl andrOH,
RClO ) rHCl + rOH. HereVHCl(rHCl) describes the potential for
the H-Cl bond and is given by a Morse function. An extra
repulsive potential is added to make the dependence on the
coordinate at smallrHCl consistent with the ab initio calcula-
tions.29 Thus, the potential is given by

The potentialVOH(rOH) is the interaction between the transferring
H and the water molecule. It includes Coulombic factors due
to the water molecule’s charge distribution and the assumption
that the H in HCl has a finite charge (providing dipole moments
for the HCl and H2O moieties). In addition, a weakly repulsive
term is added to represent the potential for smallrOH. Thus, we
have

where the n in the subscripts indicates charges for the neutral
form. Further, Hn indicates the H in HCl, Hwn indicates an H

in the water molecule, andrHHw indicates the distances between
those two atoms (because of symmetry, the distances between
the transferring H and each H in the water molecule are always
the same). Finally,VClO(RClO) is the interaction between Cl and
the oxygen of the water molecule. It is given by

where the notation for charges is analogous to that just described.
The parameters for the potentials for this VB state are given in
Table 1.

Next we consider the I VB state, for which the form of the
potential is analogous to that for the N state. Specifically, it is
given by a sum of pairwise interactions:

Here the interaction between the transferring H and the chloride
ion is

where nowqHi andqCli are the charges in the I VB state on the
respective species. The interaction between the transferring H
and the water molecule is that of hydronium dissociating to give
H• and H2O+. The parameters describing this potential are taken
from experimental data.30 The form of the potential is

where hyd stands for hydronium. Finally, we have the interaction
between the chloride ion and the H2O+ species. It is given by

The values used for the parameters appearing in these potentials
are given in Table 2.

In the next step, the combination of these VB states and the
ab initio calculations of the ground electronic adiabatic surface,
Vgr(rHCl, rOH; RClO), at the MP2/6-31++G** level can be used
to obtain the electronic coupling by the equation

TABLE 1: Parameters for the Neutral (ClH ‚‚‚OH2) VB
State Potential

parameter value

Morse Parameters
DHCl (eV) 4.617
âHCl (Å-1) 1.868
rHCl

e (Å) 1.2746

Repulsive Potential Parameters
σHCl (Å) 0.6318
εOH (eV) 2.940×10-4

σOH (Å) 0.9525
AClO (eV) 0.0116
BClO (Å-1) 3.2125
qClO (Å) 1.6934

Charges
q(Cln) -0.10
q(Hn) +0.10
q(On) -0.40
q(Hwn) +0.20

VClO(RClO) ) AClOexp[-BClO(RClO - qClO)] +
qClnqOn/RClO + 2qClnqHwn/rClHw (5)

VI(rHCl, rOH; RClO) ) VHCl-(rHCl) + VCl-O+(RClO) +
VO+H(rOH) (6)

VHCl-(rHCl) ) (σHCli/rHCl)
12 + qHiqCli/rHCl (7)

VO+H(rOH) ) Dhyd[1 - exp(-2âhyd(rOH - rhyd
e)]2 (8)

VCl-O+(RClO) ) 4εClOi(σClOi/RClO)12 + qCliqOi/RClO +
2qCliqHwi/rClHw (9)

Vcoup(rHCl, rOH; RClO) ) [(VN - Vgr)(VI - Vgr)]
1/2 (10)

VN(rHCl, rOH; RClO) ) VHCl(rHCl) + VClO(RClO) + VOH(rOH)

(2)

VHCl(rHCl) ) DHCl[1 - exp(-âHCl(rHCl - rHCl
e))]2 +

(σHCl/rHCl)
10 (3)

VOH(rOH) ) 4εOH(σOH/rOH)6 + qOnqHn/rOH + 2qHnqHwn/rHHw

(4)
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The coupling can be obtained in this way for any values ofrHCl

andrOH of interest for which ab initio calculations are performed.
In practice, the ground-state energy,Vgr, is calculated on a two-
dimensional grid inrHCl andrOH, and a two-dimensional spline
interpolation31 is used to obtain the energy at any set of
coordinates within the outer boundaries of the grid. The ab initio
calculations were carried out for a grid with spacings of 0.05 Å
in both rHCl and rOH for 0.9 Å < rHCl < 3.55 Å and 0.7 Å<
rOH < 2.45 Å. As is discussed above, because the ab initio
calculations do not have the necessary accuracy for all possible
coordinates, the potential is applicable only for a limited region
of coordinates. However, this poses no problem for examining
the PT within the hydrogen-bonded complex, because the valid
range of coordinates is sufficient for describing the reaction to
form a contact ion pair.

A one-dimensional slice through the gas-phase potential
surfaces is shown in Figure 1. As expected, the N and I VB
state surfaces have minima at small (ClH‚‚‚OH2) and large
(Cl-‚‚‚HOH2

+) rHCl distances, respectively. In the gas-phase
dimer adiabatic potential however, there is no local minimum
corresponding to Cl-‚‚‚HOH2

+, rather it appears as a flattening
of the potential at largerrHCl distances. Finally, the electronic
coupling displays an interesting feature in that it increases with
therHCl coordinate (for fixedRClO), a result differing from other
acid-base systems20 for which the electronic coupling is
typically independent of the proton coordinate. The origin of
this behavior is discussed in the Appendix.

B. Nonequilibrium Solvation. The gas-phase ClH‚‚‚OH2

system just described is “solvated” in a dielectric continuum
using the fully nonequilibrium Kim-Hynes theory.32 In this
approach, the solvent polarization is given by

wherePe(r) represents the polarization of the solvent electronic
degrees of freedom andPo(r) represents the (slower) orienta-
tional polarization of the solvent associated with translational
and rotational degrees of freedom of the solvent molecules. It
is assumed that the (fast) electronic polarization is always in
equilibrium with the appropriate (vide infra) solute (ClH‚‚‚OH2)
charge distribution, whereas the orientational polarization can
take on any (nonequilibrium) value. The interaction of the solute
charge distribution with the solvent is considered to occur only
through the dipole moment of the solute complex. The diagonal
and off-diagonal dipole moments for the PT complex for the
different VB states are taken to beµN ) 2.5 D,µI ) 9.5 D, and
µNI ) 1.2 D. These dipole moment values are taken as those
that reproduce reasonably well the free-energy curve for the
PT in aqueous solution obtained by Ando and Hynes1 in
combined electronic structure/Monte Carlo simulations. The
solvent coordinate, which is a measure of the orientational
polarization, is defined in terms of the VB state dipole moments
as

Here, s is a somewhat different solvent coordinate which is
defined according to the relation

whereEI(r) is the electric field associated with the I VB state
and similarly forEN(r). The coordinatez can be thought of as
specifying an effective dipole moment with which the actual
nonequilibrium solvent polarization field would be in equilib-
rium and thus is, e.g., larger for larger nonequilibrium polariza-
tion.20

Briefly, in this formulation,20,32 the free energy of the PT
complex in a solvent with optical and static dielectric constants
ε∞ andε is given by

where the coefficientscN andcI are those in the expansion of
the ground-state electronic wave function in terms of the VB
states:

The average dipole moments are〈µ〉 ) cN
2µN + cI

2µI + 2cNcIµNI

and〈µ2〉 ) cN
2(µN

2 + µNI
2) + cI

2(µI
2 + µNI

2) + 2cNcIµNI(µN +
µI). The constantsK ) 2Ms(1/ε∞ - 1/ε) and K′ ) 2Ms(1 -
1/ε∞) can be thought of as force constants for the solvent. The
self-energyMs is taken to beMs ) 3.74× 10-3 atomic units,
which corresponds to, assuming that the solute resides in a
spherical cavity of radius 2.7 Å, a reasonable value given the
size of the hydrogen-bonded complex. The free-energy surfaces
are, in fact, fairly sensitive to this radius; however, similar

TABLE 2: Parameters for the Ionic (Cl -‚‚‚H‚‚‚OH2
+) VB

State Potential

parameter value

Morse Parameters
Dhyd (eV) 6.2362
âhyd (Å-1) 1.7952
rhyd

e (Å) 1.1377

Repulsive Potential Parameters
σHCli (Å) 0.7673
εClOi (eV) 1.4290× 10-4

σClOi (Å) 3.0898

Charges
q(Cli) -1.00
q(Hi) +0.38
q(Oi) -0.04
q(Hwi) +0.33

Figure 1. One-dimensional slice through the gas-phase potential
surfaces, atRClO ) 2.9 Å for the ClH‚‚‚OH2 system. The semiempirical
VB surfaces are shown along with the ab initio ground-state adiabatic
potential and the electronic coupling.

P(r) ) Pe(r) + Po(r) (11)

z≡ sµI + (1 - s)µN (12)

Po(r) )
ε∞

4π ( 1
ε∞

- 1
ε)[s EI(r) + (1 - s) EN(r)] (13)

Ggr ) cN
2VN + cI

2VI - 2cNcI|Vcoup| + K[-z〈µ〉 + 1
2
z2] -

1
2
K′[〈µ2〉 - F

2cNcI + F
(〈µ2〉 - 〈µ〉2)] (14)

Ψg ) cNψN + cIψI (15)
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behavior is observed with different radii but at different static
dielectric constants. The factorF ≡ 2|V′coup|pωe, whereV′coup is
the solvent-renormalized electronic coupling andωe is the
average frequency of the solvent electronic polarization (taken
to be the electronic absorption frequency of the solvent) and is
related to the time scales of motion of the solute and solvent
electronic degrees of freedom. In the present work, the solvent
electronic frequency is taken asωe ) 0.2 au, which corresponds
to an absorption wavelength of 227.5 nm (chosen as a reasonable
value from a survey of several low-polarity solvents).33

The coefficients of the VB states in the ground adiabatic
electronic state of the solute complex are obtained by solving
the nonlinear Schro¨dinger equation32 which follows from eq 14,
and the reader is directed to ref 32 for the details of the basic
procedure. These coefficients are used in eq 14 to obtain the
free energy of the complex in its electronic ground state.

III. Results

In this section, we present the results of calculations on the
PT reaction 1 using the model described in section II. Specif-
ically, we display and discuss the calculated free-energy surfaces
relevant to the reaction and the expectation values and variances
of the proton and H-bond (Cl-O) coordinates as a function of
solvent coordinate, with an emphasis throughout on issues
associated with the quantized proton and H-bond coordinate
vibrations.

A. Free-Energy Surfaces.The solvated two degrees-of-
freedom electronically adiabatic ground-state free-energy surface
is obtained at each value of the solvent coordinatez in the
coordinatesrHCl and rOH (as described in section II).34 The H
atom and hydrogen bond (Cl-O) motion are quantized simul-
taneously (i.e., no nuclear adiabatic approximation is invoked
between these modes). Several minor approximations are made
in calculating the vibrational states of the complex, as are now
detailed. First, the water molecule is assumed to move as a single
rigid molecule with the center of mass located at the oxygen
atom. The kinetic energy operator of this pseudoatom-diatom
system is separable in the Jacobi coordinates of the complex,
rHCl andRJ, whereRJ is the distance from the oxygen atom to
the center of mass of the H-Cl diatom. Second, we assume
that the center of mass of the diatom is located at the chlorine,
so thatRJ ) RClO, which is an excellent approximation. Then,
the vibrational Hamiltonian is

whereµClO and µHCl are the reduced masses for the Cl-H2O
and H-Cl pairs, respectively, andGgr(rHCl, RClO; z) is obtained
from eq 14. The vibrational Schro¨dinger equation

is solved by constructing the Hamiltonian matrix in a sinc-
function discrete variable representation basis35 and obtaining
the eigenvalues and eigenvectors through standard “black-box”
diagonalization routines. In this way, as many levels as are
needed can be obtained.

From these curves, the reaction free energy∆Grxn ) GP -
GR and the free-energy barrier∆G‡ ) G‡ - GR can be readily
obtained from the free energies of the stationary points with
respect toz. We will consider primarily the∆Grxn and ∆G‡

values associated with the ground adiabatic vibrational state.
The surface obtained by minimizing the free energy with respect
to rHCl and RClO will be referred to as the “bare” free-energy
surface; naturally, this surface includes no quantization of any
of the vibrational modes. In such a decomposition, previously
used in refs 2b and 36, the total free energy thus comprises the
bare free energy plus the quantum vibrational contribution of
the solute pair nuclear modes.

The bare free-energy surface, the first five vibrationally
adiabatic surfaces, and a schematic representation of a vibra-
tionally diabatic surface are shown in Figure 2 for the [ClH‚‚
‚OH2] complex in a solvent withε∞ ) 2 andε ) 13. This value
of the static dielectric constant, which is close to that of methyl
chloride, is chosen because it gives a situation where a reaction
can occur, i.e., the free-energy surface has reactant and product
minima separated by a barrier (albeit a small one in this case).
This figure provides us with a view of the free-energy surface
as a function of the reaction coordinate, which can be considered
to be the solvent coordinatez. The reactant well occurs at smaller
values ofz and is apparent as a local minimum in the bare
surface and the lowest one or two vibrationally adiabatic
surfaces. The product well is identifiable as a local minimum
at largerz values, and the transition state (TS) is, naturally, the
local maximum lying between the reactants and products. In
the surfaces corresponding to greater vibrational excitation,
additional structure makes a straightforward identification of
the reactants, products, and TS more difficult.

From the free-energy surfaces in Figure 2, we can see that
reaction 1 is very slightly endothermic,∆Grxn ) 0.007 kcal/
mol, and has only a very small barrier above the endothermicity,
∆G‡ ) 0.17 kcal/mol. These values are for the vibrationally
adiabatic ground state; for the bare barrier,∆Grxn ) -0.32 kcal/

Figure 2. Vibrationally adiabatic (a) and diabatic (b) free-energy surfaces as a function of the solvent coordinatez for ClH‚‚‚OH2 in a solvent with
ε∞ ) 2 andε ) 13. Both the bare free-energy surface (solid line) and the first five vibrationally adiabatic surfaces are shown on the left. The bare
free-energy surface and schematic representations of the (0, 0-4) and (1, 0) vibrationally diabatic surfaces are shown on the right. (Note that some
vibrationally diabatic levels that are lower in energy in the TS region, i.e., the (1, 1) and (1, 2) states, than those plotted here are not shown.)

Ĥvib(z) ) - p2

2µClO

∂
2

∂RClO
2

- p2

2µHCl

∂
2

∂rHCl
2

+ Ĝgr(rHCl, RClO; z)

(16)

Ĥvib(z)Ψn(rHCl, RClO; z) ) εn(z)Ψn(rHCl, RClO; z) (17)

Acid-Base PT Reaction of the ClH‚‚‚OH2 Pair J. Phys. Chem. A, Vol. 105, No. 12, 20012585



mol and∆G‡ ) 1.32 kcal/mol. It is clear that the quantization
of the vibrations significantly affects the thermodynamics of
the reaction.2b,36

A schematic picture of the vibrationally diabatic energy levels
of the reaction complex is displayed Figure 2b. The curves were
obtained by roughly interpolating across the avoided crossings
observed in the vibrationally adiabatic surfaces to connect
regions with the same nodal structure in the vibrational wave
functions. The vibrational energy curves can be assigned to
specific excitations according to the labeling (νCl-H, νCl-O) by
direct examination of the two degrees-of-freedom vibrational
wave functions at each value of the solvent coordinate (as is
shown in more detail below). It is important to note that these
assignments are vibrationallydiabatic ones. That is, a given
vibrationally adiabatic state can have different (νCl-H, νCl-O)
assignments at different values of the solvent coordinate (vide
infra). The (0, 0-4) and (1, 0) vibrationally diabatic levels are
shown in Figure 2. An important point here is that the vibrational
ground state (0, 0) and (especially) first-excited state in the
proton vibration (1, 0) have the structure predicted previously
by Kim et al.37 in a study of infrared-induced PT (see also ref
16). This observation, along with the apparent vibrational
diabaticity observed here (and discussed below) is encouraging
for the prospects for promoting PT by infrared excitation.

The reactant minimum in the vibrationally adiabatic ground
state is located atz ) 10.1 D, whereas the product minimum is
found atz ) 15.1 D. The TS is located atz ) 12.6 D. To
examine the nature of the proton vibrations at the critical points,
one-dimensional cuts in the potential in therHCl coordinate at
these three values of the solvent coordinate are shown in Figure
3. Also shown are the two lowest vibrational energy levels of
the potential and the corresponding wave functions. These
calculations are carried out for fixedRClO, which has been set
equal to the expectation value in the full two degrees-of-freedom
wave function at the given value ofz. Note that, in its vibrational
ground state, the proton is localized on the acid and the base in
the reactant and product minima, respectively. It is interesting
that the proton is fairly delocalized in the proton first-excited
vibrational state in both the reactants and products. However,
at the TS, the proton experiences a double-well (but not
symmetric) potential and is delocalized in both its ground and
first-excited states. The different frequencies of the Cl-H and
H-OH2

+ bonds in the reactants and products, respectively, lead
to the asymmetry in the double-well potential both in the shape
and depth of the wells. The proton zero point energy is just at
the top of the barrier in the proton coordinate. The first-excited-
state energy level of the H-Cl vibration is∼1.8 kcal/mol higher
in energy than the zero-point energy.

The structure of the vibrational levels of the acid-base
complex has a number of notable features. Contour plots of the

lowest four vibrationally adiabatic wave functions are shown
in Figure 4 as a function ofRClO and rHCl for three values of
the solvent coordinate corresponding to the reactants, the TS,
and the products in the vibrationally adiabatic ground state (see
Figure 2). Also shown are contour plots of the free energy in
these coordinates.

It can be seen from the plots of the two degrees-of-freedom
free-energy surfaces in Figure 2 that in the reactant and product
regions the complex possesses a single local minimum. This
localization is also evident in the vibrationally adiabatic
vibrational wave functions in Figure 2, which show the wave
function localized in the Cl-H‚‚‚OH2 and Cl-‚‚‚HOH2

+ wells
when the solvent coordinate is at the reactant and product
minima, respectively. The potential felt by the proton is clearly
dependent on theRClO coordinate. In particular, when the solvent
coordinate is at its TS value, the potential displays a double-
well structure in the proton coordinate, with the shape of the
double well strongly modulated by the H-bond coordinate. In
this TS region, the ground-state wave function is delocalized
between the reactant and product structures. Note that the
vibrational zero point energy is above the barrier to PT at this
solvent coordinate and the wave function has a single broad
peak in the proton coordinate.

The first-excited vibrationally adiabatic free-energy surface
has the character of (0, 1) for all values of the solvent coordinate;
that is, the vibrational excitation is primarily in the H-bond
(RClO) mode. Note from Figure 2 that in this state the barrier
for PT (although still small) is larger than that in the vibrational
ground state, i.e., H-bond vibrational excitation slows the PT
reaction. This is a general feature previously found by Staib et
al.13 and is easily seen here. The more highly vibrationally
excited states exhibit additional features (i.e., beyond that of
two local minima separated by a barrier) because of avoided
crossings associated with the crossing of the vibrationally
diabatic (0,νCl-O) and (1, 0) states. The picture is clearer,
however, in the representation of the vibrationally diabatic states
in Figure 2. There, the increase in the barrier to PT with
increasingνCl-O is readily observable for up toνCl-O ) 4.
Similarly, the reaction is seen to become more endothermic
when the RClO vibration is excited because of the larger
frequency of H-OH2

+ relative to that in H-Cl.
In the second vibrationally adiabatic excited state, the

vibrational character is (0, 2) in the reactant and product wells
but is (1, 0) at the TS. The energy required to excite the proton
vibration ∆E01 ) EνCl-H)1 - EνCl-H)0 is strongly solvent
coordinate-dependent, being large in the reactant and product
regions and decreasing toward the TS. This is a consequence
of the delocalization of the wave function in therHCl coordinate
in the TS region where the ClH‚‚‚OH2 and Cl-‚‚‚H‚‚‚OH2

+

configurations are close in energy (see Figure 3), as opposed

Figure 3. One-dimensional proton potentials, ground and first-excited-state proton vibrational energy levels, and associated vibrational wave
functions as a function ofrHCl for the ClH‚‚‚OH2 complex at three values of the solvent coordinate,z ) zR ) 10.1 D (reactants),z‡ ) 12.6 D (TS),
andz ) zP ) 15.1 D (products), from left to right. These potentials are evaluated at the specified value of fixedz and at fixedRClO corresponding
to the average〈RClO〉 from the full two degrees-of-freedom wave function calculated at thatz. The thick solid line is the potential felt by the proton,
the energy levels are indicated by the thick dashed lines, and the wave functions are shown as the thin solid lines.
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to the localized potentials in therHCl coordinate in the reactant
and product regions.

We have assumed an adiabatic separation of time scales
between the solvent coordinate motion (orientational polariza-
tion) and the vibrations of the solute complex (H atom and
H-bond motion). However, we havenot made any such
assumption of separability between these vibrational motions
of the solute, e.g., assuming H moves rapidly compared to the
Cl-O vibration. Inspection of Figure 2a indicates that the
vibrational levels can be assigned except right in the region of
the avoided crossings and that the avoided crossings are fairly
narrow. This suggests that the Cl-O and Cl-H vibrations are
not strongly coupled. Thus, we would expect that the PT would
occur adiabatically in the ground and first-excited adiabatic
vibrational states. However, in the higher excited vibrational
states the dynamics would occur more nonadiabatically (i.e.,
following the vibrationally diabatic surfaces in Figure 2); this
is currently under investigation via examination of the nona-

diabatic transition dynamics.38 For excitation in the proton
coordinate (Figure 2b), the latter implication is particularly
encouraging for the prospect of infrared-induced PT.37

An interesting implication of the free-energy surfaces in
Figure 2 is that the barrier height in the solvent coordinate to
proton transfer Cl-H‚‚‚OH2 f Cl-‚‚‚HOH2

+ is less thankBT
at 300 K. Thus, these model calculations, insofar as they
represent the actual Cl-H‚‚‚OH2 system, indicate that the
H-Cl-H2O acid-base pair in a low-polarity solvent would
readily exchange a proton back and forth simply because of
thermal fluctuations of the solvent. It is important to distinguish
this situation from the often-invoked case of a proton delocalized
by tunneling or over-barrier quantum delocalization of the wave
function (see, e.g., ref 39). In the present case, the different
thermally allowed solvent configurations lead to a thermal
distribution of [Cl-H‚‚‚OH2] and Cl-‚‚‚HOH2

+ complexes; in
each of these complexes however, the proton is localized on
either the acid or the base. Complexes with intermediate natures

Figure 4. Contour plots of the two degrees-of-freedom free-energy surface (lowest panels) and vibrational wave functions (upper panels) atz )
10.1 D (reactants, shown on the left),z ) 12.6 D (TS, shown in the center), andz ) 15.1 D (products, shown on the right) for ClH‚‚‚OH2 in a
solvent withε∞ ) 2 andε ) 13. In these plots, the abscissa isRClO in Å and the ordinate isrHCl in Å. The lowest vibrationally adiabatic wave
function is shown in the second row from the bottom with the vibrational quantum number increasing up the page. The free-energy surfaces are
plotted with the lowest contour representing-24 kcal/mol (-23 kcal/mol for the center panel) and increments of 1 kcal/mol.
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(i.e., TS-like) will occur as well, though with slightly less
probability, some of which will have a delocalized proton
(though not necessarily by tunneling) as illustrated in Figure 3.
A similar situation has previously been observed in theoretical
studies on a symmetric model PT system with a fixed H-bond
coordinate by Borgis et al.22

Experimental studies have also found similar hydrogen-bon-
ded complexes.40,41Limbach and co-workers have studied a var-
iety of hydrogen-bonded complexes by nuclear magnetic reson-
ance experiments in which the temperature (and hence the sol-
vent dielectric constant) is varied.40 They find a similar hydro-
gen-bonding arrangement to that described here in the chloro-
acetic acid-pyridine complex in mixtures of CDClF2 and CDF3.
That is, their observations are consistent with a “broad distribu-
tion of complexes with different structures A-H‚‚‚B h Aδ-‚‚‚
H‚‚‚Bδ+ h A-‚‚‚H-B+,” 40precisely the situation found here.42

B. Coordinate Expectation Values and Variances.One of
the advantages of quantizing the two vibrations of the solute
together is that we can examine the quantum expectation values
of the different coordinates along the reaction coordinate

where, e.g.,q ) rHCl or RClO. All of the expectation values and
variances shown here are for the adiabatic vibrational ground
state. The quantum expectation values ofrHCl and RClO as a
function of the solvent coordinate are shown in Figure 5 for
the ClH‚‚‚OH2 complex (corresponding to the free-energy
surfaces in Figure 2). In Figure 5a, we can see that as the solvent
coordinate is increased the average value ofRClO decreases until
it reaches a minimum in the region of the TS. In the reactants,
z ) zR (〈RClO〉 ) 2.91 Å), whereas at the TS,z ) z‡ (〈RClO〉 )
2.88 Å), and in the products,z ) zP (〈RClO〉 ) 2.93 Å). The
reduction in〈RClO〉 leads to a lowering of the barrier for PT
(see Figure 2), and the proton is transferred at these smaller
H-bond distances. Upon a further increase in the solvent
coordinate, past the TS,〈RClO〉 increases as it approaches its

equilibrium value in the product Cl-‚‚‚H‚‚‚OH2
+ complex (z

) zP, 〈RClO〉 ) 2.93 Å). Note that the average〈RClO〉 distance
in the product complex is actually slightly larger than in the
reactant complex. This appears to be a reflection of the fact
that the solvent prefers the ions in the products separated.

Now turning to Figure 5b, we see that as the solvent
coordinate is increased〈rHCl〉 increases from 1.38 Å in the
reactants to 1.54 Å at the TS region (where the〈RClO〉 distance
is shortest) and to 1.74 Å in the products. The changes in〈rHCl〉
are clearly correlated with the contraction of the hydrogen-
bonded complex (shortening of〈RClO〉) from the reactants to
the TS and the subsequent expansion of the complex from the
TS to the products. This connection between the movement of
the proton and the H-bond coordinate is also seen in the proton
potentials shown in Figure 3. It is also illustrated in Figure 5c,
where the〈RClO〉 distance is plotted versus〈rHCl〉 as the solvent
coordinate is varied. Clearly, the location of the proton depends
strongly on〈RClO〉. This is evident in the large change in〈rHCl〉
when small values of〈RClO〉 are reached.

Another quantity of interest is the variance in the coordinate
values:

This gives a measure of the localization or delocalization of
the vibrational wave function. The values of∆RClO and∆rHCl

are shown in Figure 6 for the ClH‚‚‚OH2 complex. From Figure
6a, we can see that as the Cl-O distance is reduced in
approaching the TS the wave function becomes more localized
in theRClO coordinate (∆RClO decreases), indicating that the well
in ∆RClO is becoming “tighter.” TheRClO variance reaches a
minimum in the TS region and then increases to its equilibrium
value in the product complex as the solvent coordinate is
increased. Note that∆RClO is smaller in the product complex
than in the reactant complex as the zwitterionic character makes
the complex more rigid even while〈RClO〉 is slightly larger in
the product complex.

Figure 5. Expectation values of the coordinates (a)RClO and (b)rHCl as a function of the solvent coordinatez (left panels) for ClH‚‚‚OH2 in a
solvent withε∞ ) 2 andε ) 13. Also plotted are (c)〈RClO〉 vs 〈rHCl〉 and (d)〈rOH〉 vs 〈rHCl〉. In a and b, the vertical dashed lines indicate, from left
to right, the value of the solvent coordinate corresponding to the reactants, the TS, and the products for the complex.

〈q〉(z) ) ∫ drHCl ∫ dRClO Ψ*( rHCl, RClO; z)q̂Ψ(rHCl, RClO; z)

(18)
∆q(z) ) x〈(q - 〈q〉)2〉 ) [∫ drHCl ∫ dRClO

[Ψ*( rHCl, RClO; z)](q̂ - 〈q〉)2Ψ(rHCl, RClO; z)]1/2 (19)
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In the variance in therHCl coordinate, shown in Figure 6b,
we can observe the passage of the complexes from localized
(as ClH‚‚‚OH2) to delocalized (at the TS) where the PT occurs
to localized again (as Cl-‚‚‚HOH2

+) as the solvent coordinate
is increased. This behavior can also be seen in Figues 2 and 3
on the basis of the nature of the potential felt by the proton in
the reactants, TS, and products along with the position of the
levels.

From the combination of all of these results, we can infer
how the PT reaction proceeds through solvent coordinate
changes. With the solvent coordinate in equilibrium with the
reactant complex, the proton potential has a global minimum
at small rHCl values and the proton, in its vibrational ground
state, is localized on the acid. As the solvent coordinate
increases, the acid-base complex contracts, reducing the Cl-O
distance and leading to a nearly symmetric double-well proton
potential (see Figure 3). The proton is then quantum-mechani-
cally delocalized between the acid and the base in its vibrational
ground state; this represents the TS for the PT in the solvent
coordinate. Increasing the solvent coordinate further leads to a
expansion of the complex (RClO increases) and a global
minimum in the proton potential at largerrHCl distances. Thus,
the products are reached, and the proton is localized on the base.

IV. Concluding Remarks
We have developed a model description for the acid-base

PT reaction between HCl and H2O in a hydrogen-bonded
complex dissolved in a low-polarity solvent. In this description,
a two VB state perspective consistent with the Mulliken picture
of PT is employed and the nonequilibrium polarization of the
solvent is characterized via the Kim-Hynes theoretical ap-
proach.

The reaction free-energy surface for the resulting nearly
thermodynamically symmetric reaction was analyzed, with
special attention to the quantum nuclear aspects of the proton
and H-bond coordinate vibrations. In particular, the vibrational
wave functions in these two coordinates were followed along
the solvent coordinate reaction path, and the vibrational states

of the reacting system were discussed. For the latter, analysis
indicates that the PT reaction in the ground and lowest excited
levels is vibrationally adiabatic; however, for higher levels
involving excitation in the proton coordinate, a different view
is suggested, an issue of relevance for the possibilities of
infrared-induced PT in solution.

The calculated low free-energy barrier for the model reaction
indicates a facile thermal interconversion between the molecular
pair reactant and contact ion pair product within the complex.
We are unaware of any experimental studies examining
complexes of HCl (or other hydrogen halides) and H2O in low-
polarity solvents. However, it has been established for some
time that acid-base pairs dissolved in low-polarity solvents exist
as hydrogen-bonded complexes (i.e., the complex does not
dissociate) in either the A-H‚‚‚B or the A-‚‚‚H-B+ form,
depending on the relative strength of the acid and base.43 It
would clearly be of interest if the ready thermal interconversion
between reactants and products observed here could be directly
observed experimentally.

Finally, the basic approach employed within could be used
to examine the trends of the activation free-energy barriers for
the hydrogen halide acids complexed with water in low-polarity
solvents. It is considered well established that the thermody-
namic acidity of the hydrogen halide acids increases down the
periodic table column (from F to I). Although there are many
factors that determine the acidity of these acids, this trend has
generally been attributed to the decreasing homolytic BDE in
the series.44 However, how the BDE affects the free-energy
barrier height in acid-base PT reactions is significantly less
clear (though at least one simple model45 has been proposed to
predict the behavior in the special case of certain radical cation
acids). This aspect, together with the related issue of the
relationship between the free-energy barrier and the reaction
free energy,36,45-47 is left for future research.
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Appendix: Dependence of the Electronic Coupling on the
Proton Coordinate

In this Appendix, we consider the dependence of the
electronic coupling on the proton coordinate. Previously,
Timoneda and Hynes20 (TH) argued that, in the case of a
phenol-amine PT, the coupling should be effectively indepen-
dent of the proton coordinate. Here we reprise that argument
and show that the result is different in the present case of
hydrochloric acid and water.

In their study, TH used a VB description that differs only
slightly from that used here (a polarization component
[A-H+-B] was added to the covalent state with a fixed
contribution). They evaluated the overlap of the covalent and
ionic VB states that is naturally related to the electronic
coupling. Their result, applied to the present system, is that

where |A〉 represents the valence orbital on the acid and|B〉
the valence orbital on the base. This expression is derived by
ignoring the overlap〈A|B〉, which is a good approximation. In

Figure 6. Quantum-mechanical variances in the values of the
coordinates (a)RClO and (b)rHCl as a function of the solvent coordinate
z for ClH‚‚‚OH2 in a solvent withε∞ ) 2 andε ) 13. The vertical
dashed lines indicate, from left to right, the value of the solvent
coordinate corresponding to the reactants, the TS, and the products.

〈φc|φc〉 ) [ 2

1 - 〈H|B〉2 + 〈H|A〉2]1/2

[ 2

1 - 〈H|A〉2 + 〈H|B〉2]1/2
〈H |A〉〈H|B〉 (20)
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the phenol-amine case, considered by TH,|A〉 is a 2p orbital
on the oxygen atom of the phenol,|B〉 is a 2p orbital on the
nitrogen atom of the amine, and|H〉 is the 1s orbital on the
hydrogen. Using interpolation formulas for calculating the
overlap between Slater orbitals,48 they found that as the proton
is moved between A and B that, e.g., the〈H|A〉 overlap
decreases and the〈H|B〉 increases in such a way that their
product is roughly constant.

In the present case,|A〉 is the 3p orbital on the chlorine atom
and|B〉 is the 2p orbital on the oxygen atom of water. The same
analysis for this situation yields the result that〈H|A〉 and〈H|B〉
do not increase and decrease commensurately, and thus the ov-
erlap 〈φc|φi〉 is not constant with respect to the proton coordi-
nate. This is an initial indication that for this system the electron-
ic coupling should not be expected to be constant with respect
to the H coordinate and is consistent with the results obtained
from our two-state VB model, as is indicated in Figure 1.
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