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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
Schralinger 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 conteabof an
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 Physic§DOI: 10.1063/1.1622653

I. INTRODUCTION the fact that accurate descriptions of transformations in

The concept of reaction mechanism plays a major role iﬁNhiCh chemicgl_ponds are _broken and formed require time-
chemistry and represents a synthesis of our understanding 8?nsu_m|.ng§b initio electronlc.structure methods. Co_mputq
the way in which different topological changes in the bond-UMe limitations become particularly relevant when investi-
ing structure of a reactant or product are correlated as th@2ting ‘rare events” such as chemical reactions, especially
reaction proceeds. Recent advances in ultrafast Ia2ers,When the reactions are accompanied by substantial differ-
x—ray,3 and other spectroscopies as well as in computationa‘?nces in the structure of the solvent. To fu_rthe_r cor_nphcate
chemistry® have made possible the study of most gas-phasB1atters, quantum effects such as zero-point vibrations and
and some condensed-phase reactions in molecular detai#nneling effects are important in some chemical processes,
However, most experimental investigations of complex reacSuch as proton transfer reactions. Another technical problem
tion mechanisms tak|ng p|ace in ||qu|d environments are St||||n the Simu|ati0ns Of reaCtiVe SyS'[emS iS that the StatiS'[ica|
inferred from isotope and solverimedium effects on the resolution of calculations of the reaction rate depends on
reaction rat€:’ Consequently, the interpretation of the ex- how many statistically independent configurations are ob-
perimental results as well as the reaction mechanisms iffained during the simulation: Simulations in which a large
ferred are more controversial than those of gas-phase reagumber of successive configurations have similar configura-
tions. tions of the reactive core or of the solvent molecules suffer

Computer studies can be useful as a complement to eXrom large uncertainties in the calculated reaction rates, pre-
perimental data in cases where experiments alone cannoluding any definitive interpretation of the reaction mecha-
provide a definitive picture of the mechanism of the chemicahism.
process. It is therefore desirable to develop systematic com- It is therefore critical to develop methods which sample
putational approaches to carefully examine the relation bestatistically independent configurations along the reaction
tween isotope effects and reaction mechanism in condensegath rapidly and correctly. In the case where the reaction
phase systems. However, computational calculations gbath can be characterized by means of a small number of
kinetic isotope effects in condensed-phase reactions can beeaction coordinates, accurate, statistically well-resolved cal-
come expensive due to a number of difficulties. Some of theulations of reaction rates can be performed by developing
practical challenges involving the calculation of kinetic iso-improved methods for computing reaction free energy pro-
tope effects and reaction rates in solution are associated wiffiles along these reaction coordinates. A number of tech-
niques for computing free energy profiles along reaction co-

dAuthor to whom correspondence should be addressed. Electronic maif-?rdlnates have_ been proposed _'n_the Ilte_:ratL_Jre, 'n_CIUdmg
jmschofi@chem.utoronto.ca umbrella sampling, thermodynamic integration in conjunc-
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tion with the blue-moon ensemble methbdyrojection the relatively slowab initio calculation of the reactive core.
methods'® variable transformation approachésand guid-  This approach allows extensive sampling of the molecular
ing potentials->'® The use of molecular mechanics-basedmechanical solvent without a significant increase in the over-
guiding potentials was proposed simultaneously and indeall computational work over a gas phaseinitio simulation.
pendently by Iftimieet al}? and Vondeleet al*® and imple-  The method is applied to study the double-proton transfer
mented in a Monte Carlo and a molecular dynamics framereaction in an acetic acid-methanol complex solvated by tet-
work, respectively. The basic idea of the method consists ofahydrofuran.
using a “fast” molecular mechanicpotential to guide a
computationally intensivab initio simulation.

The Monte Carlo version of the “guiding” approach in
Ref. 12 was called the molecular mechanics based impo/A. Motivation for the model system

tance function methodMMBIF). It was demonstrated that  The computational study of proton transfer reactions can
the utilization of a reasonably accurate molecular mechanic§e sed to understand the conditions for the validity of a
potential as an importance function decreases the correlatiqpei-known conjecture proposed in the physical organic
of an ab initio Monte Carlo calculation by two orders of cpemistry literature, stating that the breakdown of the rule of
magnitude. The method was illustrated on a gas-phase fOfeometric mean for kinetic isotope effects, which is a
mic acid-water system in which the activated processes inrg|atiort? involving ratios of kinetic isotope effects corre-
volved breaking and forming hydrogen boridsand was sponding to different isotopic substitutions at the primary
successfully applied to calt_:ulate the kinetic isotope effects iynq secondary atoms, is a signature of tunneling for both
a l”f_10dl<49| . gas-phase intramolecular proton transfeprimary and secondary atorfi&’ The consequences of ap-
reaction.” plying the rule of geometric mean to interpret experimentally
One of the major challenges &b initio simulations of  getermined isotope effects are of far-reaching importance:
reactions in condensed phase environments is to thoroughtyhe inferred relationship between the rule of geometric mean
sample configurations of the system when changes in thgnd reaction mechanism forms the basis for the proposal that
solvent occur on long time scales. For instance, in moleculafyltiple intramoleculaproton transfer reactions are likely to
dynamiCS simulations of proton transfer reactions in WhiChprOCeed via a two-step mechanism, in Contrasmmtip|e
the collective behavior of the solvent can Strongly influenCQnterm0|ecu|arproton transfers which are believed to pro-
the dynamics of the reaction, the sampling efficiency can b@eed via a synchronous pathwiyThe same relationship is
limited by long solvent dielectric relaxation time. In essence at the heart of the recent suggestion that tunneling effects
an independent configuration of the system requires that thgave played an important role in the design of the active sites
equations of motion be propagated for a time which is longegf some protein§:*
than the dielectric relaxation time. Even simple organic sol-  Some of the most striking consequences of the rule of
vents such as tetrahydrofuran, the relevant solvent in thigeometric medi?® appear when studying multiple proton
study, have dielectric relaxation times on the order of 4'ps, transfer reactions in condensed phases. The study of reac-
so that independent solvent configurations are only obtaineflons involving the exchange of a pair of protons between
after several thousand elementary propagation steps. Moo molecules may provide insight into the dynamics of cer-
structured solvents such as water, with a dielectric relaxatiofain types of enzymatic reactions in which several functional
time of roughly 8.3 ps? require even longer propagation for groups in the active center are properly aligned so that con-
proper sampling of solvent configurations. The long timecerted catalysis can occur. This type of catalysis mechanism
scale of structural rearrangements in solvents pose a serioiss called bifunctional catalysisand is the principal mecha-
challenge taab initio calculations even when the solvent is nism responsible for the several orders of magnitude increase
modeled using molecular mechanics since each propagatian the reaction rate in several important biochemical
step in the dynamics involves a time-consumialgy initio  transformation$?
calculation. Ideally, successive configurations in a simulation  The double-proton transfer reaction between acetic acid
involve drastically different solvent and solute configura-and methanol is one of the simplest examples of reactions
tions. This is only possible using an artificial dynamics toinvolving an intermolecular exchange of protons between
generate the sequence of configurations. One way to generéat@o molecules and therefore is a good candidate for compu-
relatively uncorrelated successive configurations is to applyationally investigating general aspects of bifunctional ca-
importance sampling ideas. talysis. The chemical processes occurring in a solution of
In this article, the molecular mechanics-based impor-acetic acid-methanol in tetrahydrofurdifHF) have been
tance sampling method is adapted to calculate reaction ratesudied experimentally by Gerritzen and Limb&cfhe ma-
of chemical processes in condensed phases where collectijaity species in the system consist of complexes formed
motions of the environment can influence the quantitativérom either a single molecule of acetic acid or a single mol-
features of the chemical process and, in some cases, playeagule of methanol hydrogen-bonded with a single molecule
critical role in determining the mechanism of a reaction. Theof solvent. The minority species in the system consist of
Monte Carlo procedure involves separating the task of saminear and cyclic clusters of acetic acid hydrogen-bonded
pling the configurations of the condensed phase system intwith methanol and solvated by tetrahydrofuran. The double-
two parts. The first part involves an efficient scheme of upproton transfer reaction takes place along the hydrogen
dating the solvent configuration while the second focuses obonds of the cyclic clusters. When the concentrations of ace-

. METHODOLOGY
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The formation of the solvated clusters
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tic acid and methanol are reduced, the only cyclic clustecommon approach utilized in simulations of condensed
formed within which double-proton transfer is experimen-phase systems is to simulate explicitly a system consisting of
tally observed is formed from one molecule of acetic acida solute surrounded by a small number of solvent molecules
and a single molecule of methafid(see Fig. 1 periodically replicated in an infinite fashion. Unfortunately,
In this work, we will focus only on the intermolecular such a periodic replication of the system introduces artifacts.
double-proton transfer which takes place in the cyclic clusteOne such artifact is the existence of spurious long-ranged
formed from one molecule of methanol and a single mol-correlations due to the periodicity of the system. In principle,
ecule of acetic acid in a solution of tetrahydrofurd™F).  such correlations could have a large impact on the reactive
The quantum nuclear effects due to the small mass of thgrocess. The use of periodic boundary conditions also intro-
hydrogen atoms will be neglected here, and we will concenduces complexity in the electronic structure calculation itself
trate only on the sampling issues. Once the sampling methoghen localized basis sets are used. An alternative approach is
is tested for classical atoms, the method will be deVElOped ||f0 use toroidal boundary conditions in which part of the sol-
a later article to include nuclear quantum effects via centroiqsent is explicitly represented while the influence of the sol-
transition state theory using sampling ideas similar to thosgent from regions far from the solute is implicitly incorpo-

used in our previous studies of malonaldehy/tfe. rated.
S In the present study we have utilized a quantum
B. The QM/MM/implicit solvent approach mechanics/molecular mechanics/implicit solvé@ivi/MM/

Since it is impractical to treat large systems quanturrcontinuum approach, in which the bond breaking and form-
mechanically, one is inevitably faced with the decision ofing processes taking place in the solute are described by
how to combineab initio electronic structure methods with including all solute electron-electron, electron-nuclei, and
more empirical approaches. One alternative to &llinitio nuclei-nuclei interactions in an electronic Hamiltonian. The
calculations consists of using a mixed quantum-mechanicainteractions between the solvent molecules which form the
molecular-mechanicalQM/MM) description of the system. first few solvation shellgin practice, 343 THF moleculgs
However, in general it is problematic to clearly define theare described using a molecular mechanics potential. The
physics of the interface region between the quantum and meelectrostatic interactions between the solute and the solvent
lecular mechanical subsystems. In the best of circumstance®olecules in the first few solvation shells are incorporated
the separation can be made without “cutting” a covalentinto this approach by solving thab initio electronic struc-
bond. For reactive processes in which the reaction occurs iture equations for the solute in the presence of the electric
a small solute which can be simulated in isolation usahg field generated by the molecular mechanics solvent charges.
initio methods, the logical separation between the quantunihe total energy of the system also includes the Lennard-
and molecular mechanical regions is at the solute-solventones interaction energy between solute and the solvent mol-
level. That is, the energies of the solute in which the reactiorecules in the first solvation shells, and the reaction field en-
is occurring are calculated using electronic structure methodergy which accounts for the long-range electrostatic
for the solute in the presence of the solvent, while the solveninteractions between solute and solvent moleculsse
energies are described by molecular mechanical potentialsFig. 2).

Even after this separation has been defined, one is faced The simulations were performed using the toroidal
with another technical issue of how an infinite condensedoundary conditions approaéhin which a cutoff distance is
phase system can be represented in a practical fashion. Oneed that sets the boundaries of the region within which in-
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Pictorial description of the Pictorial description of the dependent exchange functionaBLAP and PLAB per-
formed better than all GGA optiond8P86, PP86, PW91
BLYP, or other hybrid methodéB3LYP, B3PW91 on sys-
Implicit solvent tems involving intramolecular hydrogen bonds. The predic-
& =758 4 tions for equilibrium and transition state geometries as well
B as the energetics was in agreement with high-quality post-

Hartree—Fock calculationsCCSIO(T) and G2.28 Specifi-
cally, for the gas-phase cyclic cluster of acetic acid and
methanol in Fig. 1, the activation energy using the PLAP
exchange correlation functional was found to be approxi-
mately 16.4 kcal/mol, in excellent agreement with the
QCISD value of 16.14 kcal/mdP

For the simulations described in the present work, the
energies of different configurations were carried out using a
modified version of the LCGTO-DFT program
deMon-KS3.4%3! ysing the PLAP exchange-correlation
FIG. 2. A pictorial view of the QM/MM/continuum solvent method and of functional. The DFT electronic structure calculations were
the reaction field approach. The “reactive core” region contains a quantuntarried out as in Ref. 28, where the application of DFT elec-
representatiorti.e., nuclei+ elect(ons) of the atoms'which are involved in “tronic structure methods to hydrogen-bonding systems is dis-
the actual covalent bond-breaking and bond-forming events. The “explicit . - i .
solvent” region contains an atomic representation of the first few shells ofcus_sed in detail. A dOUble'plus p0|ar'zat'or(DZVP) orbital
solvent molecules. The effects of the solvent molecules which are far fronPasis set was used for all atoms and the convergence level
the reaction center are included in an implicit manner in the QM/MM/ for the SCF(self-consistent fiemenergy using the auxiliary

continuum approach using the reaction field method. In our implementationﬁtting basis sefé‘ was 0.01 kcal/mol
the reaction field method consists of calculating an effective electrostatic ' '

interaction between the dipole moments of the molecules inside the first two
regions[see Eq.(1)]. C. The molecular mechanics potential describing
the interaction between the solvent molecules

QM/MM/continuum approach reaction field method

Explicit solvent

Reactive
core

termolecular interactions are explicitly counted. Therefore o C:)nmorgg :g;ggﬁ'?:{:st?sr?m /'\gc'\,/ggfgj“?;zr: fr‘ 22;?:::?6_
the only quantum electron-electron, electron-nuclei, anc} P P

nuclei-nuclei interactions which were explicitly counted in action in the acetic acid-methanol cluster solvated by tet

the present treatment were those which correspond to atorﬁ ghs)::?:&]:zrnagf t?};:ﬂg;;ﬁgﬂf;&g; tmhgles:((:)?\ﬁ;tnr]r?glr;iﬂllgss
separated by less than the cutoff distance, here chosen to .
P y is needed?*In this work, the OPLS all atonfOPLS-AA)
14 angstroms. .
force field of Jorgenseat a

32\ P ;
The effects of the neglected interactions in the torOidaI'nteraction term has beenllusv(\a"éht(;i r(;]eosdcTigg (tarllicﬁgotztggions
boundary conditions approach have been approximately ac-

counted for by adding reaction field correctiéh the elec- etween T.HF solvent .molecule-s. The modifications to Fhe_
tronic energy’® electrostatics were designed to improve the gas-phase distri-

bution of the partial charges in a THF molecule as well as to

Epe S e—1 M 1 improve the description of polarization effects in condensed
RF™ < (2€r+1)Rc§Mi P @ phases. Since the local electrostatic environment as well as

_ L o long-ranged polarization effects can influence the proton
where the sum is over all moleculésnside the primitive  ansfer process, it is important to properly account for the
cell, & is the dielectric constant of the solvemR. is the  permanent and induced charges in the solvent. To describe
radius of the spherical surfacg; is the dipole moment of ~ 5 g,ch electrostatic phenomena, all solvent molecules have
moleculei, and M; is the total dipole moment inside the heen assigned permanent and induced charges. It can be
spherical surface surrounding the molecule demonstratef using second-order perturbation theory that
_ The correct energetics in hydrogen-bonded systems anle electrostatic interaction energy between two polarizable
in systems undergoing proton transfer reactions is difficult tqy,5jeculesA and B, each of which carries a set of atomic
describe even witheb initic methods. In particular, DFT permanent and induced charge@,'p and Ql,, with |
studies of weak hydrogen-bonding systems have proved ta 1 corresponding to the charges on molectjandq
be particularly difficult and only limited success has bee”andqin, wherei =1,...n are the site charges on moIeCpre

achieved in predicting the geometries and energies for réaGaspectively, can be written to a good approximation as
tant and transition state configurations on the potential en-

ergy surface using most exchange-correlation functidffals. V(Qp.--..Qp Q- Qin . p.---,Ap Uiy Ain)

Care should therefore be exercised when choosing a particu- n i N n |

lar ab initio method to calculate proton transfer reaction ~ Qpdp +12 E ( Qpin

rates. The nonlocal exchange-correlation schemes developed =1 =1 4meod; 2151 =1 | 4meod)

by Proynov, Vela, and Salahtlbhave shown particular .

promise for the description of hydrogen-bonded systems. +ﬂ) ®)
Sirois et al?® have demonstrated that their kinetic-energy- Amegd; )’
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whered;, is the distance between siteandi on molecules TABLE I. The values of the gas-phase dipole momgnt expressed in

A andB. In principle, the induced charge appearing on aDebyes, and of the static dielectric constant obtgined by considerin‘g‘the

. lvent molecule is dependent on its local environ_OPLS-AA charges as permanent charges, obtained from our modified ver-
given so . : p . . " "sion of the OPLS-AA force fieldsee text which accounts approximately
ment. One simple way of incorporating solvent polarizationsor electronic polarization effects, and from experimental data from Ref. 40.

effects is to assign each solvent molecule the same average

induced charge in a “mean-field” fashion. More sophisti- OPLS-AA  Modified OPLS-AA  Experimental
cated methods of including polarization effects either assign .,(p) 1.97 1.76 1.75
site polarizabilities or use fluctuating charges distributed at e 6.15-0.3 7.61-0.38 7.58

specific locations on each solvent molectfi&uch methods

when combined withab initio electronic structure methods

either necessitate an iterative solution of the electronic struc-

ture and fluctuating charge distributions or involve dynami-petter agreement with the corresponding experimental values

cal methods in an extended Lagrangian sys?%rlrjnfortu— (see Table)L*°

nately, each of these approaches has shortcomings which |t should be emphasized that a less satisfactory means of

make them impractical to implement in conjunction with im- describing electrostatic interactions between the solute and

portance sampling Monte Carlo methods. the solvent would consist of calculating the electrostatic in-
In principle, the iterative minimization of the Kohn— teractions between the gas phase electron distribution with

Sham and fluctuating charge functionals can be implementeghe solvent charges. In such a scenario, the ground state elec-

within a Monte Carlo sampling approach at the cost of additron distribution for the solute interacts with the solvent via a

tional computational effort. However, provided the solvent isCoulomb interaction of the form

not very polarizable, the variation of the induced charges on n i

the solvent molecules from their mean due to the presence of ,_ _ 1 f po(X)q d 3)

the solute is expected to be small. For this reason, we have 4meniT1 li(x) ’

utilized fixed induced charges for all solvent molecules. Th'swherepo(x) is the gas-phase electron distribution 4f(d)

c_orresponds to computing ground state energies f_or tq3eg r€as defined to be the distance between itthechargeq' in the
tive coreE(ps(x)) based on a Kohn—Sham functioifa .solvent and the point. This approximation corresponds to

F[ps(X)] which depends on the ground state electron distri- lculating th lut in th d oh
bution p4(x) of the solute in the presence of the fixed per-Ca culating the solute energy in the condensed phase by a

: zeroth-order approximation for the electronic distribution of
manent and induced external solvent charges. Note that th{ﬁe solute. that is
functional includes the electrostatic energy of interaction be- ' ’

tween the quantum solute and the charges on the molecular- F[ps(X)]=~F[po(X)]+V. (4)

mechanical solvent molecules. _ Such a description neglects the fact that the ground state
~ In general, one complication must be considered whery,|,te electron distribution is influenced by the presence of
discussing electrostatic interactions in mixed QM/MM sys-ihe solvent charges. The influence of the solvent charges on
tems that arises from the fact that the quantum mechanicg,e ground state energy can be accounted for by incorporat-
electron density can become overpolarized by the molecule}pIg a polarization energy of the solute by the solvent.
mechanical point charges due to the absence of consider- Although such a crude level of description of the elec-
ations of the Fermi repulsion between quantum and molecuyostatic interactions may be incomplete, it is useful in devel-
lar mechanical chargéd Such effects are particularly severe oping importance sampling Monte Carlo schemes based on
when using delocalized basis sets to represent the quantufiding potentials, such as the molecular mechanics based

subsystem, but are less significant when Gaussian or Othﬁhportance function methotMMBIF) described in the next
local basis sets are utilized. In the present work, the fullsgction.

Coulomb interaction potential has been used to describe
electrostatic interaction terms between the solute and the sol-
vent charges without any screening modifications at short )
distances since all DFT calculations for the quantum subp' The sampling methods
system use localized basis sets. The MMBIF method? consists of utilizing an auxiliary

In our study of the acetic acid-methanol system in a THFMarkov chain with a known asymptotic molecular mechani-
solution, the permanent charges have been assigned the valead distribution to propose trial configurations for aminitio
QquLzO.SBhOp,S, whereas the induced charges are set tdhased Monte Carlo simulation. In the method, each trial con-
a mean-field value oQi'n=q:n=0.23£qop,S for all indicesi  figuration is obtained as the last state in a classical Markov
andl, whereqs are the standard charges in the OPLS forcechain generated from the current configuration in abeini-
field. It can be verified that the electrostatic interaction en+io simulation using various updating schemes. The proposed
ergy calculated using E@2) with this set of permanent and configurations are then accepted or rejected inahenitio
average induced charges is precisely the electrostatic energhain according to the wusual Metropolis—Hastings
calculated using the standard set of fixed OPLS charges. Qalgorithm?? If the previous and new trial configurations in
the other hand, by assigning a mean induced charge to eate ab initio MC chain are denoted b,y and X, respec-
solvent molecule, the computed values for the gas-phase dively, the proposed state is accepted with the probability
pole moment and condensed phase dielectric constant are imin{1,exp(~AAE/kgT)}, whereAAE is defined to be
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AAE=( EDFT(XneW) - ECI(Xnew)) —( EDFT(XoId) H / 03 - H4,\ |
%), ® N
whereEPFT(x) andE®(x) are the potential energies of con- H 05 6 H
figuration x calculated byab initio methods(here density ..
functional theory, abbreviated DF&nd the classical poten- Transition state
tial, respectively, andkg is Boltzmann’s constant. It is
straightforward to show that this acceptance criterion guar-
antees that thab initio Markov chain has the correct limit-
ing Boltzmann distributiort? regardless of the number of JO-H-. Oy
classical updates used to generate the proposed Configur;CH _c / ““*n/Q_CH3 CH3—C/ \
tion. 3TN i \ - O-CH,
The efficiency of the MMBIF approach relies on con- O H “O-H
structing a molecular mechanics potential for the entire sys- Reactant Product

tem which approximates the true interactions of the system at
a qualitative level. At first glance, the construction of a mo-FIG. 3. The structures of the reactant, transition state, and product in the
lecular mechanics potential for a condensed phase syste#as-phase double-proton transfer reaction.
appears a daunting task given that the electron distribution of
the solute changes considerably during the reactive process
and is influenced in a complicated fashion by its local envi-where the numbering of the atoms is that from Fig. 3.
ronment. However, it is relatively straightforward to con-  The second component of the total energy was written as
struct a molecular mechanics potential based on simple ag sum of four Morse potentials depending on the four O—H
proximate forms of the interaction potentials, such as that irbond lengths, plus two effective potentials depending on two
Eq. (4). For such forms of the potential, the construction of parametersa, anda,, defined as
the potential is reduced to modeling the reaction in gas phase
and calculating effective charges on the gas-phase solute
which mimic the correct electron distribution. The approxi- These effective potentials account for the flow of electronic
mate form for the potential can be corrected for using imporcharge during the reaction, as well as for the Fermi repulsion
tance sampling methods. For example, a Monte Carlo chaibetween the oxygen atoms;@nd G, and between ©and
of states generated using an approximate expression for tf@,. This second component of the total energy was imple-
energy can be manipulated by reweighting the configurationmented using the same functional forms as in Ref. 14. As in
appearing in the chain by an appropriate fatfoFhe effi-  the case of the malonaldehyde study, no potential which de-
ciency of this approach is highly dependent on the quality ofoends explicitly on the angles;8,0; or O;HzO; was uti-
the approximation for the true energy of the system. Ondized, although some dependence on the ang@;Hg was
might anticipate that the crude of level of description of theexplicitly introduced using a functional form which interpo-
electrostatic interactions in EG4) which neglects any polar- lates between a harmonic potential for transition state values
ization effects of the solute by the solvent molecules wouldof the paramete, and zero for values df characteristic for
introduce large statistical uncertainties at the reweightinghe reactant or product configurations. The complete details
step. However, the polarization of the solute by the solvenfor the construction of the guiding potential for the solute
can be approximated by adjusting the charge of the solverdan be found in Ref. 33.
molecules in the expression for the interaction between the The simplest practical means of incorporating the elec-
solute and the solvent. As will be discussed, the effectiverostatic interactions between the solute and the solvent mol-
charge on the solvent molecules can be designed to approxécules in the molecular mechanics potential is to fit partial
mate solute polarization effects and thereby improve the stacharges to atomic sites in the solute to reproduce the gas-
tistical resolution of the reweighting procedure. phase electronic distribution. However, since the electron
The task of constructing a molecular mechanics potentiadiistribution of the solute varies appreciably with the configu-
for the gas-phase proton transfer reaction is facilitated byation of the solute, the guiding potential must incorporate
using bond evolution theory considerations. Following thesesolute charges which vary as the reaction proceeds. In their
lines, the molecular mechanics description of the acetic acidsond evolution theory analysis of the tautomerization of ma-
methanol complex in the absence of the solvent was creatddnaldehyde, Krokidist al*! found that the total charge in
as suggested in Ref. 14. The total molecular mechanics enthe basins of attraction of the proton and oxygen atoms var-
ergy was decomposed into two components. The first comies approximately linearly with a control parameter similar to
ponent of the total energy was written as a sum of harmonithe parametel. Therefore, it can reasonably be assumed that
potentials representing the variation of the potential withmost of the variation of the charges on atomic sites in the
bond length, bond angle or bond dihedral displacementsolute can be explained by a linear variation with
from their minimum energy values at a fixed value of the  An alternative approach to incorporate the solute—

a|= d0307 and ar= do5o7. (7)

control parameteb, defined by solvent interactions can be constructed using simulated tem-
B pering method4®** The advantage of this procedure is that
b= d07H4_ d07Hs' (6) it does not rely on any approximation for the variation of the
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The Coulomb solute—solvent electrostatic interaction po-
tential between chargas’ on the solute and;® on the sol-
vent, given by

MMBIF sampling
Change solvent and
solute configurations

i=1 N n S S
q,9;

TR — S Sy —
Change solvent Attempt to 'swapl E; S(rs, ro)= )\i\]*l Zl P (11
oo | | confratons = (5 Amedy

wheren andN are the number of charge sites on the solute
Chm%ge sotlyent and solvent molecules, respectively, ands a scaling factor
conligurations . . .
henceforth called the charge fraction. Note that this interac-
tion potential depends on the choice of charges assigned to
" Change solvent the solvent and solute molecules. In our calculations, the
configurations charges on the solute were fitted using the Kollman—Singh
procedur&® from the gas-phase electron distribution of the
FIG. 4. A schematic representation of the simulated tempering methogolute. The use of charges fitted from the gas-phase calcula-
which uses the MMBIF approach to generate configurations of the system ifign of the electron distribution does not account for the po-
a snmqlatlon _where solute polarizability |s_ngglgctgti. The_ values of the elec[arization of the solute by the solvent. To partially compen-
trostatic scaling paramet&s for electrostatic indices=1,...j . are gradu- .
ally increased from zero to one. sate for the neglect of t.hIS eﬁegt, the total charge on the
solvent molecules used in E¢L1) is set to the sum of the
permanent and induced charges on the solhegnty,+ iy -

_ . . This is in contrast to the calculation of the electrostatic in-
fitted charges on the solute during the reaction. The methograction between solvent molecules in which the effective

essentially consists of using an extended state space Hharges are set t9=q,+q;,/2. This approximation is con-
gradually turn on electrostatic interactions between the solutgjstent with first-order perturbation theory in which the po-
and the solvent. This approach is represented schematicallyrization energy of the solute by the solvent is approximated
in Fig. 4. by the polarization energy of the solvent by the sofiite.

In the simulated tempering method, a Markov chain is  Note that the only difference between the potentials
constructed whose states,r) are defined on the space g.(rs S for different electrostatic indicesconsists of the
formed by the direct product between a finite set of “elec-form of the electrostatic interaction ener@ (rs,rS be-
trostatic” indices,i =1,2,...imay, and the entire solvent plus tyeen the solute and the explicit solvent atoms. The energy
the solute configurational space. In vector notation, the statgssYr) is chosen to be zero in this work implying thag
r will be denotedr=(r*,r®), wherer® andr® represent the —g which amounts to turning off solute charges. For this
solute and solvent degrees of freedom, respectively. Thigystem all electrostatic interactions between the solvent and
Markov chain, whose generic state is denoted)( is con-  the solute are scaled to zero although the solvent and solute
structed to produce states asymptotically distributed accordsti|| interact through Lennard-Jones potentials. By design,

1=ige— 1

[Attempt to swap
configurations

1= Lax

ing to the probability density the last electrostatic index is set to unity,,,=1 so that the
S energyESS _(r) corresponds to calculating the electrostatic
p(i,r)=wipi(r), (8 interaction between the solvent and solute atoms using the

fitted configuration-dependent solute charges obtained via
the Kollman—Singh method. The additional dimension of the
solute plus solvent state space represented by the electro-
static indexi=1,...J ,ax €nsures that the solvent configura-
) tion adapts smoothly to the solute via a stepwise process in
which the charges of the solute atoms gradually interact with

where 8=1/ksT. The potentialsE;(r) contain five compo- the other charges in the system. It should be noted that an
. | ) . :

nents: theab initio potential ES(r®) calculated for the gas- gquwalent re;ult can be achlgved by using a parallel temper-
phase solute configuration, the molecular mechanics poter\rJg sc_heme in which the ‘!abehi,...Jmax correspo"nds to a
tial ES(rS) describing the interaction between the explicit stepwise decrease of a “sampling temperature” associated
solvent atoms. the Lennard-Jones potenE@f(rs rS) de- with the solute—solvent electrostatic interaction.

scribing the dispersive and short-ranged interactions between In our implementation of the importance sampling, a

solute and solvent atoms, the Coulomb electrostatic interac!\—/Iarkov chain of extended state. _space conflgg_ratlons was
jenerated by two types of transitions. In transitions of the

tion ESXrs,r% between some charges on the solute atom N : .
and the permanent and induced charges on the solvent ato st type the electrostatic indexwas kept fixed while the
configuration of the system=(r®,rS) was updated using a

and the reaction field energieBr(rsrS) describing the ¢ " trix which | g ant. Th ;
long-range solute-solvent electrostatic interactions: ransition matrix whic eavep;(r) invarian - he way in
which the configurations were updated for fixed electrostatic

where w; are constants which will be referred to as the
weights for the unnormalized probability densitigér) de-
fined by

pi(r)=exp( — BE;(r)),

Ei(rS,rS)=ES(r%) + ES(rS) + ESYrs,rS) + ESrs,rS) index was dependent on the electrostatic scaling factor.
e LA P When the scaling factor was zero both the configuration of
+Ege(rs,rS). (100  the solute and the solvent were updated simultaneously using
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the MM.BIF approach. The background molecular mechanicsor the numbersv; andi,., can be obtained by optimizing
simulations used to guide the updates were run so as to prgne weights and the number of intermediate chains using
duce effectively independent but energetically reasonablgpy the molecular mechanics guiding potential with a rea-

configurations of the entire system. The simultaneous updatgsnaple set of atomic charges on the solute atoms.
of both solute and solvent configuration is possible in the

absence of electrostatic interactions between the solute and

solvent since the fitted charges are not used in the moleculd. RESULTS

tmhecrtl)am_(;_s ?Dué_'ll'ary chain. tlr-:owever,tafter the_catlpulat;on 0]: To explore the issue of how importance sampling meth-
€ab nitio energy In the acceptance—rejection step ol o pe effectively utilized in simulations of reactions in

the MMBIF method, the fitted charges for the given solute

f i b lculated. When the electrostai ondensed phases, two different implementations of the
configuration can be caiculated. en the electrostalic scag g e sampling method were analyzed. In the first imple-
ing factor is nonzero and solute—solvent electrostatic inter

. . mentation, the dependence of the solute charges on the reac-
actions occur, the solvent was allowed to adjust to the char

Y6ve state of the system was taken to vary linearly with the
distribution on the solute by updating the solvent configura- y y y

i hil intaining th i i f th i control parameteb defined in Eq.(6). For this simulation,
lon while maintaining the configuration of the core reaclivey, o gjactrostatic interactions between the interpolated charges
region unchanged.

. on the solute and the charges in the solvent were taken to be
Transitions of the second type move the system througl&

the auxiliary parameter space by applying a transition matri>§n
that changes the electrostatic index while leaving the con
figuration of the solute and solvent unchanged. In this stud
the method for updating the electrostatic indesonsisted of
using a Metropolis algorithm, with a proposal distribution in
which the proposed indic€S§,ey=igqt1 andipey=igq—1
are equally probable. The proposed change of electrostat
index is rejected ifi,e, is outside the valid range
=1,...imax, Otherwise it is accepted with probability

g method described above was applied to the solvated ace-
fic acid-methanol cluster. Both simulations generate chains
Yof states asymptotically distributed according to a Boltzmann
distribution based on Eq4) in which the solute—solvent
electrostatic interactions are modeled by calculating the Cou-
Jomb interaction between the gas phase electron distribution
{fith the charges in the solvent. In both simulations, the de-
sired distribution for the chain of states based on the univer-
sal Kohn—Sham function&[ ps(x) ] can be recovered at the

) P(i newsT) end of the simulation by reweighting each of tNe total
min 1, P(iga,T) configurations by a configuration-dependent factor
w @~ BAEp(X)
—min| 1, Wl_newexp( ~B(E, - Eiold))l . (12) W)= ST ASEnlx) ! (19
Told
The marginal distribution of with respect to the equilibrium where
distribution is given by AEpai(Xi) =FLps(Xi) 1= (F[po(Xi) ]+ V) =F[ps(Xi)]
—ES(r$)—ESY(rS 1S
()= [ piryar= [ wpn) ar=wz,, 13 BT ~ B, (0

is the difference in the polarization energy of the solute by
where the configuration partition functicd is defined as the solvent estimated by calculating the energy of the ground
state electron distribution in the presence of the solvent

zizf exp(— BE;(r)) dr. (14) charges and the energy of a gas-phase electron distribution
interacting with the optimized solvent charges.
If the distributionsp(i,r) are all to play a useful role in In all simulations, the calculations for the solvated clus-

sampling, the weightsv; should be chosen such that a ter (shown in Fig. 3 have been carried out by treating all
roughly uniform distribution over is obtained. Since thg; nuclei as classical point particles. The calculations were con-
are initially unknown, suitable values for the weights areducted in the isobaric-isothermal ensembleatl atm and
found through a trial and error process using preliminaryT =298 K. In order to improve the sampling along the reac-
runs. To do this, an iterative procedure can be used in whickion coordinate, an umbrella potenfiakas constructed for
the Markov chain is simulated using the current values foithe guiding potential using a self-adaptive scheme. Simula-
w;, and the frequencie§ with which each distribution is tions biased by the converged umbrella potential yielded a
visited are recorded. uniform sampling of the important regions of the reaction
Next, new and improved weights;, are calculated as coordinate even though the activation barriers for the proton
w;, =w; /f; for electrostatic index. If some of the frequen- transfer reaction was on the order of RST.
ciesf; are zero, various elaborations of the estimation pro-  Two-thirds of theab initio Markov chain transition steps
cedure can be used and some of them are summarized in Réf. the simulation using the linearly interpolated charges on
43. The numbeii 5 Of values of the electrostatic scaling the core were generated using the MMBIF method. The same
parametemn; used and the actual valueswf, i=1,...Jax fraction of base transitions were generated using the MMBIF
are chosen by minimizing the average computer time necespdates when the electrostatic index is zero in the simulated
sary for a new solute configuration to appear with an electempering simulatior(see Fig. 4. The rest of theab initio
trostatic scaling parameter ,o,=1. A good starting estimate Markov chain transitions were performed utilizing Metropo-
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lis single-variable updates using thb initio DFT energy. As 20
demonstrated in a previous stutfthe role of the Metropolis
DFT updates is to prevent the guiding molecular mechanics
Markov chain of states from spending a large number ofg
successive steps in those regions of the configuration spacg P gas-phase
where the molecular mechanics density of states in the solut< B R in THF
configuration space substantially underestimates the corre§ ;

spondingab initio DFT density of states.

In the previous studies of the formic acid-wafeand of
the malonaldehydé systems it was demonstrated that a use-
ful strategy for optimizing the MMBIF method was to sepa-
rate the variables to be updated in a classical MC step intc®
several groups, with strongly correlated variables grouped
together. In the case of the double-proton transfer in the cy-
clic cluster formed by acetic acid and methanol, the vibra-  o__ 5 - 5 : >
tions of the two methyl groups should be relatively un- E(A)
coupled from the motions of the other atoms in the cluster.

Applying this separation of which variables are updated inFIG. 5. The calculated potentials of mean force for the double-proton trans-
fer reaction in the acetic acid-methanol cluster in gas-phase and in a solution

the MMBI_F methoq' the Percem of rejections of prOpc’Secjof tetrahydrofuran using the reaction coordinétéefined in Eq(17). Note
configurations obtained with the MMBIF method was aboutihat the difference between the activation energies is approximately 0.8
30%. The percent of rejections of the transitions which em+cal/mol. This difference is larger than the width of the 75% confidence

; _vAari ; ; initi intervals for the activation energies, which have been estimated to be 0.2
ployed_ single-variable Metropolis updates using abenitio kcal/mol for the gas-phase and 0.4 kcal/mol for the liquid-phase simulations
potential was 45%. (insey.

It is important to compare the computational effort of

performing liquid-phase versus gas-phase simulations of
chemical reactions within the MMBIF approach. The poten-

tials of mean force obtained using the reaction coordinate

-0.25

ial of mean f

otenti

Singh procedure and the same energies calculated using
solute charges which vary linearly with the paramdtete-
g=b=do n,~do s, (17)  fined in Eq.(6) is_ 0.6 kcal/mol. This small deviation should
be contrasted with the value of 4 kcal/mol representing the
describing the double proton-transfer in the acetic acidstandard deviation of the values of the electrostatic interac-
methanol system in tetrahydrofuran obtained in the firstion energy between the solute and solvent molec(deg
simulation and in a gas-phase simulation are represented Fig. 6).
Fig. 5. Although equal cpu times were spent in computing  The distribution of the values of the polarization energy
the two potentials of mean force depicted in Fig. 5, the stadifference AE, defined in Eq.(16) relevant for the final
tistical uncertainties for the activation energy calculated foreweighting of data points is plotted in Fig. 7. As expected,
the double-proton reaction rate in the solvated system is agghe values ofAEy, are distributed over a small range of
proximately two times larger than the error bar for the acti-energy values of approximately 0.4 kcal/mol. In fact, calcu-
vation energy calculated from the gas-phase simulation. Thiktion of the activation energy in the double-proton reaction
decrease in the statistical resolution of the computations imate in tetrahydrofuran without reweighting yields an activa-
the solvated system with respect to the gas-phase systemtien energy which differs from the activation energy in Fig. 5
due to a larger integrated correlation time of the overall Mar-only by a statistically irrelevant value of 0.1 kcal/mol. It
kov chain as well as to the fact that 50% of the cpu time inshould be emphasized that the small valuea Bf,, in Fig.
the simulation of the solvated system is dedicated to calcu? are in part a consequence of approximating the polarization
lating the molecular mechanics interactions betweerstite  energy of the solute by the solvent by the polarization energy
vent molecules. Although a singlab initio calculation is of the solvent by the solute. We estimated that if the solvent
roughly four orders of magnitude slower than a single updateharges used in E¢11) were set th5=q§+ pﬁ/z, the stan-
of the configuration of the molecular mechanical solvent, thedard deviation foAE, would have been approximately 1.5
long dielectric relaxation of the solvent required that manykcal/mol.
updates be carried out on the solvent before an independent The potentials of mean force for the double-proton trans-
solvent configuration was generated. This translated into afer reaction in tetrahydrofuran calculated using the linearly
approximately equal amount of CPU time for the molecularinterpolated charge approach and using the simulated tem-
mechanical and quantum mechanical components of thpering method are identical within error bars. However, if the
simulation. error bars for the activation energy in the linearly interpo-
The approximation of the variation of the charges fittedlated charge method is 0.4 kcal/mol, they are roughly four
using the Kollman—Singh procedure with the solute configutimes larger in the simulation using the parallel tempering
ration by a linear variation with the parametein Eq. (6) algorithm for comparable cpu times.
proved quite accurate. The standard deviation of the differ- The optimal number of electrostatic indices in the simu-
ences between the electrostatic interaction energies calclated tempering approach was found to ihg,=4. In the
lated using these fitted charges obtained via the Kollman-eptimized setting for the simulated tempering method in
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FIG. 6. The values of the electrostatic interaction energy between the solute A

and solvent molecules obtained for=1 in the simulated tempering method FIG. 8. The f lectrostatic int " betw " id-
in which the solute charges are the gas-phase Kollman-Singh charges. NOt(l.‘ - & 1he Iree electrostatic Interaction energy between an acetic acl
that the values of the solute-solvent electrostatic interaction energies al ethanol complex and molecules of tetrahydrofuran solvent as a function of
scattered over an energy range of approximately 4 kcal/mol. In contrast, th e charge state of the complex=0 and)\=_1 correspond to fully un-.
differences in the electrostatic interaction energies calculated using thgharged and charged solute., T.h e stars and dlamp n_ds represent the estlmg ted
Kollman-Singh charges and the same energies calculated using solu\’glues Qf the free energy obtained from _the prellmlnary and f_rom the opti-
charges which vary linearly with the parameterdefined in Eq.(6) are m|zegl sn_‘nulated tempering runs, respectively. The continous line represents
scattered over an interval of only 0.6 kcal/nidata not shown a spline interpolation between the computed values.

which equal amounts of time were spent at all values of th . — —
electrostatic index, the Gibbs free energy dif“ferenceihe mdgx, the actual rqecﬂon rate was found t.o be signifi-
AG, ;. computed for consecutive values of the index Werecantly h|gher. The rel'at|vely large rejection rate is due to the
found to be approximately 0.7 kcal/mol. The Gibbs free en—faCt_ that dlﬁerence_s in free energy reflect maarageeper-
ergy G(\) of the electrostatic interaction between the Solutege_ztlcandentropm differences between thermodyng_rmc_ states
and solvent charges have been estimated using12yand W|th_d|fferent)\, wheree_ls the ac_ceptance pr_obablhty in Eq.
are plotted in Fig. 8 as a function of the fraction of squte(lz) involves only the difference in the energies of the actual
charge\; being turned on configurations to be swapped. In particular, it was observed
Sevéral comments are worth making about the results iﬁhat the .enthalpid:-l()\) and entropic—TS(A) coqtribgtions
Fig. 8. First, the partition functiong; for the umbrella to the G!bbs free energB () vary in opposite directions as
potential-biased ensemble from which the free energies Wer%‘ﬁ fract|or} c:f the scf)lutetﬁ h;slr.ganccrjeas;as fr.orr: zeroto ?r? eth
computed correspond to a particular value of the electrostati ese variations ot enthaipic and entropic terms wi €
fraction parametex; . It should also be noted that although a charge _frac_tlon can be visualized by comparing the results
difference in free energy between adjacent values of the ele _Io)t\te(_j in Figs. 8 a;dTQ. ;: ro dm the two f|gt1;lre_?h|t appear_? that
trostatic index of the order dfzT seems to suggest a low (A) increases ang T(\) decreases with. The opposite

probability of rejecting swaps between consecutive values O?IreCtIOI’]S n which enth_a|p|c and ent_rop|c terms vary With
is reflected in the mobility of the staté,() of the simulated

tempering algorithm in thé (or \) subspace. Turning our
150 ‘ ‘ x attention to Eq(12), note that an increase ef TS(\) with \
suggests that for a large fraction of configurations)(tran-
sitions in whichi is increasedare accepted only if the ratio

-
[
o

T
_
.

Wit1
Wi

/ \ wi(i)= (18)
) \ ; is approximately unityw,(i)~1. Such is the case for an
important number of transitions from electrostatic index
/ \ =1 to electrostatic index=2, for example, for which an
/ AN increase in\ is accompanied only by a small decrease and
Y, \\ occasionally even an increase in energy. On the other hand,
0 ‘ . ‘ for a\ near unity, a decrease bff(\) with A suggests that a
~0.4 -0.2 0 0.2 0.4 0.6 0.8 large fraction of transitions in whichis decreasedare re-
AE,, (kcalimol) jected unlessv,(i)<1. Such is the case in a large number of
FIG. 7. The values of the polarization energy differeridg, defined in transitions which are attempted from the final indg, to

Eq. (16). Note that the distribution of values is centered roughly at 0 kcal/? max— 1 fo_r example, which are accompanied by a significant
mol and has a small standard deviation of 0.4 kcal/mol. InCrease In energy.

an

o
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0.20 IV. DISCUSSION AND CONCLUSIONS

In this article, two important issues on the applicability
of the molecular mechanics based importance sampling
method to the study of reactive events in condensed phase
environments have been addressed. One major concern in
developing a successful implementation of the MMBIF ap-
proach is the ease of development of a sufficiently accurate
molecular mechanics potential to guide the sampling. Al-
though a fully automated approach to generating guiding po-
tentials for general reactions is still not available, it is en-

4

-

[$)]
T

Probability density
[=1
5

0.05 o, couraging to note that the use of the same principles of bond-
J evolution theor§® as in our earlier study of the
/ : malonaldehyde systethwere adequate for designing a mo-
0.00 = < < ‘ L lecular mechanics potential for the acetic acid-methanol sys-
-90 -70 -50 -30 -10 1.0

tem. This success is particularly impressive in light of the
fact that the malonaldehyde and acetic acid-methanol sys-
FIG. 9. The normalized probability density of the solvent-solute electro-tems differ substantially not only in their barrier heigm

static interaction energy on for electrostatic indi¢ges2 (solid curve, i a factor of 4' but also in the qualitative nature of the chemi-
=3 (long dashed curyeandi =4 (dashed curve Note that the enthalpies,
calculated as the average solute-solvent electrostatic interaction energies, &r@l event(one proton V?rsus two prOt_OnS. tranSfeDrgdSUQ'
approximately—1.0, —2.4, and—3.5 kcal/mol. Comparing these results gests that bond-evolution theory guidelines are likely to be
with the corresponding free energies in Fig. 8 one obtains the correspondirpractical in developing molecular mechanics potentials for

entropies as b_eing 0.3, 1.0, and 1.4_ kcal/mol. ‘I_'h_e variations in the mechanbther proton transfer reactions, and for possibly other types
cal work pV with the number of chain are negligible. .
of chemical events.

The study of the double-proton transfer reaction between
acetic acid and methanol in tetrahydrofuran also demon-
strates that the MMBIF method can be applied in reaction

The choice of the weight®; suggested in Eq13) rep-  rate calculations of chemical transformations in solvents of
resents a good compromise in the sense that transitionsedium polarity. In particular, an increase in the CPU time
which increase and which decreadsave an equal probabil- of factors of 4 and 15 with respect to gas-phase calculations
ity of being accepted on average. Nevertheless, this analysiere obtained using two different sampling methods. Hence,
points to the fact that if one uses the simulated temperingve conclude that it should be possible in many instances to
approach for the study of chemical reactions in solution, on€0mpute solvent mediated reaction rates with statistical ac-
should try to avoid turning on the charges of the reactivecuracies comparable to those obtained in gas-phase calcula-
core all the way from zero to their final values. As enthalpictions, even though the complexity of the calculation is in-
and entropic terms will always vary in opposite directionscréaseéd enormously by the presence of the solvent.

during the charging process, the sampling could become It should be em_pha;ized that _the contribution of the sol-
quite inefficient, especially when studying reactions in whichVE"t t0 the total activation energy in the present study is only

there is a difference in the net charge between reactants afd the order of a few factor; 6T at room temperature. As .
result, the actual mechanism of the proton transfer event is

transition states, and not just in their dipole moments as i h S
virtually unchanged from the process in gas phase. This sim-
the present case.

; . lification allowed the separation of the reactiab initio
However, this conclusion does not mean that th . . :
. . : - . core and the solvent degrees of freedom into effectively dis-
MMBIF approach used in the simulation with linearly inter-

lated ch il al b fficient than the si joint sets which were updated in isolation in the parallel
polated charges will always be more eflicient than the SlmuEempering implementation of the sampling. In many cases,

lated tempering method. The efficiency of the MMBIF ap-yo i cture of the solvent plays a more substantial role in
proach relies heavily on the appropriateness of the postulatgfls reactive process. Under such circumstances, care must be
variation of the charges in a reactive system with the reactiop,,on to devise methods in which the reactive core and the
coordinate. In the present study, the approximation of thgq|yent structure are updated in a more correlated fashion.
variation of the fitted Kollman-Singh charges with the solutegq, example, for a reaction in a solvent with a larger dielec-
configuration by a linear variation with the parametein ¢ constant, the simulated tempering approach can be
Eq. (6) proved quite accurate. However, such a simple relaimplemented by incorporating simultaneous MMBIF updates
tion could break down, especially when studying reactionsf the solute and solvent degrees of freedom at each electro-
with a net transfer of charge. In this case, we suggest usingtatic index.

an approach which combines the benefits of both methods |t is informative to compare and contrast the advantages
illustrated in the present study: the use of a simulated temand disadvantages of using the MMBIF method versus using
pering approach in which the solute charge is graduallypresent day molecular dynamics based methods for calculat-
modified from a linear variation with the reaction coordinateing reaction rates in solution using a hybrid QM/MM ap-
to their actual values obtained via the Kollman—-Singh approach. The practical use of the simple molecular dynamics
proach. methods for sampling configurations of a system containing

Electrostatic energy(kcal/mol)
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a reactive core which is described usialg initio electronic  fore the lower bound for the value of the mass needed for the
structure methods and the solvent molecules which are deore atoms igleterminedby the duration of the solvent di-
scribed using a molecular mechanics potential is limited byelectric relaxation time. Therefore, it appears that the effi-
the fact that calculating the time-evolution of the system ne<iency of the above-mentioned molecular dynamics scheme
cessitates the computation of the time-consunmabginitio ~ decreases with the increase in the solvent dielectric relax-
forces acting on the core atoms. These time-consuming ca&tion time.
culations must be performed in traditional molecular dynam-  The methodology proposed in the present work can be
ics calculations even when only the solvent degrees of freesombined with the ideas presented in Ref. 14 to include
dom change significantly. nuclear quantum effects via centroid transition state theory
Several methods have been proposed for circumventingith a supplementary increase in the cpu time by a factor of
the inefficiency of the traditional QM/MM molecular dynam- 2 times the number of path-integral beads. Such a combina-
ics calculations which are based on an “artificial” separationtion of procedures provides a rigorous and practical platform
of time scales associated with the solute and solventor calculation of kinetic isotope effects. An important goal
atoms**The central idea of these methods is to use a largéor future work is to clarify the mechanistic origin of the
mass in conjunction with a high-temperature thermostat forelation between the breakdown of the rule of geometric
the solute atoms, whereas the solvent atoms have usu@lean in multiple-proton transfer reactions and tunneling ef-
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