
JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 21 1 DECEMBER 2003
An efficient Monte Carlo method for calculating ab initio transition state
theory reaction rates in solution
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In this article, we propose an efficient method for sampling the relevant state space in condensed
phase reactions. In the present method, the reaction is described by solving the electronic
Schrödinger equation for the solute atoms in the presence of explicit solvent molecules. The
sampling algorithm uses a molecular mechanics guiding potential in combination with simulated
tempering ideas and allows thorough exploration of the solvent state space in the context of anab
initio calculation even when the dielectric relaxation time of the solvent is long. The method is
applied to the study of the double-proton transfer reaction that takes place between a molecule of
acetic acid and a molecule of methanol in tetrahydrofuran. It is demonstrated that calculations of
rates of chemical transformations occurring in solvents of medium polarity can be performed with
an increase in the cpu time of factors ranging from 4 to 15 with respect to gas-phase calculations.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1622653#
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I. INTRODUCTION

The concept of reaction mechanism plays a major role
chemistry and represents a synthesis of our understandin
the way in which different topological changes in the bon
ing structure of a reactant or product are correlated as
reaction proceeds. Recent advances in ultrafast lase1,2

x-ray,3 and other spectroscopies as well as in computatio
chemistry4,5 have made possible the study of most gas-ph
and some condensed-phase reactions in molecular d
However, most experimental investigations of complex re
tion mechanisms taking place in liquid environments are s
inferred from isotope and solvent~medium! effects on the
reaction rate.6,7 Consequently, the interpretation of the e
perimental results as well as the reaction mechanisms
ferred are more controversial than those of gas-phase r
tions.

Computer studies can be useful as a complement to
perimental data in cases where experiments alone ca
provide a definitive picture of the mechanism of the chemi
process. It is therefore desirable to develop systematic c
putational approaches to carefully examine the relation
tween isotope effects and reaction mechanism in conden
phase systems. However, computational calculations
kinetic isotope effects in condensed-phase reactions can
come expensive due to a number of difficulties. Some of
practical challenges involving the calculation of kinetic is
tope effects and reaction rates in solution are associated

a!Author to whom correspondence should be addressed. Electronic
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the fact that accurate descriptions of transformations
which chemical bonds are broken and formed require tim
consumingab initio electronic structure methods. Comput
time limitations become particularly relevant when inves
gating ‘‘rare events’’ such as chemical reactions, especi
when the reactions are accompanied by substantial di
ences in the structure of the solvent. To further complic
matters, quantum effects such as zero-point vibrations
tunneling effects are important in some chemical proces
such as proton transfer reactions. Another technical prob
in the simulations of reactive systems is that the statist
resolution of calculations of the reaction rate depends
how many statistically independent configurations are
tained during the simulation: Simulations in which a lar
number of successive configurations have similar configu
tions of the reactive core or of the solvent molecules su
from large uncertainties in the calculated reaction rates, p
cluding any definitive interpretation of the reaction mech
nism.

It is therefore critical to develop methods which samp
statistically independent configurations along the react
path rapidly and correctly. In the case where the react
path can be characterized by means of a small numbe
reaction coordinates, accurate, statistically well-resolved
culations of reaction rates can be performed by develop
improved methods for computing reaction free energy p
files along these reaction coordinates. A number of te
niques for computing free energy profiles along reaction
ordinates have been proposed in the literature, includ
umbrella sampling,8 thermodynamic integration in conjunc
il:
5 © 2003 American Institute of Physics
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tion with the blue-moon ensemble method,9 projection
methods,10 variable transformation approaches,11 and guid-
ing potentials.12,13 The use of molecular mechanics-bas
guiding potentials was proposed simultaneously and in
pendently by Iftimieet al.12 and Vondeleet al.13 and imple-
mented in a Monte Carlo and a molecular dynamics fram
work, respectively. The basic idea of the method consist
using a ‘‘fast’’ molecular mechanicspotential to guide a
computationally intensiveab initio simulation.

The Monte Carlo version of the ‘‘guiding’’ approach i
Ref. 12 was called the molecular mechanics based im
tance function method~MMBIF !. It was demonstrated tha
the utilization of a reasonably accurate molecular mecha
potential as an importance function decreases the correla
of an ab initio Monte Carlo calculation by two orders o
magnitude. The method was illustrated on a gas-phase
mic acid-water system in which the activated processes
volved breaking and forming hydrogen bonds,12 and was
successfully applied to calculate the kinetic isotope effect
a model gas-phase intramolecular proton trans
reaction.14–16

One of the major challenges inab initio simulations of
reactions in condensed phase environments is to thorou
sample configurations of the system when changes in
solvent occur on long time scales. For instance, in molec
dynamics simulations of proton transfer reactions in wh
the collective behavior of the solvent can strongly influen
the dynamics of the reaction, the sampling efficiency can
limited by long solvent dielectric relaxation time. In essen
an independent configuration of the system requires that
equations of motion be propagated for a time which is lon
than the dielectric relaxation time. Even simple organic s
vents such as tetrahydrofuran, the relevant solvent in
study, have dielectric relaxation times on the order of 4 p17

so that independent solvent configurations are only obta
after several thousand elementary propagation steps. M
structured solvents such as water, with a dielectric relaxa
time of roughly 8.3 ps,18 require even longer propagation fo
proper sampling of solvent configurations. The long tim
scale of structural rearrangements in solvents pose a se
challenge toab initio calculations even when the solvent
modeled using molecular mechanics since each propaga
step in the dynamics involves a time-consumingab initio
calculation. Ideally, successive configurations in a simulat
involve drastically different solvent and solute configur
tions. This is only possible using an artificial dynamics
generate the sequence of configurations. One way to gen
relatively uncorrelated successive configurations is to ap
importance sampling ideas.

In this article, the molecular mechanics-based imp
tance sampling method is adapted to calculate reaction r
of chemical processes in condensed phases where colle
motions of the environment can influence the quantitat
features of the chemical process and, in some cases, p
critical role in determining the mechanism of a reaction. T
Monte Carlo procedure involves separating the task of s
pling the configurations of the condensed phase system
two parts. The first part involves an efficient scheme of u
dating the solvent configuration while the second focuses
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the relatively slowab initio calculation of the reactive core
This approach allows extensive sampling of the molecu
mechanical solvent without a significant increase in the ov
all computational work over a gas phaseab initio simulation.
The method is applied to study the double-proton trans
reaction in an acetic acid-methanol complex solvated by
rahydrofuran.

II. METHODOLOGY

A. Motivation for the model system

The computational study of proton transfer reactions c
be used to understand the conditions for the validity o
well-known conjecture proposed in the physical orga
chemistry literature, stating that the breakdown of the rule
geometric mean for kinetic isotope effects, which is
relation19 involving ratios of kinetic isotope effects corre
sponding to different isotopic substitutions at the prima
and secondary atoms, is a signature of tunneling for b
primary and secondary atoms.6,20 The consequences of ap
plying the rule of geometric mean to interpret experimenta
determined isotope effects are of far-reaching importan
The inferred relationship between the rule of geometric m
and reaction mechanism forms the basis for the proposal
multiple intramolecularproton transfer reactions are likely t
proceed via a two-step mechanism, in contrast tomultiple
intermolecularproton transfers which are believed to pr
ceed via a synchronous pathway.20 The same relationship is
at the heart of the recent suggestion that tunneling effe
have played an important role in the design of the active s
of some proteins.6,21

Some of the most striking consequences of the rule
geometric mean6,20 appear when studying multiple proto
transfer reactions in condensed phases. The study of r
tions involving the exchange of a pair of protons betwe
two molecules may provide insight into the dynamics of c
tain types of enzymatic reactions in which several functio
groups in the active center are properly aligned so that c
certed catalysis can occur. This type of catalysis mechan
is called bifunctional catalysisand is the principal mecha
nism responsible for the several orders of magnitude incre
in the reaction rate in several important biochemic
transformations.22

The double-proton transfer reaction between acetic a
and methanol is one of the simplest examples of reacti
involving an intermolecular exchange of protons betwe
two molecules and therefore is a good candidate for com
tationally investigating general aspects of bifunctional c
talysis. The chemical processes occurring in a solution
acetic acid-methanol in tetrahydrofuran~THF! have been
studied experimentally by Gerritzen and Limbach.23 The ma-
jority species in the system consist of complexes form
from either a single molecule of acetic acid or a single m
ecule of methanol hydrogen-bonded with a single molec
of solvent. The minority species in the system consist
linear and cyclic clusters of acetic acid hydrogen-bond
with methanol and solvated by tetrahydrofuran. The doub
proton transfer reaction takes place along the hydro
bonds of the cyclic clusters. When the concentrations of a
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. The formation of two cyclic clusters involving
one or two acetic acid molecules and one molecule
methanol. The double-proton transfer reaction stud
here takes place along the hydrogen bonds of the cy
cluster formed from one molecule of acetic acid an
one molecule of methanol.
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tic acid and methanol are reduced, the only cyclic clus
formed within which double-proton transfer is experime
tally observed is formed from one molecule of acetic a
and a single molecule of methanol23 ~see Fig. 1!.

In this work, we will focus only on the intermolecula
double-proton transfer which takes place in the cyclic clus
formed from one molecule of methanol and a single m
ecule of acetic acid in a solution of tetrahydrofuran~THF!.
The quantum nuclear effects due to the small mass of
hydrogen atoms will be neglected here, and we will conc
trate only on the sampling issues. Once the sampling me
is tested for classical atoms, the method will be develope
a later article to include nuclear quantum effects via centr
transition state theory using sampling ideas similar to th
used in our previous studies of malonaldehyde.14,15

B. The QM ÕMMÕimplicit solvent approach

Since it is impractical to treat large systems quant
mechanically, one is inevitably faced with the decision
how to combineab initio electronic structure methods wit
more empirical approaches. One alternative to fullab initio
calculations consists of using a mixed quantum-mechan
molecular-mechanical~QM/MM ! description of the system
However, in general it is problematic to clearly define t
physics of the interface region between the quantum and
lecular mechanical subsystems. In the best of circumstan
the separation can be made without ‘‘cutting’’ a covale
bond. For reactive processes in which the reaction occur
a small solute which can be simulated in isolation usingab
initio methods, the logical separation between the quan
and molecular mechanical regions is at the solute-solv
level. That is, the energies of the solute in which the reac
is occurring are calculated using electronic structure meth
for the solute in the presence of the solvent, while the solv
energies are described by molecular mechanical potentia

Even after this separation has been defined, one is fa
with another technical issue of how an infinite condens
phase system can be represented in a practical fashion.
Downloaded 19 Nov 2003 to 142.150.226.11. Redistribution subject to A
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common approach utilized in simulations of condens
phase systems is to simulate explicitly a system consistin
a solute surrounded by a small number of solvent molecu
periodically replicated in an infinite fashion. Unfortunate
such a periodic replication of the system introduces artifa
One such artifact is the existence of spurious long-ran
correlations due to the periodicity of the system. In princip
such correlations could have a large impact on the reac
process. The use of periodic boundary conditions also in
duces complexity in the electronic structure calculation its
when localized basis sets are used. An alternative approa
to use toroidal boundary conditions in which part of the s
vent is explicitly represented while the influence of the s
vent from regions far from the solute is implicitly incorpo
rated.

In the present study we have utilized a quantu
mechanics/molecular mechanics/implicit solvent~QM/MM/
continuum! approach, in which the bond breaking and form
ing processes taking place in the solute are described
including all solute electron-electron, electron-nuclei, a
nuclei-nuclei interactions in an electronic Hamiltonian. T
interactions between the solvent molecules which form
first few solvation shells~in practice, 343 THF molecules!
are described using a molecular mechanics potential.
electrostatic interactions between the solute and the sol
molecules in the first few solvation shells are incorpora
into this approach by solving theab initio electronic struc-
ture equations for the solute in the presence of the elec
field generated by the molecular mechanics solvent char
The total energy of the system also includes the Lenna
Jones interaction energy between solute and the solvent
ecules in the first solvation shells, and the reaction field
ergy which accounts for the long-range electrosta
interactions between solute and solvent molecules~see
Fig. 2!.

The simulations were performed using the toroid
boundary conditions approach,24 in which a cutoff distance is
used that sets the boundaries of the region within which
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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termolecular interactions are explicitly counted. Therefo
the only quantum electron-electron, electron-nuclei, a
nuclei-nuclei interactions which were explicitly counted
the present treatment were those which correspond to a
separated by less than the cutoff distance, here chosen
14 angstroms.

The effects of the neglected interactions in the toroi
boundary conditions approach have been approximately
counted for by adding reaction field corrections24 to the elec-
tronic energy:25

ERF'2(
i

e r21

~2e r11!Rc
3 m iM i , ~1!

where the sum is over all moleculesi inside the primitive
cell, e r is the dielectric constant of the solvent,Rc is the
radius of the spherical surface,m i is the dipole moment of
molecule i, and Mi is the total dipole moment inside th
spherical surface surrounding the moleculei.

The correct energetics in hydrogen-bonded systems
in systems undergoing proton transfer reactions is difficul
describe even withab initio methods. In particular, DFT
studies of weak hydrogen-bonding systems have prove
be particularly difficult and only limited success has be
achieved in predicting the geometries and energies for r
tant and transition state configurations on the potential
ergy surface using most exchange-correlation functiona26

Care should therefore be exercised when choosing a par
lar ab initio method to calculate proton transfer reacti
rates. The nonlocal exchange-correlation schemes devel
by Proynov, Vela, and Salahub27 have shown particula
promise for the description of hydrogen-bonded syste
Sirois et al.28 have demonstrated that their kinetic-energ

FIG. 2. A pictorial view of the QM/MM/continuum solvent method and
the reaction field approach. The ‘‘reactive core’’ region contains a quan
representation~i.e., nuclei1electrons) of the atoms which are involved
the actual covalent bond-breaking and bond-forming events. The ‘‘exp
solvent’’ region contains an atomic representation of the first few shell
solvent molecules. The effects of the solvent molecules which are far f
the reaction center are included in an implicit manner in the QM/M
continuum approach using the reaction field method. In our implementa
the reaction field method consists of calculating an effective electros
interaction between the dipole moments of the molecules inside the first
regions@see Eq.~1!#.
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dependent exchange functionals~BLAP and PLAP! per-
formed better than all GGA options~BP86, PP86, PW91!,
BLYP, or other hybrid methods~B3LYP, B3PW91! on sys-
tems involving intramolecular hydrogen bonds. The pred
tions for equilibrium and transition state geometries as w
as the energetics was in agreement with high-quality p
Hartree–Fock calculations@CCSD~T! and G2#.28 Specifi-
cally, for the gas-phase cyclic cluster of acetic acid a
methanol in Fig. 1, the activation energy using the PLA
exchange correlation functional was found to be appro
mately 16.4 kcal/mol, in excellent agreement with t
QCISD value of 16.14 kcal/mol.29

For the simulations described in the present work,
energies of different configurations were carried out usin
modified version of the LCGTO-DFT program
deMon-KS3.430,31 using the PLAP exchange-correlatio
functional. The DFT electronic structure calculations we
carried out as in Ref. 28, where the application of DFT el
tronic structure methods to hydrogen-bonding systems is
cussed in detail. A double-z plus polarization~DZVP! orbital
basis set was used for all atoms and the convergence
for the SCF~self-consistent field! energy using the auxiliary
fitting basis sets28 was 0.01 kcal/mol.

C. The molecular mechanics potential describing
the interaction between the solvent molecules

In order to implement the QM/MM/continuum approac
to compute reaction rates for the double-proton transfer
action in the acetic acid-methanol cluster solvated by
rahydrofuran, a sufficiently accurate molecular mechan
description of the interaction between the solvent molecu
is needed.12,14 In this work, the OPLS all atom~OPLS-AA!
force field of Jorgensenet al.32 with a modified electrostatic
interaction term has been used to describe the interact
between THF solvent molecules. The modifications to
electrostatics were designed to improve the gas-phase d
bution of the partial charges in a THF molecule as well as
improve the description of polarization effects in condens
phases. Since the local electrostatic environment as we
long-ranged polarization effects can influence the pro
transfer process, it is important to properly account for
permanent and induced charges in the solvent. To desc
all such electrostatic phenomena, all solvent molecules h
been assigned permanent and induced charges. It ca
demonstrated33 using second-order perturbation theory th
the electrostatic interaction energy between two polariza
moleculesA and B, each of which carries a set of atom
permanent and induced charges,Qp

I and Qin
I , with I

51,...,N corresponding to the charges on moleculeA, andqp
i

andqin
i , wherei 51,...,n are the site charges on moleculeB,

respectively, can be written to a good approximation as

V~Qp
1,...,Qp

N ,Qin
1 ,...,Qin

N ,qp
1,...,qp

N ,qin
1 ,...,qin

N!

'(
I 51

N

(
i 51

n Qp
I qp

i

4pe0diI
1

1

2 (
I 51

N

(
i 51

n S Qp
I qin

i

4pe0diI

1
Qin

I qp
i

4pe0diI
D , ~2!

m

it
f

m
/
n,
ic
o

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



a
on
on
ra
ti-
ig
a

s
ru

i

h
-

–
nt
d

t is
o
e
a
hi
ea

tr
r
th

be
ul

e
s
ic
ul
id
c

re
nt
th
fu
rib
s
o

ub

HF
va
t t

rc
n

d
e
. O
ea

re

lues

s of
and
in-
with
elec-
a

o
y a
of

tate
of

s on
rat-

c-
el-
on

sed
t

ni-

on-
kov

sed

gs
n

lity

ver-

40.

11289J. Chem. Phys., Vol. 119, No. 21, 1 December 2003 Ab initio transition state theory reaction rates
wherediI is the distance between sitesI and i on molecules
A and B. In principle, the induced charge appearing on
given solvent molecule is dependent on its local envir
ment. One simple way of incorporating solvent polarizati
effects is to assign each solvent molecule the same ave
induced charge in a ‘‘mean-field’’ fashion. More sophis
cated methods of including polarization effects either ass
site polarizabilities or use fluctuating charges distributed
specific locations on each solvent molecule.34 Such methods
when combined withab initio electronic structure method
either necessitate an iterative solution of the electronic st
ture and fluctuating charge distributions or involve dynam
cal methods in an extended Lagrangian system.35 Unfortu-
nately, each of these approaches has shortcomings w
make them impractical to implement in conjunction with im
portance sampling Monte Carlo methods.

In principle, the iterative minimization of the Kohn
Sham and fluctuating charge functionals can be impleme
within a Monte Carlo sampling approach at the cost of ad
tional computational effort. However, provided the solven
not very polarizable, the variation of the induced charges
the solvent molecules from their mean due to the presenc
the solute is expected to be small. For this reason, we h
utilized fixed induced charges for all solvent molecules. T
corresponds to computing ground state energies for the r
tive coreE(rs(x)) based on a Kohn–Sham functional36–38

F@rs(x)# which depends on the ground state electron dis
bution rs(x) of the solute in the presence of the fixed pe
manent and induced external solvent charges. Note that
functional includes the electrostatic energy of interaction
tween the quantum solute and the charges on the molec
mechanical solvent molecules.

In general, one complication must be considered wh
discussing electrostatic interactions in mixed QM/MM sy
tems that arises from the fact that the quantum mechan
electron density can become overpolarized by the molec
mechanical point charges due to the absence of cons
ations of the Fermi repulsion between quantum and mole
lar mechanical charges.39 Such effects are particularly seve
when using delocalized basis sets to represent the qua
subsystem, but are less significant when Gaussian or o
local basis sets are utilized. In the present work, the
Coulomb interaction potential has been used to desc
electrostatic interaction terms between the solute and the
vent charges without any screening modifications at sh
distances since all DFT calculations for the quantum s
system use localized basis sets.

In our study of the acetic acid-methanol system in a T
solution, the permanent charges have been assigned the
Qp

I 5qp
I 50.887qopls, whereas the induced charges are se

a mean-field value ofQin
I 5qin

i 50.239qopls for all indices i
andI, whereqopls are the standard charges in the OPLS fo
field. It can be verified that the electrostatic interaction e
ergy calculated using Eq.~2! with this set of permanent an
average induced charges is precisely the electrostatic en
calculated using the standard set of fixed OPLS charges
the other hand, by assigning a mean induced charge to
solvent molecule, the computed values for the gas-phase
pole moment and condensed phase dielectric constant a
Downloaded 19 Nov 2003 to 142.150.226.11. Redistribution subject to A
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better agreement with the corresponding experimental va
~see Table I!.40

It should be emphasized that a less satisfactory mean
describing electrostatic interactions between the solute
the solvent would consist of calculating the electrostatic
teractions between the gas phase electron distribution
the solvent charges. In such a scenario, the ground state
tron distribution for the solute interacts with the solvent via
Coulomb interaction of the form

V52
1

4pe0
(
i 51

n E r0~x!qi

l i~x!
dx, ~3!

wherer0(x) is the gas-phase electron distribution andl i(x)
is defined to be the distance between thei th chargeqi in the
solvent and the pointx. This approximation corresponds t
calculating the solute energy in the condensed phase b
zeroth-order approximation for the electronic distribution
the solute, that is,

F@rs~x!#'F@r0~x!#1V. ~4!

Such a description neglects the fact that the ground s
solute electron distribution is influenced by the presence
the solvent charges. The influence of the solvent charge
the ground state energy can be accounted for by incorpo
ing a polarization energy of the solute by the solvent.

Although such a crude level of description of the ele
trostatic interactions may be incomplete, it is useful in dev
oping importance sampling Monte Carlo schemes based
guiding potentials, such as the molecular mechanics ba
importance function method~MMBIF ! described in the nex
section.

D. The sampling methods

The MMBIF method12 consists of utilizing an auxiliary
Markov chain with a known asymptotic molecular mecha
cal distribution to propose trial configurations for anab initio
based Monte Carlo simulation. In the method, each trial c
figuration is obtained as the last state in a classical Mar
chain generated from the current configuration in theab ini-
tio simulation using various updating schemes. The propo
configurations are then accepted or rejected in theab initio
chain according to the usual Metropolis–Hastin
algorithm.12 If the previous and new trial configurations i
theab initio MC chain are denoted byxold andxnew, respec-
tively, the proposed state is accepted with the probabi
min$1,exp(2DDE/kBT)%, whereDDE is defined to be

TABLE I. The values of the gas-phase dipole momentmg expressed in
Debyes, and of the static dielectric constante r , obtained by considering the
OPLS-AA charges as permanent charges, obtained from our modified
sion of the OPLS-AA force field~see text! which accounts approximately
for electronic polarization effects, and from experimental data from Ref.

OPLS-AA Modified OPLS-AA Experimental

mg(D) 1.97 1.76 1.75
e r 6.1560.3 7.6160.38 7.58
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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DDE5~EDFT~xnew!2Ecl~xnew!!2~EDFT~xold!

2Ecl~xold!!, ~5!

whereEDFT(x) andEcl(x) are the potential energies of con
figuration x calculated byab initio methods~here density
functional theory, abbreviated DFT! and the classical poten
tial, respectively, andkB is Boltzmann’s constant. It is
straightforward to show that this acceptance criterion gu
antees that theab initio Markov chain has the correct limit
ing Boltzmann distribution,12 regardless of the number o
classical updates used to generate the proposed confi
tion.

The efficiency of the MMBIF approach relies on co
structing a molecular mechanics potential for the entire s
tem which approximates the true interactions of the system
a qualitative level. At first glance, the construction of a m
lecular mechanics potential for a condensed phase sy
appears a daunting task given that the electron distributio
the solute changes considerably during the reactive pro
and is influenced in a complicated fashion by its local en
ronment. However, it is relatively straightforward to co
struct a molecular mechanics potential based on simple
proximate forms of the interaction potentials, such as tha
Eq. ~4!. For such forms of the potential, the construction
the potential is reduced to modeling the reaction in gas ph
and calculating effective charges on the gas-phase so
which mimic the correct electron distribution. The appro
mate form for the potential can be corrected for using imp
tance sampling methods. For example, a Monte Carlo ch
of states generated using an approximate expression fo
energy can be manipulated by reweighting the configurati
appearing in the chain by an appropriate factor.14 The effi-
ciency of this approach is highly dependent on the quality
the approximation for the true energy of the system. O
might anticipate that the crude of level of description of t
electrostatic interactions in Eq.~4! which neglects any polar
ization effects of the solute by the solvent molecules wo
introduce large statistical uncertainties at the reweight
step. However, the polarization of the solute by the solv
can be approximated by adjusting the charge of the solv
molecules in the expression for the interaction between
solute and the solvent. As will be discussed, the effec
charge on the solvent molecules can be designed to app
mate solute polarization effects and thereby improve the
tistical resolution of the reweighting procedure.

The task of constructing a molecular mechanics poten
for the gas-phase proton transfer reaction is facilitated
using bond evolution theory considerations. Following the
lines, the molecular mechanics description of the acetic a
methanol complex in the absence of the solvent was cre
as suggested in Ref. 14. The total molecular mechanics
ergy was decomposed into two components. The first c
ponent of the total energy was written as a sum of harmo
potentials representing the variation of the potential w
bond length, bond angle or bond dihedral displaceme
from their minimum energy values at a fixed value of t
control parameterb, defined by

b5dO7H4
2dO7H6

, ~6!
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where the numbering of the atoms is that from Fig. 3.
The second component of the total energy was written

a sum of four Morse potentials depending on the four O
bond lengths, plus two effective potentials depending on t
parameters,a1 anda2 , defined as

a15dO3O7
and a25dO5O7

. ~7!

These effective potentials account for the flow of electro
charge during the reaction, as well as for the Fermi repuls
between the oxygen atoms O3 and O7, and between O5 and
O7. This second component of the total energy was imp
mented using the same functional forms as in Ref. 14. As
the case of the malonaldehyde study, no potential which
pends explicitly on the angles O3H4̂O7 or O5H6̂O7 was uti-
lized, although some dependence on the angle H4O7̂H6 was
explicitly introduced using a functional form which interpo
lates between a harmonic potential for transition state va
of the parameterb, and zero for values ofb characteristic for
the reactant or product configurations. The complete det
for the construction of the guiding potential for the solu
can be found in Ref. 33.

The simplest practical means of incorporating the el
trostatic interactions between the solute and the solvent m
ecules in the molecular mechanics potential is to fit par
charges to atomic sites in the solute to reproduce the
phase electronic distribution. However, since the elect
distribution of the solute varies appreciably with the config
ration of the solute, the guiding potential must incorpora
solute charges which vary as the reaction proceeds. In t
bond evolution theory analysis of the tautomerization of m
lonaldehyde, Krokidiset al.41 found that the total charge in
the basins of attraction of the proton and oxygen atoms v
ies approximately linearly with a control parameter similar
the parameterb. Therefore, it can reasonably be assumed t
most of the variation of the charges on atomic sites in
solute can be explained by a linear variation withb.

An alternative approach to incorporate the solut
solvent interactions can be constructed using simulated t
pering methods.42,43 The advantage of this procedure is th
it does not rely on any approximation for the variation of t

FIG. 3. The structures of the reactant, transition state, and product in
gas-phase double-proton transfer reaction.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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fitted charges on the solute during the reaction. The met
essentially consists of using an extended state spac
gradually turn on electrostatic interactions between the so
and the solvent. This approach is represented schemati
in Fig. 4.

In the simulated tempering method, a Markov chain
constructed whose states (i ,r ) are defined on the spac
formed by the direct product between a finite set of ‘‘ele
trostatic’’ indices,i 51,2,...,i max, and the entire solvent plu
the solute configurational space. In vector notation, the st
r will be denotedr5(r s,rS), wherer s and rS represent the
solute and solvent degrees of freedom, respectively. T
Markov chain, whose generic state is denoted (i ,r ), is con-
structed to produce states asymptotically distributed acc
ing to the probability density

p~ i ,r !5wipi~r !, ~8!

where wi are constants which will be referred to as t
weights for the unnormalized probability densitiespi(r ) de-
fined by

pi~r !5exp~2bEi~r !!, ~9!

whereb51/kBT. The potentialsEi(r ) contain five compo-
nents: theab initio potentialEs(r s) calculated for the gas
phase solute configuration, the molecular mechanics po
tial Es(rS) describing the interaction between the expli
solvent atoms, the Lennard-Jones potentialELJ

sS(r s,rS) de-
scribing the dispersive and short-ranged interactions betw
solute and solvent atoms, the Coulomb electrostatic inte
tion Ei

sS(r s,rS) between some charges on the solute ato
and the permanent and induced charges on the solvent at
and the reaction field energiesERF(r

s,rS) describing the
long-range solute-solvent electrostatic interactions:

Ei~r s,rS!5Es~r s!1ES~rS!1ELJ
sS~r s,rS!1Ei

sS~r s,r S!

1ERF~r s,rS!. ~10!

FIG. 4. A schematic representation of the simulated tempering me
which uses the MMBIF approach to generate configurations of the syste
a simulation where solute polarizability is neglected. The values of the e
trostatic scaling parameterl i for electrostatic indicesi 51,...,i max are gradu-
ally increased from zero to one.
Downloaded 19 Nov 2003 to 142.150.226.11. Redistribution subject to A
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The Coulomb solute–solvent electrostatic interaction
tential between chargesqs on the solute andqS on the sol-
vent, given by

Ei
sS~r s,rS!5l i (

J51

N

(
j 51

n qJ
Sqj

s

4pe0dJ j
, ~11!

wheren andN are the number of charge sites on the sol
and solvent molecules, respectively, andl i is a scaling factor
henceforth called the charge fraction. Note that this inter
tion potential depends on the choice of charges assigne
the solvent and solute molecules. In our calculations,
charges on the solute were fitted using the Kollman–Sin
procedure44 from the gas-phase electron distribution of t
solute. The use of charges fitted from the gas-phase calc
tion of the electron distribution does not account for the p
larization of the solute by the solvent. To partially compe
sate for the neglect of this effect, the total charge on
solvent molecules used in Eq.~11! is set to the sum of the
permanent and induced charges on the solvent,q5qp1qin .
This is in contrast to the calculation of the electrostatic
teraction between solvent molecules in which the effect
charges are set toq5qp1qin/2. This approximation is con-
sistent with first-order perturbation theory in which the p
larization energy of the solute by the solvent is approxima
by the polarization energy of the solvent by the solute.33

Note that the only difference between the potenti
Ei(r

s,rS) for different electrostatic indicesi consists of the
form of the electrostatic interaction energyEi

sS(r s,rS) be-
tween the solute and the explicit solvent atoms. The ene
E1

sS(r ) is chosen to be zero in this work implying thatl1

50, which amounts to turning off solute charges. For t
system all electrostatic interactions between the solvent
the solute are scaled to zero although the solvent and so
still interact through Lennard-Jones potentials. By desi
the last electrostatic index is set to unity,l i max51 so that the
energyEi max

sS (r ) corresponds to calculating the electrosta
interaction between the solvent and solute atoms using
fitted configuration-dependent solute charges obtained
the Kollman–Singh method. The additional dimension of t
solute plus solvent state space represented by the ele
static indexi 51,...,i max ensures that the solvent configur
tion adapts smoothly to the solute via a stepwise proces
which the charges of the solute atoms gradually interact w
the other charges in the system. It should be noted tha
equivalent result can be achieved by using a parallel tem
ing scheme in which the labeli 51,...,i max corresponds to a
stepwise decrease of a ‘‘sampling temperature’’ associa
with the solute–solvent electrostatic interaction.

In our implementation of the importance sampling,
Markov chain of extended state space configurations
generated by two types of transitions. In transitions of
first type the electrostatic indexi was kept fixed while the
configuration of the systemr5(r s,rS) was updated using a
transition matrix which leavespi(r ) invariant. The way in
which the configurations were updated for fixed electrosta
index was dependent on the electrostatic scaling fac
When the scaling factor was zero both the configuration
the solute and the solvent were updated simultaneously u

d
in
c-
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the MMBIF approach. The background molecular mechan
simulations used to guide the updates were run so as to
duce effectively independent but energetically reasona
configurations of the entire system. The simultaneous up
of both solute and solvent configuration is possible in
absence of electrostatic interactions between the solute
solvent since the fitted charges are not used in the molec
mechanics auxiliary chain. However, after the calculation
theab initio DFT energy in the acceptance–rejection step
the MMBIF method, the fitted charges for the given solu
configuration can be calculated. When the electrostatic s
ing factor is nonzero and solute–solvent electrostatic in
actions occur, the solvent was allowed to adjust to the cha
distribution on the solute by updating the solvent configu
tion while maintaining the configuration of the core reacti
region unchanged.

Transitions of the second type move the system thro
the auxiliary parameter space by applying a transition ma
that changes the electrostatic index while leaving the c
figuration of the solute and solvent unchanged. In this stu
the method for updating the electrostatic indexi consisted of
using a Metropolis algorithm, with a proposal distribution
which the proposed indicesi new5 i old11 and i new5 i old21
are equally probable. The proposed change of electros
index is rejected if i new is outside the valid rangei
51,...,i max, otherwise it is accepted with probability

minF1,
p~ i new,r !

p~ i old ,r ! G
5minF1,

wi new

wi old

exp~2b~Ei new
2Ei old

!!G . ~12!

The marginal distribution ofi with respect to the equilibrium
distribution is given by

p~ i !5E p~ i ,r ! dr5E wipi~r ! dr5wiZi , ~13!

where the configuration partition functionZi is defined as

Zi5E exp~2bEi~r !! dr . ~14!

If the distributionsp( i ,r ) are all to play a useful role in
sampling, the weightswi should be chosen such that
roughly uniform distribution overi is obtained. Since theZi

are initially unknown, suitable values for the weights a
found through a trial and error process using prelimin
runs. To do this, an iterative procedure can be used in wh
the Markov chain is simulated using the current values
wi , and the frequenciesf i with which each distribution is
visited are recorded.

Next, new and improved weightswi 8 are calculated as
wi 85wi / f i for electrostatic indexi. If some of the frequen-
cies f i are zero, various elaborations of the estimation p
cedure can be used and some of them are summarized in
43. The numberi max of values of the electrostatic scalin
parameterl i used and the actual values ofwi , i 51,...,i max

are chosen by minimizing the average computer time ne
sary for a new solute configuration to appear with an el
trostatic scaling parameterl i max51. A good starting estimate
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for the numberswi and i max can be obtained by optimizing
the weights and the number of intermediate chains us
only the molecular mechanics guiding potential with a re
sonable set of atomic charges on the solute atoms.

III. RESULTS

To explore the issue of how importance sampling me
ods can be effectively utilized in simulations of reactions
condensed phases, two different implementations of
MMBIF sampling method were analyzed. In the first impl
mentation, the dependence of the solute charges on the
tive state of the system was taken to vary linearly with t
control parameterb defined in Eq.~6!. For this simulation,
the electrostatic interactions between the interpolated cha
on the solute and the charges in the solvent were taken t
Coulombic. In the second simulation, the simulated temp
ing method described above was applied to the solvated
tic acid-methanol cluster. Both simulations generate cha
of states asymptotically distributed according to a Boltzma
distribution based on Eq.~4! in which the solute–solven
electrostatic interactions are modeled by calculating the C
lomb interaction between the gas phase electron distribu
with the charges in the solvent. In both simulations, the
sired distribution for the chain of states based on the univ
sal Kohn–Sham functionalF@rs(x)# can be recovered at th
end of the simulation by reweighting each of theNT total
configurations by a configuration-dependent factor

W~xi !5
e2bDEpol~xi !

( i 51
NT e2bDEpol~xi !

, ~15!

where

DEpol~xi !5F@rs~xi !#2~F@r0~xi !#1V!5F@rs~xi !#

2Es~r i
s!2EsS~r i

s ,r i
S!. ~16!

is the difference in the polarization energy of the solute
the solvent estimated by calculating the energy of the gro
state electron distribution in the presence of the solv
charges and the energy of a gas-phase electron distribu
interacting with the optimized solvent charges.

In all simulations, the calculations for the solvated clu
ter ~shown in Fig. 3! have been carried out by treating a
nuclei as classical point particles. The calculations were c
ducted in the isobaric-isothermal ensemble atp51 atm and
T5298 K. In order to improve the sampling along the rea
tion coordinate, an umbrella potential8 was constructed for
the guiding potential using a self-adaptive scheme. Simu
tions biased by the converged umbrella potential yielde
uniform sampling of the important regions of the reacti
coordinate even though the activation barriers for the pro
transfer reaction was on the order of 28kBT.

Two-thirds of theab initio Markov chain transition steps
in the simulation using the linearly interpolated charges
the core were generated using the MMBIF method. The sa
fraction of base transitions were generated using the MMB
updates when the electrostatic index is zero in the simula
tempering simulation~see Fig. 4!. The rest of theab initio
Markov chain transitions were performed utilizing Metrop
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lis single-variable updates using theab initio DFT energy. As
demonstrated in a previous study,12 the role of the Metropolis
DFT updates is to prevent the guiding molecular mechan
Markov chain of states from spending a large number
successive steps in those regions of the configuration s
where the molecular mechanics density of states in the so
configuration space substantially underestimates the co
spondingab initio DFT density of states.

In the previous studies of the formic acid-water12 and of
the malonaldehyde14 systems it was demonstrated that a u
ful strategy for optimizing the MMBIF method was to sep
rate the variables to be updated in a classical MC step
several groups, with strongly correlated variables grou
together. In the case of the double-proton transfer in the
clic cluster formed by acetic acid and methanol, the vib
tions of the two methyl groups should be relatively u
coupled from the motions of the other atoms in the clus
Applying this separation of which variables are updated
the MMBIF method, the percent of rejections of propos
configurations obtained with the MMBIF method was abo
30%. The percent of rejections of the transitions which e
ployed single-variable Metropolis updates using theab initio
potential was 45%.

It is important to compare the computational effort
performing liquid-phase versus gas-phase simulations
chemical reactions within the MMBIF approach. The pote
tials of mean force obtained using the reaction coordinat

j5b5dO7H4
2dO7H6

, ~17!

describing the double proton-transfer in the acetic ac
methanol system in tetrahydrofuran obtained in the fi
simulation and in a gas-phase simulation are represente
Fig. 5. Although equal cpu times were spent in comput
the two potentials of mean force depicted in Fig. 5, the s
tistical uncertainties for the activation energy calculated
the double-proton reaction rate in the solvated system is
proximately two times larger than the error bar for the ac
vation energy calculated from the gas-phase simulation. T
decrease in the statistical resolution of the computation
the solvated system with respect to the gas-phase syste
due to a larger integrated correlation time of the overall M
kov chain as well as to the fact that 50% of the cpu time
the simulation of the solvated system is dedicated to ca
lating the molecular mechanics interactions between thesol-
vent molecules. Although a singleab initio calculation is
roughly four orders of magnitude slower than a single upd
of the configuration of the molecular mechanical solvent,
long dielectric relaxation of the solvent required that ma
updates be carried out on the solvent before an indepen
solvent configuration was generated. This translated into
approximately equal amount of CPU time for the molecu
mechanical and quantum mechanical components of
simulation.

The approximation of the variation of the charges fitt
using the Kollman–Singh procedure with the solute confi
ration by a linear variation with the parameterb in Eq. ~6!
proved quite accurate. The standard deviation of the dif
ences between the electrostatic interaction energies ca
lated using these fitted charges obtained via the Kollma
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Singh procedure and the same energies calculated u
solute charges which vary linearly with the parameterb de-
fined in Eq.~6! is 0.6 kcal/mol. This small deviation shoul
be contrasted with the value of 4 kcal/mol representing
standard deviation of the values of the electrostatic inter
tion energy between the solute and solvent molecules~see
Fig. 6!.

The distribution of the values of the polarization ener
differenceDEpol defined in Eq.~16! relevant for the final
reweighting of data points is plotted in Fig. 7. As expecte
the values ofDEpol are distributed over a small range o
energy values of approximately 0.4 kcal/mol. In fact, calc
lation of the activation energy in the double-proton react
rate in tetrahydrofuran without reweighting yields an activ
tion energy which differs from the activation energy in Fig.
only by a statistically irrelevant value of 0.1 kcal/mol.
should be emphasized that the small values ofDEpol in Fig.
7 are in part a consequence of approximating the polariza
energy of the solute by the solvent by the polarization ene
of the solvent by the solute. We estimated that if the solv
charges used in Eq.~11! were set toqS5qp

S1pin
S/2, the stan-

dard deviation forDEpol would have been approximately 1.
kcal/mol.

The potentials of mean force for the double-proton tra
fer reaction in tetrahydrofuran calculated using the linea
interpolated charge approach and using the simulated t
pering method are identical within error bars. However, if t
error bars for the activation energy in the linearly interp
lated charge method is 0.4 kcal/mol, they are roughly fo
times larger in the simulation using the parallel temper
algorithm for comparable cpu times.

The optimal number of electrostatic indices in the sim
lated tempering approach was found to bei max54. In the
optimized setting for the simulated tempering method

FIG. 5. The calculated potentials of mean force for the double-proton tra
fer reaction in the acetic acid-methanol cluster in gas-phase and in a sol
of tetrahydrofuran using the reaction coordinatej defined in Eq.~17!. Note
that the difference between the activation energies is approximately
kcal/mol. This difference is larger than the width of the 75% confiden
intervals for the activation energies, which have been estimated to be
kcal/mol for the gas-phase and 0.4 kcal/mol for the liquid-phase simulat
~inset!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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which equal amounts of time were spent at all values of
electrostatic index, the Gibbs free energy differenc
DGi ,i 11 computed for consecutive values of the index we
found to be approximately 0.7 kcal/mol. The Gibbs free e
ergy G(l) of the electrostatic interaction between the sol
and solvent charges have been estimated using Eq.~14! and
are plotted in Fig. 8 as a function of the fraction of solu
chargel i being turned on.

Several comments are worth making about the result
Fig. 8. First, the partition functionsZi for the umbrella
potential-biased ensemble from which the free energies w
computed correspond to a particular value of the electros
fraction parameterl i . It should also be noted that although
difference in free energy between adjacent values of the e
trostatic index of the order ofkBT seems to suggest a low
probability of rejecting swaps between consecutive value

FIG. 6. The values of the electrostatic interaction energy between the s
and solvent molecules obtained forl51 in the simulated tempering metho
in which the solute charges are the gas-phase Kollman–Singh charges.
that the values of the solute-solvent electrostatic interaction energies
scattered over an energy range of approximately 4 kcal/mol. In contrast
differences in the electrostatic interaction energies calculated using
Kollman–Singh charges and the same energies calculated using s
charges which vary linearly with the parameterb defined in Eq.~6! are
scattered over an interval of only 0.6 kcal/mol~data not shown!.

FIG. 7. The values of the polarization energy differenceDEpol defined in
Eq. ~16!. Note that the distribution of values is centered roughly at 0 kc
mol and has a small standard deviation of 0.4 kcal/mol.
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the index, the actual rejection rate was found to be sign
cantly higher. The relatively large rejection rate is due to
fact that differences in free energy reflect theaverageener-
geticandentropic differences between thermodynamic sta
with different l, whereas the acceptance probability in E
~12! involves only the difference in the energies of the act
configurations to be swapped. In particular, it was obser
that the enthalpicH(l) and entropic2TS(l) contributions
to the Gibbs free energyG(l) vary in opposite directions a
the fraction of the solute chargel increases from zero to one
These variations of enthalpic and entropic terms with
charge fraction can be visualized by comparing the res
plotted in Figs. 8 and 9. From the two figures it appears t
H(l) increases and2TS(l) decreases withl. The opposite
directions in which enthalpic and entropic terms vary withl
is reflected in the mobility of the state (i ,r ) of the simulated
tempering algorithm in thei ~or l! subspace. Turning ou
attention to Eq.~12!, note that an increase of2TS(l) with l
suggests that for a large fraction of configurations (i ,r ) tran-
sitions in whichi is increasedare accepted only if the ratio

w↑~ i !5
wi 11

wi
~18!

is approximately unity,w↑( i )'1. Such is the case for a
important number of transitions from electrostatic indexi
51 to electrostatic indexi 52, for example, for which an
increase inl is accompanied only by a small decrease a
occasionally even an increase in energy. On the other h
for a l near unity, a decrease ofH(l) with l suggests that a
large fraction of transitions in whichi is decreasedare re-
jected unlessw↑( i )!1. Such is the case in a large number
transitions which are attempted from the final indexi max to
i max21 for example, which are accompanied by a significa
increase in energy.
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FIG. 8. The free electrostatic interaction energy between an acetic a
methanol complex and molecules of tetrahydrofuran solvent as a functio
the charge state of the complex.l50 and l51 correspond to fully un-
charged and charged solute. The stars and diamonds represent the est
values of the free energy obtained from the preliminary and from the o
mized simulated tempering runs, respectively. The continous line repres
a spline interpolation between the computed values.
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The choice of the weightswi suggested in Eq.~13! rep-
resents a good compromise in the sense that transit
which increase and which decreasei have an equal probabil
ity of being accepted on average. Nevertheless, this ana
points to the fact that if one uses the simulated tempe
approach for the study of chemical reactions in solution, o
should try to avoid turning on the charges of the react
core all the way from zero to their final values. As enthalp
and entropic terms will always vary in opposite directio
during the charging process, the sampling could beco
quite inefficient, especially when studying reactions in wh
there is a difference in the net charge between reactants
transition states, and not just in their dipole moments as
the present case.

However, this conclusion does not mean that
MMBIF approach used in the simulation with linearly inte
polated charges will always be more efficient than the sim
lated tempering method. The efficiency of the MMBIF a
proach relies heavily on the appropriateness of the postul
variation of the charges in a reactive system with the reac
coordinate. In the present study, the approximation of
variation of the fitted Kollman–Singh charges with the solu
configuration by a linear variation with the parameterb in
Eq. ~6! proved quite accurate. However, such a simple re
tion could break down, especially when studying reactio
with a net transfer of charge. In this case, we suggest u
an approach which combines the benefits of both meth
illustrated in the present study: the use of a simulated t
pering approach in which the solute charge is gradu
modified from a linear variation with the reaction coordina
to their actual values obtained via the Kollman–Singh
proach.

FIG. 9. The normalized probability density of the solvent-solute elec
static interaction energy on for electrostatic indicesi 52 ~solid curve!, i
53 ~long dashed curve!, andi 54 ~dashed curve!. Note that the enthalpies
calculated as the average solute-solvent electrostatic interaction energie
approximately21.0, 22.4, and23.5 kcal/mol. Comparing these resul
with the corresponding free energies in Fig. 8 one obtains the correspon
entropies as being 0.3, 1.0, and 1.4 kcal/mol. The variations in the mec
cal work pV with the number of chain are negligible.
Downloaded 19 Nov 2003 to 142.150.226.11. Redistribution subject to A
ns

sis
g
e
e

e

nd
in

e

-

ed
n
e

-
s
g

ds
-

y

-

IV. DISCUSSION AND CONCLUSIONS

In this article, two important issues on the applicabili
of the molecular mechanics based importance samp
method to the study of reactive events in condensed ph
environments have been addressed. One major conce
developing a successful implementation of the MMBIF a
proach is the ease of development of a sufficiently accu
molecular mechanics potential to guide the sampling.
though a fully automated approach to generating guiding
tentials for general reactions is still not available, it is e
couraging to note that the use of the same principles of bo
evolution theory41 as in our earlier study of the
malonaldehyde system14 were adequate for designing a m
lecular mechanics potential for the acetic acid-methanol s
tem. This success is particularly impressive in light of t
fact that the malonaldehyde and acetic acid-methanol
tems differ substantially not only in their barrier heights~by
a factor of 4!, but also in the qualitative nature of the chem
cal event~one proton versus two protons transferred!. It sug-
gests that bond-evolution theory guidelines are likely to
practical in developing molecular mechanics potentials
other proton transfer reactions, and for possibly other ty
of chemical events.

The study of the double-proton transfer reaction betwe
acetic acid and methanol in tetrahydrofuran also dem
strates that the MMBIF method can be applied in react
rate calculations of chemical transformations in solvents
medium polarity. In particular, an increase in the CPU tim
of factors of 4 and 15 with respect to gas-phase calculati
were obtained using two different sampling methods. Hen
we conclude that it should be possible in many instance
compute solvent mediated reaction rates with statistical
curacies comparable to those obtained in gas-phase cal
tions, even though the complexity of the calculation is
creased enormously by the presence of the solvent.

It should be emphasized that the contribution of the s
vent to the total activation energy in the present study is o
on the order of a few factors ofkBT at room temperature. As
a result, the actual mechanism of the proton transfer eve
virtually unchanged from the process in gas phase. This s
plification allowed the separation of the reactiveab initio
core and the solvent degrees of freedom into effectively d
joint sets which were updated in isolation in the paral
tempering implementation of the sampling. In many cas
the structure of the solvent plays a more substantial role
the reactive process. Under such circumstances, care mu
taken to devise methods in which the reactive core and
solvent structure are updated in a more correlated fash
For example, for a reaction in a solvent with a larger diele
tric constant, the simulated tempering approach can
implemented by incorporating simultaneous MMBIF upda
of the solute and solvent degrees of freedom at each ele
static index.

It is informative to compare and contrast the advanta
and disadvantages of using the MMBIF method versus us
present day molecular dynamics based methods for calc
ing reaction rates in solution using a hybrid QM/MM a
proach. The practical use of the simple molecular dynam
methods for sampling configurations of a system contain
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a reactive core which is described usingab initio electronic
structure methods and the solvent molecules which are
scribed using a molecular mechanics potential is limited
the fact that calculating the time-evolution of the system
cessitates the computation of the time-consumingab initio
forces acting on the core atoms. These time-consuming
culations must be performed in traditional molecular dyna
ics calculations even when only the solvent degrees of f
dom change significantly.

Several methods have been proposed for circumven
the inefficiency of the traditional QM/MM molecular dynam
ics calculations which are based on an ‘‘artificial’’ separati
of time scales associated with the solute and solv
atoms.45,46The central idea of these methods is to use a la
mass in conjunction with a high-temperature thermostat
the solute atoms, whereas the solvent atoms have u
masses and are in contact with a room tempera
thermostat.45,46The large mass of the core atoms is chosen
such a way that the solvent degrees of freedom relax o
time scale which is much smaller than the time scale of
massive core atoms. Multiple-time scale arguments can
utilized to demonstrate that the integration of Hamilton
equations describing the evolution of the solute plus solv
system can be performed by computing the forces acting
the solvent degrees of freedom significantly more often t
the ab initio forces acting on the solute without altering th
asymptotic Boltzmann distribution of the configurations
the system. In addition, the decoupling between the so
and solvent time scales enables the use of a large temper
thermostat coupled to the solute atoms without introduc
an irreversible heat flow, thereby ensuring that the aver
kinetic energy of the core atoms is comparable with the m
nitude of the reaction barrier which separates reactant
product configurations on the potential energy surfa
Therefore, a relatively small number ofab initio calculations
must be performed before a reactive event occurs.

Both the MMBIF and the modified molecular dynami
approach succinctly described above have a number of
vantages and shortcomings when studying chemical r
tions in solution which are essentially driven by fluctuatio
in the structure of thesoluteusing a QM/MM approach. The
main disadvantage of the MMBIF method consists of the f
that a reasonable molecular mechanics description of the
active event in thegas-phasesolute is required, and thi
molecular mechanics potential must usually be created f
scratch. Nevertheless, once such molecular mechanics p
tial has been constructed, the cpu time necessary for ca
lating reaction rates in solution is essentially independen
the characteristics of the solvent such as its dielectric re
ation time. In contrast, the molecular dynamics appro
does not necessitate prior information with respect to
potential energy surface of the cluster, although if such
formation exists, it can be used to improve the efficiency
the sampling.45,46 However, the average time needed to o
serve a reaction event increases as the square root o
effective mass of the reactive degree of freedom. On
other hand, given the requirement of the separation of t
scales between the solvent and solute degrees of freedom
characteristic time scale of the solute atom motion and th
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fore the lower bound for the value of the mass needed for
core atoms isdeterminedby the duration of the solvent di
electric relaxation time. Therefore, it appears that the e
ciency of the above-mentioned molecular dynamics sche
decreases with the increase in the solvent dielectric re
ation time.

The methodology proposed in the present work can
combined with the ideas presented in Ref. 14 to inclu
nuclear quantum effects via centroid transition state the
with a supplementary increase in the cpu time by a facto
2 times the number of path-integral beads. Such a comb
tion of procedures provides a rigorous and practical platfo
for calculation of kinetic isotope effects. An important go
for future work is to clarify the mechanistic origin of th
relation between the breakdown of the rule of geome
mean in multiple-proton transfer reactions and tunneling
fects.
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